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Anotacija

Urana mononitrids UN ir viens no materialiem, kuru var izmantot ka perspektivu
degvielu IV paaudzes kodolu reaktoriem. Ta ka UN paraugos vienmér atrodas ievérojams
daudzums skabekla piemaisijumu, nepiecie$ams izprast O adsorbcijas mehanismu, ka ari
tam sekojo$o UN oksidésanos.

Més pirmo reizi veicam UN virsmas un tas mijiedarbibas ar skabekli detalizétu
pétijumu, izmantojot DFT PAW metodi VASP programmas ietvaros. U un N vakances
veido$anas energijas, ka arl saites energijas virs UN virsmas adsorbétajiem skabekla
atomiem un molekulam tika apskatitas kopa ar ladinu pardalisanos, elektronisko stavoklu
blivumu un O atomu migracijas trajektorijam. Veiktie aprékini lauj piedavat energétiski
iespéjamo mehanismu UN(001) virsmas daléjai piesatinasanai ar skabekli. Tas izskaidro
eksperimentali novérojamo vieglo UN oksidaciju gaisa.

Atslégvardi: kvantu kimija, blivuma funkcionala teorijas aprékini, urana mono-
nitrids, virsmas defekti, skabekla adsorbcija.



Saisinajumu saraksts

2D - divdimensiju

3D - trisdimensiju

AE - pilnelektronu

AFM - antiferomagnétisks stavoklis
BS - bazes funkciju komplekts

BZ - Briljuena zona

CASTEP - komerciala un akadémiska
programmattiras  pakotne,  kas
balstas uz PW formalismu un
pseidopotencialiem

CFI - Latvijas Universitates Cietvielu
fizikas institats

CRYSTAL - datoru pakotne periodisko
sistému un molekulu LCAO apreki-
niem no pirmajiem principiem

DFT - blivuma funkcionala teorija

DOS - stavoklu blivums

EC FP-7 - Eiropas Savienibas 7. Ietvara
programma

EXAFS - rentgenabsorbcijas spektra
izstiepta sikstruktara

fec - kubiska skaldné centréta struktara

FM - feromagnétiskais stavoklis

GAUSSIAN - datoru pakotne LCAO ap-
rékiniem no pirmajiem principiem

GGA - visparinata gradienta tuvinajums

KKR-GF - Korringa-Kona-Rostokera Grina
funkcija

LAPW - linearizétais papladinatais plaka-
nais vilnis

LC - liela serdena pseidopotenciali

LCAO - atomaro orbitalu lineara kom-
binacija

LDA - lokala blivuma tuvinajums

LMTO - linearas ,,muffin-tin” orbitales

ML - monoslanis

MT60 - Mosjagina-Titova maza serdena
pseidopotencials, kas satur 60 elek-
tronus serdeni

MT78 - Mosjagina-Titova liela serdena
pseidopotencials, kas satur 78 elek-
tronus serdeni

PAW - projicéto paplasinato vilnu metode
PBE - Perdju-Burke-Erncerhofa (Perdew-

Burke-Ernzerhof) apmainas—korela-
cijas funkcionalis

ppm - dalinu skaits uz miljonu

PS - pseidovilnu miksta funkcija

PW - plakanie vilni

PWO91 - Perdju-Vanga-91 (Perdew-Wang-91)
apmainas-korelacijas funkcionalis

RBS - Rezenforda apgrieztas izkliedes
spektroskopija

RECP - relativistiskais efektiva serdena
pseidopotencials

RMM-DIIS - atlikuma minimizacijas me-
tode iterativas telpas tie$aja inversija

SC - maza serdena pseidopotenciali

SC60 - Stutgartes-Kelnes grupas pseido-
potencials SC60 ar 60 elektroniem
serdeni

SEM - skengéjosa elektronu mikroskopija

UPS - ultravioleta fotoelektronu spek-
troskopija

US-PP - ultramikstais pseidopotencials

UV - ultravioletais

VASP - Vines modelé$anas pakotne no
pirmajiem  principiem  (Vienna
ab initio simulation package), kas
balstas uz PW formalismu un pseido-
potencialiem

XPS - rentgenstaru fotoelektronu spek-
troskopija
XRD - rentgenstaru difrakcija



1. Ievads

1.1. Motivacija

Urana mononitrids (UN) ir viens no daudzsolosiem oksidu nesaturosiem
materialiem, ko varétu izmantot kodolu degvielai t. s. IV paaudzes atrajos kodolu
reaktoros, kuru ievie$ana varétu sakties péc 20-30 gadiem [1, 2]. Urana nitridam tika
atklatas vairakas prieksrocibas salidzindjuma ar tradicionalajam UO, tipa degvielam
(pieméram, augstaka siltumvaditspéja un lielaks metala blivums, ka ari augsta $kidiba
slapeklskabé degvielas parstrades laika [2]). Tomér viena no svarigakajam aktinidu
nitridu problémam ir to izteikta oksidacija skabekli saturo$a atmosféra (taja skaita pie
zemiem parcialajiem spiedieniem), kas ietekmé kodoldegvielas razigumu [3, 4]. Tapéc ir
svarigi saprast UN oksidacijas mehanisma sakotnéjo stadiju un atrast veidus, ka uzlabot
kodoldegvielas kvalitati nakotne.

Galvenais §i promocijas darba meérkis ir iegt ticamu informaciju par atomaro un
elektronisko struktiru gan perfektam, gan defektu saturo$am UN virsmas struktaram,
ka ari izprast virsmas oksidéSanas sakotnéjo stadiju. Tas tiks darits, risinot $adus
uzdevumus:

- UN tilpuma modelé$ana, lai pareizi izvélétos virsmas aprékinu parametrus;

- idealas UN virsmas modelésana, Ipasu uzmanibu pievér§ot virsmas anizotropajai
relaksacijai un parbavei;

- atsevisko N un U vakan¢u modelé$ana, ka arl virsmas defektu veido$anas energiju
apreékini;

- molekulara un atomara skabekla adsorbcijas modelésana uz idealas UN virsmas;

- skabekla migracijas modelésana pa UN(001) idealo un defektu saturo$o virsmu;

- O adatomu ieklausanas modelésana uz virsmas eksistéjosas vakances;

- UN(001) un (110) virsmam ieguto rezultatu salidzinajums;

- UN virsmas oksidésanas atomistiska modela izveide.

Sis pétijums tika veikts sadarbibas liguma No. 205343-2006-07 FIED KAR LV starp
Cietvielu fizikas instititu (Riga) un Transuranu elementu institatu (Karlsraé, Vacija)
ietvaros, ka ari ir viens no Eiropas Komisijas 7. Ietvara programmas Basic Research for
Innovative Fuel Design for Generation-IV systems (F-BRIDGE) projekta ieklautajiem
uzdevumiem.

1.2. Autora ieguldijums

Apréekinu galvenie rezultati, kas apskatiti un izanalizéti promocijas darba, publicéti
piecos rakstos prestizos starptautiskos zurnalos [P1-P5], ka ari prezentéti mutiskajos
un stendu referatos starptautiskas un vietéjas konferencés (sk. konferenc¢u sarakstu
13. nodala). Autors sniedza butisku ieguldijumu rakstu un konferenc¢u prezentaciju
sagatavo$ana un rakstiSana, ka ari bija korespondéjosais autors [P2-P5] rakstiem.



Lielako rezultatu dalu autors ieguva, izmantojot PW aprékinus (VASP datoru
programma) (gandriz visi aprékini, kas iegtti [P1-P5] rakstos, iznemot N, molekulas un
alfa-urana tilpuma aprékinus [P4, P5]). Sadarbiba ar Sanktpéterburgas Valsts universitati
(Krievija) tika veikti ari LCAO aprékini (CRYSTAL datoru programma) [P1, P2],
lai salidzinatu abas ab initio pieejas, kuras izmantotas UN virsmas un tas kimiskas
reaktivitates modeléSana. Autors instalégja datoru programmatiru parasta un paraléla
re7ima gan Latvijas Supeklasteri (CFI, Riga), gan Skaitlosanas pétniecibas centra Garhinga
(Vacija). Turklat autors optimizéja ievada parametrus un galvenos uzstadijumus VASP
aprékiniem (sikaku informaciju sk. 3. nodala), detalizéti analizéja izejas failus, lai lietotu
iegutos rezultatus talakai apstradei un interpretacijai, ka ari uzrakstija dazadus skriptus,
lai vaditu programmataru un analizétu iegutos rezultatus (pieméram, lai uzzimétu DOS
no VASP izejas failiem, attélotu zonu struktaru, aprékinatu magnétiskos momentus,
elastibas moduli, ka ari ekonomiski sadalitu resursus paralélajos aprékinos).

Ta ka lidz $im zinatniskaja literatira ir publicéts ierobezots skaits teorétisku un
eksperimentalu datu, viena no svarigam problémam bija rapigi parbaudit $aja promocijas
darba apreékinatos rezultatus. Autors izvéléjas $adas parbaudes metodes.

1) legito rezultatu salidzinajums ar citiem eksperimentaliem vai teorétiskiem datiem.

Pieméram, ka uzradits literatara [1], UN rezga konstante a, = 4.886 A, elastibas
modulis B = 194 GPa un kohézijas energija E, = 13.6 eV. Sie parametri tika izmantoti
salidzinasanai ar vértibam, kuras iegitas veiktajos teorétiskajos aprékinos.

2) Dazadu teoreétisko metoZu vienlaiciga izmantosana.

Misu UN tilpuma un idealas (001) virsmas PW aprékini, ka ari rezultati skabekla
atomu adsorbcijai uz §1 substrata tika salidzinati ar atbilstosiem LCAO rezultatiem, kas
aprékinati sadarbiba ar prof. R. Evarestova grupu (Sanktpéterburgas Valsts universitate)
[P1, P2]. Kvalitativa saskana, kas iegiita, izmantojot divas dazadas pirmo principu
metodes, ievérojami palielina iegtto rezultatu ticamibu.

3) Ieksejo konvergences kritériju mekleSana.

Pieméram, UN vakancu saturo$o platnu aprékinos ir Ipasi svarigi kontrolét kopigo
spinu. Vidéjam magnétiskam momentam y  uz U atoma spina relaksétajos aprékinos
jabut lielakam par 1 p, pretéja gadjjuma més nevaram panakt defektu veido$anas
energijas konvergenci atkariba no UN platnes biezuma [P4]. Sis efekts ir saistits ar lokala
minimuma eksisté$anu apskatitajam platnu konfiguracijam. Globals energijas minimums
atbilst spina konfiguracijai ar p > 1, savukart citas spina konfiguracijas neatbilst
lokalizacijai globalaja energijas minimuma, kas, protams, padara tadus rezultatus par
aps$aubamiem.

4)  Rezultatiem, kas iegiiti vienai un tai pasai sistémai, salidzinajumu, variéjot skaitlosanas
parametrus.

Pieméram, més salidzinam vakances veido$anas energijas vienam defekta
periodiskumam (2 x 2 vai 3 x 3) pie atSkirigiem platnes biezumiem (dazads atomaro
slanu skaits); més ari mekléjam kritérijus apgriezuma (cut-off) energijas konvergencei
(sikak sk. 3. nodalu) [P4].



1.3. Zinatniska novitate

Urana savienojumu teorétiskie pétijumi ir saistiti ar zinamam gratibam, jo elektronu
kustibai jaievéro relativitates efekti. Turklat UN sistémai ir jaukta metaliski kovalenta
kimiska saite: vieglo aktinidu fizikalas un kimiskas ipasibas nosaka daléji lokalizétie 5f
elektroni, kas rada laikietilpigus aprékinus. Saja pétijuma més pirmo reizi prezentéjam
UN virsmas DFT aprékinus un piedavajam UN virsmas iespéjamo oksidacijas
mehanismu. Sie rezultati parliecinosi demonstré kvantu kimijas metodes lietosanas
iespéjas aktinidu un to virsmas modelé$ana. legiitos rezultatus var izmantot urana
nitridu citu teorétisko aprékinu, ka ari saistito aktinidu savienojumu (pieméram, urana
monokarbids UC) aprékinu parbaudei. Turklat DOS analizes rezultatus, kas prezentéti
$aja darba, var izmantot eksperimentalo ultravioleto fotoelektronu spektru (UPS)
kvalitativai interpretacijai urana oksinitridiem, kas tiks sintezéti nakotné.
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2. Literaturas apraksts

2.1. UN ipasibu eksperimentalie pétijumi

Urana mononitrids ir savienojums ar metalisku spidumu un zemu elektrisko
pretestibu (1.6-10*cm) [5], kas kristalizéjas fcc fazé (tilpuma grupa Fm3m, 2.1. att.) plaga
temperattru diapazona. UN rezga konstante ir atkariga no oglekla piemaisijumiem [1],
bet to neiespaido nelieli skabekla piemaisijumi [6]. UN augsta ku$anas temperatira
(~ 2780 £ 25 K) [1], augsts $kelamo atomu blivums (14.32 g/cm?* pret 10.96 g/cm* UO,
savienojuma [7]) un augsta siltumvaditspéja (13 W/mK) [8] padara urana mononitridu
par perspektivu materialu atomkodolu reaktoriem [1].

Lidz $im UN razosanai tika izmantotas dazadas metodes. Urana nitridu paraugi tika
razoti, sakot ar 19. gadsimtu, apdedzinot UCI, sali NH, atmosféra vai urana bikarbidu
(UC,) slapekla atmosféra 1100 °C [1]. Visizplatitakas masdienu UN razoSanas metodes
ir
- urana nitré$ana N, vai NH, atmosféra ~ 800-900 °C. Biezi U N, tiek izmantots ka

starpprodukts, kas péc tam tiek sadalits, lai iegutu UN pulveri ar zemu skabekla

piemaisijumu koncentraciju [1];

- oglekltermiska reducésana (Carbothermic reduction). UN veido$ana karbotermiska
vai nitrifikacijas procesa ir iespéjama, izmantojot UO, + C preséto maisijumu, kam
seko reakcija UO, + 2C + 1/2N, > UN + 2CO, kas tiek uzturéta 1700 °C temperatiira
N,, N,/H, vai NH, atmosféra. Tomér Sie produkti satur lielu O, piemaisijumu
daudzumu, parasti 0.1 svara procentu [1, 9];

- nitrésana, kauséjot uranu N, gazes atmosféra ar galvaniska loka palidzibu pie 3-5 bar
spiediena. Ja tiek izmantoti volframa elektrodi, tad iegiita UN materiala piesarnojums
ar W piemaisfjumiem ir neizbégams. Tapéc tiek lietoti U elektrodi pie augstaka N,
spiediena (20 bar) [1]. Reakcijas produkti, savukart, joprojam ir neviendabigi;

@UeN

2.1. attéls. Urana mononitrida fcc struktara

- hidrésana (Hydride route). Sis metodes rezultata veidojas labas kvalitates pulveris ar
dalinu izméru ~ 1 um. Saja metodé UH, izveidojas, reagéjot U un H, 200-300 °C
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temperatira. Péc tam tas tiek sadalits (UH, > U + 3/2H,), iegtstot U pulveri inertas
gazes atmosféra vai vakuuma 400-600 °C temperatira. Talak, lai iegitu UN, ,
izraisa urana pulvera reakciju ar N, 800 °C. No UN, var sarazot UN, ka tika
aprakstits ieprieks, sildot to vakuuma 1100-1300 °C temperatara. Var arl izmantot
tieSo reakciju starp UH, un N, [1];

- alternativie UN izgatavo$anas procesi, kas uzsakti no UF , vai UC1, halkogenidiem,
ir mazak svarigi rapnieciskaja razo$ana [1]. Jaatzimé, ka zinatniskajos pétijumos
tiek plasi izmantotas ari alternativas metodes. Pieméram, UN virsmu var razot,
bombardéjot U metala virsmu ar slapekla atomiem [10].

Aizraujo$as un biezi miklainas UN magnétiskas un elektroniskas ipasibas rada
U(5f) elektroni, kam piemit parejas ipasibas starp izteikti lokalizétiem lantanoidu 4f
elektroniem un stipri delokalizétiem parejas metalu d valences elektroniem [11]. Tiklidz
siltumietilpibas mérijumos tiek konstatéts, ka temperatiras, kas ir zemakas par Nila (Neel)
temperatiru (TN ~ 53 K), UN nonak antiferromagnétiskaja stavokli [1]. Urana nitrida
magnétiskas struktaras noskaidro$ana veikta 60. gados, izmantojot neitronu difrakcijas
metodes. Tika atrasts, ka urana nitridam piemit ta saukta pirma tipa magnétiskas
struktaras sakarto$anas, kura feromagnétiskie slani, kas ir paralélas (001) plaknei, ir
antiferomagnétiski savienoti [5]. Magnétiska momenta vértiba, kas zema temperatira
vienada ar 0.75 p, ir parsteidzosi maza (zemaka starp visiem urana monopniktidiem
UX, kur X = P, As, Sb) [5]. Seit nepiecie$ama rapiga analize, izmantojot DFT aprékinus,
un rezultatu salidzina$ana ar attiecigajiem eksperimentalajiem datiem.

Fotoelektronu spektroskopija ari apliecina UN sarezgitibu. Tika novérots loti augsts
elektronisko stavoklu blivums Fermi limena tuvuma, kas pierada, ka U(5f) elektroni stipri
hibridizéjas, piedaloties saites veido$ana ar U(6d) elektroniem. U(5f) vadamibas stavoklu
apdzivotiba ir 2.2 + 0.5 e, no kuriem ~ 1.8 e lokalizéjas Fermi limena tuvuma [11]. Nemot
veéra augstas iz8kirtspéjas lenka fotoemisijas spektru otros atvasinajumus, referencé [12]
tika konstruéta UN zonu struktira pie 25 K. Stipri izkliedéta josla, centréta ap I'(X)
punktu, tika novérota Fermi limena tuvuma, kura apakséja mala atrodas aptuveni pie
2 eV. Pirmie Kerra (Kerr) magnetooptiskie UN mérijjumi ari norada uz $auras U(5f) joslas
veido$anos Fermi limena tuvuma, ka ari uz U(5f) stavoklu hibridizacijas palielinaganos
ar U(6d) un N(2p) stavokliem salidzinajuma ar lidzigiem datiem par smagakajiem urana
monopniktidiem [13]. No otras puses, urana nitridam ir vismazakais U-U attalums
starp visiem UX savienojumiem (X = N, P, As, Sb, S, Se un Te), kas ir vienads ar 3.46 A
un ir tuvs kritiskajai 3.4 A vértibai, kura péc Hilla diagrammam (Hill diagrams) atdala
nemagnétiskos savienojumus no magnétiskiem, lidz ar to ir gaidama U(5f) stavoklu
delokalizacija [14].

Informacijas iegG$ana par slapekla atomu vai vakan¢u difaziju urana nitrida ir
netriviala probléma. Diemzél radioaktivie slapekla izotopi, kuri pieméroti difazijas
mérjjumiem, daba neeksisté. Tapéc, lai novértétu slapekla difazijas koeficientu, ir
vajadzigi masu spektrometrijas mérijumi ar N atomiem vai ari kodolreakcija, inducéta
UN parauga péc atkvélinadanas [1]. No otras puses, termiski raditos un radiacijas
izraisitos punktu defektus var pétit, mérot fizikalos lielumus, kuri ir jutigi attieciba pret
defektu klatbutni. Pieméram, aktinidu savienojumos $im nolukam var izmantot elektrisko
pretestibu p: konstatétas loti lielas p izmainas atkariba no vakanc¢u koncentracijas
(pieméram, 12 uQ-cm 1% C vakancém UC savienojuma) [1]. Defektu migracijas energiju
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var ari noteikt, pétot $o defektu regeneraciju izohronalas apdedzinasanas laika vai
lietojot ,,slipuma izmainas metodi” izotermiska apdedzinasana ar strauju temperatiras
paaugstinasanu. DiemZél §is metodes nelauj identificét ne defekta veidu, ne ari difazijas
procesa iesaistitos atomus (pieméram, C, O un N) atskiriba no difazijas pétijumiem ar
radioaktivo markieri [1].

2.2. Urana nitrida mijiedarbiba ar skabekli

Urana mononitrida oksidacija skabekla atmosféra pirmo reizi sistematiski tika
pétita referencé [15]. Eksperimentiem tika izmantoti divi galvenie UN paraugu veidi:
pulverveidigs UN un gludi puléti UN gabalini. Péc UN pulveru parauga svara izmainas
oksidacijas procesa paaugstinatas temperatiras tika konstatéta stipras eksotermiskas
reakcijas saksanas 250 °C temperatiira, kuru raksturo strauja skabekla adsorbcija. Parauga
svars palielinajas par 11.5%. Rentgenstaru difrakcijas diagramma starpproduktiem,
veidotiem 250-260 °C, paradas gan vajas difrakcijas linijas, kas atbilst UN, gan loti
izteikti liniju paplasinajumi, kas atbilst UO, savienojumam. Gludi pulétie UN gabalini
tika izmantoti, lai pétitu UN oksidésanas kinétiku. Mérijumi paradija, ka reakcijas atrums
ir proporcionals virsmai, kura ir parklata ar oksidu, vai oksidétajam tilpumam. Gan
kinétiskie pétijjumi, gan rentgenstaru difrakcijas dati norada uz to, ka UN izotermiska
oksidacija sakas ar UO,(N) oksida veido$anos uz parauga virsmas ar vienlaicigu N, gazes
atbrivoganu, ka ari ar U,N,(O) savienojuma veidosanos, atbrivotajam slapeklim reagéjot
ar UN.

Darba [16] tiek izpétitas tadas ipasibas ka kimiskais un fazu sastavs, rezga parametri,
sakepamiba, graudu aug$ana un siltumvaditspéja paraugos, izmantojot kimisko,
rentgenstaru un keramografisko analizi urana nitrida karbotermiski iegatam pulvera
granulam, kas satur noteiktu skabekla daudzumu (~ 0.3, ~ 0.6 un ~ 1.0% no masas).
Ir nepiecie$ams ari pieminét, ka oksidacijas dé] UN paraugu vaditspéja pakapeniski
samazinas [16]. Galvenie rezultati rada, ka vidéjais UN graudu izmérs matricas fazé
samazinas, palielinoties skabekla saturam. Turklat siltuma vaditspéja granulam, kas satur
skabekli apméram 1% no masas, ir zemaka neka parastajam nitrida granulam, kas satur
1000-2000 skabekla ppm, attiecigi par 9-10% pie 1000 un 12-13% pie 1500 K.

I\ A
2.2. attéls. UN parauga SEM attéls [9]
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Darba [9] tiesa UF, amonolize (ammonolysis) tika izmantota, lai sintezétu UN,
paraugu, kas tika uzkarséts inerta atmosféra lidz 1100 °C temperatiirai 30 minasu laika,
rezultata sintezéjot UN pulvera paraugus ar UO, ieslégumiem, vienadiem ar 5.0% no
masas. Rentgenstaru difrakcijas (XRD) un skenésanas elektroniskas mikroskopijas
(SEM) metodes tika izmantotas So paraugu morfologijas analizei. SEM attéli liecina
par to, ka UN paraugs satur galvenokart neregularus graudus ar nepilnigi kristalizétam
skaldném (2.2. att.). Noveérotais raksturigais dalinu izmérs svarstas no 0.1 lidz 6 mm.
Izméritais UN virsmas laukums ir vienads ar 0.23 m?/g. Elektronu kalu mikroraudzes
(electron microprobes) un rentgenstaru difrakcijas metoZu analize paradija, ka skabekla
piemaisijumu daudzums UN paraugos ir Joti liels un sastav no primaras UN fazes un
sekundaras UO, piemaisijumu fazes. Tas lauj secinat, ka oksida piemaisijumi, iesp&jams,
veidojas, pateicoties difazijas procesam no kimiskas apkartéjas vides, un tadéjadi tie
sakrajas uz dalinu virsmam. Atrodoties gaisa, skabekla piemaisijumu koncentracija
pieaug: UN paraugs, kas ir bijis kontakta ar gaisu 3 ménesus, uzrada oksida piesarnojuma
palielinaganos. Kvantitativa analize, kas tika veikta, analizéjot XRD ainas, paradija, ka
UO, koncentracija ir pieaugusi $aja laika posma no 5.0 lidz 14.8% no masas [9].

Plano UO,, UN, UO N un UO C kartinu UPS mérijumi, izmantojot He-II 40.81
eV ierosinato starOJumu, kuru rada UV célgazu izlades avots, tika aprakstiti [17, 18]. Sis
kartinas tika sagatavotas ar lidzstravas uzputinasanas metodi Ar atmosféra. 2.3. attéla
redzams, ka U(5f) stavokli veido piki Fermi limena tuvuma (0 eV), kas apstiprina $o
stavoklu pietiekami stipro delokalizacijas raksturu. UO N  valences zonas spektrs
liecina par plasas joslas veido$anos, kuru var interpretét ka $auro O(2p) un N(2p) joslu
superpoziciju. UN paraugam saites energijas maksimums pie 6 eV veidojas, pateicoties
O(2p) stavoklu ieguldijumiem, bet mazakais maksimums pie 3 eV sakrit ar N(2p)
stavok]u ieguldijumu.
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2.3. attéls. He-II valences zonas spektri UOXCy, UOxNy, UN un UO,, sk. referenci [18]
Darba [19] tika izmantotas XPS un XRD metodes, ka ari amonjaka koncentracijas

mérijumi adens fazé péc katra eksperimenta beigam, lai izpétitu UN koroziju ideni. UO,
pléves veidosanas virsmas reakcija ar tdeni tika konstatéta, izmantojot svaigi pulétas
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UN tabletes virsmas XPS. Augsta UN korozija tdeni (928 °C) paradija, ka UN ir nestabils
karsta adens vidé. Korozijas atrums UN ir daudz zemaks neka metaliskajam uranam, bet
augstaks neka urana silicidam.

Biezuma, sastava, koncentracijas profila atkaribas no dziluma un jonu starojuma
raditie efekti uz urana nitrida planam kartinam, kuras uzklatas uz kvarca pamatném,
tika pétiti [8], izmantojot Rezenforda apgrieztas izkliedes spektroskopiju (Rutherford
Backscattering Spectroscopy, RBS) ar 2 MeV He* joniem. Uzputinasana —200 °C nodro-
$ina biezas stehiomentriskas UN kartinas veido$anos. Tika konstatéts, ka $1 kartina bija
stabila gaisa klatbatné. Virsmas oksidacija pastiprinas, ka ari oksidétie virsmas slani
pakapeniski klast biezaki kartinam, kas ir apputinatas augstakas temperataras (+25 °C
un +300 °C). Tika novérota liela jonu apstaro$anas ietekme uz kartinu struktiru un
sastavu. Sis pétijums paradija, ka iespéjams razot stehiometrisko UN plano kartinu ar
nepiecie$amo urana saturu, kas vienads ar 50%, ka ari iegtit nepiecie$amo slana biezumu,
izmantojot kartinas apstaro$anu ar joniem.

Rezumeéjot ieprieks teikto, eksperimentalie pétijumi skaidri paradija, ka skabeklis,
kontaktéjot ar urana mononitrida virsmu, var izraisit oksida savienojumu veidosanos, kas
péc sakotnéjas stadijas var veidot virsmas slani, kurs lidzigs UO N oksinitridam [14].

2.3. Iepriekséjie UN un citu saistito aktinidu savienojumu teoretiskie
aprekini

Ta ka pédéja laika ir palielinajusies interese par brideru reaktoriem un urana,
plutonija un mazak sastopamo aktinidu parvér$anu, muasdienas ir pievérsta liela uzmani-
ba aktinidu nitridu savienojumu aprékiniem no pirmajiem principiem, ka ari citiem
teorétiskiem aprékiniem. Tomér iepriekséjie teorétiskie pétijumi tika veikti galvenokart
par UN tilpumu. Sakot ar 80. gadiem [21-23], aprékiniem no pirmajiem principiem tika
izmantotas galvenokart DFT aprékinu metodes.

Pirmajos relativistiskajos UN tilpuma aprékinos tika lietota pilna potenciala
Korringa-Kona-Rostokera (KKR) Grina funkcijas metode [21] vai linearo ,muffin-
tin” orbitalu metode (LMTO) [22, 23] un galvend uzmaniba tika pievérsta atomarai
un elektroniskai struktirai. Aprékinatie rezga parametri tika atrasti 3% robezas no
eksperimentalam vértibam, savukart aprékinatais elastibas modulis sliktak sakrita ar
eksperimentalajiem datiem: bija par 23% lielaks [22] vai atradas 10% robezas [23]. DOS
analize paradija, ka UN nav spraugas starp valences un vadi$anas zonam. ~ 5-6 eV plata
valences zona paradas ~ 2 eV zem Fermi limena. Galvenais maksimums atrodas 1 eV
zem Fermi limena [23].

Nesen tika veikti daudzi UN tilpuma DFT aprékini no pirmajiem principiem. Dazu
aktinidu nitridu (AcN, ThN, PaN, UN, NpN, PuN, AmN) pilnelektronu LAPW apreé-
kini tika veikti, izmantojot PBE (Perdew-Burke-Ernzerhof) apmainas—korelacijas funk-
cionali (ar spin-orbitalas mijiedarbibas ieklausanu vai bez tas ieklausanas), tas realizéts
WIEN-2k programmu paka [20]. Tika novértétas veidos$anas entalpijas, kuru galvenais
ieguldijjums ir pamatstavokla kohézijas energija. Tika konstatéts, ka iegitas veidosanas
entalpijas teicami saskanojas ar eksperimentalajiem datiem (UN gadijuma labaka kore-
lacija tika panakta ar kalorimetrisko mérjjumu rezultatiem: teorétiska veértiba, vienada
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ar —291.0 kJ-mol" pret eksperimentalo vértibu, vienadu ar -290.5 + 1.4 kJ-mol"’ [24]).
Atseviskam neatbilstibam ar eksperimentalajiem datiem, kas ir novérotas PuN un ThN,
joprojam ir nepieciesama precizésana.

Referencé [25] GGA tuvinajums tika izmantots ta pasa LAPW formalisma ietvaros,
lai izpétitu aktinidu savienojumu strukturalas, elektroniskas un magnétiskas ipasibas.
Novérotai kimiskai saitei starp aktinidu un slapekli ir ievérojams jonisks raksturs.
Tika konstatéts, ka aprékinata kohézijas energija ir tuva eksperimentalam vértibam
(attiecigi 14.3 eV pret 13.6 eV). Lai gan rezga konstantes tika aprékinatas laba saskana
ar eksperimentu (~ 0.4% robezas), UN, AmN, PuN un NpN aprékini norada uz $o
savienojumu feromagnétisko stavoli (FM), kas ir pretruna ar eksperimenta rezultatiem
(AFM struktara eksperimentali novérota zemas temperatiras). Aprékinatais spina
blivums UN FM stavokliem ir vienads ar 0.96 p, No otras puses, NpN aprékinata
feromagnétiska struktira un nemagnétiska ThN struktira labi sakrit ar attiecigajiem
eksperimentalajiem mérijjumiem.

Referencé [26] pilno elektronu relativitates spin-polarizétie DFT aprékini tika
veikti, lai novértétu kopéjo energiju, optimizéto geometriju, ka ari elektroniskas un
termodinamiskas ipasibas idedlam stehiometriskajam UN un UN, tilpumam. Sim
nolikam tika lietots GGA PW91 apmainas-korelacijas funkcionalis un atomiem,
smagakiem par tdenradi, pievienots skaitliskais dubult-§ bazes komplekts ar d-tipa
polarizacijas funkcijam. Struktaras ipasibas, kas nesen tika noveértétas, izmantojot EXAFS
un XRD metodes, tika sekmigi reproducétas teorétiskajos aprékinos (0.03 A kladas
robezas). Aprékinatais DOS paradija U(6d), U(5f) un N(2p) stavoklu hibridizaciju, ka
ari U(5f) stavoklu dominéanu vadifanas zona. Si raksta novitate ietver sevi fononu
frekvences un siltuma jaudas aprékinus. Si raksta autori uzskata, ka migréjosie U(5f)
stavokli stipri ietekmé UN termodinamiskas Ipasibas.

Rezga parametri, elektroniska struktdra, ka ari termodinamiskas UN ipasibas,
izmantojot LDA+U un GGA+U pusempirisko shému ar ieklauto Habarda potencialu
U, tika prezentéti referencé [27]. Pilnas energijas atkariba no U-parametra UN FM un
AFM stavokli, iegiita attiecigajos aprékinos, liecina par to, ka FM stavoklis ir izdevigs
U-parametru diapazonam starp 0 un 2 eV, bet AFM stavoklis varétu but izdevigs
U-parametriem, lielakiem par 2 eV. Lai gan AFM stavoklis UN tilpumam ir reproducéts,
pamatstavokli grati iegit, lietojot DFT+U metodi [28]. Tas var radit nopietnas kladas,
aprékinot defektu veidosanas energijas [29, 30]. Més nelietojam $o metodi sakara ar UN
virsmas FM raksturu [31], kuru reproducé parastie DFT funkcionali.

PW pieeja tika izmantota UN atomaras struktiiras aprékiniem, sakot no [32]. Saja
pétijuma ultramikstais (US) pseidopotencials un PBE apmainas—korelacijas funkcionalis
tika izmantots, reproducéjot eksperimentalas UN un U N, rezga konstantes ar 3% kladu,
bet atomu koordinatas ar 5% kladu.

Daudz detalizétakos UN tilpuma PW aprékinos VASP un CASTEP datoru kodi tika
lietoti, izmantojot Perdew-Wang (PW91) nelokalo GGA apmainas-korelacijas funkcio-
nali, kombinétu attiecigi ar US vai PAW pseidopotencialiem [33, 34]. Abas aprékinu séri-
jas liecina par UN kimiskas saites jaukto metaliski kovalento butibu, kvalitativi reprodu-
céjot rezga konstantes, elastibas moduli un kohézijas energiju.
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PW pieeja, kombinéta ar supersinas modeli, tika izmantota UN defektu saturosa
kristala ar atseviskiem punktu defektiem aprékiniem, ki ari Frenkela un Sotki defektu
pariem. Referencé [34] tika paradits, ka N vakancém praktiski nav ietekmes uz UN
rezga konstanti pat pie koncentracijam, kas parsniedz 25%. Ir iegtas U un N vakances
veido$anas energijas UN tilpuma, kas vienadas ar 9.1-9.7 eV N vakancei un 9.4-10.3 U
vakancei. Aprékinata aktivacijas energija starpmezglu N atomu migracijai gar (001) asi
tika novértéta ki saméra zema, 2.73 eV [33]. Sis fakts apstiprina hipotézi, ka starpmezglu
migracija ir dominéjosais N diftizijas mehanisms UN degviela [1]. Atseviski no tukso
vakancu uzvedibas tika apskatita arl O atoma ieklau$ana vakancés UN tilpuma [35].
Tika konstatéts, ka ieklauSana N vakancés ir energétiski labvéligaka salidzinajuma ar
ieklau$anu starpmezgla pozicija. Tomér aprékinatas skiduma energijas paradija pretéju
efektu. Aprékinata migracijas energija starpmezglu O atomiem ir loti lidziga (2.84 V).
Sis fakts apstiprina to, ka O atomus var viegli aizstat ar N atomiem UN struktara.

Nesenie UN tilpuma LCAO aprékini tika veikti [36, 37], izmantojot GAUSSIAN-03
datora kodu kopa ar PW91 apmainas—korelacijas funkcionali. Kohézijas energijas
vértibas, kas aprékinatas, lietojot relativistiskos efektivas serdes RECP78 un RECP60
potencialus, ievérojami atskiras (attiecigi 9.86 eV un 12.8 V), tadéjadi noradot uz U
aréjo Caulu variaciju nozimi. Grupu teorétiska analize, veikta UN joslu struktaras
interpretacijai, paradija, ka vadi$anas zonas apaks$a un valences zonas virsotné veidojas
U(5f) stavokli, kuri nosaka UN metalisko raksturu [36, 37], atskiriba no uo,, kas ir
pusvaditajs [38]. £ (1.5-2.0) e Mullikena efektivais atomarais ladins, kas aprékinats,
izmantojot GAUSSIAN-03 kodu, apstiprina UN kimiskas saites jaukto raksturu un labi
saskanojas ar Badera topologisko analizi, kas dod PW aprékiniem + 1.6 e ladinu veértibas
[34].

Pédéjos gados publicéti arl daudzi pétijumi par lidzigiem aktinidu savienojumiem.
Referencé [29] skabekla vakanc¢u veido$anas energijas UO, savienojuma tika aprékinatas,
izmantojot Dudareva DFT+U pieeju [39]. Atrastas skabekla vakances veido$anas
energijas UO, tilpuma, kas ir vienadas ar 3.5-5.67 eV. Referencé [40] O un U vakancu
veidosanas energijas tika aprékinatas, izmantojot GGA tuvinajumu. Sie aprékini paradija
nelielu atskiribu starp FM un AFM stavokli (4.0 eV U vakances veido$anai FM stavoklim
salidzinajuma ar 4.4 eV AFM stavokli, ka arl 6.1 eV O vakancei abos gadijumos).
Referencé [41] punktu defekti urana monokarbida tilpuma tika pétiti, kombin&jot PAW
metodi ar PBE funkcionali. Tika konstatéts, ka urana vakances veido$anas energija ir
vienada ar 4.54-4.55 eV, bet analogiskas oglekla vakances veidosanas energija ir vienada
ar 0.8-0.83 eV. NpN mehaniskas ipasibas tika pétitas, izmantojot to pasu GGA PBE
funkcionali [42]. Aprékinatais NpN elastibas modulis mainas intervala robezas no 147
lidz 227 GPa atkariba no magnétiska stavokla (AFM, FM vai nemagnétiskais).

Pirma elektroniskas struktiiras modelésana aktinidu virsmam un to reakciju spéjai
attieciba uz molekularo un atomaro skabekli tika paveikta tikai nesen. Tomér tas nav
parsteigums, jo aktinidu virsmu nevar viegli aprékinat, izmantojot DFT metodes,
sakara ar lielo elektronu skaitu elementar$iina. Tomér dazi a-U, §-Pu un UO, virsmu
modelé$anas rezultati ir pieejami zinatniskaja literattira. Pieméram, referencé [43] Teilors
paradija, ka PAW metode [44], kas tika lietota arl masu pétijuma, ir piemérota (001)
virsmas a-U ticamiem aprékiniem.
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Tans (Tan) un citi ieguva UO, virsmas energiju, izmantojot atomu méroga datoru
simulacijas ar starpatomu potencialiem, kas sistematiski klasificé 153 unikalas virsmas
plaknes konfiguracijas, kuras var uzgenerét 2 x 2 super$tnai [45]. Aprékinata virsmas
energija mainas no 2.28 lidz 3.12 eV UO, (001) virsmai un no 1.27 lidz 1.54 eV UO,(111)
virsmai. PW91 funkcionalis tika izmantots UO, (111), (110) un (100) virsmas modelésanai
[46]. Aprékini paradija, ka (111) virsmai ir vismazaka virsmas energija (0.461 J/m?), tai
seko (110) virsma (0.846 J/m?) un (100) virsma (1.194 J/m?).

Aprékini, kurus veica Ata-Finns un Rejs (Atta-Fynn and Ray) [47, 48], ar1 apstiprina
DFT metodes efektivitati O, C un N jonu hemisorbcijas modelésanai virs §-Pu(111)
virsmas. Apreékini tika veikti, izmantojot GGA PBE apmainas-korelacijas funkcionali. Tika
apskatits 50% virsmas parklajums ar adatomiem. Apreékini tika veikti divos limenos: bez
spin-orbitalas mijiedarbibas un ar spin-orbitalo mijiedarbibu. Spin-orbitalas mijiedarbibas
ieklausana pazemina hemisorbcijas energiju par 0.05-0.27 eV, bet, no otras puses, tai ir
nenozimiga ietekme uz hemisorbcijas geometriju. Katra atoma efektivo ladinu analize
norada uz to, ka hemisorbcija galvenokart notiek virsmas slani. Pu-adatomu hibridizacija
dominé Pu(6d) un adatoma 2p stavoklis ar ievérojamu samazinagjumu pirmajam pikim
projicétajos Pu(5f) stavoklos, noradot uz dazu Pu(5f) elektronu delokalizaciju.

Jebkura gadijuma Sobrid literatira nav publicéti citi UN virsmas aprékini, iznemot
pasreizéjos pétijumus, kas tika veikti $aja promocijas darba [P1-P5].
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3. Teorétiskie pamati

UN modelésana més izmantojam VASP-4 datoru kodu, komplekso komercialo
datoru pakotni, kas lieto blivama funkcionala teoriju (DFT) un ieklauj sevi Kona-Sema
(Kohn-Sham) vienadojumu iterativu risina$anu, balstitu uz atlikuma mazinasanas
(residuum-minimization) un optimizétu ladinu blivumu sajauksanas procediru [49]. Si
pakete ir uzbaveéta, izmantojot plakano vilnu bazes funkcijas, kombinétas ar US vai PAW
pseidopotencialiem. VASP paketes izstrade tika sakta 90. gadu sakuma.

3.1. Blivuma funkcionala metodes (DFT) pamati

Par DFT blivuma teorijas atskaites punktu kluva Hohenberga-Kona (Hohenberg-
Kohn) teoréma, kura apgalvo, ka daudzelektronu sistémas pamatstavokli var viennozimigi

aprakstit ar elektronu blivuma p(r)= p(F,r") palidzibu. Sistémas pilno energiju var
pierakstit $adi:

rp(r) . -

E(p(f) = [V ©)p(@di+ Tp@)]+ 3 Jee () (‘ ) d¥ d¥ + E, [p(F)), (3.1.1)

kur labas dalas pirmais loceklis apraksta aréjo potencialu ietekmi, kas iedarbojas uz
sistému, pieméram, elektronu pievilk$anas energiju pie atomu kodoliem, otrais - kinétisko
energiju, treSais ir ta sauktais Hartri (Hartree) loceklis, kur§ apraksta starpelektronu
kulona atgrasanos, un pédéjais loceklis ir ta sauktais apmainas—korelacijas potencials,
kura ieklauj visus paréjos ieguldijumus, taja skaita daudzelektronu mijiedarbibu.

Varigjot pilnas energijas funkcionali (vienddojums 3.1.1.), var iegit Kona-Sema
vienelektronu vienadojumus (lidzigus Hartri-Foka vienadojumiem):

(H+I-V,)p,(F)=¢£,0,(F), (3.1.2)

kur loceklis v [ p(¥)] = SE[p(O)] i apmainas—korelacijas potencials [50].
op(r

Ta ka Hamiltona un Kulona operatori Kona-Sema vienadojumos H un J ir atkarigi
no blivuma p(F), vienadojumi jarisina passaskanota veida [50].

Musdienu cietvielu DFT aprékinos ir nepiecieSams izdarit dazas galvenas izvéles:
(i) izveéléties apmainas—korelacijas funkcionali, (ii) izvéléties bazes funkcijas, lai izvirzitu
Kona-Sema ipasfunkcijas (plakanie vilni vai lokalizétas bazes funkcijas), un izvéléties,
(#iif) ka raksturot mijiedarbibu starp jonu kodoliem un valences elektroniem (pilna
potenciala pieeja vai pseidopotenciala pieeja) [52].

3.2. Apmainas-korelacijas funkcionali

Ta ka preciza apmainas—korelacijas funkcionala forma nav zinama, milzigs progress
kvantu Kimijas metodés tika panakts, izveidojot piemérotus funkcionalus. Dazadas
sarezgitibas funkcionali tika izveidoti DFT funkcionalu hierarhijas ietvaros. Vienkarsakais
tuvinajums ir lokala blivuma tuvinajums (local density approximation, LDA), kas balstas
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uz precizu viendabigas elektronu gazes apmainas energiju, kuru var iegut, pielagojot
korelacijas energiju elektronu gazei [50].

Saja pétijumd més izmantojam visparinito gradienta tuvindjumu (Generalized
Gradient Approximation, GGA), kas paredz, ka elektronu blivums ir sadalits nevienmérigi:
vislielakais blivums ir lokalizéts atomu kodolu apkartné. Apmainas—korelacijas energiju
var izvirzit Teilora rinda péc elektroniska blivuma pakapém. Ja aprobeZojas ar pirmas
kartas locekliem, tad rezultéjosa izteiksme satur elektroniska blivuma gradientu Vp
(50, 53].

Realus funkcionalus parasti veido, izmantojot pielago$anas parametrus, kas lauj ar
augstu precizitati reproducét dazadu materialu klasu eksperimentalos datus. Ir Joti svarigi
atrast tadu funkcionala veidu, kuru var lietot daudzu sistému aprakstam bez papildu
parametru ievie$anas aprékinu laika (tiesi $aja zina $adus aprékinus sauc par ab initio
vai aprékiniem no pirmajiem principiem). Sai pétijuma tika izmantots PW91 apmainas—
korelacijas funkcionalis [54].

3.3. Pseidopotenciali

Pseidopotencialu formalismu plasi izmanto kvantu kimijas aprékinos: elementu
kimiskas ipasibas galvenokart nosaka valences elektroni, iekséjas caulas ir Kimiski
inertas, savukart pusaizpilditam vai pilniba aizpilditam caulam piemit sfériska
simetrija (ta saukta Unsolda (Unsold) teoréma [55]). Tas lauj mums aprakstit atseviski
tikai aréjo Caulu elektronus. Savukart visi iekséjie elektroni var tikt aizstati ar kopéju
efektivo pseidopotencialu. Atkariba no pseidopotenciala ieklauta elektronu skaita
tos var iedalit liela serdena (Large Core, LC) un maza serdena (Small Core, SC) RECP
pseidopotencialos.

U atomam, pieméram, ir 1s2s2p°3s23p°3d'°4s24p°4d'°4f*5525p°5d"°6s*6p°7s*5f 64"
elektroniska struktara. LC(U) potencials ieklauj sevi 78-elektronu serdes potencialus
([Xe]4f*5d") un 14 valences elektronus (6s*6p°7s*5£6d"), bet SC(U) potencials
ietver 60-elektronu serdes potencialus ([Kr]4d"4f*) un 32 valences elektronus
(5525p°5d"%6s*6p°7s*5£6d"). Atskiriba no LCAO RECP pseidopotencialiem, izmantotajiem
CRYSTAL apreékinos, RECP pseidopotencialus PW aprékiniem nevar tie$i reoptimizét:
jauna pseidopotenciala uzbuve vai tas atkartota optimizacija ir loti sarezgits uzdevums, kas
var prasit vairakus ménesus vai gadus ta atrisinasanai [56]. Galvenais mérkis pasreizéjai
darbibai, aprakstitai $ajas tézés, ir pienaciga RECP pseidopotenciala izmanto$ana, lai
iegttu ticamus rezultatus, optimali izvéloties potencialus no standarta pseidopotencialu
bibliotékas, kuru nodrosina VASP kods (atkariba no serdena strukttiras un starpibas ar
visu elektronu vilpu funkciju). Pseidopotenciala izvélei ir jabalstas uz sai$u raksturu starp
sistémas joniem [49], ieskaitot testa aprékinus.

Aprékiniem, kuri tika veikti pasreizéja PhD pétjjuma, més izmantojam RECP
pseidopotencialus ar 78 U iekséjiem elektroniem (ar 6s*6p°6d°5f27s* valences ¢aulu), ka
ari ar 2 serdena elektroniem gan N, gan O atomiem (attiecigi ar 2s?2p® un 2s?2p* valences
¢aulu).
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3.4. Plakano vilnu formalisms

Kona-Sema metode, kas izmanto plakano vilnu bazes komplektu un pseidopotencialu
aproksimaciju, ir viena no spécigakam muasdienu skaitloSanas materialzinatnes metodém.
Plakano vilnu bazes komplekta lietodanai ir vairakas prieksrocibas [52]: (i) izmantojot
atro Furjé parveidojumu, ir viegli pariet no realas telpas reprezentacijas (kur potencialajai
energijai V ir diagonala reprezentacija) uz apgriezto telpu, kura kinétiska energija T ir
diagonala; (ii) bazes komplekta konvergences kontrole ir gandriz triviala, ir pietiekami
kontrolét ipagvértibas un pilno energiju ka funkciju no apgriezuma energijas vai, citiem
vardiem, plakano vilpu visaugstako kinétisko energiju izvélétaja bazes komplekta; (iif)
Helmana-Feimana spékus, kas iedarbojas uz atomiem, un spriedzi elementar$iana var
aprékinat uzreiz, pamatojoties uz sagaidamo hamiltoniana vértibu attieciba uz jonu
koordinatém; (iv) ir apietas superpozicijas kladas, kuras rapigi jakontrolé aprékinos, kas
balstas uz lokalajiem bazes funkciju komplektiem.

Par sikumpunktu Kona-Sema vienadojuma risina§anai ar PW bazes komplektu
parasti lieto Bloha (Bloch) teorému, kas apraksta elektrona (vai citas dalinas) vilnu
funkciju, novietotu periodiskaja potenciala [57], vai, citiem vardiem:

¥ (r+R) =y, (r)e™® (3.4.1.)

Elementarstna vilpu funkcijas periodiska dala u | tiek ieviesta ka

W (1) =10, (1)e™, (3.4.2.)

kur w, (R+r)=u, (r). Tas nozimé, ka visas $unas periodiskas funkcijas var tikt
pierakstitas ka plakano vilnpu summa, parejot uz apgriezta rezga telpu un veicot Furjé
transformaciju:

(1) =Y 1, (G)e'™ (G vektors tiek izvéléts ta, lai " butu ar realas telpas rezga
G

periodiskumu)

v (1) =(NQ) Y 1, (G)e' O, (3.4.3.)
G
1 s
kur u, (G)= ajﬂ e”“u, (r)dr (Furjé transformacija).
0 0

Faktiski plakano vilnu skaits ir definéts ka funkcija no kinétiskas energijas apgriezuma

o _ (k+G)’ C
energijas, tadéjadi veidojot PW sféru 5 < E,,, apgrieztaja telpa [57].

cut

VASP programma izmantota PW formalisma attistiba noveda pie projektora—
paplasinato vilnpu (PAW) metodes, kuru sakotnéji ieviesa Blohls (Blochl) [44]. Galvena
PAW metodes ideja ir parveidot fizikali atbilstosis pilno elektronu (AE) Kona-Sema
vilnu funkcijas ¥, Hilberta telpa uz jaunajam, aprékiniem értajam pseidovilnu mikstajam
(pseudo-wave soft PS) variacionalajam funkcijam ¥, ta saucama pseido-Hilberta telpa
[58]. PAW formalisma ietvaros AE vilnu funkcijas tiek iegtas no PS vilpu funkcijam,
izmantojot linearu transformaciju [44]:
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1#,)=12,)+ (o)~ 16)(512,), (44)

kur AE parcialie vilni ¢, tiek iegati references atomam, savukart PS parcialie vilni @;
ir lidzvertigi AE parcialiem vilpiem arpus serdena radiusa rcl un atbilst nepartrauktajiem
9, serdena radiusa iekipusé (paplasinaganas regions, lidzigs linearizéto muffin-tin LMTO
formalismam); indekss i Seit ir atomaras pozicijas R, saisinajums, lenkiska momenta
skaitlis ir L = I, m, turklat papildu indekss k attiecas uz vienelektronu references
energiju ¢,. Serdena radiuss izvéléts ta, lai atbilstu pusei no attdluma lidz tuvakajam
kaiminam [58]. Projektora funkcijas p, ir dualas attieciba uz PS parcialajiem vilniem:

(P16,)=3, (Eq. 3.45)

3.5. Aprekinu parametri VASP-4 datoru programma

Iepriekséja apaksnodala meés esam aprakstijusi visparéjos teorétiskos principus,
kas ir ieklauti VASP datoru koda. Saja apaksnodala més isi aprakstisim galvenos ieejas
parametrus misu aprékiniem.

Ievaddati VASP aprékinu veik$anai ietver $adus galvenos failus [49].

I POSCAR. Sis fails apraksta atoma pozicijas un lauj nofiksét atomu koordinatas,
ja tas ir nepiecieSams (o opciju var izmantot, pieméram, lai aprékinatu starpmezglu
pozicijas, kad geometrijas relaksacija noved sistému stabila pamatkonfiguracija). Visos
platnes aprékinos més veicam daléju vai pilnigu struktaras optimizaciju super$unas
robezas ar fiksétiem lineariem izmériem, izmantojot pilnas energijas minimizacijas
kritériju. Atomu pozicijas katrai aprékinatai sistémai ir noteiktas POSCAR faila saskana
ar pétamas struktaras kristalografiskajam ipasibam.

II. POTCAR. Sis fails satur informaciju par tadam ipasibam ka dazadu atomu RECP
pseidopotenciali, atomu masas, energijas atomu konfiguracijas, kuram $ie pseidopotenciali
tika izveidoti (sikaka informaciju par pseidopotencialiem dota 3.3. apak$nodala), utt.

Aprékinu parametrus ir jadefiné divos failos.

III. KPOINTS. Sis fails nosaka k-punktu mezglus BZ. Saja pétijuma més generéjam
k-punktus, izmantojot Monkhorsta-Paka (Monkhorsts-Pack) tehniku [59], savukart
elektroniska apdzivotiba tika noteikta, izmantojot Metfessela un Pakstona (Methfessel and
Paxton) metodi [60], kas ieviesta VASP koda.

Katru aprékinu sérijai més esam atradusi optimalu k-punktu tiklu, kas nodrosina
rezultatu konvergenci: 8 x 8 x 8 mezgli tilpuma aprékiniem, 8 x 8 x 1 lielakajai dalai
virsmu aprékiniem (ideala UN(001) virsma, vakances uz UN(001) virsmas, skabekla
adsorbcija un migraciju, ka ari skabekla ieklau$ana jau eksistéjosa N vakancé), ka ari
4 x 4 x 1 mezgli molekulara skabekla mijiedarbibas ar UN(001) virsmu aprékiniem un
visiem UN(110) virsmas aprékiniem (ieskaitot atomaru adsorbciju, vakances uz UN(110)
virsmas un skabekla ieklausanu tajos).
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IV, INCAR. Sis galvenais VASP ievades fails noteic, ko darit un ka to darit”. Pilns
atsléegvardu saraksts ir aprakstits VASP rokasgramata [49]. Nakamajas rindkopas més
aprakstisim tikai tos parametrus, kuru variacijas ir ipasi svarigas musu aprékiniem.

IVa. ISPIN. Si opcija definé spin-polarizétos aprékinus. Attieciba uz UN ka uz
sisttmu ar magnétiskam ipasibam opcija ,,ja” tiek lietota vienmer.

IVb. MAGMOM. Si opcija nosaka sakotnéjo magnétisko momentu katram atomam
(aprékins sakas no noteiktajiem magnétiskajiem momentiem, tacu tie tiek mainiti
aprékina laika). Més esam izvélgjusies sakotnéjo feromagnétisko stavokli visiem UN
aprékiniem. Ja jameklé feromagnétisks risinajums, to parasti ir drosak sakt no lielakiem
lokalajiem magnétiskajiem momentiem. Tapéc FM aprékiniem ar spina relaksaciju més
esam sakusi no vértibas 2 p, uz U atomiem. FM aprékiniem bez spina relaksacijas més
esam sakusi no magnétiskajiem momentiem 1 y, uz U atomiem.

IVe. NUPDOWN. Si atsléga nosaka spina momentu visai sistémai, vienadu ar
noteikto vértibu. Aprékiniem bez spina relaksacijas tika izvéléts magnétiskais moments
1 p, katram U atomam.

IVd. ENCUT. Plakano vilpu atlasi nosaka apgriezuma energija E_. Tika konstatéts,
ka optimala apgriezuma energija ir vienada ar 520 eV.

IVe. ISMEAR. Nosaka, ka katrai vilpa funkcijai tiek noteikta daléja apdzivotiba.
Misu aprékiniem més izmantojam Gausa izsméré$anu.

IVf. SIGMA. $i atsléga, kas raksturo brivas un pilnas energijas starpibu, jaizvélas
péc iespéjas lielaka. Tika atrasts, ka izsmérésanas raditajs 0.2 eV ir optimals sapratigai
konvergencei un dod elektroniskas entropijas ieguldijumu ar 10 meV kartu.

IVg. NELMDL. §i opcija definé solu skaitu bez pagsaskanosanas aprékina sakuma: ja
inicializé vilpu funkcijas gadijuma veida, sakotnéjas vilnu funkcijas ir talu no sagaidama
risinajuma. Si ladinu blivuma atjaunosanas ,kavésanas” atslégas ieslégsana ir loti
svariga visos gadijumos, kad konvergence ir loti slikta [49]. UN aprékiniem §1 vértiba
tika palielinata 3-5 reizes, salidzinot ar nokluséjuma izvéles vértibu (palielinata lidz
15-25 soliem salidzinajuma ar nokluséjuma izvéles 5 soliem).

IVh. ALGO. Dazadi algoritmi tiek ieklauti VASP koda. Pieméram, var lietot atru, bet
rupju RMM-DIIS algoritmu [49, 61] vai lénu, bet precizu Davidsona blokéto algoritmu
[49, 62]. Musu pieredze rada, ka tikai Davidsona algoritma izmanto$ana lauj iegtt
ticamus rezultatus. Diemzél datoru resursi vienmér ir ierobeZoti un dazu sistému aprékini
ir loti laikietilpigi. Lai atrisinatu problému, ko rada ipasi smagi aprékini, més sadalam
$os aprékinus divos posmos. Pirmaja posma més izmantojam RMM-DIIS, lai iegttu
rupji relaksétu geometriju un aptuvenu elektronisko blivumu. Otraja posma més sakam
no geometrijas un elektroniska blivuma, kas ir iegti pirmaja posma, un izmantojam
Davidsona algoritmu, lai iegtitu gala rezultatus. Si pieeja ievérojami samazina skaitlosanas
izmaksas daudzam sarezgitam sistémam.

3.6. Aprekinu parametri LCAO CRYSTAL-06 datoru programma

LCAO aprékini tika veikti ar CRYSTAL-06 datoru programmatiras palidzibu
[63], kura lieto bazes komplektiem Gausa tipa funkcijas, centrétas uz atomu kodoliem,
lai izvirzitu atomu orbitalu lineara kombinacija (LCAO), kopa ar nelokalu apmainas-



23

korelacijas funkcionali PBE [64]. Skabekla bazes komplekts (BS) 8-411G(1d) tika panemts
no ref. [65]. N atomam tika izmantots pilno elektronu BS 6-311G(2d) [66]. Visbeidzot, U
atomam tika izmantoti tris potenciali ar energétiski korigétiem relativistiskiem serdeniem
(Stutgartes-Kelnes grupas pseidopotencialis SC60 ar 60 elektroniem serdeni [67], ka ari
divi Mosjagina-Titova potenciali: liela serdena MT78 un maza serdena MT60 ar attiecigi
60 un 78 elektroniem pseidopotenciala serdeni [68]). Lai CRYSTAL LCAO aprékinos
izvairitos no bazes komplekta linearas atkaribas, diftizas s-, p-, d- un f-Gausa tipa orbitales
ar eksponentém < 0.2 a.u.”! tika izslégtas no bazes komplekta. Citu polarizéto funkciju
eksponentes tika paroptimizétas, lai atjaunotu kopéjas energijas nepiecie$amo precizitati.
Pirms virsmas ipasibu pétijjuma UN kristala tilpuma struktiiras optimizacija tika paveikta,
izmantojot LCAO pieeju. Monkhorsta-Paka shéma [59] ar 8 x 8 x 1 k-punktu mezgliem
Briljuena zona (BZ) un Gilata tikls ar 32 x 32 x 32 k-punktiem [69] tika izmantoti, lai
aprékinatu Fermi energiju un blivuma matricu.

3.7. Platnes modelis un defektu periodiskums

Aprékinot PAW virsmu, més modeléjam UN virsmu, izmantojot simetriskas platnes,
kas satur neparu atomu slanu skaitu un tiek atdalitas cita no citas ar 38.9 A vakuuma
spraugu, kas atbilst UN(001) virsmas 16 starpslanu attilumiem (3.1. att.). Sis attalums
ir pietiekami liels, lai novérstu nevélamo 2D platnu savstarpéjo mijiedarbibu 3D modeli.
LCAO aprékiniem nav nepiecieSama 2D platnu maksliga atkarto$ana virsmas normales
virziena, ka tiek izdarits PW aprékinos.

Vacuum gap (16 interplane distances)

UN slab (5, 7, 9 or 11 planes)

Vacuum gap (16 interplane distances)

UN slab (5, 7,9 or 11 planes)

Vacuum gap (16 interplane distances)

3.1. attéls. UN platnes 3D modela $kérsgriezums

Lai modelétu atseviskus punktu defektus (N vai U vakances) un skabekla atomus,
adsorbétus uz virsmas vai ieklautus vakanceés, ka ari lai mazinatu lateralo mijiedarbibu
starp tiem, més izmantojam super$iinu pieeju, lietojot primitivo elementar$anu ar 2 x 2
vai 3 x 3 papladinadjumu (3.2. att.). Sadas supersiinas satur etrus (2 x 2 supersiina) un
devinus (3 x 3 supersina) N un U atomu parus katra bezdefektu slani, bet periodiski
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sakartotas virsmas vakances (vai skabekla atomi / molekulas), parrékinot uz virsmas
$unu, atbilst defektu (skabekla) koncentracijai, vienadai attiecigi ar 0.25 un 0.11 no
monoslana (ML). Lai samazinatu aprékinu laiku, tika izmantots punktveidu defektu
simetrisks divpuséjs izvietojums attieciba pret centralo (spogula) plakni. Piemérota
super$iinas izméra izvéle ir ipasi nozimigs jautajums. No vienas puses, modelis ar lielaku
super$iinas izméru ir daudz tuvaks atseviska defekta modelim, tac¢u, no otras puses, $adu
super$inu aprékiniem ir nepiecieSami ievérojami lielaki skaitlo$anas resursi (pieméram,
UN 7-slanu 3 x 3 super$ina satur 126 atomus, kas ir 2.25 reizes vairak, salidzinot ar
56 atomiem 2 x 2 UN 7-slanu supers$ana). Tapéc més analizéjam ierobezotas super$tnas
izméra ietekmi, lai noveértétu supersiunas modela novirzi no atseviska defekta modela.

=)
@UeN

3.2. attéls. Elementarsunas (a) skats no augsas, ka ari 2 x 2 (b) un 3 x 3 (c) supers$inas
uz UN(001) virsmas. Seit x un y asis sakrit ar virsmas translacijas vektoru
virzieniem, savukart a ir rezga konstante. Puscaurspidigie atomi parada izvélétas
virsmas $inas robezu
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4. UN tilpuma modelésana

Sa pétijuma visparéjais mérkis ir saprast skibekla adsorbcijas mehanismu, ka
ari urana nitrida talako oksidé$anas procesu. Pirmais solis UN pétijumos ir izstradat
metodologiju korektam ideala tilpuma un virsmas ipa$ibu aprakstam. Tas tika veikts
publikacijas [P1, P4]. Otraja soli $o metodologiju var lietot, lai pétitu defektivu virsmu, ka
ari skabekla atomu adsorbciju uz idealas un defektivas virsmas. DFT PW tilpuma, idealas
virsmas un atomara skabekla adsorbcijas UN aprékini tika salidzinati ar atbilsto$iem
DFT-LCAO rezultatiem, kurus ieguva prof. R. Evarestova grupa (Sanktpéterburgas Valsts
universitate).

Pirms UN aprékiniem mums jaapskata UN tilpums un janovérté ta ipasibas.
Tilpuma aprékinu galvenie rezultati ir apkopoti 4.1. tabula un liecina par to, ka kohézijas
energijas E_vértiba ir novértéta par zemu MT78 LCAO aprékinos un nedaudz parvértéta
PW aprékinos. Savukart E_vértiba ir tuva eksperimentilai vértibai LCAO MT60 un
SC60 aprékiniem. Runajot par rezga parametru g, tas ir novértéts par zemu DFT-LCAO
aprékinos (4.78 A un 4.80 A), bet maz at$kiras no misu un citu autoru iegitajiem
DFT-PW aprékinu rezultatiem, kas, savukart, ir loti tuvi eksperimentalajam vértibam.
Optimizéta rezga konstante (4.87 A PAW VASP aprékinos pret. 4.81 A LCAO CRYSTAL
aprékinos) tika izmantota visos misu turpmakajos aprékinos.

4.1. tabula. PW un LCAO UN tilpuma aprékinu rezultati: kohézijas energija E_(eV), rezga
konstante a, (A) un elastibas modulis B (GPa). Eksperimentalas vértibas ir
uzrakstitas iekavas pirmaja kolonna. Spinu blivums (SD) U atomiem ir dots

mérvienibas
fpasibas PW (VASP) | PW (citi teorétiskie pétijumi) | -CAC (Przi;ll;;fvare“"va
(cksperimentalas PW91 PAW | PBE AE-LAPW

[17) PW91 | PBE (33] (20, 25] MT78 | MT60 | SC60
a, A (4.886) 4.868 | 4.867 4.864 4.886 517 | 478 | 4.80
E, eV (13.6) 1479 | 14.57 14.7 134 9.6 134 | 136
B (194) 227 | 224 226 209 1672 | 291.6 | 276.9
Que 169 | 1.69 1.61 - 1.63 155 | 158
SD, u, 115 | 119 1.05 1.25 318 | 1.18 | 1.06

Elastibas modulis B ir parveértéts gan PW un LCAO (MT60 un SC60) aprékinos un
novértéts par zemu MT78 aprékinos. Aprékinatais U atoma efektivais ladins (Q,) it tuvs
visiem trim izmantotajiem pseidopotencialiem un ir salidzinams ar 1.7 e vértibu, kas
iegtta PW aprékinos, izmantojot topologisko Badera analizi.

UN tilpuma zonu struktiras, kas tika aprékinatas, lietojot divas iepriek§ minétas
metodes (DFT un LCAO) un piemérojot to pasu PWO91 hamiltonianu, ir attélotas
4.1. attéla. Zonu struktaras kvantitativa limeni demonstré labu korelaciju starp abam
metodém, ipadi zem Fermi limena, un labi saskanojas gan ar eksperimentu [12], gan ari
ar DOS analizi, kas tika veikta iepriekséjiem PW VASP aprékiniem [30].
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4.1. attéls. UN kristala energijas zonas, kas konstruétas, izmantojot a) PW PW91 (RECP
SC78) un b) LCAO PW91 (RECP SC60) hamiltonianu. Energijas ir dotas a. u.
meérvienibas, nepartrauktas un punktveida linijas atbilst stavokliem ar spina
orientaciju attiecigi uz augsu un uz leju

DFT-PW apreékinos tika iegtita rezga konstante, elastibas modulis, kohézijas energija,
ladinu sadales un zonu struktara UN kristalam. UN tilpuma DFT-PW aprékinu rezultati
tika salidzinati ar rezultatiem, kurus savos aprékinos ieguva prof. R. Evarestova grupa.
LCAO (RECP 60) un PW (RECP 78) rezultatu salidzinajums parada kvalitativu saskanu
ipasibu aprékinos, izmantojot abas metodes, iznemot elastibas moduli, kas CRYSTAL
aprékinos ir ievérojami parveértéts salidzinajuma ar eksperimentu.
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5. UN (001) un (110) virsmas strukturalas ipasibas

Sintezétie polikristaliskie UN paraugi satur dalinas ar dazadi orientétam
kristalografiskam skaldném [9]. Lai vienkarSotu skabekla mijiedarbibas modelésanu
ar UN virsmu, $aja doktora darba més pétam galvenokart (001) virsmu, jo saskana ar
Taskera analizi [70] $ai virsmai ir viszemaka virsmas energija. Tomér realas UN dalinas
(2.2. att.) satur dazadas kristalografiskas orientacijas skaldnes. Lai palielinatu misu
rezultatu pamatotibu, esam veikusi (110) virsmas papildu aprékinus. Més izvéléjamies
(110) virsmas orientaciju papildu aprékiniem, jo alternativa zemo indeksu (111) virsma
satur uzladétus slanus un tas aprékinasanai ir nepiecieSamas maksligas pieejas. Turklat,
lai stabilizétu polaro (111) virsmu, janotiek spécigai rekonstrukeijai, lidzigi ka MgO(111)
virsmai [71]. UN(110) virsmai, kurai ir mazakais virsmas iepakojuma blivums, ir mazaks
ari starpslanu attalums z virziena, salidzinot ar (001) virsmu (5.1. tab. un 5.1. att.).

UN (001) surfacey
4x4 supercell

\ \ UN (110) surface,
\\ 4x4 supercell

a) b)

5.1. attéls. Strukturas salidzinajums platném, kas izmantotas UN (001) (a) un (110) (b)
virsmas aprékinos

Més esam modeléjusi rekonstrukciju perfektam un defektu saturo$am UN(110)
virsmam, ka ari atomara skabekla adsorbciju, N vakanc¢u veido$anu un skabekla
ieklausanu tajas. Sie rezultati ir izklasti 6.-8. nodalas attiecigajas apakinodalas.
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5.1. tabula. UN (001) un (110) virsmas salidzinajums (a ir rezga konstante kubiskajam

fec kristalam)

(001) virsma

(110) virsma

Virsmas $tnas izmérs (A x A)

3.44 x 3.44

i

(—ax—a) va1( axa)

4.87 x 3.44

(axTZa)

Attalums starp diviem
tuvakajiem U un U (vai N un
N) atomiem xy plakné (A)

3.44 (g a)

abos virzienos

4.87 x virziena
3.44 y virziena

Attalums starp tuvakajiem
atomiem z virziena (A)

2.435 (%)’ attalums starp U un

N atomiem

a . . -
Attalums starp tuvakajiem U 2.435 (ﬂ) 2.435 ( 5 ) x virziena
un N atomiem xy plakné (A) 2 nav definéts y virziend
Attalums starp kaiminslaniem z 2.435 (ﬂ ) L7 Q
virziena (A) ’ 2 72 (a 7 )
V2

3.44 (7 a), attalums starp N

un N (vai U un U) atomiem
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6. UN idealas virsmas modelésana

Ka tika jau minéts 2.1. apaksnodala, eksperiments rada, ka UN tilpuma notiek AFM
sakarto$anas zem 53 K temperattras [5]. Més veicam aprékinus gan FM, gan ari AFM
stavoklim. Masu testa UN tilpuma PAW aprékini ir paradijusi, ka FM faze ir energétiski
nedaudz izdevigaka par AFM fazi. Analogiskus rezultatus, izmantojot LCAO metodi,
ieguva prof. R. Evarestova grupa. Ta ka FM un AFM stavoklu energijas starpiba ir neliela
(~0.001-0.01 eV) un UN virsmas magnétiska strukttira sarezgita [31], masu UN virsmas
aprékinos tiek apskatits tikai FM stavoklis.

6.1. Bezdefektu UN(001) virsmas PW un LCAO aprékini

Analogiski ideala tilpuma aprékiniem més salidzinam UN(001) virsmas PW un
LCAO apreékinu rezultatus. Neperiodiskais (2D) un periodiskais (3D) modelis, kas ir
perpendikulars platnes virsmai, tika izmantots LCAO un PW aprékiniem [51].

Meés detalizéti apskatijam atomu vertikalas nobides (gar z asi) gan virsmas, gan ari
zemvirsmas slani salidzinajuma ar atomu pozicijam tilpuma (6.1. tab.), efektivos atomu
ladinus (6.2. tab.), virsmas energijas (6.3. tab.), ka ari DOS grafikus, kas iegtti PW
aprékinos (6.2. att.).

Virsmas energija n-slanu platnei tika noteikta, izmantojot standarta pamatattiecibu:

1
E .(n)=—(E —nk
sy (1) 2S( . —nE,), (Eq. 6.1.1)

kur E ir platnes pilna energija, parrékinata uz primitivo virsmas elementarsiinu ar
laukumu S, savukart E, ir primitivas tilpuma elementar$inas pilna energija (6.1. att.).

LCAO un PW rezultati ir laba kvalitativa saskana strukturalai relaksacijai un atomu
efektivajiem ladiniem. Pirmkart, abam metodém atomi parvietojas vienados virzienos:
N atomi izvirzas uz arpusi no virsmas plaknes, savukart U atomi parvietojas plaksnes
centralas plaknes virziena. Ta ir tipiska parkarto$anas aina oksidu virsmam. Tika
noveérots, ka virsmas U nobides ir ievérojami lielakas, salidzinot ar N atomu nobidém,
savukart zemvirsmas atomu relaksacijas ir mazakas.

6.1. attels. Virsmas energija, aprékinata 7-slanu platnei. E, ir kopéja platnes energija
primitivajai virsmas elementarsiinai, E, ir pilna energija vienai primitivajai
tilpuma elementar$unai, » ir slanu skaits, S ir elementar$anas virsmas laukums
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Virsmas energijas daléji stabilizéjas platném, kas satur vismaz 5-7 slanus, savukart
relaksacijas energijas ir jutigakas pret platnes biezumu (6.3. tab.). Eksperimentalo datu
ierobezotibas dé] aprékinatas virsmas energijas var kvalitativi salidzinat tikai ar UO,
(001) virsmas energijas vértibu, kas ir nesen iegita, izmantojot aprékinus no pirmajiem
principiem [46], un ir vienada ar 1.2 J/m* Ir paredzams, ka UN virsmu energijas ir
lidzigas. Ir novérota kvalitativa saskana starp UN(001) virsmas energijam, kas iegitas
gan LCAO, gan PW aprékinos.

6.1. tabula. Aprékinatas atomu novirzes Az (A) UN(001), ko iegtist dazadiem platnes
biezumiem un ar dazadam metodém. Pozitiva zime nozimé parvietoSanos no
plaksnes centra uz aru

Atoms Metode Atomaro slanu skaits platné

3 5 7 9 11

LCAO -0.085 | -0.095 - - -

Virsmas U LCAO (papildu slanis ir pievienots) | -0.026 | -0.046 - - -
PW PW91 -0.041 | -0.046 | -0.050 | -0.061 | -0.057

LCAO -0.011 - - -

Zemvirsmas U | LCAO (papildu slanis ir pievienots) -0.013 - - -
PW PW91 -0.018 | -0.016 | -0.013 | -0.013

LCAO 0.064 | 0.058 - - -

Virsmas N LCAO (papildu slanis ir pievienots) | 0.049 | 0.025 - - -
PW PW91 0.030 | 0.022 | 0.025 | 0.033 | 0.026

LCAO -0.002 - - -

Zemvirsmas N | LCAO (papildu slanis ir pievienots) 0.014 - - -
PW PW91 0.026 | 0.028 | 0.032 | 0.022

6.2. tabula. Efektivie atomu ladini g(e) UN(001) platnei

Atomaro slanu skaits platné

Atoms Metode

3 5 7 9 11

LCAO 1.63 1.63 - - -

Virsmas U LCAO (papildu slanis ir pievienots) | 1.64 | 1.64 - - -
PW PWO1 1.65 1.66 1.72 1.67 1.65

LCAO - 1.51 - - -

Zemvirsmas U | LCAO (papildu slanis ir pievienots) - 1.55 - - -
PW PW91 - 1.65 1.63 1.63 1.69

) LCAO 145 | 1.57 B B -

v 1_:)1a.t ne [ LcAO (papildu slanis ir pievienots) | 1.52 | 1.55 - - -

centralaja slani

PW PWOI1 1.62 1.67 1.72 1.65 1.62

LCAO -1.55 | -1.55 - - -

Virsmas N LCAO (papildu slanis ir pievienots) | -1.61 | -1.60 - - -
PW PW91 -1.64 | -1.63 | -1.64 | -1.63 | -1.67

LCAO - -1.59 - - -

Zemvirsmas N | LCAO (papildu slanis ir pievienots) - -1.57 - - -
PW PW91 - -1.67 | -1.7 | -1.64 | -1.7

i LCAO 161 | -158 | - B :

N Pla.t_n ¢ | Lcao (papildu slanis ir pievienots) | -1.58 | -1.57 - - -

centralaja slani

PW PWO1 -1.65 | -1.7 | -1.66 | -1.62 | -1.64
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6.3. tabula. Virsmas energijas £ (DZ-m?) un relaksacijas energijas E,, (eV), kas iegatas
UN(001) virsmas LCAO un PW aprékinos

Atomaro plaknu skaits platné 3 5 7 9 11
wa(bez relaksacijas) | 2.20 2.29 2.28 2.11 -
LCAO E__(ar relaksaciju) 2.06 2.13 - - -
0.203 | 0.230 - - -

rf

rel

E, 'f(bez relaksacijas) | 1.68 1.45 - - -

LCAO
Metode | (papildu slanis ir wa(ar relaksaciju) 1.430 1.38 - - -
pievienots) £ 0359 | 0.121 . . .

rel

Em,/(bel relaksacijas) | 1.81 1.87 1.84 1.86 1.90

Plakanie vilni -
PWOI Ew(ar relaksaciju) 1.70 1.69 1.70 1.70 1.69
0.156 | 0.258 | 0.210 | 0.239 | 0.305

rel

6.2. attéla var redzét FM stavokla pilno un projicéto DOSu, kuri ieguti masu PW
aprékinos. Neliela atskiriba joslu formam, kas ir novérota, salidzinot ar iepriekséjiem
UN tilpuma aprékiniem [34], ir saistita ar ievérojami lielaku k-punktu mezglu skaitu
un apgriezuma energiju, kas tika izmantoti masu pétjjumos. U un N atomu DOSa
salidzinajums tilpumam (6.2.a att.) un virsmai (6.2.b att.) parada galvenokart neaiznemto
limenu profila izmainas virs Fermi limena. Abos gadijjumos U(5f) stavokliem pie
Fermi limena tika novérota jaukta metaliski kovalenta saite, kas apstiprina iepriekséjo
eksperimentalo un teorétisko pétijumu rezultatus.

54 —— U fupldown - ’3 f,’u“p‘;::‘vwn"
2 o
5 2
2 S
& CE
8 Energy, eV 8 Energy, eV
o a
5
5
10 4
a) b)
6.2. attéls. Projicétais DOS UN tilpumam (a) un 7-slanu idealajai UN(001) platnei (b)

FM stavokli

6.2. Bezdefektu UN (001) un (110) virsmas PW apreékini ar spina
relaksaciju

Saja apaks$nodala tiek apspriesti rezultati, kas iegati idealam UN (001) un (110)
virsmam (6.3. att.) spina relaksétajos PW aprékinos. Efektivo atomu ladinu g, atomu
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novirzes Ar, vidéjo U atomu magnétisko momentu 4, un virsmas energiju E_aprékini
platném ar dazadu biezumu tika veikti, lai parbauditu, vai §is ipasibas ir atkarigas no
atomu spina relaksacijas [P4]. Spina relaksacijas rada ievérojamas E  izmainas atkariba
no slanu skaitu platné (6.4. tab.). Lielaka u  veértiba tika iegita U atomiem 5-slanu platnés,
un y nedaudz (par ~ 0.3 y,) samazinas, palielinot platnu biezumu no 5 lidz 11 slaniem.
Rezga relaksacijas energija spina relaksétajos aprékinos ir loti maza, ~ 0.03 eV.

a) b)

@UeN

6.3. attéls. 2-slanu modeli (001) (a) un (100) (b) virsmai

Atkariba no platnes biezuma virsmas energija ir par ~ 0,5-0,7 J-mlielaka UN (110)
virsmai (6.4. tab.). Tas nozimé, ka UN(001) virsma ir energétiski izdevigaka.

6.4. tabula. Virsmas energijas E (Dz-m?), ka ari vidéjais U atomu magnétiskais moments
(u, mérvienibas) bezdefektu UN (001) un UN (110) virsmai. Aprékiniem ar
spina fiksaciju u tika izvéléts vienads ar 1 p,

Atomaro E__(Dz-m?) E_ . (Dz-m?) E_ . (Dz-m?)

5 surf 2 surf ‘uav(pn) surf ’,,M( pB)
slanu (001) platnei bez (001) platnei ar (©01) (110) platnei ar (110)
skaits spina relaksacijas spina relaksaciju spina relaksaciju

1.69 1.44 1.57 1.977 1.645
1.70 1.37 1.44 1.928 1.464
1.70 1.29 1.37 1.878 1.417
11 1.69 1.22 1.33 1.830 1.385

Interesanti ari izanalizét platnes atomu ladinu vértibas ¢ atkariba no slanu skaita
platné (6.5. tab.). Pirmkart, Sie q¥ norada uz ievérojamu kovalento saiti gan uz virsmas
(pieméram, zemvirsmu slani), gan centralaja slani. Otrkart, UN(001) un UN(110) virsmas
atskirigo rekonstrukcijas mehanismu dé] atomu ladini ari atskiras: saites joniskums ir
lielaks UN(001) virsmai, un tas noved pie virsmas ipasibu zinamam atskiribam. Treskart,
atomu ladini ir atkarigi gan no spinu relaksacijas, gan no slanu biezuma (salidzinot PW
aprékinu rezultatus spina relaksétajiem aprékiniem un aprékinus ar fiksétu spinu attiecigi
6.5. un 6.2. tabula).



33

6.5. tabula. Atomu Badera ladini bezdefektu UN (001) un (110) virsmai ar spina relaksaciju

UN(001) atomaro slanu skaits UN(110) atomaro slanu skaits
platné platne
Atoms 5 7 9 11 5 7 9 11

Virsmas U 1.68 1.74 1.68 1.72 1.46 1.48 1.49 1.48
Zemvirsmas U 1.67 1.63 1.63 1.67 1.88 1.85 1.83 1.84
Cergfg;?:féni 1.69 1.72 1.65 1.66 1.60 1.74 1.64 1.70

Virsmas N -1.65 -1.67 -1.67 -1.68 -1.55 -1.55 -1.55 -1.55
Zemvirsmas N -1.68 -1.70 -1.70 -1.67 -1.75 -1.73 -1.75 -1.73

N platnes

-1.74 -1.65 -1.65 - 1.63 - 1.70 -1.71 -1.75 -1.74

centralaja slani

6.6. tabula. Atomu nobides Az(A) bezdefektu UN (001) un (110) virsmai

Atomaru slanu U jonu nobide N jonu nobide
skaits platne (001) virsma (110) virsma (001) virsma (110) virsma
virsmas vierE;ls virsmas vizl'esnn;\s virsmas vﬂ:ﬁ;s virsmas viiiﬁ;ls
5 -0.050 | -0.012 | -0.053 | -0.005 0.023 0.023 -0.279 0.068
7 -0.046 | -0.009 | -0.038 | -0.009 0.024 0.028 -0.272 0.092
9 -0.047 -0.011 -0.042 -0.014 0.024 0.028 -0.279 0.091
11 -0.047 -0.011 -0.015 0.015 0.025 0.031 -0.252 0.118

" Negativa zime norada uz atomu parvieto$anos platnes spogulslana virziena.

Atomu parvietojumi Az ievérojami atSkiras U atomiem, kas novietoti ideala rezgi
un virsmas un zemvirsmas slanos (6.6. tab.), un tie ir nedaudz lielaki 5-slanu platnei,
savukart slapekla atomu parvietojumi visam platném saglabajas gandriz nemainigi.
Jaievéro, ka N atomi uz (001) virsmas parvietojas no platnes uz aru, savukart U atomi
ir nobiditi uz iek$u, kas rada virsmas nesakartotibu pat lidz 1.2% no rezga konstantes.
Turpreti rekonstruétajai UN(110) virsmai U atomi atrodas augstak par attiecigajiem N
atomiem, kas labi ilustré ladinu un citu iepriek$ minéto virsmas ipasibu atskiribu.

6.3. Idealas UN virsmas aprékini: kopsavilkums

Bezdefektu virsmas modelé$ana liecina par UN virsmas izteiktajam metaliskajam
ipasibam, kas ir analogiskas iepriekséjo tilpuma aprékinu rezultatiem. Salidzinot DFT PW
un LCAO aprékinu rezultatus, atradam labu korelaciju starp abam pieejam. UN (001) un
(110) virsmas salidzinajums liecina, ka pirma no tam ir energétiski izdevigaka. Virsmas
energijas atkariba no platnes biezuma ir vienadas ar 1.22-1.44 J-m? UN(001) virsmai
vs 1.83-1.98 J-m2 UN(110) virsmai. Sis fakts lauj mums veikt aprékinus UN bezdefektu
virsmai un skabekla adsorbcijas aprékinus galvenokart (001) virsmai.
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7. N un U vakanéu modelésana

7.1.  Vakances aprékini: modelis un veido$anas energijas

Lai sikak saprastu oksidacijas mehanismu, ir janem véra virsmas defekti un to
mijiedarbiba ar skabekli. Sim nolikam més pétijaim virsmas vakanéu pamatipasibas
[P4].

@UeN

7.1. attéls. 5-slanu UN(001) platne, kas satur divpuséjas virsmas N vakances, sakartotas ar
2 x 2 periodiskumu

Més aprékinajam ne tikai virsmas slana, bet arl zemvirsmas slana un platnes
centrala slana defektus, ka arl apskatijam punktveida defektu izvietojumu uz platnes
abam virsmam, kas ir simetrisks attieciba pret centralo spogulplakni (virsmas N vakan¢u
atomistiskais modelis ar defektu 2 x 2 periodiskumu ir atspogulots 7.1. attéla). FM
stavoklis tika izvéléts visiem musu veiktajiem platnes aprékiniem ar atomu magnétisko
momentu relaksaciju bez spin-orbitalas mijiedarbibas ieklau$anas. Esam veikusi sistémas
pilno spina relaksaciju.

Virsmas un zemvirsmas vakancém punktveida defekta veidoSanas energija tika
aprékinata $adi:

EN)vae =%(EUN(U/N_vac) +2ENW - pUN )) (7.1.1a)

Sform ref _I(IT)

bet vakancei centralaja platnes slani $adi:

N(U)vac _ grUN(U/N_vac) N(U) UN
E, “=E " TE = E, (7.1.1b)
& UN(U/N_vac) . Tom = <.l PR PP = s s
Seit £ ir pilna energija pilnigi relaksétajai platnei, kas satur N (vai U)

vakances, E™N ir tas pats bezdefektu platnei, savukart ng(Ul)(H) ir atskaites energija N
(vai U) atomam. Saja pétijuma defektu veidosanas energijas aprékiniem més izmantojam

divus U vai N atoma atskaites stavoklus, kas plasi lietoti literatara.
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Pirmais stavoklis N (U) atbilst izolétajam atomam, kas aprékinats liela taisnstara
paralélskaldni (28.28 x 28.28 x 22 A%, tripleta (kvarteta) spina stavokli, kuru nosaka 2p®
(5f6d") valences elektronu konfiguracija (turpmak atskaites stavoklis I, ka 7.1. tabula):

E " =E,,) (7.1.2.)

atom *

Otrais atskaites stavoklis (turpmak atskaites stavoklis II, ka 7.1. tabula) ir kimiskais
potencials N (U) atomam, kas ir definéts ka funkcija no temperatiras un slapekla
parciala spiediena. Nenemot véra temperattras un spiediena izmainas efektus, N kimisko
potencialu var novértét ka energiju atomam N, molekula. Savukart U atoma kimiskais
potencials ir puse no pilnas energijas elementarsinai U monokristala o fazé zemas
temperatiras ar ortotombisko struktiru [72]. Tadéjadi attiecigo otra stavokla energiju
var aprékinat ka

1

Errzf_ll =luN2 =5Etot [N2]> (7.1.3a)
1

EELH =Huu :EEtot [a'U]) (7.1.3b)

kur E, [N,] ir slapekla molekulas kopéja energija, bet E, [a-U] ir kopéja energija
U tilpuma elementar$unai, kas satur divus atomus. N un U kimiskie potenciali, kas
aprékinati, izmantojot vienadojumu 7.1.3, reprezenté galéjus gadijumus - ar N (U)
bagatus nosacijumus (N(U)-rich conditions) [73], vai, citiem vardiem, $o potencialu
minimalas vertibas nav apskatitas $aja pétijjuma. N (U) vakancu veido$anas energija
attieciba uz N, molekulu (vai a-U monokristalu) un N (U) izoléta atoma energija ir ciesi
saistitas: pirma no tam ir uz pusi lielaka par N, molekulas saites energiju vai puse no a-U
monokristala kohézijas energijas.

Optimizétie a-U rezga parametri (a = 2.80 A, b=588A, c=491 A) ir novertéeti
nedaudz par zemu, salidzinot ar iegiitam eksperimentalam vértibam [72] vai aprékinatam
citur [74, 75], iznemot parametru b, kas labi sakrit ar eksperimentalo vértibu 5.87 A [72]
(kamér a = 2.86 A, ¢ = 4.96 A [72]). Savstarpéjas attiecibas c/a, b/a, ka ari parametrs ¢
tika labi verificéti cita plakano vilpu DFT pétijuma [41]. Analogiski ar izolétu slapekla
atomu N, molekula tika aprékinata kubiskaja kastg, tikai ar mazaku izmeéru (8 x 8 x 8 A%).
N, molekulai raksturigs 1.12 A saites garums un 10.63 eV saites energija, kas ir labi
salidzinami ar 1.10 A un 9.80 eV eksperimentilam vértibam [76]. Reizinatajs % pirms
vienadojuma 7.1.1a rodas sakara ar divu N (U) vakanc¢u simetrisku sakarto$anos virsmas
vai zemvirsmas slanos attieciba pret spogulplakni (7.1. att.).

N un U vakancu veido$anas energijas Eg,(,liq) ", kas aprékinatas, izmantojot vie-
nadojumus 7.1.1-7.1.3 (ar diviem atskaites stavokliem), ka funkcijas no platnes bie-
zuma, ir apkopotas 7.1. tabula. Tas ir mazakas virsmas slani un ievérojami palielinas
(par ~ 0.6 eV N vakancei un par ~ 1.7 eV U vakancei) zemvirsmas un centralaja slani
neatkarigi no atskaites stavokla. Tas liecina par tendenci vakancém uzkraties uz inter-
feisiem (uz virmas vai, iespéjams, uz kristalitu graudu robezam). Maza E}\l')%) " atkariba
no platnes biezuma ari ir novérota. Ez(,[:,) " vértiba stabilizéjas 7-slanu un biezakam
platném. Turklat starpiba starp 5-slanu un 7-slanu platnu E Z‘ri) V“j vértibam virsmas va-
kancém ir mazaka neka analogiskajam vértibam centralaja slani. 1 atgkiriba ir vislielaka
U vakancém centralaja plakné (~ 0.16 eV).
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7.1. tabula. Vakancu veido$anas energijas (eV meérvienibas) diviem atskaites stavokliem
(detalizetak sk. tekstu)

Atskaites stavoklis I, Atskaites stavoklis II,
Slani Slanu skaits un vienadojumi vienadojumi (7.1.1a), (7.1.1b),
anis supersiinas izmeérs (7.1.1a)-(7.1.2)* (7.1.3a) un (7.1.3b)"
U N U N
52x2 8.63 8.84 1.46 3.70
7,2x%x2 8.61 8.84 1.44 3.70
. . 9,2x2 8.61 8.84 1.44 3.71
Virsmas slanis
11,2 x 2 8.60 8.85 1.43 3.71
53x%x3 8.51 8.78 1.34 3.64
7,3 %3 8.47 8.78 1.30 3.65
52x%x2 10.31 9.38 3.14 4.25
7 . 7,2%x2 10.29 9.46 3.12 4.33
emvIrsmas 9,22 10.26 9.46 3.09 433
slanis
11,2 x 2 10.26 9.46 3.09 4.33
7,3 %3 10.18 9.47 3.01 4.34
52x%x2 10.20 9.48 3.03 4.34
lai 7,2%2 10.36 9.57 3.19 4.43
Centralais 9,2x2 10.34 9.55 3.17 442
spogulslanis
11,2 x 2 10.39 9.56 3.22 4.42
7,3x3 10.23 9.55 3.06 4.42

“ 1 atskaites stavokla energija ir vienada ar -4.10 eV U atomam un ar -3.17 eV N atomam,

b 1I atskaites stavokla energija ar -11.28 eV U atomam un ar -8.30 eV N atomam,

¢ defektu veido$anas energija UN tilpuma, izmantojot atskaites stavokli I ir vienada ar 9.1-9.7 eV N
vakancei un ar 9.4-10.3 U vakancei [34].

II atskaites stavokla izmanto$ana noved pie mazakam Ez(r[:z) " (salidzinajuma ar
tam, kuras dod atskaites stavoklis I) un parada divu vakanc¢u veidu butisku atSkiribu.
Saskana ar atskaites stavokli II U vakances pie T = 0 K veidojas batiski vieglak, salidzinot
ar N vakancém. Jaievéro, ka O un U atomu kimisko potencialu izmantoana lidzigiem
defektu pétjjumiem UO, tilpuma neparadija U vakancu energétisko prieksroku
[75, 77]. Savstarpéja mijiedarbiba starp defektiem nav atbildiga par $o efektu, jo Ez(rg’) e
samazinajas tikai par 0.1 eV, palielinot super$ianu (3 x 3 supersina 7.1. tabula). No otras
puses, ta ka brivas N, molekulas kimiskais potencials ir atkarigs no temperatiras [78], més
prognozéjam N vakances veido$anas energijas samazinasanos par ~ 0.8 eV, temperatarai
paaugstinoties no istabas temperattras lidz 1000 °C. Atskiriba no II atskaites stavokla
izmanto$anas I atskaites stavoklis dod lidzigas veidoSanas energijas abiem vakancu
veidiem. Centralaja platnes slani £ Z(:’i) " vertibas ir lidzigas tam, kas ir iegitas tilpuma
(7.1. tab.).
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7.2. Vakancu radita virsmas rekonstrukcija

Lokalas atomu nobides ap vakancém ir lielakas vakancu tuvakajiem kaiminiem.
Atomu nobizu analize lauj mums secinat, ka U vakances izkroplo virsmas struktiru
daudz spécigak neka N vakances. Ja N vakance atrodas aréja slani, tad tuvakas U atomu
nobides z virziena sasniedz 0.02-0.05 A platnes centralas plaksnes virziena. Pie virsmas
tuvakam N-vakancém slapekla atomu nobides sasniedz 0.05 A virziena uz centralo
plakni (z virziena) un 0.01 A virsmas plakné (xy-nobide). Maksimalas nobides centralajas
plaknés N vakances kaiminiem ir vienadas ar 0.04-0.07 A (tuvakie U atomi kaiminslanos
ir nobiditi pa z asi virziena uz vakanci) un neparsniedz 0.025 A visiem citiem platnes
atomiem.

a) b) c) d)

@U ®N

7.2. attéls. 2D $kérsgriezums elektronisko ladinu pardali$anas starpibai ap slapekla vakancém
5-slanu un 7-slapu UN(001) platnés ar 2 x2 super$inas papladinajumu:
a) N vakance virsmas plakné, 5-slanu platne, b) tas pats, 7-slagu platne, ¢) N vakance
centralaja plaksné, piecu slanu platne, d) tas pats, 7-slanu platne. Elektronisko
ladinu pardaliSanas starpiba ir definéta ka pilnais elektroniskais blivums defektu
saturo$ai virsmai minus superpozicija no idealas virsmas elektroniska blivuma un
blivuma izolétam atomam uz virsmas atbilstosa stavokli. Nepartraukta (sarkana)
un partraukta (zila) izolinija atbilst attiecigi pozitivam un negativam elektroniskam
blivumam (vai attiecigi elektroniska blivuma parpalikumam un trikumam).
Izoblivumu pieaugums ir vienads ar 0.25 e a. u.”

Turpreti U vakances izraisa daudz lielakus kaiminu atomu parvietojumus neatkarigi
no to pozicijas. Ja vakances atrodas virsmas slani, ir novérota tuvako N atomu nobide par
0.3-0.32 A. Ja U vakances atrodas centralaja slani, tuvakie N atomi $aja slani parvietojas
par 0.17 A, savukart tuvako slanu N atomiem nav nobides xy-virziena un tie ir 0.15 A
nobiditi platnes virsmas virziena pa z asi. Atomu parvietojumi ap vakancém UN tilpuma
tika atrasti un bija vienadi attiecigi ar 0.03 A N un 0.13 A U vakancém [34]. Sis vértibas
ir lidzigas tam, kas iegutas, aprékinot vakances centralaja platnes slani un tada veida
paradot $o rezultatu tuvumu kristala tilpumam.
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7.3. Elektroniskas ipasibas: virsmas $iinas ierobeZota izméra efekti un
supersiinas izmeéra izvele

Ierobezotas platnes izméra ietekmi, kuru izraisija salidzinosi liela defektu
koncentracija, var ilustrét, izmantojot elektronisko ladinu pardalisanas starpibu Ap(r).
7.2. attéla §1 pardaliSanas tika paradita N vakancém, novietotam gan aréja (virsmas)
plakné, gan centralaja spogulplakné 5-slanu un 7-slanu platnés. Divu simetriski novietotu
vakanc¢u klatbutne 5-slanu platné izraisa to vaju mijiedarbibu caur plaksni (7.2a att.), un
to ilustré papildu elektroniska blivuma paradisanas ap N atomiem centralaja platnes
plaksné. To pasu, traucéjot atomus virsmas slani, izraisa vakance centralaja plakne, ja
plana platne satur tikai 5 slanus (7.2c att.). Palielinot platnes biezumu, més varam
izvairities no ietekmes, kuru izraisija ierobezotais platnes izmérs (7.2b, 7.2d att.). Tas ari
izskaidro vakancu veido$anas energiju stabilizaciju 7-slanu un biezako UN(001) platpu
aprékiniem (7.1. tab.).

Stavoklu blivumi (DOS) gan perfektai, gan defektu saturosai 7-slanu UN platnei ir
atspoguloti 7.3. attéla. Pilna saskana ar iepriekséjiem tilpuma aprékiniem U(5f) elektroni
lokalizéjas Fermi limena tuvuma (7.3a att.). Sie elektroni joprojam spécigi hibridizéjas ar
N(2p) elektroniem. Tas apstiprina kovalento saiSu eksisté$anu, kas novérota, analizéjot
bezdefektu virsmas Badera ladinus (6.5. tab.). N(2p) stavokli veido ~ 4 eV platu joslu, kas
ir lidziga tai, kura iegata tilpuma [P1, 34]. Savukart U(6d) elektronu ieguldijums joprojam
nav jutigs pret vakancu klatbutni, jo $ie stavokli ir gandriz vienmeérigi sadaliti plasa
energijas diapazona, ieskaitot vadamibas zonu. Pilno DOS profilu atskiriba perfektajam
UN(001) 7-slanu platném, kas ir redzama 7.3a un 6.2b attéla, var tikt izskaidrota ar platpu
dazado geometrijas relaksaciju, veicot aprékinus ar spina relaksaciju un bez tas.

a) defectless slab TOTAL DOS s b)
slab with N vacancy TOTAL DOS § ——N p up/down
————— slab with U vacancy TOTAL DOS — ;‘u“p"/ﬁm“
2 @
B : g :
z emer “ |\ Energy, ev g _Energy eV
S @ T Tl H
° 4 @
8 8
o
]
—— N p up/down
-~ U d up/down
- U f up/down _
7.3. attéls.
H : Kopéjais un projicétais DOS 7-slanu UN(001)
Energy, eV _ N .- v ..
£ ; platném (2 x 2 superstna vakancu saturosiem
g modeliem): a) pilnais DOS UN virsmai
ar defektiem un bez tiem, b) projicétais
& DOS N vakan¢u saturosai virsmai,

¢) projicétais DOS U vakancu saturosai virsmai
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7.4. Magnétiskas ipasibas

Tika veikta ari vidéjo U atomu magnétisko momentu analize ( ,u:i) defektu
saturo$am UN platném (7.4. att.). Tie samazinas abu vakan¢u veidiem ka funkcija no
slanu skaita platné, iznemot U vakancém virsmas slani, kuram magnétiskie momenti
gandriz nemainas. No otras puses, ,u:i ievérojami pieaug, ja U vakances atrodas virsmas
vai zemvirsmas slani. AtSkiriba no U vakan¢u gadijuma platném ar N vakancém g ir
mazak jutigs pret defektu poziciju un tie ir praktiski identiski N vakancém virsmas un
zemvirsmas slanos.

10 11
1 1 1

O Surface
® Sub-surface [
A Central

w»
o
k=
foo
©

7

.6

Number of planes
7.4. attéls. Videgjais platnu U atomu magnétiskais moments y (1, mérvienibas) atkariba no
slanu daudzuma platné. Svitru linijas atbilst U vakancém, savukart nepartraukta
linija apraksta N vakances

7.5. N vakancu aprékinu rezultatu salidzinajums UN (001) un
(110) virsmai

Lai palielinatu rezultatu ticamibu, més salidzinajam N vakan¢u virsmas UN(001)
slana aprékinu rezultatus ar analogiskiem aprékiniem (110) virsmai (7.5. att.). (110) vir-
smai més izmantojam 5-, 7-, 9- un 11-slanu 2 x 2 virsmas super$inas, ka ari 7-slanu
3 x 3 super$unu. legutie rezultati ir apkopoti 7.2. tabula. Vakancém uz (110) virsmas
saglabajas visas galvenas tendences. Vidéjais magnétiskais moments y  samazinas abam
virsmam ka funkcija no slanu daudzuma platné. No otras puses, vakances veidoSanas
energija ir par ~ 0.7 €V mazaka UN(110) virsmai. Si atikiriba ir viegli izskaidrojama, jo
(110) virsmai piemit lielaks irdenums, salidzinot ar (001) virsmu.

a) b)

@UeNBN-vac

7.5. attéls. 2-slanu modeli N vakancém uz UN (001) (a) un (110) (b) virsmas
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7.2. tabula. Skabekla vakancu veido$anas energija (eV mérvienibas), ka ari U atomu vidéjais
magnétiskais moments y_, novértéts UN (001) un (110) virsmai

Slanu skaits un N vakances E,  uz o, (1) N vakances E,  uz #, (1)
supers$iinas izmérs (001) virsmas (001) (110) virsmas (110)
52x2 3.700 1.702 3.075 1.818
7,2%x2 3.706 1.548 3.028 1.585
9,2x2 3.708 1.452 3.036 1.512
11,2 x2 3.712 1.392 3.026 1.453
7,3%x3 3.646 1.487 2.966 1.498

7.6. Vakances apréekini: kopsavilkums

U un N vakancu veido$anas energijas tika noteiktas, izmantojot divus atskaites
stavoklus - izoléto atomu energiju, ka ari atomu energiju metaliska a-U fazé un N,
molekula. Vakancu veido$anas energijas norada uz skaidru tendenci vakancu segregacijai
uz virsmas (vai, iespéjams, uz graudu robezam), jo §Is vértibas virsmas slanim ir ievérojami
mazakas, salidzinot ar analogiskam vértibam zemvirsmas un centralajiem slaniem (abas
peédéjas ir loti tuvas). Tomér magnétiskie momenti zemvirsmas un centralaja slani
ievérojami atskiras. Més esam paradijusi arl ievérojamu atomu ladinu vértibu novirzi no
formalo ladinu veértibam (tas izraisa kovalentais ieguldijums U-N saité).
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8. O adsorbcijas un migracijas modelésana uz
UN bezdefektu virsmas

8.1. Atomara skabekla adsorbcija
8.1.1. Modelis un teorétiskie pamati

Lai modelétu O atoma adsorbciju bez spina relaksacijas, tika izmantotas 5-slanu
platnes ar 2 x 2 superSinam gan PW aprékiniem, kurus veicam més, gan LCAO
aprékiniem, kurus izdarija prof. R. Evarestova grupa [P2]. 5-slanu un 7-slanu 3D platnes
ar 2x2 un 3 x 3 superSinam tika lietotas PW aprékiniem ar spina relaksaciju. Lai
samazinatu nepiecieSamo skaitlo$anas jaudu, esam izmantojusi simetrisko divpuséjo
skabekla adatomu izvietojumu (8.1. att.), tapat ka to darijjam vakanc¢u aprékinos.

Tikai UN feromagnétiskais stavoklis tika apskatits $aja pétijuma ka energétiski
izdevigaks zemu temperataru aprékinos. UN tilpuma aprékinos tika izmantots
magnétiskais moments uz U atomiem, vienads ar ~ 1 p,. CRYSTAL visiem aprékiniem un
VASP aprékinu dalai esam veikusi pilna spina fiksaciju. Tadéjadi kopéjais magnétiskais
moments piecu slanu platnei ar 2 x 2 super$unu (kas satur 20 U un N atomus) tika
nofikséts uz 20 .

a)

@UeNoO

8.1. attéls. O/UN(001) interfeisa modelis: divpuséja periodiska O atomu adsorbcija virs U_
atomiem ar 0.25 ML (a) un 0.11 ML (b) defektu koncentraciju

f

Adsorbéta skabekla atoma (O,,) saites energija E,, , tika aprékinata attieciba pret
brivo O atomu:

_ 1 UN Ouipler O/UN
Eyp -E(E +2E% ™), (8.1.1.)

kur E°™Nir pilna energija relaksétajai O/UN(001) platnei ar O_, novietosanu virs
platnes N vai U aréja slana joniem, E'N ir relaksétas UN platnes energija, un E% ir
O atoma pilna energija pamatstavokli (tripleta stavokli). Briva O atoma PAW aprékiniem
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tika izmantots skabekla 3D periodiskais izvietojums kubiskaja kasté ar ~ 20 A $kautni.
Reizinatajs % pirms iekavam paradas, jo substrats tiek modeléts, lietojot platnes modeli,
kam ir divas lidzvértigas virsmas, un O, ir novietoti simetriski attieciba pret virsmam.

8.1.2. Atomaras adsorbcijas bez spina relaksacijas PW un LCAO aprekinu
salidzinajums

VASP un CRYSTAL aprékinu attiecigie rezultati, kas balstas uz divam loti atSkirigam
pieejam, uzrada labu kvalitativu saskanu starp O adatoma Ipasibam virs virsmas U
atomiem (8.2. att.): saites energijai (3D platnes modeli parasti novérté So parametru par
zemu, jo blakus polarizétas platnes atgruzas), atomu nobidei un efektivajiem ladiniem
(kurus aprékina, izmantojot loti atskirigas Mallikena (LCAO) un Badera (PAW)
procedras).

Go=-1.04 g,=-0.887
’ ° o o ) o o ° Az,=+0.15 A

qu= 1974

E,. =69eV PW E,  =83eV  LCAO

8.2. attéls. Ar PW un LCAO metodi apréekinatas saites energija (E,, ), attalums starp O un
virsmas U katjonu (d,, ), efektivais atomu ladins (¢) un U un N atomu vertikala
(Az) nobide no virsmas plaknes situacija, kad adatoms ir adsorbéts virs virsmas
U atoma

8.1.3. Saites energijas, ladinu un struktiras relaksacijas PW aprekini

Ta ka UN savienojuma kimiska saite ir metaliski kovalenta, més sagaidam augstu
0,,, tieksmi pie UN(001) substrata. O adatomu saites energija ir daudz tuvaka pie saites
energijam regularajiem O/Al(111) vai O/Al(001) metaliskajiem interfeisiem (~ 10 eV) [79]
neka pie saites energijas O/SrTiO,(001) pusvaditaja interfeisam (ar divam iespéjamam
SrO- vai TiO,- terminacijam) (~2 eV) [80]. Patiesam, VASP aprékinos més ieguvam saites
energijas, vienadas ar 6.9-7.6 un 5.0-5.7 eV O adatomiem virs virsmas U vai N joniem,
kopa ar 0.5-1.2 e ladinu parnesi no virsmas uz O adatomu (8.1. un 8.2. tab.). Pozitivi
ladétais virsmas U atoms iet uz aru adsorbéta O atoma virziena (8.4. att.), savukart
konfiguracijai ar O adatomu virs N atoma pédéjais stipri nobidas no adsorbéta O atoma
uz platnes ieksu, pateicoties N un O savstarpéjai atgrasanai.
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» ° e .

8.1. tabula. Aprékinatas vértibas saites energijai (E,, ), attalumam no O lidz U virsmas

8.3. attels.

Shematisks modelis: O atoms, kas adsorbéts virs

virsmas U atoma. Ar numuriem ir sanumuréti
neekvivalentie virsmas atomi, kas aprakstiti 8.1. un
8.2. tabula

atomam (d,, ), efektivajiem atomu ladiniem uz atomiem (g) un vertikalajiem
U un N atomu parvietojumiem no virsmas plaknes (Az)* O adatoma pozicijai

virs U_ . q vértibas virsmas atomiem, iegiitas 5-slanu bezdefektu (7-slanu)

platném, bez spina relaksacijas ir vienadas ar +1.66(+1.72) e U_  atomam un
—1.63(~1.64) e N_  atomam, savukart aprékinos ar spina relaksaciju vértibas ir
vienadas ar +1.68 (+1.74) e U, atomam un —1.65 (~1.67) e N_  atomam [P4]

Modelis Ebl'nd’ qo’ qU(l)’ qu(z)’ qv(;)’ G € dorv’ sz(l)’ sz;J(z)’ AZU(J)’ AZN(I)’
eV | e e e e | N0 A A
2 x 2,5 slani ar
. 6.9 [-1.04|1.96|1.86|1.83| -1.60 | 1.91 | +0.135* | -0.02 | -0.04 | -0.05
nerelakséto spinu
2 x 2, 5 slani 7.57 1-1.08]2.09 | 1.82 | 1.84 | -1.63 | 1.88 | +0.16 | +0.025 [+0.003 | -0.09
2 x 2,7 slani 7.51 |-1.08/2.191.78|1.78| -1.64 | 1.89 | +0.17 +0.03 | -0.02 | -0.09
2 7slaniN o ol gl 84150 148 V0L 188 | <014 | +0.01 | -0.02 |00
vakances tuvuma -1.61 -0.08
3 x 3, 5 slani 7.59 1-1.09] 2.13 | 1.80 | 1.74 | -1.62 | 1.88 | +0.16 +0.01 | -0.01 | -0.10
3 x 3, 7 slani 7.57 1-1.09|2.13 | 1.78 | 1.79 | -1.62 | 1.88 | +0.16 +0.01 | -0.01 | -0.09
3x3,7slaniN | 001 001 1.86 | 147|138 OV | 188 | +0.10 |-0.025 | -0.06 | 012
vakances tuvuma -1.61 -0.11
LCAO® 83 |-0.89/1.97 |1.66 |1.62 | -1.56 | 1.87 | +0.15° -0.07 -0.11 | -0.04

* plus zime atbilst atoma nobidei virziena no virsmas arpusi

* A O atoma adsorbcija sistéma, kura eksisté N vakance, noved pie citu N atomu neekvivalences (8.10a att.),

® LCAO aprékini, kurus veica prof. R. Evarestova grupa, izmantojot CRYSTAL-2006 programmu.

8.1. un 8.2. tabula skaidri parada, ka O ,~U__ saites joniskums un efektivie ladini ir
nedaudz lielaki spin-polarizétajos aprékinos (Sis efekts ir mazak izteikts O ,—N_  saitei,
kurai esam ieguvusi tikai nelielu pieaugumu |q| lielumiem). Struktaras relaksacijas
nobides ir ari nedaudz lielakas spin-polarizétajos aprékinos. Saites energijas starp
adsorbéto O un U/N atomiem ir par ~ 0.6-0.7 eV lielakas aprékiniem ar spina relaksaciju,
salidzinot ar analogiskiem aprékiniem bez spina relaksacijas. Ja més novértéjam saites
energiju O adatomam uz defektivas virsmas N vakances tuvuma, izmantojot formulu
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E,

bind

_ %(EUN(Nivac) + 2E0I1|plel _ EO/UN(‘Nivac) )’ (8 12)

kur E™N™9 ir pilna energija defektivajam N vakanéu saturoam UN substratam,

savukart EYN™*) ir pilna energija adsorbétajiem skabekla atomiem virs defektiva
substrata, tad vertibas, kas ir aprékinatas, izmantojot vienadojumus (8.1.1. un 8.1.2.), ir
gandriz tadas pasas.

8.2. tabula. Aprékinatie parametri O atomam, adsorbétam virs N_ _atoma® (sk. tabulas
virsrakstu un zemteksta piezimes)

surf

Modelis Ebimi’ 1 Iy | ey | Doy | ooy dou-N’ AZI:I(I)’ AzN(z)’ AzN(a)’ sz;m)’
eV e e e e e A A A A A
2 x 2,5 slani
ar nerelakséto 50 |-1.20|-1.44 | -1.56 | -1.59 | 1.805 | 2.19 | -0.64 | +0.065 | +0.06 | +0.10
spinu

2x2,5slapi | 5.52 |-1.17 | -1.48 | -1.68 | -1.68 | 1.86 | 2.19 | -0.69 | +0.03 | +0.05 | +0.13
2x2,7slani | 5.58 |-1.17 | -1.48 | -1.63 | -1.67 | 1.86 | 2.21 |-0.715 | +0.03 | +0.03 | +0.12
3x3,5slapi | 5.57 |-1.18 | -1.51 | -1.67 | -1.68 | 1.89 | 2.20 | -0.70 | +0.01 | +0.01 | +0.13

3 x 3, 7 slani 5.65 | -1.18 | -1.51 | -1.69 | -1.65 | 1.89 | 2.22 | -0.73 | +0.01 | +0.02 | +0.12
* U un N jonu pozicijas ir samainitas, salidzinot ar tam, kas ir paraditas 8.3. attéla.

8.1.4. Elektronisko ipasibu analize

Elektronisko ladinu blivuma pardali$anas, kas saistita ar O atoma adsorbciju virs
N, vai U atomiem uz UN(001) virsmas, ar spina relaksaciju ir paradita 8.4. attéla.
Elektronisko ladinu pardalisanas starpibas diagramma O, abam konfiguracijam
apstiprina, ka skabekla adatoms veido spécigu saiti ar U atomu, kuru var uzskatit par
viencentru adsorbcijas kompleksu (8.4.c, 8.4.d att.).

O adatomam virs N_  atoma veidojas daudzcentru adsorbcijas komplekss, kas ietver
Cetrus virsmas U kaiminatomus (8.4.a, 8.4.b att.). Ka izriet no 8.2. tabulas, $ie virsmas
atomi dod lielu ieguldijumu O atoma augstajai saites energijai virs N_ . Spécigas kimiskas
saites veidosanas O atomam ar U izraisa spécigu anizotropu elektronisko ladinu
pardali, tadéjadi noradot uz ievérojamu urana f un d elektronu ieguldijumu kimiskaja
saité. Elektroniska blivuma pardalisanas diagrammas liecina par to, ka U, atomi ekrané
kaiminatomu iedarbibu nakamajas koordinacijas sféras daudz labak neka N, atomi.
Lietojot 7-slanu 3 x 3 super$anas, més varam izvairities no ierobezota platnes izméra
efekta ietekmes.

O,,, adsorbcija virs virsmas N vai U atomiem UN(001) noved pie specifiskas
skabekla joslas (8.5. att.) paradi$anas stavokla blivuma (DOS) funkcija, salidzinot ar DOS
grafiku idealajai UN(001) virsmai (6.2. att.). Skabekla adsorbcijai virs U . O(2p) stavokli
parklajas ar U (6d) un ar U  (5f) stavoklu labi izteikto asti N_ . (2p) stavoklu valences
zona (-2 lidz 4 eV). Tas velre1z norada uz spécigu skabekla L(lmlSkO saiti (hemisorbciju)
ar U atomu, tipisku metaliskajam virsmam. Tomér, ja O atrodas virs N_ , tad U_ (5/)
stavok]u ieguldijums $aja energiju diapazona samazinas, jo N_ (2p) stavokli ir ievérojami
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nobiditi uz mazako energiju pusi sakara ar N_  atoma atgri$anos no negativi uzladéta O

adatoma.

e

5

®U ®eN @O0

8.4. attéls. 2D skérsgriezums elektronisko ladinu blivuma pardalisanai Ap(r) O atomiem,

adsorbétiem virs (i) N_  atomiem ar 2 x 2 (a) vai 3 x 3 (b) superanu, ka ari virs
(i) U_ . atomiem ar 2 x 2 (c) un 3 x 3 (d) supersiinu 7-slanu UN(001) platném.
Funkcija Ap(r) ir definéta ka kopéjais elektroniskais blivums interfeisam, kas satur
adsorbétus O atomus, minus blivumi pamatnei un adsorbétajiem O atomiem ar
geometriju, kas sakrit ar O/UN interfeisa geometriju. Nepartraukta (sarkana) un
partraukta (zila) izolinija atbilst attiecigi pozitivam un negativam elektroniskam

blivumam. Partraukta melna linija atbilst nulles limenim

——— O p up/down (x18)

TOTAL up/down

DOS, arbitrary units

a)

b)

DOS, arbitrary units

——— O p up/down (x18)

N p up/down N p up/down
- === U d up/down -=--U d up/down
s - U fup/down s - U fup/down

TOTAL up/down

8.5. attéls. Kopéjais un projicétais DOS O atomiem, adsorbétiem virs UN(001) substrata

ar 7-slanu supersinu un 3 x 3 periodiskumu: a) adsorbcija virs N atoma,
b) adsorbcija virs U atoma. AtseviS$ku energijas limenu konvolacija tika veikta,
izmantojot Gausa funkcijas ar pusplatumu, vienadu ar 0.2 eV

8.1.5. Salidzinajums skabekla adsorbcijai virs UN(001) un UN(110) virsmas

Meés ari aprékinajam saites energiju skabekla adatoma adsorbcijai virs UN(110)

virsmas (8.3. tab.). Esam atradusi $iem rezultatiem kvalitativu lidzibu O adsorbcijai
uz (001) virsmas. Abam virsmam skabekla saites energijas virs U atomiem ir lielakas
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salidzinajuma ar adsorbciju virs N atomiem (par ~ 1.9 eV (001) virsmai un par
~ 2.1-2.2 eV (110) virsmai). Turklat virsmas super$inas palielinasana no 2 x 2 lidz
3 x 3 noved pie saites energijas nelielas palielinasanas. Skabekla saites energijas (110)
virsmai ir par ~ 0.1-0.4 eV lielakas, salidzinot ar vértibam (001) virsmai. Augstakas E, ,
veértibas (110) virsmai var izskaidrot ar lielaku attalumu starp virsmas adatomiem uz
(110) virsmas, ka rezultata samazinas adsorbéta skabekla mijiedarbiba ar visiem citiem

atomiem, iznemot apaksa novietotos U vai N atomus.

8.3. tabula. Aprékinatas saites energijas (E
(110) virsmas

eV) skabekla adsorbcijai virs UN (001) un

bind,

Virs U atoma Virs N atoma
Slanu skaits un supersanas izmérs - ”~ - -
Saites energija, eV Saites energija, eV
7,2%x2 7.51 5.58
(001)
7,3%x3 7.57 5.65
7,2%x2 7.90 5.73
(110)
7,3%x3 791 5.99

8.1.6. Atomara skabekla adsorbcija: kopsavilkums

Tatad rezultati par atsevisku skabekla atomu mijiedarbibu ar UN virsmu, prezentéti
8.1. apaks$nodala, demonstré stipras UN virsmas hemisorbcijas ipasibas, kas ir tipiskas
metaliskam virsmam. Lieliska kvalitativa saskana starp rezultatiem, kuri iegati ar divu
dazadu pirmo principu metodes palidzibu, palielina UN modelésanas ticamibu. O
adatoms virs U atoma veido viencentru kompleksu ar apaks$novietotu U atomu,
savukart skabekla adsorbcija virs N atoma noved pie virsmas kompleksa veidosanas, un
tas sastav no N un Cetriem kaiminu U, atomiem.

8.2. Molekulara skabekla adsorbcija
8.2.1. Modelis un teorétiskais pamatojums

Rezultati, kas tika analizéti 8.1. nodala un referencé [P2], skaidri norada uz UN
virsmas metalisko raksturu. Saja apak$nodald més apskatijim molekulara skibekla
mijiedarbibu ar idedlo UN(001) virsmu [P3]. Rodas $adi galvenie jautajumi: vai O,
molekulas disociacija uz virsmas ir energétiski iespéjama; kads novietojums ir optimals
molekulas adsorbcijai; un vai disociacija var notikt spontani, bez energijas barjeras,
lidzigi citam metaliskajam virsmam, pieméram, Al [79].

Molekularas adsorbcijas aprékini tika veikti, izmantojot nofikséto pilno spinu,
vienadu ar 1 y, katram U atomam. Skabekla molekulas hemisorbcijas modelésanai més
izmantojam 5-slanu super$inu ar 2 x 2 virsmas vektoru paplasinajumu (kas satur 20 U
un 20 N atomus). Periodiska adsorbata sadalijums atbilst molekularajam parklajumam,
vienadam ar 0.25 no ML (vai O atomu parklajumam, vienadam ar 0.5 no ML). Lai
samazinatu skaitlo$anas pules, vélreiz izmantojam simetrisko divpuséjo skabekla
molekulu izvietojumu. Saites energija E,, , uz skabekla atoma adsorbéta molekula (O,),
tika aprékinata $adi:
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_ 1 UN 0, 0,/UN
Eyppa —Z(E +2E% —E*™), (8.2.1.)

kur £ ir pilna energija pilnigi relaksétai O,/UN(001) platnei ar (O,) molekulas
dazadam pozicijam virs substrata (ar molekulas centru virs attiecigajam virsmas
pozicijam, tas ir paradits 8.7. attéla), savukart £ un E™ ir kopéjas energijas izolétajai
skabekla molekulai tripleta pamatstavokli un relaksétajai UN platnei. Koeficients 1/4
pirms iekavam, lidzigi atomaras adsorbcijas aprékiniem, paradas tadeél, ka substrats tiek
modeléts, izmantojot platni, kas satur divas ekvivalentas virsmas ar (Oz)a " molekulam,
novietotam simetriski attieciba pret platnes virsmam, un katra molekula pirms un péc
disociacijas satur divus O atomus. Modeléjot molekularo adsorbciju, esam analizé&jusi
dazadas O, molekulu konfiguracijas tripleta stavokli virs UN(001) virsmas. Tika
konstatéts, ka skabekla molekulas vertikalas orientacijas virs virsmam N vai U joniem ir
metastabilas attieciba uz molekulu parorientésanos uz horizontalo konfiguraciju, paralélu
virsmai. Més noveértéjam molekulas saites energiju, izmantojot vienadojumu (8.2.1.),
un disociacijas energiju molekulai (dazas konfiguracijas) vai, citiem vardiem, starpibu
platnei ar O, molekulu pirms un péc disociacijas, kad divi O atomi ir novietoti tripleta
stavokli virs diviem tuvakajiem U__ atomiem (8.4. tab.).

8.2.2. Spontana disocidcija

Meés esam atradusi, ka O, molekulas disociacija notiek spontani divos gadijumos:
(7) ja molekulas centrs atrodas iedobuma pozicija starp U atomiem vai (ii) virs N atoma
ar molekularo saiti, vérstu uz diviem tuvakajiem U_ . atomiem (1. un 5. konfiguracija
8.6. att.). Attiecigas disociacijas energijas E, ir apkopotas 8.4. tabuld kopa ar citiem
sisttmu raksturojosiem parametriem (atomu relaksacija un Badera ladinu sadalijums).
Geometrija un ladini 1. un 5. konfiguracijai péc disociacijas (8.4. tab.) ir kvalitativi lidzigi
tiem, kas iegiti UN(001) virsmai, parklatai ar hemisorbétiem O atomiem, pieméram, péc
disociacijas U_ . atomi zem skabekla adatoma tiek nobiditi uz aug$u abam konfiguracijam
(8.4. tab.). Tomér, ta ka koncentracija O, 3ajos aprékinos ir divreiz lieldka, salidzinot
ar atomaro skabekla adsorbciju [P2, 8.1. apaks$nodala], dazas kvantitativas atSkiribas
rezultitiem, kas prezentéti 8.4. un 8.1. tabula, skdbekla atomu adsorbcijai virs U_ . ir
neizbégamas. Pieméram, péc O, disocidcijas divu adatomu, kas novietoti virs diviem
tuvakajiem U_  atomiem, atgrtisanas energija (1. konfiguracija) ir diezgan liela, ~ 0.7 eV.

Meés atradam divas citas adsorbéta skabekla molekulas konfiguracijas, kuram
disociacija ir energétiski iespéjama tikai ar energijas barjeru: (i) virs iedobuma pozicijas,
ja molekulara saite ir vérsta uz tuvakajiem N_ . atomiem (2. konfiguracija 8.6. att.), un
(if) virs U atoma (jebkadai molekulu orientacijai, pieméram, 3. un 4. konfiguracija
8.6. att.). 2. konfiguracijai més novérojam adsorbétas molekulas orientacijas nestabilitati
pret vieglo grie$anu, lidz, pieméram, sai$u virzibai uz U atomiem ar talako disociaciju.
3. un 4. konfiguracija apraksta drizak metastabilas UO, kvazimolekulas, jo starp visiem
trim atomiem ir spécigas saites (8.7.c att.), un attiecigie U_  atomi ir ievérojami nobiditi
uz augsu no to sakotnéjas pozicijas uz virsmas (8.4. tab.). (O,) , molekulas disociacija
3. konfiguracija ir energétiski iespéjama tikai tad, ja tiks parvaréta aktivacijas energijas
barjera.
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8.4. tabula. Aprékinatas saites (E,, , vienadojums (8.2.1.)) un disociacijas (E

D

8.6. attéls.

Shematiskais attéls piecam dazadam adsorbétas
molekulas horizontalam konfiguracijam uz UN
virsmas: 1) virs iedobuma pozicijas ar saitém,
vérstam uz tuvakajiem U, atomiem, 2) virs
iedobuma pozicijas ar saitém, vérstam uz tuvakajiem
N ;atomiem, 3) virs U, atomiem ar saitém,
vérstam uz nakamiem tuvakiem virsmas U_
atomiem, 4) virs USurf atomiem ar saitém, vérstam

uz tuvakajiem N_  atomiem, 5) virs N atomiem
ar saitém, vérstam uz tuvékajiem USurf atomiem. Més
paradijam, ka spontana molekulas disociacija var
notikt, ja O, molekula atrodas virs dobuma pozicijas
(1) vai virs N_ - atoma (5)

) energijas,

geometrija (z, Az) un Badera ladini (q) skabekla molekulas molekularas un
spontani disociativas hemisorbcijas konfiguracijam uz UN(001) virsmas. Skaitli
iekavas atbilst konfiguracijam, kas ir paraditas 8.6. attéla. Aprékinata saites
energija brivajai O, molekulai tripleta stavokli ir 6.06 eV, un saites garums ir
vienads ar 1.31 A (salidziniet ar eksperimentalam vértibam, vienadam ar 5.12 eV
un 1.21 A) [81]

o | E, 0), |q(U1%),|q(U29,| q(N9), | Az<(U1), | Az(U2), | Az(N),
boriciia | Fua20 | 2 | B | 4(0 [a(U1%, (29, a(N, | 4z(UD), | 42(02), 42 ()
atomu, eV | A eV e e e e A A A
2| molekulara 303 |1.893| - |-0.465| 1.913 | 1.762 | -1.533 | -0.050 | -0.050 | 0.025
g adsorbcija
=1
< péc
S| disomiaci 6.04 |1.957|3.01 | -0.978 | 2.053 | 1.978 | -1.577 | 0.075 | 0.068 | -0.133
g| disociacijas
ar saiti uz
tuvakajiem U | 400 | 2.18 | - |-0.5905| 2.042 | 1.836 |-1.6065 0.176 | -0.048 | -0.096
5 atomiem (3)
E ar saiti uz
tuvakajiem 418 | 214 | - | -0.578 |2.0485| 1.827 | -1.625 | 0.123 | -0.051 |-0.106
atomiem
N (4)
G| molekulara 267 |2020| - |-0.5685|1.8675| 1.832 | -1.354 | -0.050 | -0.050 | 0.025
> adsorbcija
£ pee 585 |1.955|3.18 | -0.979 | 2.115 | 1.876 | -1.580 | 0.073 | 0.021 |-0.201
1soc1aC1]as

“z ir augstums O atomiem virs nerelakséta UN substrata,
v U1 ir tuvakais virsmas U atoms,

¢ U2 ir nakamais tuvakais U
atoms,

4N ir tuvakais N

surf.

surf

atoms,

¢ Az ir papildu vertikala nobide virsmas atomiem attieciba pret $o atomu pozicijam bez adsorbéta

skabekla.
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8.2.3. Adsorbétas molekulas elektroniskas ipasibas

O, molekulas adsorbcija (tripleta stavokli) ir saistita ar ~ 1 e ladinu parnesi katrai
molekulai no substrata (8.4. tab.). 8.7. attéla més analizéjam elektronisko ladinu pardali-
$anas starpibu trim horizontali orientétam (O,), , molekulas konfiguracijam uz virsmas:
(a) molekulai, kura ir adsorbéta iedobuma pozicija (1. konfiguracija 8.6. att.), (b) mo-
lekulai, kura disocié no iepriekséjas konfiguracijas, un O adatomi atrodas virs tuvaka-
jiem U atomiem, (c) molekulai, kas ir adsorbéta virs U_ . atomiem (3. konfiguracija).

a) b) <)

®U N ®0

8.7. attéls. 2D $kélums elektronu blivuma pardalijumam Ap(r) (pilnais interfeisa blivums mi-
nus summa pamatnes elektroniskam blivumam un adsorbata blivumam ar attiecigi

optimizétu geometriju) (a) O, molekulai virs dobuma pozicijas ar saitém, vérstam
uz tuvakajiem U_  atomiem, (b) péc tas disociacijas 1. konfiguracija (8.6. att.) ar
O atomu virs U_ . atomiem un (c) O, molekulai virs U_ . atoma 3. konfiguracija
(8.6. att.). Nepartraukta (sarkana) un partraukta (zila) izolinija atbilst attiecigi po-
zitivam un negativam elektroniskam blivumam. Izoblivumu pieaugums ir vienads

ar 0.003 ea. u.?

Spontana O, disociacija un tadéjadi plidena pareja no (a) ladinu pardalisanas uz (b)
var tikt izskaidrota ar nepartrauktiem elektroniska blivuma apgabaliem (8.7.a att.), kuri
ir paraléli virsmai un kurus var uzskatit par disociacijas kanaliem (analogiski kanaliem,
kurus var redzét molekulara skabekla adsorbcija Al substrata blivuma kartés [79]). Péc
disociacijas katrs O adatoma ladins palielinas par ~1 e, parveidojot O jonu tripleta
stavokli (8.7.b att.). Apskatot 3. molekularo konfiguraciju, var redzét, ka $ie disociacijas
kanali turpreti parveidojas par disociacijas barjeram (8.7.c att.). Vienlaikus més
novérojam ievérojami lielaku elektronisko blivumu, kas liecina par to, ka veidojas lidzigs
UO, molekulas komplekss ar spécigu saiti starp O, molekulu un virsmas U atomu, virs
kura atrodas adsorbéta skabekla molekula. Tadéjadi starpiba starp elektroniska blivuma
kartém, kas ir atspogulota 8.7a un 8.7.c attéla, var tikt izskaidrota ar dazadam disociacijas
spéjam O, 1. un 3. molekulas konfiguracijas (8.6. att.).

Tadam pasam adsorbcijas konfiguracijam, kas tika apskatitas ieprieks, més esam
uzziméjusi pilno un projicéto elektronisko stavok]u blivumu (DOS) (8.8. att.). Molekulara
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adsorbcija $ajas konfiguracijas noved pie specifisko skabekla joslu paradi$anas, salidzinot
ar skabekla adatomu adsorbciju virs UN virsmas (8.5. att.) un N atomu aizvietosanu ar
O atomiem UN tilpuma [82]. Skabekla adsorbcijai virs iedobuma pozicijas (8.6.a att.) ir
novérots O(2p) pikis pie -1 eV, kas parklajas ar U(5f) un U(6d) stavoklu limeniem. Péc O,
disociacijas (8.7.b att.) $is pikis paztd un tiek aizstats ar diviem plasajiem maksimumiem
N(2p) valento stavoklu zona (no -2 lidz -5 eV), lidzigiem DOSu skabekla adatomu
adsorbcijai virs UN(001) substrata (8.5. att.). Dazas atSkiribas ir novérojamas ari starp
attiecigajiem U(5f) un U(6d) pikiem diapazona virs -1 eV (8.8.a-8.8c). Atskiribas
varétu izskaidrot gan ar dazadu O un U atomu izkartojumu $ajas konfiguracijas, gan ar
U stavoklu jutigumu pret skabekla klatbatni, kas tadéjadi norada un spécigo skabekla
kimisko sasaistisanu (hemisorbciju).

a) ———0 p up/down b) ———0 p up/down
N p up/down -N p up/down
-=-=-U d up/down --=-Ud up/down
--= U fup/down --= U f up/down
—— TOTAL up/down —— TOTAL up/down
1) 2
B 5 !
E \Energy (eV) g ~ Y| Energy (eV)
73 a i
8 8 J
—— O p upldown 8.8. atteéls.
=== N p up/down
€) |- Udupldown Kopgjais un projicétais DOS O, molekulam,
-+~ U f up/down 2
, |~ TOTAL upidown attélotajam 8.6. attéla (tas pats a, b, ). Orbitalas
2 Venergy o) projekcijas gan O atomiem, gan tuvakajiem
g A Y . . - 1- . 1. -1
3 —— N un U atomiem ir paraditas. Lielakie piki
s
g tika normalizéti uz vienu un to pasu veértibu,
=] = .y .. = — e
savukart atsevisku energiju limenu konvolicija
tika veikta, izmantojot Gausa funkciju ar pus-
platumu, vienadu ar 0.2 eV.

Ja skabekla molekula atrodas virs U atoma (3. konfiguracija), tad U(5f) un U(6d)
ieguldijumi energijas diapazona virs -1 eV pavajinas, vienlaikus O(2p) ieguldijums
pieaug, tadéjadi palielinot parklasanos starp visiem trim stavokliem, un norada uz UO,
kvazimolekularas saites veidoSanos. Salidzinot ar skabekla molekulas adsorbciju virs
iedobuma pozicijas (8.8.a att.), més atkal novérojam lielako O(2p) piki (pie -1.5 V) un
papildus to pasu O(2p) stavokla zemako piki (pie -5.5 eV), kas ievérojami parklajas ar
U(5f) un U(6d) maksimumiem (8.8.c att.). Dazas analogijas ar $o ainu tika novérotas
agrak projicétas DOS O atomam, kas aizvietoja N atomu UN tilpuma [82]. Visas tris DOS
diagrammas (8.8. att.) butiski nemainas plata josla, kas satur N(2p) projicétos stavoklus.
Tas nordda uz mazu N atomu lomu O, molekulas adsorbcija uz UN(001) virsmas.

Var secinat, ka aprékinu no pirmajiem principiem rezultati skabekla molekulu ad-
sorbcijai uz idealas UN(001) virsmas skaidri pierada adsorbéta skabekla spontanas diso-
ciacijas realu iespéju, analogisku O, disociacijai virs ,tradicionalajam” metala virsmam.



51

8.3. O adatoma migracijas trajektoriju modelésana gar UN(001)
virsmu

Més esam apskatijusi tris skabekla adatoma galvenos migracijas celus pa UN(001)
virsmu (8.9. att.): (i) 1. celd: starp poziciju virs U_  atoma uz poziciju virs tuvaka N_
atoma, (ii) 2. cel$: starp divam pozicijam virs U kaiminatomiem, (iii) starp divam
pozicijam virs N_  kaiminatomiem.

of 3

8.9. attéls. Dazadi skabekla migracijas celi pa UN(001) virsmu (skats no augsas)

8.5. tabula. Adsorbéta skabekla saites energija E,, , dazadas pozicijas virs UN platnes (8.9. att.)

1. No pozicijas virs U_ . uz poziciju virs N_ . (1. migracijas cel$)

Supersiinas izmers: 2x2 3x3
Atomaro slanu skaits: 5 7 5 7
virs U, 757 | 751 | 759 | 757
1% no U-N distances (vai 0.61 A no U atoma) 7.39 7.39 - -
% no U-N distances (vai 1.22 A no U atoma) 6.97 6.98 - -
% no U-N distances (vai 1.83 A no U atoma) 5.91 5.93 - -
virs N_ (vai 2.43 A no U atoma) 5.52 5.58 5.57 5.65
2. No dobuma pozicijas (d. p.) uz poziciju virs U_ (2. migracijas cels)
Supersiinas izmers: 2x2 3x3
Atomaro slanu skaits: 5 7 5 7
virs d. p. 7.21 7.245 7.20 7.21
Y no d. p.-U distances (vai 0.43 A no d. p.) 7.23 7.255 - -
¥ no d. p.-U distances (vai 0.86 A no d. p.) 7.32 7.33 - -
% no d. p.-U distances (vai 1.29 A no d. p.) 7.45 7.45 - -
virs U__ (vai 1.72 A no d. p.) 757 | 751 | 759 | 757

3. No dobuma pozicijas (d. p.) uz poziciju virs N_ (3. migracijas cel$)

Supersiinas izmers: 2x2 3x3
Atomaro slanu skaits: 5 7 5 7
virs d. p. 7.21 7.25 7.20 7.21
1/4 no d. p.-N distances (vai 0.43 A no d. p.) 6.61 6.65 - -
1/2 no d. p.-N distances (vai 0.86 A no d. p.) 6.32 6.35 - -
3/4 no d. p.-N distances (vai 1.29 A no d. p.) 5.54 5.57

virs N, (vai 1.72 A no d. p.) 552 | 558 | 557 | 565
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Saites energija E,. skabekla atomam, adsorbétam uz UN virsmas, ir definéta
8.1.1. apaks$nodala. Lai samazinatu skaitlosanas laiku skabekla adatomu aprékiniem
starppozicijas, esam relakséjusi tikai platnes atomu z koordinatas, fikséjot to x un y
koordinatas. O atomu adsorbcijai virs N un U atomiem platnes kopéjas geometrijas
relaksacija tika veikta, lai kontrolétu simetrijas izmainas, kas ir radusas lateralas
mijiedarbibas dél. Rezultati, kas iegtti visiem adatomu migracijas celiem, platnu dazadiem
biezumiem un superiiinas izmériem, ir sistematizéti 8.5. tabula. Saja tabula ir apkopotas
saites energiju vértibas, kas aprékinatas O adatomu migracijas trajektorijam gar perfekto
UN(001) substratu (8.9.att.). Més aprékindjam piecas O, pozicijas gar migracijas
trajektorijam UN(001) platnes 2 x 2 super$tnai un divas pozicijas 3 x 3 supersinai. Abos
gadijumos tika optimizéta visizdevigaka migracijas trajektorija, kas savieno poziciju virs
tuvakajiem virsmas U atomiem un iedobuma vietam starp tiem (2. trajektorija). Energijas
barjeras ir vienadas ar 0.36 eV (5-slanu platne) un 0.26 eV (7-slanu platne). Energijas
barjeras divam paréjam migracijas trajektorijam ir ievérojami lielakas (1.93-2.05 eV
1. trajektorijai un 1.31-1.69 eV 3. trajektorijai, 8.9. att.).

Tatad més novérojam diezgan lielu O, atomu kustigumu pa virsmu salidzinosi
zemo migracijas barjeru dél.
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9. O atomu migracija un ieklausana UN(001) defektiva virsma

9.1. O adatoma zemo barjeru ieklausana no pozicijas virs U atoma
uz N_ _ vakanci
surf
Lai saprastu sakotnéjo adatoma ieklau$anas mehanismu virséja UN(001) slani, ir
japrecizé gan energeétiskas, gan strukturalas iespéjas O, migracijai gan virs sada ideala,
gan ari defektiva substrata. Lai novértétu skabekla adatomu kustigumu uz UN(001)
virsmas, esam veikus$i virkni aprékinu no pirmajiem principiem ar spina relaksaciju.

a) b)
v
N ’ . é

LB BN - 6.0 000

N(1)»
LR BN 0000000
© - @ - - ~ 4N

9.1. attéls. Skats no augsas (a) un skérsgriezums (b) virsmas modelim, kuru izmanto
skabekla atoma zemu barjeru ieklausanas modelésanai no sakotnéjas pozicijas (1)
virs U_ . atoma (pa kreisi) uz tuvako eksistéjoso N_  vakanci (2). Ar dazadiem

numuriem tika sanumuréti neekvivalentie virsmas atomi skabekla adsorbcijas
gadijuma N vakances tuvuma (8.3. att.)

Ka izriet no misu aprékiniem, O atoms, adsorbéts virs U atoma virsmas N
vakances tuvuma, var tikt taja satverts (9.1. att.) péc zemas energijas barjeras parvaré-
$anas (~ 0.5-1 eV). Més aprékinajam energijas ieguvumu $adai skabekla adatoma parejai,
izmantojot formulu

tot tot

AE = % (EU'N(OiiniNivac) _ EUN(Oiatopi U) , (9. 1L )

UNO_in N_vac) . . o 3
kur EZNO"NN9 e pilna energija supersinai, kas satur O atomu N vakancé

(2. pozicija, kura ir paradita 9.1. att.), un Eo©*P-Y ir pilna energija supersinai ar
O atomu, adsorbétu virs U_ . atoma, kas ir novietots eksistéjosas N vakances tuvuma
(1. pozicija). EQN™*) aprékiniem més nofikséjam x un y skabekla horizontalas
koordinatas, lai novérstu O adatoma migraciju. Reizinatais % vienadojuma (9.1.1.)
paradas sakara ar adsorbéto vai vakancé ieklauto skabekla atoma simetrisko izvieto-
jumu. Salidzinot ENC-"N9 vertibu (kas ir iegiita adatoma migracijai no stavokla
virs U atoma uz vakanci) ar E,EtN O inNva) 1 ad O adatoms tiesi tiek ieklauts ieprieks
eksistéjosa vakancé (9.2. apaks$nodala), més atradam, ka starpiba neparsniedz 0.01 eV.
Aprékinatais energijas ieguvums (AE ) attieciba uz pareju no 1. pozicijas uz 2. poziciju
(ka paradits 9.1. att.) ir vienads ar ~ 2 eV katram skabekla atomam (1.99 eV 2 x 2 7-slanu
super$inai un 1.94 eV 3 x 3 7-slanu supersunai).
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9.2. attéla elektronisko ladinu pardalijumu starpiba skabekla adsorbcijai virs U_ .
atoma virsmas N vakances tuvuma tiek analizéta. Elektronisko ladinu pardalijumi
platnes ieksiené izskatas lidzigi adsorbcijai virs U, . atoma bez N vakances (8.4.c,
d att.). Starp adsorbéto O atomu un eksistéjoso N vakanci paraléli virsmai tika novéroti
elektrostatiskie kanali ar elektroniska blivuma trakumu, kas ir vérsti skabekla adatoma

ieklausanas virziena uz N vakanci.

9.2. attéls. 2D skérsgriezums elektronisko ladinu blivuma pardalijumam Ap(r) O atomiem,
adsorbétajiem virs U, atomiem virsmas N vakances tuvuma. Cita informacija ir
aprakstita 8.4. attéla paraksta

Tatad, no otras puses, més esam paradijusi zemas barjeras skabekla adatoma
ieklausanas iespéju N vakancé no tuvakas adsorbcijas pozicijas virs U, atoma.

9.2. Skabekla ieklausana virsmas vakanceés
9.2.1. Modelis un teoreétiskais pamatojums

Viens no UN iespéjamiem oksidacijas celiem ir oksinitridu veido$ana tuvu UN
virsmai [18]. Tadeé] ir loti svarigi aprakstit skabekla mijiedarbibu ar atseviskam vakancém.
Ka zinams no literatiras, lidz $im liela uzmaniba tika pievérsta primaro defektu (vakances
un ieklau$anas piemaisijumi) statiskajam un dinamiskajam ipasibam UN tilpuma [34], tie
ietekmé degvielas kvalitati izmanto$anas un parstrades laika. Atsevigki no tukso vakancu
uzvedibas tika apskatita arl O atomu ieklau$ana UN tilpuma vakancés. Tika konstatéts,
ka skabekla atomu ieklausana tilpuma N vakancés ir energétiski labveligaka, salidzinot
ar starpmezglu stavokliem [82]. Tomeér $kidinasanas energijas rada pretéju efektu. Lai
iegatu vairak informacijas par nevélamo UN oksidéSanas mehanismu, $aja apaksnodala
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un atsaucé [P5] uzmaniba tika pievérsta skabekla piemaisijumu ieklausanai N un U
vakancés uz UN(001) virsmas.

Masu aprékini UN virsmai tika veikti, izmantojot super$unas ar 2 x 2 un 3 x 3 vir-
smas translacijas vektoru garumiem. N un U vakances, kuras aiznem skabeklis, tika
novietotas 2D platnes virsmas, zemvirsmas un centralaja slani. Sakara ar spogulslana
klatbutni simetriskaja platné meés izmantojam defektu divpuséjo simetrisko izvietoju-
mu, iznemot defektu centralaja plakné (spogulplakné), tadéjadi samazinot nepiecieSamo
skait]o$anas resursu daudzumu. Spina magnétiskais moments tika relakséts visos apreki-
nos. Aprékini tika veikti no sakumstavokla ar FM spinu sakartojumu urana apaksrezgi.

9.2.2. Skabekla ieklausanas un skidinasanas energija

Energijas bilanci O atoma ieklausanai vakancé var raksturot ar ieklausanas energiju
E, kuru ieviesa Graims un Katlovs (Grimes and Catlow) [83] caulu modeli UO,
kodolgkel$anas produktu aprékiniem. O atomam, ieklautam N un U vakancés, centralaja
atomu slani

E1 — EUN(OJ'nc) _EUN(N/UivaC) _EO (921)

un N un U vakancés virsmas vai zemvirsmas slani

1 inc vac
E, :E(EUN(O, ) _ ENNUve) _ 5 Oy (9.2.1b)
Seit ENO-") ir pilna energija super$inai, kas satur O atomu N vai U vakancé

(EWNO-n) <), EVNNU99 i energija super$inai ar neaiznemtajam (tuk$am) vakancém,
un E°ir puse no izolétas O, molekulas tripleta stavokla pilnas energijas. To nosaka
skabekla kimiskais potencials pie 0 K. Seit E, vértiba raksturo energijas bilanci skabekla
ieklausanai eksistéjosas vakancés, kur negativa energija norada uz izdevigu ieklausanas
procesu.

Lai ievérotu kopéjo energijas bilanci, taja skaita vakances veidosanas energiju E
bezdefektu platné, tika definéta $kidinasanas energija [83]:
E.=E +FE

Sform>

form

(9.2.2)

kur E_ir N vai U vakances veidoSanas energija platné, kas aprékinata, izmantojot
vienadojumu 7.1.1.a vai 7.1.1.b.

Ir vérts pieminét, ka standarta O pseidopotenciala izmantoSana musu VASP
aprékinos dod O, molekulas labu saites garumu 1.23 A, tomér ievérojami parveérté saites
energiju (6.79 eV pret eksperimentalo vértibu 5.12 eV). Zinatniskaja literatara tika
piedavatas dazas korekcijas, ka novérst $o nopietno DFT trakumu [84, 85]. Tadgjadi
defektu aprékinatas veidosanas un $kidinasanas energijas var korigét par ~ 1 eV (Sis
korekcijas ietekme tiek apskatita turpmak).
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Aprékinot O adatoma ieklausanu N vakancé uz UN(001) virsmas, tika konstatéts,
ka ta ir energétiski izdeviga, jo gan E,, gan E, vértibas ir strikti negativas (9.1. tab.). Tas
sekmé N vakances rasanos un O atoma adsorbciju no gaisa. E, samazinas par ~ 0.4 eV
(klast vairak negativa) platnes ieksiené, salidzinot ar aréjo slani, savukart E, klast mazaks
N vakancei virsmas slani. Turpreti aprékinatas E, vértibas U vakancém virsmas un
centralaja slani ir tuvas nullei. Zemvirsmas slani raksturo E, vértiba, kas ir par ~ 1 eV
mazaka, salidzinot ar virsmas un centralo slani. Masu rezultati liecina par oksinitridu
veidosanas svarigumu. Tomér E ir pozitiva un pieaug O atomiem, ieklautiem U vakancé
plaksnes centralaja slani. Energijas 9.1. tabula neietver korekcijas, kas tika apspriestas
iepriek§ O atomiem. Tomér $adas korekcijas var radit E, (vai E) palielinadanos par
~ 1 eV un rezultata dot vairak pozitivas E, vértibas U vakancei. 9.1. tabula ari norada,
ka skabekla atoma $kidinasana ir energétiski labveéligaka virséjos slanos, nevis platnes
iekSpusé. Supersiinas izméram palielinoties (3 x 3 paplasinajums 9.1. tabula), gan E,, gan
E vértibas samazinas, savukart platnes biezuma ietekme nav tik izteikta. Tomér izradas,
ka U vakances ir daudz jutigakas pret super$inas izméru, tas ir saistits ar nevélamo
mijiedarbibu starp periodiski atkartotajiem defektiem. Saja gadijuma E, un E, vértibas
var samazinaties vidéji par 0.15 eV.

9.1. tabula. Ieklauanas (E)) un $kidinasanas (E,) energija (eV), vidgjais U atomu
magnétiskais spins 45 (), ka arf efektivais ladin$ skabekla atomiem (e)
O ieklausanai U(001) virsma. Atskaites stavokli ieklausanas un $kidinasanas
energijas aprékiniem tika izvéléti ka kimiskais potencials O, N un U atomiem,
kas aprékinats attiecigi O,, N, molekulam un a-U fazei

" 2 N vakance U vakance
= 8.,
. Z 8 e v g U U
Slanis P g =28 M u
&5 | SE%5 |E(@V) | EV)| "o |q (e)|E (V)| E V)| T |q ()
= <= 1 s () eff 1 s () eff
7B = My My
5 -6.173 | -2.473 | 1.65 | -1.36 | -0.339 | 1.120 | 1.16 | -0.98
2x%x2 7 -6.181 | -2.476 | 1.49 | -1.36 | -0.855 | 0.583 | 1.36 | -1.03
Virsmas 9 -6.188 | -2.479 | 1.41 | -1.36 | -0.943 | 0.493 | 1.31 | -1.06
33 5 -6.122 | -2.481 | 1.60 | -1.37 | -0.683 | 0.654 | 1.48 | -1.05
X
7 -6.126 | -2.480 | 1.46 | -1.36 | -1.073 | 0.230 | 1.38 | -1.08
5 -6.314 | -2.068 | 1.64 | -1.42 | -1.856 | 1.284 | 1.66 | -1.10
Zem- |2 %2 7 -6.419 | -2.090 | 1.49 | -1.40 | -1.823 | 1.297 | 1.45 | -1.10
virsmas 9 -6.417 | -2.091 | 1.41 | -1.40 | -1.823 | 1.271 | 1.38 | -1.10
3%3 7 -6.428 | -2.093 | 1.46 | -1.39 | -2.012 | 1.000 | 1.43 | -1.10
Centralais |, , , 7 -6.611 | -2.180 | 1.47 | -1.42 | 0.736 | 3.923 | 1.44 | -0.89
(spogul- 9 -6.608 | -2.192 | 1.39 | -1.38 | 0.669 | 3.838 | 1.38 | -0.90
slanis) |3 3 7 -6.599 | -2.182 | 1.45 | -1.42 | 0.317 | 3.378 | 1.47 | -0.94




57

9.2.3. Spinu blivums un ladini péc Badera

9.1. tabula lauj mums analizét ari U atomu vidéjo spina blivumu (u)) dazadas
morfologijas defektivajam UN(001) virsmam, kuras ir ieklauti O atomi. Analogiski UN
defektivam virsmam ar tuk$am vakancém [P4] ,ufv samazinas platném ar lielaku slanu
daudzumu abiem vakanc¢u veidiem (iznemot O atomu ieklausanu U vakancg, kas atrodas
virsmas slani). Var ari redzét, ka virsmas slani g ir lielaki N vakancei, salidzinot ar U
vakanci. 4 zemvirsmas un centralaja slani ir lidzigi abu vakan¢u veidiem. Interesanti,
ka efektivais ladin$ g, uz O atomiem ir ari augstaks N vakancém platnes ieksiené.
Savukart U vakancém g, samazinas gandriz par 0.3 e. Tas pats efekts ir novérots ari
N kaiminatomiem: efektivais ladin$ ir mazaks, salidzinot ar gadijumu, kad O atoms
aiznem U vakanci. Vispariga aina liecina par to, ka starp dazadiem saites veidiem sistéma
prevalé kovalenta saite.

®U @N @O0

9.3. attéls. 2D gkélums elektronu blivuma pardalijumam Ap(r) apkart O atomiem, ieklautiem
uz virsmas N vakancém 5-slanu un 7-slanu UN(001) platné ar 2 x 2 un 3 x 3
superstnu paplasinajumiem. Ap(r) ir definéta ka O saturosas virsmas kopigais
elektroniskais blivums minus blivums O atomiem attiecigajas ieklausanas pozicijas
un blivums virsmai, kas satur N vakances tajas pa$as pozicijas. a) 5-slanu platne ar
3 x 3 skabekla ieklauto atomu periodiskumu, b) 7-slanu platne ar 2 x 2 skabekla
ieklauto atomu periodiskumu, a) A 7-slanu platne ar 3 x 3 skabekla ieklauto
atomu periodiskumu. Paréjas detalas ir aprakstitas 8.4. attéla paraksta

9.2.4. Ladinu pardalijuma analize: virsmas $iinas ierobezZota izméra efekti un
supersinas izmera izvele

Liela defektu koncentracija (25% superSinas 2 x 2 paplasinasanai 9.1. tabula)
izraisa dazus ierobezota izmeéra efektus, kurus var ilustrét, izmantojot 2D starpibu
elektroniska blivuma pardalijumu Ap(r). Sie attéli ir paraditi O atomiem, kas ieklauti
N vakancés virsmas (9.3. att.) un centralaja slani (9.4. att.). Divu simetriski novietotu
defektu klatbutne 5-slanu platnes ieksa izraisa to savstarpéjo mijiedarbibu (tas ir redzams
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ladinu pardaliSana pari platnei 9.3.a att.). Platnes biezuma palielinagana samazina $o
efektu (9.3.c att.). Ja supersiinas izmérs samazinas (2 x 2 paplasinajums 9.3.b att.), ir
novérojams papildu elektronu blivums starp defektiem paraléli virsmas slanim. Lidzigs
efekts ir ari novérots elektroniska blivuma pardalijumam ap defektiem spogulplaknés
(9.4. att.). Supersunas lieluma ietekme $aja gadijuma ir lidziga efektam, kas apspriests N
vakances gadijuma. Tomér U virsmas vakances gadijuma, salidzinot ar N-vakanci, lielaka
elektroniska blivuma koncentracija ir novérojama starp O atomu un N kaiminatomiem
zemvirsmas slani. Tadéjadi $aja gadijuma platnes biezuma ietekmi ari nedrikst novertét
par zemu.

®U eN ®0

9.4. attéls. 2D skérsgriezums Ap(r) ap O atomiem, kas ieklauti N vakancés 7-slana UN(001)
centralaja slani ar (a) 2 x 2 un (b) 3 x 3 supers$unas paplasinajumiem. Cita
informacija ir dota 9.3. attéla paraksta

9.2.5. Ieklauta skabekla elektronisko stavoklu blivums (DOS)

9.5. attéla kopéjais un projicétais stavoklu blivums ir paradits UN(001) 7-slanu
virsmai ar O atomiem, ieklautajiem N vakancé. Visos aprékinos sistéma joprojam saglaba
vadiSanas ipasibas ar U(5f) stavoklu ievérojamu ieguldijumu uz Fermi limena, lidzigi
idealas UN(001) platnes aprékiniem (6.2. att.). Specifisko O(2p) joslu paradisanas ar
energijas piki pie -6 eV ir novérota. Salidzinot DOS O atomiem, ieklautajiem N vakancé,
novérojama O(2p) stavoklu nobide (par aptuveni -1.0 eV), un tas lauj atskirt virsmas
slani no iek$gjiem slaniem.

Ja vakance atrodas virsmas slani, $ie stavokli ievérojami parklajas ar N(2p) joslu,
daléji sajaucoties ar U(5f) stavokliem (lidzigie efekti paradas O, molekulai virs virsmas
U atomiem [P2]). Turpreti O(2p) josla joprojam ir gandriz izoléta no citam joslam
(analogiski ar O atomiem, ieklautajiem N vakancé UN tilpuma [82]). N(2p) stavoklu
pozicija ir nejutiga pret O atomu klatbatni un atrodas energijas diapazona no -6 lidz
-leV.
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9.5. attéls.

Kopéjais un projicétais DOS tris pozicijam
ar O atomu ieklausanas N vakancés ar 3 x 3
periodiskumu  7-slanu UN(001) platnei:
a) virsmas slani, b) zemvirsmas slani,
¢) centralaja slani. O(2p) piki tika normalizéti
uz vienu un to pa$u vértibu vai, citiem
vardiem, tie ir reizinati ar koeficientu 8 un 16
attiecigi vakancém virsmas (zemvirsmas) un
centralaja slani (sk. apziméjumus ziméjuma).
Atsevisko energijas limenu konvolacija
tika veikta, izmantojot Gausa funkcijas ar
pusplatumu, vienadu ar 0.2 eV

9.2.6. Salidzinasana skabekla ieklausanai N vakancé uz UN (001) un

(110) virsmas

Lidzigi ka idealai UN virsmai, vakanc¢u veido$anai un skabekla atomu adsorbcijai,
interesanti ir salidzinat ieklausanas (E) un Skidinasanas (E,) energijas divam virsmam:

UN (001) un (110) virsmai (9.6. att.).

a)

b)

@UeNoO

9.6. attéls. 2-slanu modeli skabekla ieklausanai N vakancé uz (001) (a) un (100) (b) virsmas

9.2. tabula salidzina §is energijas ka funkciju no platnes biezuma un super$inas
izméra. Var redzét, ka UN(110) virsmai ir raksturigas vairakas negativas $kidinasanas
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energijas un energiju starpiba, kas ir vienada ar ~ 0.3 eV. No otras puses, ieklausanas
energijas ievie$ana maina $o tendenci, radot vairak negativas vértibas (001) virsmai. Sadi
rezultati norada uz E, aprékinu svarigumu, jo misu virsma var atrasties arl ekstremalos
apstaklos, pieméram, augstas temperatiras. Tomér més skaidri redzam lidzigas tendences
abam virsmam (9.2. tab.).

9.2. tabula. Teklausanas (E)) un $kidinasanas (E,) energija (eV), vidéjas U atomu spinu
magnétiskais ,u;i () un efektivais lading O atomiem, ieklautiem uz UN (001)
un (110) virsmas. Atskaites stavokli ieklausanas un $kidinasanas energijas
aprékiniem tika izvéléti ka O un N atomu kimiskais potencials, kas aprékinats O,
un N, molekulam (2 x 2 un 3 x 3 supersinas)

B | B | gy | 4@ | B | B | ulw) | a0
(001) virsma (110) virsma

52x2 -6.173 -2.473 1.647 -1.36 -5.853 -2.778 1.736 -1.27

7,2%x2 -6.181 -2.476 1.495 -1.36 -5.822 -2.794 1.516 -1.29

9,2x2 -6.186 -2.479 1.412 -1.36 -5.820 -2.784 1.472 -1.29

11,2 x 2 -6.195 -2.483 1.365 -1.35 -5.817 -2.791 1.416 -1.29

7,3 %3 -6.126 -2.480 1.463 -1.36 -5.748 -2.783 1.471 -1.28

9.2.7. Skabekla ieklausanas modelésana: kopsavilkums

Ievérojama energétiska priek$roka O atoma ieklausanai N vakancé, salidzinot ar
U vakanci, norada uz to, ka novéroto UN oksidaciju nosaka galvenokart mijiedarbiba
starp skabekla atomiem ar N vakancém virsmas uz zemvirsmas slanos.

Oksinitridu veido$anas, kas ir izraisita ar skabekla atomu difaziju starp slaniem
[18], ar talako skabekla satveri slapekla vakancés UN(001) virsmas tuvuma ir sagaidama,
tadéjadi izraisot stabilizé$anu un veidojoties kimiskam saitém ar tuvakajiem urana
atomiem. Elektronisko ladinu sadalijums pierada perturbacijas blivuma, kuru izraisa
ieklautais O atoms, vietéjo raksturu. Stavoklu blivumu analize parada gan parklasanos
O(2p) stavokliem ar N(2p) stavokliem sakotnéjas oksidésanas posmos (virsmas
ieklau$ana), gan O(2p) stavok]u atdaliSanu no citiem stavokliem, ja skabekla atomi
ir novietoti dziladk (zemvirsmas penetracija). Sos analizes rezultatus var izmantot,
interpretéjot urana oksinitridu eksperimentalos ultravioletos fotoelektronu spektrus
[18].
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10. Kopsavilkums

DFT PW metode tika izmantota, lai analizétu galvenas UN tilpuma ipasibas, punktu
defektu uzvedibu uz UN virsmas, ka ari skabekla mijiedarbibu ar UN virsmu. Izmantojot
pilnu geometrijas relaksaciju, més ieguvam rezultatus UN bezdefektu tilpumam un
virsmai, slapekla un urana vakancém, atomara un molekulara skabekla adsorbcijai
bezdefektu virsma, ka ari skabekla difazijai uz UN(001) virsmas. Més esam noveértéjusi
virsmas super§inas izméru un platnu biezumu, kas lauj mums ieglt precizus rezultatus
UN virsmai. Tika konstatéts, ka 7-slanu platnes ar 3 x 3 virsmu paplasinajuma vektoru
izmanto$ana lauj iegat rezultatus, kuri ir kvalitativi tuvi atseviSka defekta modelim.
Savukart mazakas 2 x 2 super$unas un 5-slanu platnés tika konstatéta ievérojama sanu
mijiedarbiba starp defektiem. Més ari salidzinajam UN (001) un (110) virsmam energijas
(i) slapekla vakances veido$anai, (ii) skabekla atoma adsorbcijai virs U vai N virsmas
atomiem, ka ari (iii) O atoma ieklausanai N vakance.

Neskatoties uz iepriek§ minéto, dazi jautajumi par UN virsmu joprojam ir atverti.
U vakan¢u veido$anas energiju novértéjumi prasa $o rezultatu papildu verifikaciju,
izmantojot citas teorétiskas metodes, ka ari turpmaku attistibu urana atoma pseido-
potencialiem. Lai iegtu precizakus rezultatus skabekla difazijai gar UN(001) virsmu,
ir japieméro virzita elastibas metode (Nudged Elastic Band method) [49]. Si metode
lauj iegit realistiskas atoma migracijas trajektorijas. Sis pieejas realizacija ievérojami
uzlabota jaunakaja VASP-5 datora kodu versija, salidzinot ar VASP-4 versiju, kura tika
izmantota aprékiniem Saja promocijas darba. Tas laus mums iegit pietiekamus rezultatus
adekvata procesorlaika. UN virsmas jaunie eksperimentalie mérijumi (pieméram, EXAFS
mérijumi, kuri lauj apskatit atomaro apkartni atseviskiem atomiem, vai UPS spektru
mérijumi oksinitridu lidzigu struktiru identificéSanai) ir nozimigi UN oksidésanas
procesu daudzpusigas ainas izveidoSanai. Tas ari ir svarigi, lai izstradatu UN paraugu
drosu aizsardzibu pret agresivo skabekla ietekmi.

Kopuma promocijas darba aprakstitie rezultati ir nozimigs solis aktinidu savienojumu
modelé$ana un veicina UN virsmas oksidésanas procesu labaku izpratni.
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11. Galvenas tézes

Rezultati, kas iegiiti, izmantojot divas butiski at$kirigas DFT skaitlosanas metodes un
balstoties uz plakano vilnpu (PW) un atomu orbitalu linearas kombinacijas (LCAO)
formalismiem, sakrit kvalitativi labi un kalpo ari iegtito rezultatu verifikacijai.

U un N vakanc¢u veido$anas energijas skaidri norada uz vakancu tendenci akumu-
léties uz virsmas un, iespéjams, graudu robezam.

legitie rezultati par O atomu un O, molekulu mijiedarbibu ar UN virsmam norada
uz stipru hemisorbciju, tipisku metaliskajiem adsorbentiem. Uz perfektas UN(001)
virsmas adsorbéto skabekla molekulu spontanas disociacijas iespéja ir paradita
analogiski O, disociacijai uz metala virsmam. Péc molekularas disociacijas O adato-
mi veido spécigas kimiskas saites ar U atomiem, tadéjadi veidojot viencentru
virsmas kompleksu. Savukart O adatoms virs N atomiem veido daudzcentru
kompleksu, iesaistot cetrus blakus esoSos U, atomus.

Ir paradits augstais O, kustigums gar virsmu, pateicoties relativi zemai migracijas
barjerai (< 0.5 eV). Tika paradita skabekla adatoma zema barjera ieklausanai
eksistéjosa N vakancé no tuvakas adsorbcijas pozicijas virs U atoma, ka ari
paradita UN virsmas, kura ieklauti skabekla atomi, energétiska stabilitate.
Skabeklim, kas ir novietots uz UN(001) virsmas, ir paredzétas $adas reaktivitates
stadijas: (i) molekulara skabekla hemisorbcija; (i7) spontana O, molekulas kimiskas
saites sabruksana péc adsorbcijas uz UN(001) virsmas; (iii) divu jaunizveidoto
O atomu izvieto$ana virs virsmas U atomiem; (iv) lielu O , atomu kustigums gar
virsmu; (v) skabekla adatomu zembarjeras ieklausana no pozicijas virs U_  atoma
uz blakus novietoto N vakanci; (vi) O, atoma stabilizacija N_  vakances ieksiené;
(vii) O atomu ieklauSana zemvirsmas vakancés iekséjas difazijas dél. Tas skaidro
eksperimentali novéroto UN atro oksidaciju gaisa.
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Abstract

The uranium mononitride UN is a material considered as promising candidate
for Generation-IV nuclear reactors. Due to considerable amount of aggressive oxygen
impurities in UN samples, it is necessary to understand the mechanism of O adsorption
and further oxidation of UN.

The first detailed study of UN surface, including its interaction with oxygen, have
been performed using DFT PAW method as implemented in the VASP computer code.
The formation energies of U and N vacancies as well as binding energies of O atoms
and molecules adsorbed atop the UN surface are discussed together with the charge
redistributions, densities of states, and O atom migration trajectories. Calculations allow
us to propose energetically feasible mechanism for the partial saturation of UN(001)
surface by oxygen which can lead to easy UN oxidation observed in air.

Keywords: Quantum chemistry, Density Functional Theory calculations, uranium
mononitride, surface defects, oxygen adsorption
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1. Introduction

1.1. Motivation

Uranium mononitride (UN) is an advanced material for the non-oxide nuclear fuel
considered as a promising candidate for the use in Generation-IV fast nuclear reactors
to be in operation for the next 20-30 years [1, 2]. UN reveals several advantages over
a traditional UO,-type fuel (e.g., higher thermal conductivity and metal density as
well as high solubility in nitric acid in the case of fuel reprocessing [2]). However, one
of important problems with actinide nitrides is their effective oxidation in oxygen-
containing atmosphere (even at low partial pressure) which can affect nuclear fuel
performance [3, 4]. Thus, it is important to understand the mechanism of the initial stage
of UN oxidation and to find proper solutions, in order ways to improve the quality of
nuclear fuel in the future.

The main objective of this PhD Thesis is to acquire reliable information on the
atomic and electronic structure of both perfect and defective UN surfaces as well as to
understand the mechanism of early stages of surface oxidation. This must be achieved
through the solution of the following tasks:

- Modeling of an UN bulk for proper choice of parameters for surface calculations.

- Modeling of perfect UN surface with a focus on the surface anisotropic relaxation
and reconstruction.

- Modeling of single N and U vacancies and calculations on formation energies of
surface defects.

- Modeling of both molecular and atomic oxygen adsorption upon perfect UN
surfaces.

- Modeling of oxygen migration upon both perfect and defective UN (001) surface.

- Modeling of O adatom incorporation inside existing surface vacancy.

- Comparison of results obtained for UN (001) and (110) surfaces.

- Development of an atomistic model for oxidation of UN surface.

The current study is performed within the collaboration between Institute of Solid
State Physics, Riga, and Institute for Transuranium Elements, Karlsruhe, Germany,
(Contract No 205343-2006-07 F1IED KAR LV) and as one of tasks included in the EC
FP-7 project: Basic Research for Innovative Fuel Design for Generation-IV systems
(F-BRIDGE).

1.2. Author’s contribution

Main results of our calculations considered and analyzed in this PhD Thesis were
described in 5 papers published in high-ranking International scientific journals [P1-P5]
as well as presented at International and Local conferences as posters and oral reports (see
conference list in Section 13). The author substantially contributed to preparation and



writing of papers and conference presentations, he was also selected as the corresponding
author for Refs. [P2-P5].

Major part of considered results were obtained by author using PW calculations
(VASP code) (almost all calculations presented in the papers [P1-P5] excluding
calculations on N, molecule and alpha-uranium crystal [P4, P5]), although LCAO
calculations (CRYSTAL code) were performed too [P1, P2] (in cooperation with St.
Petersburg State University, Russia), to compare both ab initio approaches used for
simulations on UN substrate and its chemical reactivity. The author installed computer
codes in single and parallel regime at both Latvian Supercluster (LASC, ISSP, Riga) and
Computational Facilities of Research Center Garching (Germany). Moreover, the author
optimized both input parameters and key sets for VASP code (see Section 3 for details),
performed careful analysis of output files and extracted results for further treatment
and interpretation, as well as wrote several scripts, to operate this code and to perform
analysis of obtained results (for example, to plot DOS from VASP output file, to construct
bulk structure, to calculate magnetic moments and bulk modulus as well as to distribute
resources in parallel calculations).

Due to a restricted number of theoretical and experimental data available in
literature so far, very important question was a proper verification of the calculated results
presented in this PhD Thesis. The author chose the following verification methods:

1. Comparison of obtained results with existing experimental or theoretical data.

For example, as known from literature [1], the UN lattice constant a = 4.886 A, the
bulk modulus B = 194 GPa and the cohesive energy E = 13.6 eV. These parameters were
used for comparison with values obtained in theoretical calculations performed in this
study.

2. Simultaneous application and comparision of different theoretical methods.

The results of our PW calculations on UN bulk and perfect (001) surface as well
as atomic oxygen adsorption on this substrate were compared with the corresponding
LCAQO results calculated by group of Prof. R.A. Evarestov (St. Petersburg State University)
[P1, P2]. Qualitative accordance of results obtained using the two different first-principles
methods greatly increases the reliability of obtained results.

3. Finding of internal criteria for convergence.

For example, in calculations on vacancy-containing UN slab, the control of spin
distribution is very important. Averaged magnetic moment p_ per U atom in spin-
relaxed calculations must be larger than 1 y, otherwise we cannot achieve a convergence
of formation energies for defects depending on thickness of UN slab [P4]. This effect
appears due to a presence of local energy minima for considered slab configurations.
Global energy minimum corresponds to spin redistribution with > 1, while for other
redistributions, we failed in localization of global minima, i.e., reliability of obtained
results is rather doubtful.

4. Comparison of results obtained for the same system with varied computational
parameters.

For example, we compared vacancy formation energy for the same defect periodicity
(2 x 2 or 3 x 3) but for different number of atomic layers; we also found criteria for cut-
off energy divergence (see Section 3 for details) [P4].



1.3. Scientific novelty

Theoretical simulations of uranium compounds are especially complicated due to
a relativistic character of an electron motion inside the U atomic core. Moreover, UN
is characterized by a mixed metal-covalent chemical bonding: physical and chemical
properties of light actinides are determined by partly localized 5f electrons, requiring
time-consuming calculations. In this study, we firstly present DFT calculations on UN
surface and propose the UN surface oxidation mechanism. These results convincingly
illustrate possibilities of quantum-chemistry simulations on actinides and their surfaces.
Obtained results can be used for verification of alternative theoretical calculations on
uranium nitrides and related actinide compounds (for example, uranium monocarbide
UC). Moreover, the results of DOS analysis presented in this work can be used for
qualitative interpretation of the experimental ultra-violet photoelectron spectra (UPS)
for uranium oxynitrides which will be synthesized in the future.
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2. Literature review

2.1. Experimental study of UN properties

Uranium mononitride is a compound with metallic lustre and low electrical
resistivity (1.6 -10* cm) [5], possessing fcc structure (space group Fm3m, Fig. 2.1) over
a wide temperature range [1]. The UN lattice constant is sensitive to carbon impurities
[1] being insensitive to small oxygen impurities [6]. High melting point (~2780+25 K)
[1], high fissile atom density (14.32 g/cm?* vs 10.96 g/cm?*for UO, [7]) and high thermal
conductivity (13 W/mK) [8] make UN fuel a prospective material for nuclear reactors

[1].

@UeN

Figure 2.1. fcc structure of uranium mononitride

Various fabrication methods were used so far to produce UN. Samples of uranium
nitrides were produced beginning with 19" century by annealing either UCI, salt in NH,
atmosphere or uranium bicarbide (UC,) in nitrogen at 1100 °C [1]. Nowadays, the most
widespread UN fabrication methods are:

- Nitration of uranium in N, or NH, atmosphere at ~800-900 °C. Frequently, U,N, is
used as an intermediate product which subsequently is decomposed, to obtain UN
powder with a low concentration of oxygen impurity [1].

- Carbothermic reduction. Formation of UN in the carbothermic reduction/
nitrification process is possible, starting with pressed mixtures of UO, + C, following
the reaction UO, + 2C + 1/2N, > UN + 2CO that are held at 1700 °C in N, N,/H, or
NH, atmosphere. However, such products contain a large amount of O,, typically 0.1
wt% [1, 9].

- Nitration of melting U in N, gas by voltaic arc at pressure of 3-5 bar. If tungsten
electrodes are used, a pollution of resulting UN material with W impurities is
unavoidable. This is why U electrodes at higher N, pressure (20 bar) were also used
[1]. The products, however, are also inhomogeneous.

- Hydride route. This method results in formation of a good quality powder with
particle size ~1 ym. When using such a method, UH, is produced by reacting U
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with H, at 200-300 °C. It is subsequently decomposed (UH, > U + 3/2H)) to a

U powder in inert gas atmosphere or in vacuo at temperature 400-600 °C. U powder

reacts with N, at 800 °C, to yield UN, which can be decomposed to UN, as above,

by heating at temperatures between 1100 and 1300 °C in vacuo. A direct reaction

between UH, and N, was used too [1].

- Alternative processes of UN fabrication, starting with the halides UF ,or UC1,, are
less important for commercial production [1]. Notice, that for scientific researches,
just specific alternative methods are frequently used. For example, UN surface could
also be produced by bombardment of an U metal surface by activated nitrogen
[10].

Fascinating and often enigmatic array of UN magnetic and electronic properties is
induced by U(5f) electrons which are found to be intermediate between the highly local-
ized 4f electrons of the lanthanides and the strongly delocalized d valence electrons in the
transition metals [11]. The UN was found to be antiferromagnetic at temperatures lower
than a Neel temperature (T, ~ 53 K), which was detected in the heat capacity measure-
ments [1]. Investigation of the magnetic structure of uranium nitride was performed in
60s using methods of neutron diffraction [5]. The magnetic structure known as ordering
of the first kind, where ferromagnetic sheets parallel to the (001) planes are antiferro-
magnetically coupled, was deducted [5]. The value of 0.75 y, found for the magnetic
moment at low temperatures appears to be surprisingly small (the lowest amongst the
uranium monopnictides UX, where X = P, As, Sb) [5] which requires a careful analysis
of results for UN surface obtained using the DFT calculations and their comparison with
the corresponding experimental data.

Photoelectron spectroscopy also confirmed the complexity of UN. A very high
density of states in proximity of the Fermi level was observed, which gives an evidence
that the U(5f) electrons participate in bonding being strongly hybridized with the
U(6d) electrons. The occupation of the conduction U(5f) band is 2.2 + 0.5 e, of which
~1.8 e resides near the Fermi level [11]. In [12], the band structure of UN at 25 K was
constructed taking into account the second derivative of high-resolution angle-resolved
photoemission spectra. A highly dispersive band was observed for UN near the Fermi
level centered at I'(X) point, whose bottom is located at about 2 eV. First magneto-optical
Kerr measurements on UN also shows narrow U(5f) band formation around the Fermi
level as well as increased hybridization of the U(5f) states with U(6d) and N(2p) states as
compared to similar data for heavier uranium monopnictides [13]. On the other hand,
uranium nitride has the smallest U-U distance amongst the UX compounds (X=N, P, As,
Sb, S, Se, and Te) which is equal to 3.46 A being close to the critical 3.4 A value given by
Hill diagrams separating non-magnetic from magnetic compounds, so that delocalization
of U(5f) states should be expected [14].

Extraction of the data for diffusion of nitride atoms or vacancies is also non-trivial
for UN. Unfortunately, a radioactive isotope suitable for diffusion measurements does
not exist for nitrogen. Therefore, either mass-spectrometric measurements with *N or
a nuclear reaction induced in the UN specimen following the annealing are needed, to
measure nitrogen diffusion coefficients [1]. On the other hand, thermally created and
radiation-induced point defects can be studied by measuring a physical quantity sensitive
to their presence. For example, the electrical resistivity p for actinide compounds can be
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used for this purpose: the changes of p depending on vacancy concentration are found
to be very large (for example, 12 pQ-cm for 1% of C vacancies in UC) [1]. By studying
the thermal recovery of these defects during isochronal annealing, or also by applying
the “change-of-slope method” during isothermal annealing with suddenly increased
temperature, the defect migration energy can be determined. Unfortunately, these
methods do not identify the defect or even the type of atom involved (e.g, C, O or N),
unlike the diffusion studies with radioactive tracers [1].

2.2. Interaction of uranium nitride with oxygen

Initially, the oxidation of uranium mononitride in an oxygen atmosphere was
systematically studied in [15]. The two main types of UN samples were used for those
experiments: powdered UN and smoothly polished UN pieces. Following a weight change
of the UN powder sample during the oxidation process at elevated temperatures, a strong
exothermic reaction was identified at 250 °C characterized by rapid oxygen absorption.
The weight was increased by 11.5%. X-ray diffraction patterns of the intermediate
product at temperatures 250-260 °C showed both weak diffraction lines corresponding to
UN and very pronounced line broadening corresponding to UO,. Smoothly polished UN
pieces were used for kinetic study of UN oxidation. Measurements showed that reaction
rate is proportional to the area covered by the oxide or the oxidized volume. Analysis of
both kinetic studies and X-ray diffraction data suggested that the isothermal oxidation of
UN proceeds from the beginning of lateral spreading of the oxide, UO,(N), accompanied
by a slight N, release and by the formation of U,N,(O) during the reaction between UN
and released nitrogen.

In [16], such characteristics as the chemical composition, phases, lattice parame-
ter, sinterability, grain growth and thermal conductivity of the samples are investigated
using chemical, X-ray and ceramographic analyses for pellets of uranium nitride powder
containing certain amounts of oxygen (~0.3, ~0.6 and ~1.0 wt%) which are products
of carbothermic reduction. Note, that conductivity of UN samples was found to be
gradually decreased under oxidation [16]. The principal results are that the average UN
grain size of matrix phase decreases with increase of oxygen content. Moreover, thermal
conductivity of the pellets containing about 1 wt% oxygen is lower than that of usual
nitride pellets (containing 1000-2000 ppm oxygen) by 9-10% and 12-13% at 1000 and
1500 K, respectively.

In [9], direct ammonolysis of UF, was used, to synthesize UN, sample which was
heated to 1100 °C for 30 min inside the inert atmosphere producing these UN powder
samples with UO, inclusions saturated at 5.0 wt%. The methods of X-ray diffraction
(XRD) and scanning electronic microscopy (SEM) were used for morphology analysis of
these samples. The SEM images show that UN particles are primarily irregular grains with
incompletely crystallized faces (Fig. 2.2). The observed characteristic length distribution of
particles ranges from 0.1 to 6 ym. The measured UN surface area was equal to 0.23 m?/g.
Both the electron microprobes and X-ray diffraction analysis showed that there are
considerable amount of oxygen impurities in UN samples consisting of the primary UN
phase and the secondary UO, impurity phase. This supports the conclusion that oxide
impurities are likely to be formed by a diffusive process from the chemical environment
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and, thus, they are also likely to be formed along the particle surface. Concentration of
oxygen impurities increases upon exposure to air: UN sample exposed for 3 months
shows the growth of oxide contamination. The quantitative analysis performed for the
XRD patterns showed that the UO, concentration increases from 5.0 wt% to 14.8 wt%
over this time period [9].

Figure 2.2. SEM image of UN sample [9].

UPS measurements performed for thin layers of UO,, UN, UO N and UO,C using
He-II 40.81 eV excitation radiation produced by a UV rare-gas discharge source were
described in [17, 18]. These layers were prepared in situ by reactive DC sputtering in
an Ar atmosphere. Fig. 2.3 shows that U(5f) states form a peak close to the Fermi level
(0 eV), which proves their itinerant character. The valence band spectrum of UOxNy
shows a broad band interpreted as superposition of the narrow O(2p) and N(2p) bands.
The maximum at 6 eV binding energy clearly comes from the O(2p) state contribution
while the smaller shoulder at 3 eV coincides with the N(2p) signal in UN sample.
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Figure 2.3. He-II valence band spectra of UO,C, UO,N, UN and UO, spectra are given as
reference [18].
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In [19], XPS and XRD methods as well as the measurement of ammonia
concentration in the aqueous phase at the end of each experiment were used, in order to
study corrosion of UN in water. UO, film arising during the surface reaction with water
was detected using XPS for the surface of freshly polished UN pellet. The high corrosion
rates of UN in water (at 928 °C) indicated that UN is not stable inside the hot aqueous
environment. Corrosion rate for UN is much lower than that for U metal but higher that
of uranium silicide.

Thickness, composition, concentration depth profile and ion irradiation effects on
uranium nitride thin films deposited upon fused silica were investigated in [8] using
Rutherford Backscattering Spectroscopy (RBS) for 2 MeV He* ions. Deposition at
-200 °C provided formation of thick stoichiometric UN film. This film was found to be
stable for exposure to air. The surface oxidation is much more enhanced and the oxidized
surface layer becomes gradually thicker in films deposited at higher temperature (+25 °C
and +300 °C). A large influence of the ion irradiation on the film structure and layer
composition was observed. This study also showed possibility to produce stoichiometric
UN film with the required uranium content of 50% and to obtain the required film
thickness by ion irradiation.

Finally, experimental studies also clearly showed that oxygen contacting to the
surface of uranium mononitride can result in growth of the oxide compound and, at
initial stages, can lead to the formation of surface layer structurally similar to oxynitrides
UON [14].

2.3. Previous theoretical simulations on UN and related actinide
compounds

Due to increasing interest to the fast breeder reactors and to the issues of
transmutation of uranium, plutonium and minor actinides, first-principles and other
theoretical calculations on actinide nitride compounds attract great attention nowadays.
However, previous theoretical studies were performed mainly on UN bulk. Beginning
with 80s [21-23], for its ab initio calculations, the methods based on the DFT were
mainly used.

In first relativistic calculations on UN single crystal, there were used methods of
full-potential Korringa-Kohn-Rostoker (KKR) Green’s function [21] and Linear Muffin-
Tin Orbitals (LMTO) [22, 23] focused mainly on the atomic and electronic structure. The
calculated lattice parameters were found within 3% of experimental value, whereas the bulk
modulus was reproduced worse when comparing with experimental data: by 23% higher
[22] or within 10% [23]. DOS analysis showed that no gap exists between the valence and
conduction bands in UN. The valence bands, found to be ~5-6 eV wide, appeared below
the Fermi level by ~2 eV. The main peak was located below the Fermi level by 1 eV [23].

Recently, a number of first-principles DFT calculations on UN bulk were performed.
In particular, the all-electron calculations within the Linear Augmented Plane Wave
(LAPW) approach were performed, using the PBE (Perdew-Burke-Ernzerhof) exchange-
correlation functionals (with and without incorporation of the spin-orbital coupling)
as implemented in the WIEN-2k program package, for a series of actinide nitrides
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(AcN, ThN, PaN, UN, NpN, PuN, AmN) [20]. The enthalpies of their formation, which
main contribution arises from the ground state cohesive energies, were evaluated. The
obtained enthalpies of formation were found to be in excellent agreement with the
experimental data (in the case UN, the best correlation was achieved with results of
calorimetric measurements: theoretical value of -291.0 k]'-mol" vs. experimental value of
-290.5+1.4 kJ'mol ™ [24]). Certain discrepancies with experimental data observed for PuN
and ThN still need to be clarified.

In [25], the same LAPW formalism within the GGA approximation was used to
study the structural, electronic, and magnetic properties of the actinide compounds. The
observed chemical bonding between the actinides and nitrogen was characterized by a
significant ionic character. The calculated cohesive energies were found to be close to
the experimental values (14.3 eV vs. 13.6 eV, respectively). Although lattice constants
were calculated in a good agreement with the experiment (within ~0.4%), the UN, AmN,
PuN, and NpN were found to be ferromagnetic (FM) that contradict to experimental
results for these compounds (antiferromagnetic structures were experimentally observed
at low temperatures). The calculated spin density for UN in FM state was equal to 0.96 .
On the other hand, the calculated ferromagnetic structure of NpN and the non-magnetic
structure of ThN agreed well with the corresponding experimental measurements.

In [26], the all-electron relativistic spin-polarized DFT calculations were per-
formed, to evaluate the total energies, optimized geometries, as well as electronic and
thermodynamic properties of perfect stoichiometric UN and UN, single crystals. For this
purpose, the GGA PW91 exchange-correlation functional was used, and the numerical
double-§ basis sets with d-type polarization functions were added to atoms heavier than
hydrogen. Structural properties recently measured using EXAFS and XRD methods were
successfully reproduced in theoretical calculations (within error of 0.03 A). Calculated
DOSs showed hybridization of the U(6d), U(5f) and N(2p) states as well as domination
of the U(5f) state in the conduction band. Novelty of that paper consisted in a calculation
of the phonon frequencies and heat capacities. The authors suggested an important role
of itinerant U(5f) states in thermodynamic properties.

The lattice parameters, electronic structure, as well as the thermodynamic properties
of UN using LDA+U and GGA+U semi-empirical schemes included Hubbard potential
U were presented in [27]. The total energy dependences on U-parameter for UN bulk in
FM and AFM states obtained in those calculations show that FM state is preferable for
the range of U-parameter between 0 and 2 eV while AFM state could be favorable for
U-parameter larger than 2 eV. Nevertheless, even though the AFM state of UN bulk is
reproduced, the ground state in hardly obtainable when using the DFT+U method [28].
This may produce large errors when calculating defect formation energies [29, 30]. We
avoid application of this method in the present study due to ferromagnetic nature of UN
surface [31], reproducible by standart DFT functionals.

The PW approach was applied for UN atomic structure calculations beginning
with [32]. In that study, where the Ultra-Soft (US) pseudopotentials and PBE exchange-
correlation functional were used, the experimental UN and UN, lattice constants were
reproduced within 3% error while the difference of their atomic coordination can be
described within 5% error.
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In more detailed PW calculations on UN bulk, the VASP and CASTEP codes
were employed using the Perdew-Wang (PW91) non-local GGA exchange-correlation
functional combined with either US or PAW pseudopotentials, respectively [33, 34]. Both
series of calculations agree well on the mixed metallic-covalent nature of UN chemical
bonds qualitatively reproducing the lattice constants, bulk moduli and cohesive energies.

Then the PW approach combined with a supercell model was used for the calculations
on defective UN crystal, containing single point defects as well as Frenkel and Schottky
defect pairs. In [34], it was shown that N vacancies practically have no influence on the
UN lattice constant, even for concentrations higher than 25%. The formation energies of
U or N vacancy in UN bulk were obtained equal to 9.1-9.7 eV for N vacancy and 9.4-10.3
for U vacancy. The calculated activation energy of the interstitial N atom migration along
the (001) axis was estimated as rather low, 2.73 eV [33]. This fact confirms the suggestion
that the interstitial migration might be a predominant mechanism of N diffusion in UN
fuel [1]. Apart the behavior of empty vacancies, the O atom incorporation into vacancies
in bulk UN was considered too [35]. Its incorporation into the N vacancies was found
to be energetically more favorable as compared to the interstitial sites. However, the
calculated values of solution energy showed an opposite effect. The calculated migration
energy of the interstitial O atoms is very similar (2.84 eV). This fact confirms that
O atoms can easily substitute the host N atoms in UN structure.

Recent LCAO calculations on UN bulk [36, 37] were performed using the
GAUSSIAN-03 computer code with the PW91 exchange-correlation functional. The
values of cohesive energy calculated using the Relativistic Effective Core Potentials
RECP78 and RECP60 considerably differ (9.86 eV and 12.8 eV, respectively), thus
indicating an importance of variation for the U outer shell. Group-theoretical analysis
performed for interpretation of the UN band structure showed that both the bottom of
the conducting band and the top of the valence band are formed by U(5f) states which
result in the metallic nature of UN [36, 37] unlike UO, which is a semiconductor [38].
The Mulliken effective atomic charges of +(1.5-2.0) e calculated using the GAUSSIAN-03
code confirmed the mixed nature of the UN chemical bonding, being in agreement with
the Bader topological charges of +1.6 e obtained in PW calculations [34].

A number of studies on related actinide compounds were also published in last
years. In [29], formation energies of oxygen vacancy in UO, compound were calculated
using the Dudarev’s DFT+U approach [39]. The formation energy of oxygen vacancy in
UO, bulk was found to be 3.5-5.67 V. In [40], formation energies of O and U vacancies
were calculated using GGA approximation. Those calculations showed small difference
between the FM and AFM states (4.0 eV for U vacancy formation in FM state vs. 4.4 eV
for AFM state as well as 6.1 eV in both cases for O vacancy). In [41], point defects in
uranium monocarbide bulk were studied using the PAW method combined with the
PBE functional. The formation energy of uranium vacancy was found to be 4.54-4.55 eV
while the same energy for carbon vacancy was equal to 0.8-0.83 eV. The mechanical
properties of NpN were studied using the same GGA PBE functional [42]. The calculated
bulk modulus for NpN ranged within interval 147-227 GPa depending on the magnetic
state (AFM, FM or non-magnetic).
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The first electronic structure simulations on actinide surfaces and their reactivity
towards the molecular and atomic oxygen were performed only recently. It is, however,
not surprising since actinide surfaces cannot be easily calculated using the DFT methods,
due to a large number of electrons per unit cell. Nevertheless, some results on simulations
performed for a-U, §-Pu and uo, surfaces are available in the literature. In particular,
Taylor [43] showed that the PAW method [44], used also in the present study, is fitting
for reliable calculations on the (001) surface of a-U.

Tan et al. obtained UO, surface energies, using the atomic-scale computer simulation
within the approach of interatomic potentials, which systematically classifies the 153
unique planar surface configurations that can be generated within 2 x 2 supercells
[45]. The calculated surface energies ranged between 2.28 and 3.12 eV for UO,(001)
surface and 1.27-1.54 eV for UO,(111) surface. The PW91 functional has been used for
simulations on (111), (110), and (100) surfaces of UO, [46]. The calculations showed that
the (111) surface has the lowest surface energy (0.461 J/m?), followed by the (110) surface
(0.846 J/m?), and the (100) surface (1.194 J/m?).

The calculations performed by Atta-Fynn and Ray [47, 48] also confirm the
effectiveness of DFT methods for calculations on O, C and N ion chemisorption upon
the 8-Pu(111) surface. The calculations were performed using the GGA PBE exchange-
correlation functional. A 50% surface coverage by adatoms was considered. Calculations
were performed at two levels: with and without spin-orbit coupling. Inclusion of spin-
orbit coupling lowers the chemisorption energy by 0.05-0.27 eV, on the other hand, it
negligibly influences on chemisorption geometries. Analysis of effective charges for each
atom indicates that chemisorption primarily occurs on the surface layer. Pu-adatom
hybridizations is dominated by Pu(6d) and adatom 2p states, with a significant reduction
in the first peak of the projected Pu(5f) DOS, indicating the delocalization of some Pu(5f)
electrons.

In any case, for the moment, no results of UN surface calculations are found to be
published in the literature, excluding the current study performed within this PhD Thesis
[P1-P5].
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3. Theoretical background

For UN modeling, we use the VASP-4 computer code, the commercial complex
package based on density functional theory (DFT) and included an iterative solution of
Kohn-Sham equations, based on residuum-minimization and optimized charge-density
mixing routines [49], employing a plane-wave basis set combined with either US or PAW
pseudopotentials. Elaboration of VASP package was began at early 90s.

3.1. DFT method basics

The cornerstone of DFT was laid by Hohenberg-Kohn (HK) theorem, which
suggests that ground state properties of a many-electron system should be uniquely

determined by an electron density p(F) = p(¥,r"). The total energy of system in this case
can be written as

E(p(F)) = [V (F)p(E)dE + TTp(F)] + = j’”‘(f )ef‘”d*'mE @), (Eq. 3.1.1)

where the first term on right hand side describes the external potential influencing
on the interacting system, for example, attraction of electrons to atomic nucleus, the
second term describes the kinetic energy of electrons, the third term denotes the so-
called Hartree term describing the electron-electron Coulomb repulsion, while the last
term is called the exchange-correlation potential and includes all other contributions, in
particularly the many-electron interactions [50, 51].

Varying the full energy functional (Eq. 3.1.1), the Kohn-Sham one-electron equations
(similar to Hartri-Fock equations) may be derived:

H+J =V _)o,(F) = £,¢,(F), (Eq. 3.1.2)

where the term v, [p(¥)] = SE[P()] g the exchange-correlation potential [50].

Due to dependence of Hamilton and Coulomb operators H and J in Kohn-Sham
equations on electronic density p(F), these equations should be solved using self-
consistence method [50].

Contemporary DFT calculations on solids are determined by several key options:
(i) the choice of exchange-correlation functional, (ii) the choice of a basis set to expand
the Kohn-Sham eigenfunctions (plane waves or localized basis functions), and (iii) the
choice of a way to describe interactions between the ionic core and the valence electrons
(full-potential approach or pseudopotential approach) [52].

3.2. Exchange-correlation functionals

Since the exact form of exchange-correlation functional is not known, tremendous
progress in quantum chemistry methods is achieved by creation of proper functionals.
Functionals of different complexity were developed within the hierarchy of DFT
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functionals. The simplest approximation is the local-density approximation (LDA) based
on the exact exchange energy for a uniform electron gas which can be obtained from fits
to the correlation energy for a uniform electron gas [50].

In the present study, we use the Generalized Gradient Approximation (GGA)
functionals, which foresee that the electronic density is unevenly distributed: the
highest density of electronic density is located around the atom nucleus. The exchange-
correlation energy may be expanded in the Taylor Series depending on the electronic
density degrees. If only the first order of expansion is taken into account the resulting
expression contains an electronic density gradient Vp [50, 53].

Real functional is typically formed involving the fitting parameters which can
reproduce the experimental data for different classes of materials with a high accuracy.
It is very important to find such a functional, which can be used for description of large
number of systems without additional parameters involved during calculation (In this
sense, such calculations are called as ab initio or first principles calculations). In our
study, the PW91 exchange-correlation functional has been used [54].

3.3. The pseudopotentials

Formalism of the pseudopotentials uses the widespread quantum-chemical
approaches: the chemical properties are mostly determined by the valence electrons, the
inner shells are chemically rather inert, while shells half-filled or completely filled with
electrons possess the spherical symmetry (so-called Unsold’s Theorem [55]). It allows
us to describe separately only the outer shells’ electrons. In turn, all inner electrons can
be substituted by a joint effective pseudopotential. Depending on number of included
electrons the pseudopotentials can be separated as Large Core (LC) and Small Core (SC)
RECP pseudopotentials.

Forexample, Uatom possesses the 1522s2p®3s23p¢3d\°4524pt4d 0411 155*5p°5d"065%6p7s*5 6!
electronic structure. The LC(U) potential includes 78-electron core potential ([Xe]4f*5d")
and 14 valence electrons (6s*6p°7s*5£6d") while the SC(U) potential includes 60-electron
core potential ([Kr]4d'°4f) and 32 valence electrons (5s*5p°5d"°6526p°7s?5f°6d"). Unlike
the LCAO RECP pseudopotentials applied for CRYSTAL calculations, the RECP
pseudopotentials for PW calculations cannot be directly re-optimized: creation of a new
pseudopotential or its re-optimization is very complicated task requesting up to several
months or years for its solution [56]. Main aim of the current PhD activity in respect to
a proper applicaton of RECP pseudopotentials for reliable calculations is their optimal
choice from the library of standard pseudopotentials supplying the VASP code (depending
on both structure of the core and diference with the all-electron wave function). Choice
of pseudopotential for the calculated system must be based on the character of bonding
between the ions in the system [49] including its test calculations.

For calculations performed within the current PhD study, we have applied RECP
pseudopotential for 78 U internal electrons (with 6s5?6p®6d5f ?7s* valence shell), as
well as 2 core electrons for both N and O atoms (with 2s?2p* and 2s?2p* valence shells,
respectively).
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3.4. The plane wave formalism

The Kohn-Sham method employing a plane-wave basis set and the pseudopotential
approximation is one of powerful techniques in contemporary computational material
science. The use of a plane-wave basis has several immediate advantages [52]: (i) it is
easy to change from a real-space representation (where the potential energy V has a
diagonal representation) via a Fast Fourier Transform to momentum-space where the
kinetic energy T is diagonal; (i) the control of basis-set convergence is almost trivial;
it is sufficient to monitor the eigenvalues and total energies as a function of the cut-
off energy, i.e., the highest kinetic energy of a plane-wave within the chosen basis set;
(iif) the Hellmann-Feynman forces acting on the atoms and the stresses on the unit cell
may be calculated straightforwardly in terms of the expectation value of the Hamiltonian
with respect to the ionic coordinates; (iv) basis-set superposition errors that have to be
carefully controlled in calculations based on local basis sets are avoided.

As a starting-point to solve Kohn-Shame equations in PW basis set, the Bloch
theorem usually serves, which describes wave function of electron (or other particle)
placed in a periodic potential [57], i.e.,

Yu(r+R) =y, (r)e"® (Eq. 3.4.1)

The unit cell periodic part u of the wave functions is introduced as
Vo (1) =1, (r)e", (Eq. 3.4.2)

where u,, (R+r)=u, (r). It means that all cell periodic functions can be written as a

sum of plane waves, going to reciprocal space lattice and performing Fourier transform:

u, (r)= Zuk (G)e’® (G is chosen by such a way that e’ has the periodicity of the real
G

space lattice)

Y () =(NQ) ™Y u, (G)e' ™, (Eq. 3.4.3)
G
1
where u, (G) = Ejﬂ e '“"u, (r)dr (Fourier transform).
0 0

In fact, the number of plane waves can be determined as a function of the kinetic

(k+G)’
2

energy cut-off, thus forming the PW sphere <E,, in reciprocal space [57].

Development of PW formalism as used in VASP computer code resulted in
implementation of the projector-augmented wave (PAW) method originally introduced
by Blochl [44]. The main idea of PAW method is to transform the physically relevant
full all-electron (AE) Kohn-Sham wave functions ¥ of this Hilbert space into a new
computationally convenient pseudo-wave soft (PS) variational functions ¥ in so-called
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pseudo-Hilbert space [58]. Within the PAW formalism the AE wave function is derived
from the PS wave function by means of a linear transformation [44]:

1%,) =12, )+ Z(0) =105 | 7.) (Eq. 3.4.4)

where the AE partial waves ¢; are obtained for a reference atom whereas the PS
partial waves @; are equivalent to the AE partial waves outside a core radius rcl and
match continuously onto ¢; inside the core radius (the augmentation region, similar to
linearized muffin-tin LMTO formalism); the index i is a shorthand for the atomic site
R, the angular momentum numbers L = I, m, and an additional index k referring to
the one-electron reference energy ¢,. The core radius is chosen approximately about half
the nearest-neighbor distance [58]. The projector functions p, are dual to the PS partial
waves:

(B,16,)=3, (Eq. 3.45)

3.5. Computational parameters in the VASP-4 computer code

In previous subsections, we have desribed general theoretical principles which are
included in VASP computer code. In this subsection we shortly describe the key input
parameters for our calculations.

Input for performing VASP calculations contains the following main files [49]:

I. POSCAR. This file describes atom positions and allows fixing of atomic coordinates
if necessary (it can be used, for example, to calculate interstitial positions when geometry
relaxation leads to the system of stable basic configuration). In all slab calculations, we
perform partial or complete structure optimization within the supercell of fixed linear
dimensions using criterion of the total energy minimization. Atom positions for each
calculated system are defined in POSCAR file, according to crystallographic properties
of studied structure.

II. POTCAR. This file contains information about such properties of different
atoms as the RECP pseudopotentials, atomic masses, the energy of reference atomic
configuration, which the pseudopotential was created for (more detailed information
about pseudopotentials is contained in Subsection 3.3), etc.

Computational parameters must be defined in following two files:

III. KPOINTS. This file determines the k-point mesh in the BZ. In this study, we
have generated k-points using the Monkhorst-PacK’s technique [59] whereas the electron
populations were determined following the method of Methfessel and Paxton [60] as
implemented in the VASP code.

For each series of calculations, we have found the optimal k-point mesh that
would provide the convergence of results: the 8 x 8 x 8 mesh for bulk calculations, the
8 x 8 x 1 mesh for major part of surface calculations (perfect UN surface, vacancies on
the UN(001) surface, oxygen adsorption and migration, as well as oxygen incorporation
into pre-existing N vacancies), as well as the 4 x4 x 1 mesh for calculations of
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molecular oxygen interaction with UN(001) surface and for all UN(110) surface
calculations (including molecular adsorption, vacancies on UN(110) surface, and oxygen
incorporation).

IV. INCAR. This main VASP input file determines “what to do and how to do
it”. Complete list of keywords is enumerated in the VASP manual [49]. In following
paragraphs we describe only those parameters which variation has been especially
important for our calculations.

IVa. ISPIN. This option defines the spin-polarized calculations. For UN, as a system
with magnetic properties, the key “yes” has been used always.

IVb. MAGMOM. This option defines the initial magnetic moment on each atom (the
calculation begins from the defined magnetic moments, however, they are changed during
this calculation). We have chosen initial ferromagnetic state for all UN calculations. If
one is searching for a ferromagnetic solution, it is usually safest to start from the larger
local magnetic moments. This is why for spin-relaxed FM calculations, we have started
from the value of 2 y, per U atom. For spin-frozen FM calculations, we have started from
the magnetic moment 1 i, per U atom.

IVe. NUPDOWN. This key fixes the spin moment of the whole system to specified
value. For spin-frozen calculations, we suggest the magnetic moment 1 p, per U atom.

IVd. ENCUT. Selection of plane waves is determined by the cut-off energy E_ . The
optimal cut-off energy has been found to be equal to 520 eV.

IVe. ISMEAR. Determines how the partial occupancies are defined for each
wavefunction.We use Gaussian smearing for our calculations.

IVf. SIGMA. This key, describing the difference between the free energy and the
total energy, must be chosen as large as possible. The smearing parameter of 0.2 eV has
been found to be optimal for reasonable convergence suggesting the electronic entropy
contribution of the order of 10 meV.

IVg. NELMDL. This key gives the number of non-self-consistent steps at the
beginning: if one initializes the wave functions randomly, the initial wave functions
are far from anything reasonable. Choice of key “delay“ for starting the charge density
update becomes essential in all cases where the convergence is very poor [49]. In UN
calculations, this value has been increased 3-5 times as compared to the default value
(15-25 steps vs. 5 default steps).

IVh. ALGO. Different algorithms are implemented into VASP code. For example,
fast but rough RMM-DIIS algorithm [49, 61] vs. slow but accurate Davidson blocked
algorithm [49, 62]. Our experience shows that only application of the Davidson
algorithm leads to reliable results. Unfortunately, computer recourses are always limited
and calculations for some systems are very time-consuming. To resolve this problem for
especially hard calculations, we have splitted calculations within two stages. At first stage,
we have used RMM-DIIS to obtain roughly-relaxed geometry and approximate electronic
density. At second stage, we have started from geometry and electronic density relaxed at
first stage, using Davidson algorithm to obtain final results. This approach significantly
decreases computational expenses for many complicated systems.
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3.6. Computational parameters in LCAO CRYSTAL-06 code

For LCAO calculations, the CRYSTAL-06 code have been used [63], which applies
the Gaussian-type functions centered on the atomic nuclei as the basis sets for expansion
of the linear combination of atomic orbitals (LCAO) combined with the non-local
exchange-correlation functional PBE [64]. The oxygen basis set (BS) 8-411G(1d) has been
taken from Ref. [65]. For the N atom, the all-electron BS 6-311G(2d) has been used [66].
Finally, for the U atom, the three energy-adjusted relativistic core effective potentials have
been used (the pseudopotential of Stuttgart-Cologne group, SC60, with 60 electrons in the
core [67] as well as the two Mosyagin-Titov large-core (MT78) and small-core (MT60)
pseudopotentials with 60 and 78 electrons in the core, respectively [68]) To avoid linear
dependence of basis set in the CRYSTAL LCAO calculations, the diffuse s-, p-, d- and
f- Gaussian-type orbitals with exponents < 0.2 a.u.”" have been removed from the basis
sets. The exponents of other polarization functions have been reoptimized, to restore the
required precision in the total energy. Prior to a study of surface properties, the bulk
structure optimization of UN crystal has been performed using the LCAO approach. The
Monkhorst-Pack scheme with 16 x 16 x 16 k-point mesh for the BZ sampling [59] and
32 x 32 x 32 k-point Gilat net for the calculation of the Fermi energy and density matrix
[69] have been used for this purpose.

3.7.  Slab model and defect periodicity

When performing PAW surface calculations, we simulate the UN surface using the
symmetrical slabs containing odd number of atomic layers and separated by the vacuum
gap of 38.9 A which corresponds to 16 inter-layers for UN(001) surface (Fig. 3.1). These
vacuum gaps are large enough, to exclude the direct interaction between the neighboring
2D slabs within 3D slab model. LCAO calculations do not require artificial repetition of
2D slab along the normal to the surface direction as it is realized in PW calculations.

Vacuum gap (16 interplane distances)

UN slab (5, 7, 9 or 11 planes)

Vacuum gap (16 interplane distances)

UN slab (5, 7, 9 or 11 planes)

Vacuum gap (16 interplane distances)

Figure 3.1. Cross-section of 3D model for UN slab.
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To simulate single point defects (either N or U vacancies) and oxygen atom adsorbed
on surface or incorporated into pre-existing vacancy as well as to reduce lateral interactions
between them, we have applied a supercell approach, using 2 x 2 and 3 x 3 extensions
of primitive unit cell (Fig. 3.2). These supercells contain four (2 x 2 supercell) and nine
(3 x 3 supercell) pairs of N and U atoms in each defectless layer while periodically
distributed surface vacancies (or oxygen atoms/molecules) per surface cell correspond to
defect (oxygen) concentrations of 0.25 and 0.11 monolayers (ML), respectively. To reduce
computational efforts, we have often considered the two-sided arrangement of the point
defects which is symmetrical with respect to the central (mirror) plane. The suitable
choice of supercell size is especially significant question. From one side, larger supersell
is much closer to the model of isolated defect, on the other hand, this supercell requires
considerably larger computational resourses (for example, 3 x 3 UN 7-layer supercell
contains 126 atoms, i.e., 2.25 times larger as compared to 56 atoms in 2 x 2 UN 7-layer
supercell). In present study, we perform analysis of the finite-size effects in supercells of
different sizes, to estimate deviation from the model of isolated defect.

=)
@UeN

Figure 3.2. Atop views of primitive cell (a) as well as 2 x 2 (b) and 3 x 3 (c) supercells
upon UN(001) surface. Here x and y axes coincide with directions of surface
translation vectors while a is lattice constant. Half-shaded atoms show borders of
chosen surface cells.
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4. Modeling of UN bulk

The global aim of this stydy is to understand the mechanism of oxygen adsorption as
well as further oxidation of uranium nitride. The first step of the current theoretical study
is to develop methodology for correct description of ideal bulk and surface properties as
performed in Refs. [P1, P4]. At a second step, this methodology can be applied to study
defective surfaces as well as adsorption of oxygen atoms and molecules on perfect or
defective surface. The results of DFT-PW calculations on UN bulk, perfrect surface and
atomic oxygen adsorption upon it were compared with the corresponding DFT-LCAO
results obtained by group of Prof. R.A. Evarestov (St. Petersburg State University).

Before calculations on UN surface, we must consider UN bulk and estimate its bulk
properties. The main results obtained in bulk calculations are collected in Table 4.1,
which shows that the cohesion energy E_is essentially underestimated in LCAO MT78
calculations and slightly underestimated in PW calculations. The value of E_is close to
the experimental value in while in LCAO MT60 and SC60 calculations. As to the lattice
parameter a, its DFT-LCAOQ values are underestimated (4.78 A and 4.80 A) but they do
not differ too much from those obtained in DFT-PW calculations performed by us and
other authors, being very close to experimental value. The optimized lattice constant
(4.87 A for PAW VASP vs. 4.81 A for LCAO CRYSTAL calculations) has been used in all
our further calculations.

Table 4.1. The results of calculations on UN bulk: the cohesive energy E_(eV), the lattice
constant a; (A) and the bulk modulus B (GPa). The experimental values are given
in brackets in the first column. The spin density (SD) for U atom is given in .

PW (VASP) PW (other theoretical studies) LCAO (Prof.

Property R. Evarestov group)
xpermen S0 pwor | ppp | PWSLPAW | PBEABLAPW | o o | soco
a, A (4.886) 4.868 | 4.867 4.864 4.886 5.17 | 4.78 4.80
E, eV (13.6) 14.79 | 14.57 14.7 13.4 9.6 13.4 13.6
B (194) 227 224 226 209 167.2 | 291.6 | 276.9
Qe 1.69 1.69 1.61 - 1.63 1.55 1.58
SD, p, 1.15 1.19 1.05 1.25 3.18 1.18 1.06

The bulk modulus B is overestimated in both PW and LCAO (MT60 and SC60)
calculations and underestimated in MT78 calculations. The calculated effective charge
of U atom (Q_) in UN is close to 1.6 e for all three LCAO RECP pseudopotentials
used and comparable to 1.7 e for PW calculations using the topological Bader analysis.
A comparison of LCAO (RECP 60) and the PW (RECP 78) results demonstrates a
qualitative correlation of properties calculated using both methods, except for bulk
modulus which is noticeably overestimated in the CRYSTAL calculations as compared to
the experimental value.
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Figure 4.1. The energy bands of UN crystal constructed using: a) PW PW91 (RECP SC78)
and b) LCAO PW91 (RECP SC60) Hamiltonians. The energies are given in a.u.,
solid and dotted lines correspond to the states with spin up and spin down,
respectively.

The band structures for UN bulk calculated using the two above-mentioned meth-
ods (DFT and LCAO), when applying the same PW91 Hamiltonian, are presented in
Fig. 4.1. Band structures demonstrate good correlation between both approaches, even at
quantitative level, especially below the Fermi level, being in agreement with the experi-
ment [12] and the DOS analysis performed in previous PW VASP calculations [34].

The results of DFT-PW calculations on the lattice constant, bulk modulus, cohesive
energy, charge distribution and band structure for UN single crystal are obtained. The
results of DFT-PW calculations on UN bulk were compared with the corresponding
DFT-LCAO results obtained by group of Prof. R.A. Evarestov. The results of PW and
LCAO calculations on UN bulk demonstrate a good qualitative agreement between
them.
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5. Structural properties of UN (001) and (110) surfaces

Synthesized specimens of polycrystalline UN contains particles with differently
oriented crystallographic facets [9]. To simplify modeling of the oxygen interaction
with UN surface, we study in this PhD work mainly the (001) surface since according
to Tasker analysis [70] it has the lowest surface energy. Nevertheless, real UN particles
(Fig. 2.2) contain facets with different crystallographic orientation. To increase validity of
our results, we have additionally performed (110) surface calculations. We chose (110)
surface orientation for additional calculations since alternative low-indiced (111) surface
contains charged planes and its calculation requires artificial approaches. Moreover,
strong reconstruction must occur, in order to stabilize polar (111) surface, similarly
to MgO(111) [71]. Less densely-packed UN(110) surface is characterized by smaller
interlayer distance in z direction as compared to (001) surface (Table 5.1 and Fig. 5.1).

Table 5.1. Comparison between the UN(001) and UN(110) surfaces (a is a lattice constant
of cubic fec crystal).

(001) surface (110) surface
Size of surface unit cell (A x A) 3.44 x 3.44 4.87 x 3.44
2
(£ xia) or( axa) (QXTQ)
Distance between two nearest U N ) o
and U (or N and N) atoms in xy 344 (7(1) in both 4.87 in x direction
A 3.44 in y direction
plane (A) directions Y
i a
Distance betvyeen nearest U and N 5435 (ﬁ) 2435 (%) in x direction
atoms in xy plane (A) : )
not defined in y direction
Distance between neighbor layers a NG
in z direction (A) 2.435 (5) 1.72 (a 7)
Distance between nearest atoms in a, .. 2 .
2 direction (A) 2435 (E)’ distance between | 3 44 (Ta)’ distance between
U and N atoms N and N (or U and U) atoms
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\ \ UN (110) surface,
UN (001) surface) \\ 4x4 supercell
4x4 supercell

Figure 5.1. Structural comparison of slabs used for simulation of (001) (a) and (110) (b) UN
surfaces.

We simulated reconstruction of perfect and defective UN(110) surface as well as
atomic oxygen adsorption, formation of N vacancies and oxygen incorporation into
them. These results are distributed in the corresponding subsections of Sections 6-8.
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6. Modeling of perfect UN surface

As has been mentioned in Section 2.1, experiment shows that UN bulk undergoes
the AFM ordering below 53 K [5]. We have performed the calculations on both FM and
AFM states. Our PAW test calculations on UN bulk have shown that the FM phase is
energetically slightly more favorable than AFM phase. Analogous results were obtained
using LCAO method as applied by group of Prof. R.A. Evarestov. Due to a small diference
between the energies in FM and AFM states (~0.001-0.01 eV) and due to a complicated
magnetic structure of UN surface [31], only FM state has been considered in our UN
surface calculations.

6.1. Spin-frozen PW and LCAO calculations on defectless UN(001)
surface

Analogously to perfect bulk calculations, we compare results of PW and LCAO
calculations on UN(001) surface. Aperiodic (2D) and periodic (3D) models in regards
to the direction normal to the slab have been used for LCAO and PW calculations,
respectively [51].

We have analyzed in detail the vertical displacements (along z axis) of both surface
and subsurface atoms from their host lattice sites in UN bulk (Table 6.1), effective atomic
charges (Table 6.2), the surface energies (Table 6.3) as well as DOS obtained in the PW
calculations (Fig. 6.2).

Surface energy of an n-layer slab has been estimated from the standard basic
relationship:

1
E_.(n)=—(E —nk
s () 2S( , —nEy) (Eq. 6.1.1)

where E_is the total slab energy per primitive surface unit cell and S its area, while
E, the total energy per primitive bulk unit cell (Fig. 6.1).

1

Esurf (n) =

E —nE
2S( n b)

Figure 6.1. Surface energy calculated for 7-layer slab. E, is the total slab energy per primitive
surface unit cell, E, is the total energy per primitive bulk unit cell, n is number of
layers, S is unit cell surface area.
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There is a good qualitative agreement between structural relaxations and effective
atomic charges for the LCAO and PW data. First of all, in both methods atomic dis-
placements have the same directions: N atoms go outside the surface whereas U atoms
relax towards the slab center. This is a pattern typical for the rumpling observed on oxide
surfaces. There have been also observed substantially larger magnitudes of surface U dis-
placements as compared to N atoms, whereas subsurface atom relaxations are smaller.

Table 6.1. ‘The calculated atomic displacements Az (A) on UN(001) obtained for different
slabs and methods. Positive sign means an outward displacement from the slab

center.
Atom Method Number of atomic layers in slab

3 5 7 9 11

LCAO -0.085 | -0.095 - - -

surface U LCAO (extra layer added) -0.026 | -0.046 - - -
PW PWOI1 -0.041 | -0.046 | -0.050 | -0.061 | -0.057

LCAO -0.011 - - -

subsurface U LCAO (extra layer added) -0.013 - - -
PW PWI1 -0.018 | -0.016 | -0.013 | -0.013

LCAO 0.064 0.058 - - -

surface N LCAO (extra layer added) 0.049 0.025 - - -
PW PWI1 0.030 0.022 0.025 0.033 0.026

LCAO -0.002 - - -

subsurface N LCAO (extra layer added) 0.014 - - -
PW PW9I1 0.026 0.028 0.032 0.022

Table 6.2. The effective atomic charges g(e) on UN(001) slab
Number of atomic layers in slab

Atom Method

3 5 7 9 11

LCAO 1.63 1.63 - - -

surface U LCAO (extra layer added) 1.64 1.64 - - -
PW PW91 1.65 1.66 1.72 1.67 1.65

LCAO - 1.51 - - -

subsurface U LCAO (extra layer added) - 1.55 - - -
PW PW91 - 1.65 1.63 1.63 1.69

. LCAO 1.45 1.57 - - -

. middle U LCAO (extra layer added) 1.52 1.55 - - -

(mirror plane of slab)

PW PWI1 1.62 1.67 1.72 1.65 1.62

LCAO -1.55 -1.55 - - -

surface N LCAO (extra layer added) -1.61 | -1.60 - - -
PW PW91 -1.64 -1.63 -1.64 -1.63 -1.67

LCAO - -1.59 - - -

subsurface N LCAO (extra layer added) - -1.57 - - -
PW PWI1 - -1.67 -1.7 -1.64 -1.7

LCAO -1.61 -1.58 - - -

middle N LCAO (extra layer added) | -1.58 | -157 | - - -

(mirror plane of slab)
PW PWI1 -1.65 -1.7 -1.66 -1.62 -1.64
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The surface energies are partly stabilized for slabs containing at least 5-7 layers
whereas the relaxation energy is more sensitive to the thickness (Table 6.3). Due to
scarceness of experimental results, the calculated values of surface energy could be
qualitatively compared only with 1.2 J/m? obtained recently for UO,(001) surface energy
using the first-priciples calculations [46]. As one can see, the surface energies of these
surfaces are predicted to be similar. A qualitative agreement is observed between the
UN(001) surface energies obtained using both LCAO and PW calculations.

Table 6.3. Surface energies E_(J- m?) and relaxation energies E
UN(001) surface in LCAO and PW calculations

(eV) obtained for

rel

Number of atomic layers in slab 3 5 7 9 11
E.. (unrelaxed) 2.20 2.29 2.28 2.11 -
LCAO E " (relaxed) 2.06 2.13 - - -
E, 0203 | 0230 | - - -
E, " (unrelaxed) 1.68 1.45 - - -
Method (extra ]15]1;(; dded) E, " (relaxed) 1.430 1.38 - - -
y 0359 | 0.121 | - - -
Emf (unrelaxed) 1.81 1.87 1.84 1.86 1.90
Plane waves PW91 E, " (relaxed) 1.70 1.69 1.70 1.70 1.69
” 0.156 | 0.258 | 0.210 | 0.239 | 0.305

The total and projected DOSs in the FM state obtained in our PAW calculations
are present in Fig. 6.2. There is a small difference in band shapes as compared to
previous UN bulk calculations [34], due to noticeably higher k-point mesh and cut-off
energy used in our studies. A comparison of the bulk DOS (Fig. 6.2a) with that for the
projections of the surface U and N atoms (Fig. 6.2b) shows mainly changes in the shape
of unoccupied states above the Fermi level. In both cases, the mixed metallic-covalent
bonding is observed for U(5f) states at the Fermi level which confirms results of previous
experimental and theoretical studies.

- == N p upldown -—--
—-=-=U d up/down 10 4 —= —3 Z ﬂpfﬂm
5 —— U fupldown —u fup‘;down
2 1)
£ 2
] 5
>
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8 3
54
54
10 o
a) b)

Figure 6.2. The projected DOS for UN bulk (a) and for perfect 7-layer UN(001) slab (b) in
FM states.



32

6.2. Spin-relaxed PW calculations of defectless UN (001) and (110)
surfaces

The results obtained in spin-relaxed PAW calculations on perfect UN (001) and
(110) surfaces (Fig. 6.3) are discussed. The calculations of the effective atomic charges g%,
atomic displacements Ar, average magnetic moments y  of U atoms, and surface energies
E f for defect-free slabs of different thicknesses (Tables 6.4 and 6.5) have been performed,
in order to check how these properties depend on atomic spin relaxation [P4]. The spin
relaxation leads to considerable change of the E depending on the number of layers in
a slab (Table 6.4). The largest p , value was obtained for U atoms in the 5-layer slab, i.e.,
4, slightly decreases with the thickness suggesting difference of 0.3 y, between the 5- and
11-layer slabs. The lattice relaxation energies in spin-relaxed calculations turn out to be
quite small, i.e., ~0.03 eV.

Depending on slab thickness, the surface energies are ~0.5-0.7 J-m? larger for
UN(110) surface (Table 6.4). It means that the UN(001) surface is energetically more
favorable.

a) b)

@UeN
Figure 6.3. 2-layer models of UN(001) (a) and UN(110) (b) surfaces.
Table 6.4. Surface energies E_(J-m?) as well as averaged magnetic moment (in y,)

of U atom for the defectless UN(001) and UN(110) surfaces. In spin-frozen
calculations, y was chosen to be 1

ffh;’:;ffc . E.py (0m) E,,, () R () E,py () 1, (1)

pin-frozen slab | spin-relaxed (001) spin-relaxed (110)
layers (001) slab (001) slab (110)

5 1.69 1.44 1.57 1.977 1.645

7 1.70 1.37 1.44 1.928 1.464

9 1.70 1.29 1.37 1.878 1.417

11 1.69 1.22 1.33 1.830 1.385

It is also interesting to analyze g values for atoms across the slab as a function of
the number of layers in a slab (Table 6.5). First, these g% show considerable covalent
bonding both on the surface (e.g., sub-surface) and on the central plane since the values.
Second, due to different reconstruction mechanisms of UN(001) and UN(110) surfaces,
the atomic charges are different too: ionicity of bonds at (001) surface is higher, thus
leading to certain difference in surface properties. Third, the atomic charges depend on
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both the spin relaxation and the number of layers (cf. results of spin-relaxed calculations
and spin-frozen PW calculations presented in Tables 6.5 and 6.2, respectively).

Table 6.5. Atomic Bader charges for the defectless spin-relaxed UN (001) and (110)

surfaces.
Number of UN(001) slab atomic | Number of UN(110) slab atomic
layers layers

Atom 5 7 9 11 5 7 9 11
Surface U 1.68 1.74 1.68 1.72 1.46 1.48 1.49 1.48
Sub-surface U 1.67 1.63 1.63 1.67 1.88 1.85 1.83 1.84
U in central (mirror) plane | 1.69 1.72 1.65 1.66 1.60 1.74 1.64 1.70
Surface N -1.65 -1.67 -1.67 -1.68 -1.55 -1.55 -1.55 -1.55
Sub-surface N -1.68 -1.70 -1.70 -1.67 -1.75 -1.73 -1.75 -1.73
N in central (mirror) plane | -1.74 | -1.65 | -1.65 | -1.63 | -1.70 | -1.71 | -1.75 | -1.74

Table 6.6. Atomic displacements Az(A)" for defectless UN (001) and (110) surfaces.

Number of U atom displacements N atom displacements
atomic layers
(001) surface (110) surface (001) surface (110) surface
Surface Sub- Surface Sub- Surface Sub- Surface Sub-
surface surface surface surface
5 -0.050 -0.012 -0.053 -0.005 0.023 0.023 -0.279 0.068
7 -0.046 -0.009 -0.038 -0.009 0.024 0.028 -0.272 0.092
9 -0.047 -0.011 -0.042 -0.014 0.024 0.028 -0.279 0.091
11 -0.047 -0.011 -0.015 0.015 0.025 0.031 -0.252 0.118

"negative sign means an inward atomic displacement towards the mirror plane of slab

The atomic displacements Az from perfect lattice sites differ significantly for U
atoms positioned at the surface and sub-surface layers (Table 6.6) being somewhat larger
for the 5-layer slab while displacements of nitrogen atoms for all the slabs remain almost
unchanged. Note that N atoms on (001) surface are displaced up whereas U atoms are
shifted inwards the slab center which results in the surface rumpling up to 1.2% of the
lattice constant. In contrary, the surface U atoms of rumpled UN(110) surface lie higher
than the corresponding N atoms which well illustrates the difference of charges and other
surface properties mentioned above.

6.3. Perfect UN surface calculations: summary

Our defectless surface modeling shows metallic properties of UN surface,
analogously to previous bulk calculations. We compared results for DFT PW and LCAO
calculations and found a good corellation between both approaches. Comparison of
UN(001) and UN(110) surfaces shows that the former is energetically more favorable.
The surface energies depending of slab thickness are equal to 1.22-1.44 J-m™for UN(001)
vs. 1.83-1.98 J-m™for UN(110) surface. This fact allow us to perform both calculations on
defectless UN surface and oxygen adsorbtion upon the (001) surface mainly.
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7. Modeling of single N and U vacancies

7.1.  Vacancy calculations: model and formation energies

To understand the oxidation mechanism in more detail, one has to take into account
surface defects and their interaction with oxygen. For this reason, we studied basic
properties of surface vacancies [P4]. We have calculated not only the outermost surface
defects, but also the sub-surface defects as well as those positioned at the central layer
of the slab. We have considered the two-sided arrangement of the point defects which is
symmetrical with respect to the central (mirror) plane (the atomistic model of surface
N vacancies with the 2 x 2 periodicity of defects is shown in Fig. 7.1). The FM state
has been chosen for all our slab calculations performed for the self-consistent (relaxed)
atomic magnetic moments with no spin-orbit interactions included. We have performed
the total spin relaxation in the system.

@UeN

Figure 7.1. 5-layer UN(001) slab containing the two-sided surface N vacancies distributed
with a 2 x 2 periodicity.

The formation energy of point defect is calculated either as

vac 1
ENU = E(EUN(W—V“) +2EN N —E™ ), (Eq. 7.1.1a)
for surface and sub-surface vacancies, or
N(U)vac _ 7~UN(U/N_vac) N(U) UN
E, " =E tE i~ E (Eq. 7.1.1b)

for a vacancy in the central layer of the slab. Here E""-"9 is the total energy of

fully relaxed slab containing N (or U) vacancies, E "N the same for a defect-free slab, while
E:f(ul)(n) is reference energy for N (or U) atom. In the present study, we have considered
the two reference states for calculations of the defect formation energy, both are widely

used in the literature.

The first reference corresponds to N (U) isolated atom in triplet (quartet) spin states
determined by 2p* (5f6d") valence electron configurations (hereafter, reference I as in
Table 7.1) calculated in a large rectangular parallelepiped box (28.28 x 28.28 x 22 A%), i.e.:
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EV =END. (Eq.7.1.2)

The second reference state (hereafter, reference II as in Table 7.1) represents the
chemical potential of N (U) atom which is defined as a function of temperature and
partial nitrogen pressure. By neglecting these effects, the N chemical potential can be
treated as the energy of atom in the molecule N,. Consequently, the chemical potential of
U atom is given by the one-half total energy (per unit cell) of U single crystal in its low-
temperature a-phase having the orthorhombic structure [72]. Thus, the corresponding
second reference energies can be estimated as:

1

E;Zfﬁll zluNz ZEElul [N2]; (Eq.7.1.3a)
1

E:if711 SHey = EEM [a'U], (Eq.7.1.3b)

where E _[N,] is the total energy of nitrogen molecule while E_[a-U] the total
energy of U bulk unit cell containing two atoms. The chemical potentials of N and U, as
calculated according to Eq. 7.1.3, represent extreme cases of N(U)-rich conditions [73],
i.e., their minimum values have not been considered in the present study. The formation
energy of N (U) vacancy with respect to the N, molecule (or a-U single crystal) and the
energy of N (U) isolated atom are closely related: the former being larger than the latter
by half the binding energy of the N, molecule or half the cohesive energy of a-U single
crystal.

The optimized lattice parameters of a-U (a = 2.80 A, b =588 A, c =491 A) have
been slightly underestimated as compared to values obtained experimentally [72] and
calculated elsewhere [74, 75], except for the parameter b which is in a good agreement
with experimental value of 5.87 A [72] (while a = 2.86 A, ¢ = 4.96 A [72]). Also, the
ratios c/a, b/a as well as the parameter ¢ are well verified by another plane-wave DFT
study [41]. Analogously to an isolated nitrogen atom, the N, molecule has been calculated
in the cubic box but of a smaller size (8 x 8 x 8 A%). The molecule N, is characterized by
the bond length of 1.12 A and the binding energy of 10.63 eV being well comparable
with the experimental values of 1.10 A and 9.80 eV [76], respectively. The pre-factor of
Y in Eq. 7.1.1a arises due to a mirror arrangement of two N(U) vacancies on the surface
and sub-surface layers (Fig. 7.1).

The formation energies of N and U vacancies (E}Z(,?,,) ") calculated using
Egs. 7.1.1-7.1.3 (with the two reference states) as functions of the slab thickness are
collected in Table 7.1. These are smallest for the surface layer and considerably increase
(by ~0.6 eV for the N vacancy and by ~1.7 eV for the U vacancy) in the sub-surface and
central layers, independently of the reference state. This indicates the trend for vacancy
segregation at the interfaces (surface or crystalline grain boundaries). A weak dependence
of E}i('lfn) " on the slab thickness is also observed. The value of E;;(,E:,) " is saturated with
the slab thicknesses of seven atomic layers and more. Moreover, the difference between
values of E}Z(:n) " for the 5- and 7-layer slabs is less for the surface vacancies than for
those in the central layer. This difference is the largest for the U vacancy in the central

plane (~0.16 eV).
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The reference state II leads to smaller E}ff:fn) ' (as compared to those found for the
reference state I) and demonstrates a significant difference for two types of vacancies.
According to reference II, the U vacancy could be substantially easier formed at T = 0 K
than the N vacancy. Notice that the chemical potentials of O and U atoms used in similar
defect studies on UO, bulk did not reveal the energetic preference for U vacancy (75,
77]. The defect-defect interaction is not responsible for this effect as E}j,(,l,i,) " decreased
by 0.1 eV only with the larger supercell size (3 x 3 in Table 7.1). On the other hand,
due to the temperature dependence of the chemical potential of a free N, molecule
[78], we predict reduction of the formation energy of the N vacancy by ~0.8 eV as the
temperature increases from room temperature up to 1000 °C. Unlike the reference state
11, the reference I results in similar formation energies for both types of the vacancies. In
the central slab layer, values of E}:’)ﬁ) Y are similar to those in the bulk (Table 7.1).

Table 7.1. 'The vacancy formation energies (in eV) for the two reference states (see the text
for details).

‘1 Reference I, Reference II, Egs. (7.1.1a),
Layer Number of layers and | g o (7.1.12)-(7.1.2)7 | (7.1.1b), (7.1.3a) and (7.1.3b)"
supercell size
U N U N
5,2x%2 8.63 8.84 1.46 3.70
7,2 %2 8.61 8.84 1.4 3.70
9,2%2 8.61 8.84 1.44 371
Surface layer
11,2 x 2 8.60 8.85 1.43 371
53x%3 8.51 8.78 1.34 3.64
7,3 %3 8.47 8.78 1.30 3.65
5,2x%2 10.31 9.38 3.14 425
Subsurt 7,2 %2 10.29 9.46 3.12 433
u l:u;ace 9,2%2 10.26 9.46 3.09 4.33
4 11,2 x 2 10.26 9.46 3.09 433
7,3%3 10.18 9.47 3.01 434
5,2 %2 10.20 9.48 3.03 434
Central 7,2 %2 10.36 9.57 3.19 443
(Lentral 9,2x2 10.34 9.55 3.17 442
(mirror) layer*
11,2 x 2 10.39 9.56 322 442
7,3 %3 10.23 9.55 3.06 442

“ reference energies I equal to -4.10 eV for U atom and -3.17 eV for N atom,

b reference energies II equal to -11.28 eV for U atom and -8.30 eV for N atom,

¢ defect formation energies for UN bulk using reference state I are 9.1-9.7 eV for N vacancy and 9.4-10.3
for U vacancy [34]

7.2. Surface reconstruction induced by vacancies

The local atomic displacements around the vacancies are largest for the nearest
neighbors of vacancies. The analysis of atomic displacements allows us to suggest that
the U vacancy disturbs the structure of the surface stronger than the N vacancy. If the
N vacancy lies in the surface layer, displacements of the nearest U atoms in z-direction
achieve 0.02-0.05 A towards the central plane of slab. The displacements of N atom nearest
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to surface N vacancy achieve 0.05 A towards the central plane (z-direction) and 0.01 A in
the surface plane (xy-displacement). Maximum displacements of neighbor atoms around
the N vacancy in the central plane have been found to be 0.04-0.07 A (nearest U atoms
from the neighboring layers are shifted in z-direction towards the vacancy) not exceeding
0.025 A for all the other atoms in the slab.

In contrary, the U vacancy results in much larger displacements of neighboring atoms,
irrespectively of its position. If this vacancy lies in the surface layer, the displacements of
0.3-0.32 A for the nearest N atoms are observed. If the U vacancy lies in the central layer,
the nearest N atoms from this layer are displaced by 0.17 A while the N atoms from the
nearest layers are not shifted in xy-direction, being shifted by 0.15 A towards the slab
surface in the z-direction. The atomic displacements around the vacancies in the UN
bulk have been found to be —0.03 A and 0.13 A for N and U vacancies, respectively [34].
These values are close to those found in the present calculations for the vacancies in the
central slab layer, which mimics the crystal bulk.

7.3. Electronic properties: Finite-size effects and choice of supercell size

The finite slab-size effects caused by relatively large concentration of defects could
be illustrated using the difference electron density redistribution Ap(r). In Fig. 7.2, these
redistributions are shown for N vacancies positioned at both the outer (surface) and the
central (mirror) planes of 5- and 7-layer slabs.

a) b), c) d)

@®U N

Figure 7.2. 2D sections of the electron density redistributions around the nitrogen vacancies
in five- and seven-layer UN(001) slabs with 2 x 2 supercell extension defined as
the total electron density of defected surface minus a superposition of the electron
densities for both perfect surface and isolated atom in the regular position on the
surface: a) N vacancy in a surface plane, five-layer slab, b) the same, 7-layer slab,
¢) N vacancy in a central plane, five-layer slab, d) the same, 7-layer slab. Solid
(red) and dashed (blue) isolines correspond to positive (excess) and negative
(deficiency) electron density, respectively. Isodensity increment is 0.25 e a.u.”.
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Presence of two symmetrically positioned vacancies in the 5-layer slab induces their
weak interaction across the slab (Fig. 7.2a) illustrated by appearance of an additional
electron density around the N atoms in the central plane of the slab. Similarly, the
vacancy in the mirror plane disturbs the atoms in the surface plane if thin slab contains
only 5 layers (Fig. 7.2¢). By increasing the slab thickness, we can avoid the effect of finite-
slab size (Figs. 7.2b,d) which explains the stabilization of formation energies calculated
for the 7-layer and thicker UN(001) slabs (Table 7.1).

The densities of states (DOS) are presented in Fig. 7.3. for both perfect and defective
7-layer UN slab. In accordance with previous bulk calculations, the U(5f) electrons are
localized close to the Fermi level (Fig. 7.3a). These electrons are still strongly hybridized
with the N(2p) electrons. It confirms the existence of covalent bonding observed in
the analysis of Bader charges for defectless surface (Table 6.5). The N(2p) states form a
band of the width ~4 eV, similar to that obtained in the bulk [P1, 34]. In contrast, the
contribution of U(6d) electrons remains insensitive to the presence of vacancies since
the corresponding levels are almost homogeneously distributed over a wide energy range
including the conduction band. The visible difference of total DOS profiles in Fig. 7.3a
and Fig. 6.2b for perfect 7-layer UN(001) slab can be explained by different slab geometry
relaxation when performing spin-relaxed and spin-frozen calculations, respectively.

a) defectless slab TOTAL DOS s b)
slab with N vacancy TOTAL DOS 1ot ——N p up/down
,,,,, i ---- U d up/down
slab with U vacancy TOTALDOS /A" A | 7 0 fuprdonn
2
s ! ‘
g “ |\ Energy, ev N .‘:“Energy. eV
= T 7 =T T 7 e
2 4 ) EN 1 2 1
© 1
)
o
a
)
—— N p up/down
--=-U d up/down
-====- U f up/down .
Figure 7.3.

The total and projected DOSs of 7-layer
UN(001) slab (2 x2 supercell for vacancy-
containing models): a) total DOS of defective
and defect-free surfaces, b) projected DOSs for
the surface containing N vacancies, c) projected
DOSs for the surface containing U vacancies.

Enhergy, eV

i

DOS, arbitrary units

7.4. Magnetic properties

The analysis of the averaged magnetic moment of U atoms (x") in the defective
UN slabs is done too (Fig. 7.4). It decreases for both types of vacancies as a function of a
number of layers in the slab, except for the U vacancy in the surface layer which remains
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almost unchanged. On the other hand, x4 increases significantly when the U vacancy is
located in the subsurface and surface layers. In contrast to the U vacancies, ,u;i for the
slabs with the N vacancies are less sensitive to the position of defect, they are practically
identical for the slabs with the N vacancies in the surface and subsurface planes.
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Figure 7.4. The averaged U magnetic moment . (in ) in the slab as a function of a number
of planes. The dashed curves correspond to U vacancy whereas the solid curves
describe the N vacancy.

7.5. Comparison of results for N vacancies on UN (001) and
(110) surfaces

To increase the reliability of the results we also compare the results of calculations on
N vacancies in surface layer upon UN(001) with analogous calculations on (110) surface
(Fig. 7.5). For (110) surface, we have used 5-, 7-, 9- and 11-layer 2 x 2 surface supercells
as well as 7-layer 3 x 3 supercell. Obtained results are presented in Table 7.2. All basic
tendencies remain similar for vacancies on (110) surface. Averaged magnetic moment
u,, decreases as a function of a number of layers in the slab for both surfaces. On the
other hand, vacancy formation energies are by ~0.7 eV smaller for UN(110) surface. This
distinction is easy explainable due to a larger friability of the (110) surface as compared
to the (001) surface.

a) b)

@UeNBN-vac

Figure 7.5. 2-layer models of N vacancy on UN (001) (a) and (110) (b) surface.
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Table 7.2. Nitrogen vacancy formation energies (in eV) as well as averaged magnetic
moment ¢ of U atom evaluated for UN (001) and (110) surfaces.

Number of layersand | N vacancy E, on #,,(1) N vacancy E,_on (110) #,,(1)
supercell size (001) surface (001) surface (110)
52x2 3.700 1.702 3.075 1.818
7,2x2 3.706 1.548 3.028 1.585
9,2x2 3.708 1.452 3.036 1.512

11,2 x 2 3.712 1.392 3.026 1.453
7,3x3 3.646 1.487 2.966 1.498

7.6. Vacancy calculations: summary

The formation energies for U and N vacancies have been determined using the two
reference states, which include the energies of isolated atoms as well as atoms in the
metallic a-U phase and N, molecule, respectively. The formation energies have indicated
a clear trend for segregation towards the surface (and probably, grain boundaries) as
these energies for surface layer are noticeably smaller than those for sub-surface and
central layers (although both latter are very close). However, the magnetic moments
in the subsurface and central layers differ significantly. We have demonstrated also
a considerable deviation of effective atomic charges from formal charges (caused by a
covalent contribution to the U-N bond).
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8. Modeling of O adsorption and migration
on perfect UN surface

8.1. Atomic oxygen adsorption
8.1.1. Model and theoretical background

To simulate the O atom adsorption, the 5-layer slabs with 2 x 2 supercell have been
used for our PW calculations and spin-frozen LCAO calculations performed by group
of Prof. R.A. Evarestov [P2]. The 5- and 7-layer 3D slabs with 2 x 2 and 3 x 3 supercells
were used for our spin-relaxed PW calculations. To reduce computational efforts, we
have considered symmetric two-sided arrangement of oxygen adatom (Fig. 8.1) similarly
to calculations on vacancies.

Only ferromagnetic UN ground state has been considered in this study as the
energetically most preferable state for low-temperature calculations. The calculations of
UN bulk structure suggest the magnetic moment on the U atom ~1 p, For CRYSTAL
calculations and selected VASP calculations, we have fixed the total spin of the system.
Thus, for five-layer slab the total magnetic moment of a 2 x 2 supercell (containing 20 U
and 20 N atoms) in spin-frozen calculations was fixed at 20 .

a)

@UeNoO

Figure 8.1. Model of O/UN(001) interface: two-sided adsorption of O atoms regularly
distributed atop U atoms with 2 x 2 (a) and 3 x 3 (b) periodicity.

The binding energy E,, , of adsorbed oxygen atom (O, ) was calculated with respect
to a free O atom:

_ 1 UN Ouiplet __ 77O/UN
E,, _E(E +2E% _E ) (Eq. 8.1.1)

where E”™N is the total energy of relaxed O/UN(001) slab for O, positions atop
either the N or U surface ions, E°*#« and EN the energies of an isolated O atom in the
ground (triplet) state and of a relaxed UN slab. In PAW calculations, of free O atom, the
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cubic box with edge ~20 A has been used. The factor % before brackets appears since
the substrate is modeled by slab with the two equivalent surfaces and O, is positioned
symmetrically with respect to the surfaces.

8.1.2. Comparison of spin-frozen PW and LCAO calculations on atomic
adsorbtion

The corresponding results of VASP and CRYSTAL calculations based on the two very
different methods demonstrate a good qualitative agreement for O adatom properties
atop the surface U atom (Fig. 8.2): the binding energies (3D slab models usually
underestimate this parameter, due to a weak repulsion between the adjacent polarized
slabs), atomic displacements and effective charges (which are calculated using the very
different Mulliken (LCAO) and Bader (PAW) procedures).

Go=-1.04 g,=-0.887
’ ° o o ) o o ° Az,=+0.15 A

a= 1974 187 A

E,. =69eV PW E,  =83eV  LCAO

Figure 8.2. The calculated binding energy (E,, ), the distance between O and surface U
cation (d ), the effective atomic charges (g), and vertical (Az) displacements of
U and N atoms from the surface plane for adatom position atop the surface U

atom calculated with PW and LCAO methods.

8.1.3. PW calculations on binding energies, charges and structure relaxation

Due to a mixed metallic-covalent nature of the chemical bonding in UN, we expect
a high affinity of O_, towards the UN(001) substrate. The binding energy per O adatom
is expected to be closer to that on a regular O/Al(111) or O/Al(001) metallic interfaces
(~10 eV) [79] than on semiconducting O/SrTiO,(001) interfaces (with two possible SrO-
or TiO,-terminations) (~2 eV) [80]. Indeed, we have obtained in the VASP calculations
the binding energies of 6.9-7.6 and 5.0-5.7 eV per O adatom atop the surface U or N
ions, respectively, accompanied with 0.5-1.2 e charge transfer from the surface towards
the O adatom (Tables 8.1 and 8.2). The positively charged surface U atom goes outwards,
to the adsorbed O atom (Fig. 8.4), whereas in the O configuration atop the N atom, the
latter is strongly displaced from the adsorbed O atom inwards the slab, due to a mutual
repulsion between N and O.
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N(1) ° N(1) .
Figure 8.3.

Schematic view of O atoms adsorbed atop the surface
‘ N(1) ‘ N U atom. Numbers enumerate non-equivalent surface

atoms described in Tables 8.1 and 8.2.

Table 8.1. The calculated values of the binding energy (E,, ), the distance between O and

surface U atom (dOVU), the effective atomic charges on atoms (g), and vertical

U and N displacements (Az)* from the surface plane for adatom position atop the
U, Values of q for surface atoms on the perfect surface equal to +1.66 (+1.72) e
for U and —1.63 (-1.64 ) e for N_  obtained in PAW 5-layer (7-layer) slab spin-
frozen calculations [P1] vs. +1.68 (+1.74) e for U and ~1.65 (-1.67) e for N_
obtained in analogous spin-polarized calculations [P4].
nay € d(:iu, szm,

Ep| 9o | Guay | Quey | duey Azyop | AZyap | Az

Model of system
eV e e e e

2 X 2, 5-layers,
with frozen spin

2 x 2, 5-layers | 7.57 |-1.08|2.09 | 1.82 | 1.84 | -1.63 | 1.88 | +0.16 | +0.025 | +0.003 | -0.09
2 x 2, 7-layers | 7.51 |-1.08{2.19 | 1.78 | 1.78 | -1.64 | 1.89 | +0.17 +0.03 | -0.02 | -0.09

6.9 [-1.04|1.96 | 1.86 | 1.83 | -1.60 | 1.91 | +0.135* | -0.02 | -0.04 | -0.05

2 x 2, 7-layers, 161" 0.09°
in proximity | 7.58 |-1.08| 1.84 | 1.50 | 1.48 | """ | 1.88 | +0.14 | +0.01 | -0.02 | "

-1.61 -0.08
of N vacancy

3 x 3, 5-layers | 7.59|-1.09]2.13 | 1.80 | 1.74 | -1.62 | 1.88 | +0.16 +0.01 | -0.01 | -0.10
3 x 3, 7-layers |7.57|-1.09]2.13 | 1.78 | 1.79 | -1.62 | 1.88 | +0.16 +0.01 | -0.01 | -0.09

3 x 3, 7-layers, L6 012
in proximity of | 7.59 |-1.09| 1.86 |1.47"|1.38 1.61A 1.88| +0.10 |-0.025" | -0.06 0'1 1"
N vacancy ’ ’

LCAO® 83 |-0.89/1.97 | 1.66 | 1.62 | -1.56 | 1.87 | +0.15" | -0.07 | -0.11 | -0.04

“positive sign corresponds to atom displacement outward the substrate;

" adsorbed O atom in presence of non-equivalent N atomic neighbors for system containing N vacancy
(Fig. 8.10a);

® LCAO calculations performed using CRYSTAL-2006 code by group Prof. Evarestov.

Tables 8.1 and 8.2 clearly show that ionicity of O ,~U,_  bond and effective atomic
charges are slightly larger in spin-polarized calculations (this effect is less pronounced for
0,,-N_ » we have obtained only slight increase of |q|). Relaxation shifts are also slightly

larger in spin-relaxed calculations. The binding energy between adsorbed O and U/N



44

atoms is ~0.6-0.7 eV larger for spin-relaxed calculations as compared to the analogous
spin-frozen calculations. If we estimate the binding energy of O adatom with defective
surface in the proximity of N vacancy according to formula

Eyy = % EUNO0) 4 pOume _ OINO_va) ) (Eq. 8.1.2)

where EN™9 js a total energy of defective UN substrate containing N vacancies
while E™N®) the total energy of adsorbed oxygen atoms atop the defective substrate,
the values calculated using Eqs. (8.1.1 and 8.1.2) are almost the same.

Table 8.2. 'The calculated parameters for O atom adsorbed atop the N_ .atom® (see caption
and footnotes of Table 8.1 for explanation).

Az

NGy

Az

N(2)’

Eip | 9o | Doy | Iy | Inor | Doy Az | Azyp

Model of system
td eV e e e e e A

2 x 2, 5-layers,
with frozen spin

2 x 2, 5-layers | 5.52 |-1.17 | -1.48 | -1.68 | -1.68 | 1.86 | 2.19 | -0.69 | +0.03 | +0.05 | +0.13
2 x2,7-layers | 5.58 | -1.17 | -1.48 | -1.63 | -1.67 | 1.86 | 2.21 |-0.715 | +0.03 | +0.03 | +0.12
3 x 3, 5-layers | 5.57 | -1.18 | -1.51 | -1.67 | -1.68 | 1.89 | 2.20 | -0.70 | +0.01 | +0.01 | +0.13
3 x 3, 7-layers | 5.65 | -1.18 | -1.51 | -1.69 | -1.65 | 1.89 | 2.22 | -0.73 | +0.01 |+0.02 | +0.12

* atomic positions of U and N ions are reversed as compared to those shown in Fig. 8.3.

50 |-1.20 | -1.44 | -1.56 | -1.59 | 1.805 | 2.19 | -0.64 | +0.065 | +0.06 | +0.10

8.1.4. Analysis of electronic properties

Electron density redistributions caused by the absorption of O atom atop N or
U, atoms on UN(001) surface in spin-relaxed case are shown in Fig. 8.4. An analysis
of the difference density plots for both configurations of O, confirms that the oxygen
adatom forms a strong bonding with the U_ atom Wthh can be considered as one-
center adsorption complex (Fig. 8.4c, 8.4d). In the case of O adatom atop the N_ . atom,
this is rather multi-center adsorption complex involving four adjacent surface U atoms
(Fig. 8.4a, 8.4b). As follows from Table 8.2., these surface atoms mostly contribute to the
high O binding energy atop the N . Formation of the strong chemical bonding of O atom
with the U results in a strong anlsotropm redistribution of the electronic charges, thus,
indicating c0n51derable contribution of uranium fand d electrons to chemical bonding.
Plots of electron density redistributions clearly show that U atoms shield influence of
neighbor atoms on the next coordination spheres much better than N_  atoms. When
using 7-layers 3 x 3 supercells, we can avoid the effect of finite-slab size.

Adsorption of O, atop the surface N or U atoms on the UN(001) surface leads
to appearance of the specific oxygen bands in the density of states (DOS) (Fig. 8.5) as

compared to DOS for a pure UN(001) surface (Fig. 6.2). For oxygen atop the U, O(2p)
states overlap with the U (6d) and with a well-pronounced tail of U_ (5f) states in the
region of the N (2p) valence band (-2 to -4 eV). This indicates once more a strong
oxygen chemical bondmg (chemisorption) with U_ typical for metal surfaces. However,
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when O is located atop N_ , the contribution from U__(5f) state in this energy region
diminishes whereas N_ (2p) states are noticeably pushed down to smaller energies, due
to N atom repulsion from negatively charged O adatom.

®U ®N®O0
Figure 8.4. The 2D sections of the electron charge density re-distributions Ap(r) for O atoms

adsorbed atop (i) N atom for 2 x 2 (a) and 3 x 3 (b) supercells as well as (i7)
U, atom for 2 x 2 (c) and 3 x 3 (d) supercells upon the seven-layer UN(001)
slab. Function Ap(r) is defined as the total electron density of the interface
containing adsorbed O atom minus the densities of substrate and adsorbate with
optimized interfacial geometry. Solid (red) and dashed (blue) isolines correspond
to positive and negative electron densities, respectively. Dot-dashed black isolines
correspond to the zero-level.
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Figure 8.5. The total and projected DOS for O atoms distributed with 3 x 3 periodicity atop
7-layer UN(001) slab: a) adsorpion atop N atom, b) adsorpion atop U atom. A
convolution of individual energy levels has been plotted using the Gaussian
functions with a half-width of 0.2 eV.

8.1.5. Comparison of oxygen adsorbtion upon UN(001) and UN(110) surfaces

We have also estimated the binding energies of oxygen adatom with UN(110) surface
(Table 8.3). We have found these results qualitatively similar to those for O adsorption
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on (001) surface. For both surfaces, oxygen binding energy with U atom is larger as
compared to that with N atom (~1.9 eV for (001) and ~2.1-2.2 eV for (110) surface).
Moreover, increase of the surface supercell from 2 x 2 to 3 x 3 leads to slight growth
of binding energy. Oxygen binding energies on (110) surface are ~0.1-0.4 eV larger as
compared to (001) surface. Higher E,, , values for (110) surface can be explained by larger
distances between surface adatoms upon (110) surface resulting in decreased interactions
between adsorbed oxygen and all other atoms, excluding underlying U or N atom.

Table 8.3. The calculated binding energies (E
and (110) surfaces.

eV) for oxygen adsorption atop UN (001)

bind,

Atop U Atop N
Number of layers and supercell size
Binding energy, eV Binding energy, eV
7,2x2 7.51 5.58
(001)
7,3x3 7.57 5.65
7,2x2 7.90 5.73
(110)
7,3x3 7.91 5.99

8.1.6. Atomic oxygen adsorption: Summary

Summing up, the results presented in subsection 8.1 for single oxygen atom
interaction with UN surfaces demonstrate strong chemisorption typical for metallic
surfaces. The excellent qualitative agreement of the results obtained using the two
different first principles methods supports their reliability for simulations on O/UN
interface. O adatom atop U_ . atom forms the one-center complex with underlying U_ .
atom, while oxygen adsorption atop N_ . leads to formation of complex containing the
four adjacent U_ . atoms.

8.2. Molecular oxygen adsorption
8.2.1. Model and theoretical background

The results analyzed in Section 8.1 and Ref. [P2] clearly demonstrate the metallic
nature of UN surface. In this subsection, we simulate the interaction of molecular oxygen
with the perfect UN(001) surface [P3]. The key questions arisen here are: whether the O,
dissociation upon the surface is energetically possible, which adsorption sites are optimal
for this, and whether it can occur spontaneously, without energy barrier, similarly to
other metallic surfaces, for example Al [79].

Calculations on molecular adsorption have been performed using the fixed total spin
equals to 1 p,on each U atom. For simulation on the chemisorption of oxygen molecule,
we have used the 5-layer 2 x 2 extended surface supercell (containing 20 U and 20 N
atoms). The periodic adsorbate distribution corresponds to the molecular coverage of
0.25 ML (or atomic O coverage of 0.5 ML). To reduce computational efforts, we have
used a symmetric two-sided arrangement of oxygen molecules again. The binding energy
E,, . per oxygen atom in the adsorbed molecule (O,) , was calculated as:
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Epy = l(EUN +2E% —E*™), Eq. (8.2.1)
4

where E%"N is the total energy of a fully relaxed O,/UN(001) slab for several
configurations of (O,) upon the substrate (with a center of molecule atop the
corresponding surface site as shown in Fig. 8.7), E% and E"™ the total energies of
an isolated oxygen molecule in the ground (triplet) state and of a relaxed UN slab,
respectively. The factor 1/4 before brackets, similar to atomic adsorbtion calculations,
appears since the substrate is modeled by a slab containing the two equivalent surfaces
with (O,),,, positioned symmetrically relatively to slab surfaces whereas each molecule
before and after dissociation contains two O atoms. When modeling the molecular
adsorption, we have analyzed different configurations of O, molecule in the triplet state
on the UN(001) substrate. Vertical orientations of the molecule atop the surface N or
U ions have been found to be metastable with respect to molecule reorientation to the
horizontal configuration, parallel to the surface. We have estimated both the binding
energy of a molecule, using Eq. (8.2.1), and the dissociation energy of molecule (for some
configurations), i.e., the difference of the total energies of a slab with an O, molecule
before and after dissociation, when the two O atoms in the triplet state are positioned
atop the two nearest U . atoms (Table 8.4).

8.2.2. Spontaneous dissociation

We have found that a spontaneous, barrierless O, dissociation takes place in the two
cases: when the molecular center is atop either (i) a hollow site or (i) N_  atom, with the
molecular bond directed towards the two nearest U_ . atoms (the configurations 1 and
5 in Fig. 8.6, respectively). The relevant dissociation energles E,  are given in Table 8.4,
along with other parameters characterizing the atomic relaxatlon and the Bader charge
distribution. Geometry and charges for the configurations 1 and 5 after dissociation
(Table 8.4) are qualitatively similar to those obtained for UN(001) substrate covered by
chemisorbed O atoms, e.g., U atoms beneath the oxygen adatom after dissociation are
shifted up in both configurations (Table 8.4). However, since concentration of O, in
these calculations is twice as larger as compared to that for atomic oxygen adsorbtion
[P2, subsection 8.1], some quantitative differences of the results presented in Tables 8.4
and 8.1 for oxygen atom adsorbtion atop U_  atom are unavoidable. For example, the
repulsion energy between the two adatoms after O, dissociation, which are positioned
atop the two nearest U_ . atoms (the configuration 1) is quite noticeable, ~0.7 eV.

We have also identified two other configurations of adsorbed oxygen molecules where
the dissociation is energetically possible with energy barrier: (i) atop the hollow site when
a molecular bond is oriented towards the nearest N_ . atoms (the configuration 2 in Fig.
8.6) and (ii) atop the U_  atom (for any molecular orientation, e.g., the configurations 3
and 4 in Fig. 8.6). For the configuration 2, we have observed the orientation instability
of the adsorbed molecule which easily rotates, e.g., towards the U, atom with further
dissociation. The configurations 3 and 4 rather describe metastable UO, quasi-molecules,
due to a strong bonding between all three atoms (Fig. 8.7¢) and since the corresponding
U,,,; atom is noticeably shifted up from its initial positions on surface (Table 8.4). The
dissociation of (O,) , molecule in configuration 3 is energetically possible but only after

overcoming the activation energy barrier.
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Figure 8.6.
N N ‘ Schematic view of five different horizontal

1 9’ configurations for the O, molecule adsorption on
4,02 UN surface: 1) atop the hollow site oriented towards
i N the nearest U, atoms, 2) atop the hollow site
oriented towards the nearest N atoms, 3) atop the

U, atoms oriented towards the next-nearest surface

N
U, ,atoms, 4) atop the U_  atoms oriented towards
N N sur sur
the nearest N, atoms, 5) atop the N, atoms
oriented towards the nearest U_  atoms. We show
that spontaneous dissociation of molecule can occur
N

5
‘—QN@—O when O, is located either atop the hollow site (1) or
atop the N_ - atom (5).

Table 8.4. The calculated values of binding (E,, , Eq. (8.2.1)) and dissociation (E, )
energies, geometry (z, Az) and Bader charges (q) for configurations of molecular
and spontaneous dissociative chemisorption of oxygen molecule upon the
UN(001) substrate. Numbers in brackets correspond to the configurations shown
in Fig. 8.6. The calculated binding energy for a free O, molecule in the triplet
state is 6.06 eV and a bond length is 1.31 A (cf. with experimental values of
5.12 eV and 1.21 A, respectively) [81].

b c d’
position | P70 o | Ear | 0, ¢ |20U1 (U2 (N9, | Az (UD), Az (U2), | 4Z(N),
atom, eV eV e e e A A A
2| molecular |50 1y go3| L | 0465 | 1913 | 1762 | -1.533 | -0.050 | -0.050 | 0.025
= | adsorption
=}
24 after. 6.04 |1.957|3.01 | -0.978 | 2.053 | 1.978 | -1.577 | 0.075 | 0.068 |-0.133
issociation
towards
o | next-nearest | 4.00 | 218 | - |-0.5905| 2.042 | 1.836 |-1.6065| 0.176 | -0.048 |-0.096
g« U (3)
<
towards 418 |214| - |-0.578 |2.0485| 1.827 | -1.625 | 0.123 | -0.051 | -0.106
nearest N (4)
G| molecular |, 1) 020 - |-0.5685|1.8675| 1.832 | -1.354 | -0.050 | -0.050 | 0.025
=z | adsorption
& after
gl . 2 585 |1.955|3.18 | -0.979 | 2.115 | 1.876 | -1.580 | 0.073 | 0.021 |-0.201
dissociation

“z is the height of O atoms respectively the non-relaxed UN substrate,

b U1 the nearest surface U, atom,

U2 the next-nearest U atom,

N the nearest N atom,

¢Az the additional vertical shifts of the same surface atoms from their positions in absence of adsorbed

oxygen.

8.2.3. Electronic properties of adsorbed molecule

Adsorption of an O, molecule (in the triplet state) is accompanied by the charge
transfer of ~1 e (per molecule) from the substrate (Table 8.4). In Fig. 8.7, we analyze
the difference electron charge redistributions for three configurations of horizontally
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oriented (O,) , molecules upon the surface: (a) molecule adsorbed upon the hollow
site (the configuration 1, Fig. 8.6), (b) molecule dissociated from this configuration
with O adatoms located atop the nearest U atoms, and (c) molecule adsorbed upon
the U, atom (at configuration 3). Spontaneous O, dissociation and, thus, a smooth
transition from the charge distribution (a) to (b) can be explained by continuous areas
of the electron density (Fig. 8.7a) parallel to the surface which may be considered as
dissociation channels, analogously to the density plot for a molecular oxygen upon the Al

substrate [79].

a) b) <)

®U eNeo
Figure 8.7. The difference electron density maps Ap (r) (the total density of the interface
minus the sum of densities of substrate and adsorbate with optimized interfacial
geometry) (a) for the O, molecule upon the hollow position oriented to the
nearest U atoms, (b) after its dissociation in the configuration 1 (Fig. 8.6) with
O atoms atop the U atoms and (c) for the O, molecule atop the U atom in
the configuration 3 (Fig. 8.6). Solid (red) and dashed (blue) isolines correspond
to positive and negative electron density, respectively. Isodensity increment is
0.003 e A,

After dissociation, each O adatom contains an extra charge of ~1 ¢, i.e., transforms
into O ion in the triplet state (Fig. 8.7b). In contrast, when considering the molecular
configuration 3, these dissociation channels are transformed into dissociation barriers
(Fig. 8.7¢). Simultaneously, we observe considerably higher electron density, indicating
a kind of UO, quasi-molecule with a strong bonding between the O, molecule and
surface U atom beneath. Thus, difference between the electron density plots presented
in Figs. 8.7a and 8.7c can explain different dissociation abilities of O, molecule in the
configurations 1 and 3 (Fig. 8.6).

For the same adsorbate configurations considered above, we have constructed the
total and projected densities of states (DOS) (Fig. 8.8). Molecular adsorption in these
configurations leads to appearance of the specific oxygen bands as compared to those for
oxygen adatoms upon UN surface (Fig. 8.5) and O atom substituted for a host N atom in
UN bulk [82]. For a molecular oxygen atop the hollow position (Fig. 8.6a), O(2p) peak
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is observed at -1 eV overlapping with the U(5f) and U(6d) bands. After O, dissociation
(Fig. 8.7b) this peak disappears being replaced by the broad two-peak band in the region
of the N(2p) valence band (from -2 to -5 V), similarly to the DOS for oxygen adatoms
on UN(001) substrate (Fig.8.5). Some differences are also noticeable between the
corresponding U 5fand 6d peaks in the spectral range above -1 eV (Figs. 8.8a-8.8¢c) which
can be caused by both different arrangement of O and U atoms in these configurations
and sensitivity of U states to the presence of oxygen, thus indicating a strong oxygen
chemical bonding (chemisorption). When oxygen molecule is located atop the U_ .
atom (the configuration 3), the U(5f) and U(6d) contributions in the energy range above
-1 eV are diminished, simultaneously the O(2p) contribution grows, thus increasing an
overlap between all three states and indicating UO, quasi-molecular bond formation.
As compared to the adsorption of oxygen molecule upon the hollow site (Fig. 8.8a), we
again observe a higher O(2p) peak (at -1.5 V) and an additional lower peak of the same
O(2p) (at -5.5 eV) which noticeably overlaps with the U(5f) and U(6d) subpeaks (Fig.
8.8¢). Some analogue of the latter pattern was observed earlier for the projected DOS
of O atom substituted for N atom in UN bulk [82]. In all three DOSs (Fig. 8.8), a broad
band containing the N(2p) projected states is not changed drastically which means a
weak influence of N atoms on the O, molecule adsorption upon the UN(001) surface.

a) ———0 p up/down b) ———0 p up/down

N p up/down -N p up/down
-=-=-U d up/down --=-Ud up/down
=== U f up/down === U f up/down
—— TOTAL up/down —— TOTAL up/down
) 2
-’E‘ c b
S 3 R
E \Energy (eV) g ~ Y| Energy (eV)
2] s 7 g R
P % i
8 8 7
C) ——— O p up/down
=N p up/down Fi
igure 8.8.
----Ud up/down
R The total and projected densities of states for
£ ~ three configurations of O, molecule as in Fig. 8.6
g ‘Energy @) (the same a, b, ¢). The orbital projections of both
5 / O atoms as well as the nearest N and U atoms are
g shown. The highest peaks have been normalized
to the same value, whereas a convolution of
individual energy levels was plotted using the
Gaussian functions with a half-width of 0.2 eV.

Summing up, the results of ab initio calculations on adsorption of oxygen molecule
upon the perfect UN(001) surface clearly demonstrate a real possibility for spontaneous
dissociation of the adsorbed oxygen, analogously to the O, dissociation on “traditional”
metallic surfaces.
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8.3. Simulation of migration path for O adatom along
the UN(001) surface

We have considered three main migration paths of oxygen adatom upon the UN(001)
surface (Fig. 8.9): (i) path 1: between the sites atop U_  atom and the nearest N atom,
(if) path 2: between the sites atop the two neighboring U_  atoms, (iii) path 3: between
the sites atop the two neighboring N atoms:

of 3

Figure 8.9. Different oxygen migration paths upon the UN(001) surface (atop view).

Table 8.5. BindingenergiesE,, ofadsorbedoxygenindifferent positionsatop UNslab (Fig.8.9).

1. From site atop U, to site atop N (migration path 1)

Supercell size: 2x2 3x3
Number of atomic layers: 5 7 5 7
atop U_, 757 | 751 | 7.59 | 7.57
Y4 of distance U-N (or 0.61 A from U atom) 7.39 7.39 - -
1 of distance U-N (or 1.22 A from U atom) 6.97 6.98 - -
% of distance U-N (or 1.83 A from U atom) 5.91 5.93 - -
atop N_ . (or 2.43 A from U atom) 5.52 5.58 5.57 5.65
2. From hollow position (h.p.) to site atop U_ . (migration path 2)
Supercell size: 2x2 3x3
Number of atomic layers: 5 7 5 7
atop h.p. 7.21 7.245 7.20 7.21
Y of distance h.p.-U (or 0.43 A from h.p.) 7.23 7.255 - -
% of distance h.p.-U (or 0.86 A from h.p.) 7.32 7.33 - -
% of distance h.p.-U (or 1.29 A from h.p.) 7.45 7.45 - -
atop U, (or 1.72 A from h.p.) 7.57 7.51 7.59 7.57
3. From hollow position (h.p.) to site atop N_ . (migration path 3)
Supercell size: 2x2 3x3
Number of atomic layers: 5 7 5 7
atop h.p. 721 725 | 720 | 721
1/4 of distance h.p.-N (or 0.43 A from h.p.) 6.61 6.65 - -
1/2 of distance h.p.-N(or 0.86 A from h.p.) 6.32 6.35 - -
3/4 of distance h.p.-N(or 1.29 A from h.p.) 5.54 5.57 - -

atop N_ . (or 1.72 A from h.p.) 5.52 5.58 5.57 5.65
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The binding energy E,, , of oxygen atom adsorbed upon the UN surface has been
defined in subsection 8.1.1. To reduce the computational time for calculations on oxygen
adatom in interstitial positions, we have relaxed only z coordinates of slab atoms fixing
their x and y coordinates. For adsorption of O atoms atop the N or U atoms, the
total slab geometry relaxation has been performed, to control changes of symmetry
arisen due to lateral interaction. The results obtained for all migration paths of adatom
for different slab thicknesses and supercell extensions are systematized in Table 8.5. This
Table presents the values of binding energies calculated for migration paths of O adatoms
upon the perfect UN(001) substrate shown in Fig. 8.9. We have fixed five sites along the
O,,, migration trajectories for 2 x 2 supercells of UN(001) slab and two sites for 3 x 3
supercells. In both cases, the most favorable migration trajectory has been optimized to
be the line joining the sites atop the nearest surface U atoms and the hollow sites between
them (trajectory 2). The corresponding energy barriers found to be 0.36 eV (5-layer slab)
and 0.26 eV (7-layer slab) indicates on a high mobility of O , atoms upon UN. The energy
barriers along other two migration trajectories are substantially larger (1.93-2.05 eV and

1.31-1.69 eV for trajectories 1 and 3, Fig. 8.9).

Thus, we observe quite high mobility of atoms along the surface, due to relatively
low migration barriers.
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9. O atom migration and incorporation into defective
UN(001) slab

9.1. Low-barrier incorporation of O adatom from site atop U  atom
to N_ . vacancy

To understand the initial mechanism of adatom incorporation into the surface
layer of UN(001), it is necessary to clarify both energetic and structural possibilities
of O,, migration along this substrate, both perfect and defective. To estimate oxygen
adatom mobility upon the UN(001) surface, we have performed a series of ab initio spin-
polarized calculations.

According to our calculations, O atom adsorbed atop the U_ .atom in the proximity
of the surface N vacancy can be captured by the latter (Fig. 9.1) when overcoming a low
energy barrier (~0.5-1 V). We have estimated the energy gain for such a transition of
oxygen adatom using the formula:

AE — l EUN(OiiniNivac) _ EUN(Oiatopi U) E q (9 1.1 )

2 tot tot

where E.©-" N2 s the total energy of the supercell containing the O atom in

the N vacancy (position 2 as shown in Fig. 9.1), and E gf\'(o-““’p— Y the total energy of the
supercell with O atom adsorbed atop U_  atom positioned in the proximity of existing
N vacancy (position 1). For calculations on ESZUN(N*V“), we have fixed horizontal x
and y oxygen coordinates, to prevent O adatom migration. Multiplier % in Eq. (9.1.1)
appears due to the symmetric arrangement of adsorbed or incorporated O atoms. When
comparing Eor©" ") yvalue (obtained as a result of adatom migration from position
atop U__atom into vacancy) with Eq©-""*) where O adatom is directly incorporated
into pre-existing vacancy (Section 9.2) the corresponding difference does not exceed
0.01 eV. The calculated energy gain (AE) for the transition from position 1 to position
2 (as shown in Fig. 9.1) equals to ~2 eV per oxygen adatom (1.99 eV for 2 x 2 7-layer
supercell and 1.94 eV for 3 x 3 7-layer supersell).
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® @ -
Al nn N an ar 1 Al nn

Figure 9.1. Atop (a) and across (b) views of surface model used for simulation of oxygen
atom low-barrier incorporation from the initial position (1) atop U_ . atom (left)

into the nearest existing N vacancy (2). Numbers enumerate non-equivalent

surface atoms for oxygen adsortion in proximity of N_ . vacancy (see caption of

Fig. 8.3).
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In Fig. 9.2, the diference of electron charge redistributions for oxygen adsorpion
atop U_  atom in the proximity of the surface N vacancy is analyzed. The electron charge
redistributions in the slab look similarly to adsobtion atop U, , atom without adjacent
N vacancy (Fig. 8.4c,d). Parallel to the surface between adsorbed O atom and existing
N vacancy the electrostatic channels with electronic density shortage can be observed

which are directed towards the oxygen adatom incorporation into the N vacancy.

®U eN®Oo
Figure 9.2. The 2D sections of the electron charge density re-distributions Ap(r) for O atoms

adsorbed atop U_ . atom near the surface N vacancy. Other details are given in
caption of Figure 8.4.

Thus, we have showed the possibility of low-barrier oxygen adatom incorporation
into existing N vacancy from the nearest adsorption site atop U_ . atom.

9.2. Oxygen incorporation into surface vacancies
9.2.1. Model and computational details

One of possible ways for UN surface oxidation is the formation of oxynitrides near
the UN surface [18]. Hence, it is very impotant to describe the oxygen interaction with
the single vacancies. As known from literature, considerable attention was paid so far
for the static and dynamic properties of primary defects (vacancies and incorporated
impurities) in UN bulk [34] which affect the fuel performance during operation and
its reprocessing. Apart the behavior of empty vacancies, the O atom incorporation into
vacancies in bulk UN has been considered too. Incorporation of oxygen atom into the N
vacancy in bulk has been found to be energetically more favorable as compared to the
interstitial sites [82]. However, the solution energy shows an opposite effect. In order
to shed more light on the mechanism of unwanted UN oxidation, the incorporation of
oxygen impurities into the N- and U- vacancies on the UN(001) surface is focused in this
subsection and Ref. [P5].
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Our calculations have been performed for the supercells with 2 x2 and 3 x 3
extensions of translation vector upon the UN surface. Oxygen-occupied N and U
vacancies have been disposed in the surface, subsurface and central layers of 2D slab. Due
to the presence of mirror layers in the symmetric slabs, one can consider the two-sided
symmetric arrangement of defects, except for the central mirror plane, thus, minimizing
the computational expenses. The spin magnetic moment was allowed to relax in all the
calculations for the FM spin arrangements on the uranium sublattice.

9.2.2. Oxygen incorporation and solution energies

The energy balance for the incorporation of an O atom into a vacancy can be
characterized by the incorporation energy E, suggested by Grimes and Catlow [83] in the
shell model calculations on fission products in UO,:

E] — EUN(OJnc) _EUN(N/Uivac) —EO, Eq (921(1)

for the O atom incorporated into the N- and U vacancy disposed in the central
atomic layer and

1

E[ — E(EUN(OJ'nc) _ EUN(N/Uivac) _ ZEO), Eq. (9.2. 1 b)

for the same incorporation in the surface or sub-surface layers. Here E"™©-" is
the total energy of the supercell containing the O atom at either the N- or U vacancy
(EUNO-ine) ), EINNU ) he energy of the supercell containing an unoccupied (empty)
vacancy, and E° half the total energy of isolated O, molecule in the triplet state. It is
defined by the oxygen chemical potential at 0 K. Since the value of E, describes the
energy balance for the incorporation into pre-existing vacancies, it has to be negative for
energetically favorable incorporation processes.

To take into account the total energy balance, including the vacancy formation
energy E, in the defect-free slab, the solution energy [83] has been defined as:

Es=E +E,,, Eq. (9.2.2)

where E__is the formation energy of N- or U vacancy in the slab calculated using
Eq.7.1.1a or 7.1.1b.

It is worth mentioning, however, that use of the standard O pseudopotential in our
VASP calculations gave good bond length of 1.23 A for the O, molecule but considerable
overestimated its binding energy (6.79 eV vs. the experimental value of 5.12 eV). Several
corrections were suggested in the literature how to take into account this serious DFT
shortcoming [84, 85]. Thus, the calculated formation and solution energies of defect may
be corrected by ~1 eV (its impact is discussed below).
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Table 9.1. Incorporation (E,) and solution (E,) energies (eV), average spin magnetic
moments of U atoms ,u:i () as well as effective charge of oxygen atoms (e’) for
O incorporation into the UN(001) surface. The reference states for calculation
of the incorporation and solution energies have been chosen as the chemical
potentials of O, N and U calculated for O,, N, molecules and a-U, respectively.

—_ " N vacancy U vacancy
L F | sts v v
= o »
WE By EZ28s BV B @v)| M | g,0) Eev) Eev)| Ho g )
33| 2883 () ()
5 -6.173 | -2.473 | 1.65 | -1.36 | -0.339 | 1.120 | 1.16 | -0.98
2x2 7 -6.181 | -2.476 | 1.49 | -1.36 | -0.855 | 0.583 | 1.36 | -1.03
Surface 9 -6.188 | -2.479 | 141 | -1.36 | -0.943 | 0.493 | 1.31 | -1.06
3%3 5 -6.122 | -2.481 | 1.60 | -1.37 | -0.683 | 0.654 | 1.48 | -1.05
X
7 -6.126 | -2.480 | 1.46 | -1.36 | -1.073 | 0.230 | 1.38 | -1.08
5 -6.314 | -2.068 | 1.64 | -1.42 | -1.856 | 1.284 | 1.66 | -1.10
2x2 7 -6.419 | -2.090 | 1.49 | -1.40 | -1.823 | 1.297 | 145 | -1.10
Subsurface
9 -6.417 | -2.091 | 1.41 | -1.40 | -1.823 | 1.271 1.38 | -1.10
3x3 7 -6.428 | -2.093 | 1.46 | -1.39 | -2.012 | 1.000 | 1.43 | -1.10
7 -6.611 | -2.180 | 1.47 | -1.42 | 0.736 | 3.923 | 1.44 | -0.89
Central |2 X2
. 9 -6.608 | -2.192 | 1.39 | -1.38 | 0.669 | 3.838 | 1.38 | -0.90
(mirror)
3x3 7 -6.599 | -2.182 | 1.45 | -1.42 | 0317 | 3.378 | 147 | -0.94

The calculated O adatom incorporation into the N vacancy at the UN(001) surface
has been found to be energetically favorable since both values of E, and Ej are strictly
negative (Table 9.1). This is in favor of both creation of the N vacancy and adsorption
of the O atom from air. Also, E, decreases by ~0.4 eV (becomes more negative) within
the slab as compared to the surface layer, whereas E, is smallest for the N vacancy just
on the surface layer. In contrary, in the case of U vacancies, the values of E, calculated
for the surface and central layers have been found to be close to zero. The sub-surface
layer is characterized by E, which is ~1 eV smaller than that for the surface and central
layers. Our results indicate importance of oxynitride formation. However, E is positive
and increases for O atoms in the the U vacancy and the slab center. The energies in
Table 9.1 do not include the corrections discussed above for the O atoms. However, such
corrections may lead to E, (or E,) increased by ~1 €V and, as a result, more positive E, for
the U vacancy. Table 9.1 also indicates that solution of the oxygen atoms is energetically
more favorable at the surface layers than inside the slab. As the supercell size increases
(the 3 x 3 extension in Table 9.1), both E, and E_ values decrease whereas influence of the
slab thickness is not so clear. Nevertheless, the U vacancy appeared to be most sensitive
to the supercell size related to spurious interactions between the periodically repeated
defects. The E, as well as E, values may be reduced by 0.15 eV at the average in this case.

9.2.3. Spin densities and Bader charges

Table 9.1 allows us to analyze also the averaged spin density of U atoms (u.)) for
different morphologies of defective UN(001) surfaces with incorporated O atoms.
Analogously to defective UN surface with empty vacancies [P4], u\ decreases with
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a number of layers in the slab for both types of the vacancies (except for the O atom
incorporated into the U vacancy in the surface layer). It is also seen that u., is higher in
the surface layer for the N vacancy than for the U vacancy. The sub-surface and central
layers are characterized by similar u. for both types of vacancies. Interestingly, the
effective charge g, on O atoms is also higher for the N vacancy and inside the slab.
However, in the case of U vacancy, g ; decreases by almost 0.3 e. The same effect has been
also observed for adjacent N atoms: their effective charge is smaller when the O atom
occupies the U vacancy. The overall picture suggests prevalence of the covalent bonding
between different species in the system.

9.2.4. Charge redistribution analysis: Finite-size effects and choice of supercell size

Large concentrations of defects (25% for the 2 x 2 extension in Table 9.1) causes
certain finite-size effects which can be illustrated using the 2D difference electron density
redistributions Ap(r). These plots are shown for the O atoms incorporated into the N
vacancies at the surface (Fig. 9.3) and central layers (Fig. 9.4). Inside the 5-layer slab, a
presence of the two symmetrically positioned defects induces their interaction (visible in
charge redistribution across a slab in Fig. 9.3a). An increase of the slab thickness reduces
this effect (Fig. 9.3c). If the supercell size is decreased (the 2 x 2 extension, Fig. 9.3b) an
additional electron density parallel to the surface layer is observed between the defects.
Similar effects are also observed for redistributions of the electron density around defects
in the mirror planes (Fig. 9.4). The effect of supercell size in this case is similar to that
discussed for the N vacancy.

a) b) )

@®U eN @O0

Figure 9.3. The 2D sections of the electron charge density re-distributions Ap(r) around
the O atoms incorporated into the surface N vacancies of the 5- and 7-layer
UN(001) slabs with 2 x 2 and 3 x 3 supercell extensions. Ap(r) are defined
as the total electron density of the O-containing defected surface minus a
superposition of the electron densities of the surface containing the N vacancies
and the O atom in the regular positions on the surface. a) 3 x 3 periodicity of the
O atoms upon the five-layer slab, b) 2 x 2 periodicity of the O atoms upon the
seven-layer slab, ¢) 3 x 3 periodicity of the O atoms upon the seven-layer slab.
Other details are given in caption of Figure 8.4.
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underestimated in this case.

The effect of supercell size in this case is similar to that discussed for the N vacancy.
However, in the case of surface U vacancy, a larger concentration of electron density
was seen between the O atom and neighbouring N atoms in the sub-surface layer,
in a comparison to the N vacancy. Thus, the effect of slab thickness also may not be

®U eN @O0

Figure 9.4. The 2D sections of Ap(r) around the O atoms incorporated into the N vacancies
in central layer of 7-layer UN(001) slabs with (a) 2 x 2 and (b) 3 x 3 supercell
extensions. Other details are given in caption of Figure 9.3.
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N vacancies with a 3 x 3 periodicity across
the 7—-layer UN(001) slab: a) surface layer, b)
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i.e., these have been multiplied by a factor of
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energy levels was plotted using the Gaussian
functions with a half-width of 0.2 eV.
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9.2.5. Electronic densities of states (DOS) for incorporated oxygen

In Figure 9.5, the total and projected densities of states are shown for the 7-layer
defective UN(001) surface with the O atom incorporated into the N vacancy. The system
remains conducting throughout all the calculations with the significant contribution
from the U(5f) states at the Fermi level similar to perfect UN(001) slab (Fig. 6.2). The
appearance of specific O(2p) band with the energy peak at -6 eV is observed. When
comparing the DOS for the O atoms incorporated into the N vacancies, a noticeable shift
of the O(2p) band (by about -1.0 eV) allows one to distinguish the surface layer from the
internal layers.

Moreover, in the case of surface layer, this band considerably overlaps with the N(2p)
band, partly mixed with the U(5f) states (similar effects occur with the O, molecule atop
the surface U atom [P2]). In contrary, the O(2p) band remains quasi-isolated from the
other bands (analogously to the O atom incorporated into the N vacancy in UN bulk
[82]). Position of the N(2p) band is insensitive to presence of O atoms and lies within
energy range of -6 and -1 eV.

9.2.6. Comparison of oxygen incorporation into N vacancy on the UN(001) and
(110) surfaces

Similarly to results for perfect UN surface as well as vacancy formation and
atomic oxygen adsorbtion, it could be interesting further to compare incorporation
(E,) and solution (E,) energies for two surfaces, i.e. UN (001) and (110) (Fig. 9.6). Table
9.2 compares these energies as function of slab thickness and supercell size. One can
see that the UN(110) surface is characterized by more negative solution energy, eVen
though the difference between their solution energies is ~0.3. eV. On the other hand, the
incorporation energy changes this trend suggesting more negative values for the (001)
surface. Moreover, the difference between incorporation energies approaches to 0.4 eV.
Such results demonstrate importance of E, calculations as our surface might function
under extreme conditions like high temperatures. Nevertheless, we clearly see similar
tendencies for both surfaces (Table 9.2).

a) b)

@UeNoO

Figure 9.6. 2-layer models of oxygen incorporation into surface N vacancy on UN (001) (a)
and (110) (b) surface
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Table 9.2. Incorporation (E,) and solution (E,) energies, average spin magnetic moments
of U atoms and effective charge on O atoms for oxygen incorporated into N
vacancy on UN (001) and (110) surfaces. The reference states for calculations on
the incorporation and solution energies are the chemical potentials of O and N
calculated for O, and N, molecules, respectively (2 x 2 and 3 x 3 supercells).

Number of U U
layers and | E, (eV) E, (eV) U, () q,(e) | E (eV) E, (eV) U, () q,(€)
supercell
size (001) surface (110) surface
52x%2 -6.173 -2.473 1.647 -1.36 -5.853 -2.778 1.736 -1.27
7,2 %2 -6.181 -2.476 1.495 -1.36 -5.822 -2.794 1.516 -1.29

9,2 x2 -6.186 -2.479 1.412 -1.36 -5.820 -2.784 1.472 -1.29
11,2 x2 -6.195 -2.483 1.365 -1.35 -5.817 -2.791 1.416 -1.29
7,3%x3 -6.126 -2.480 1.463 -1.36 -5.748 -2.783 1.471 -1.28

9.2.7. Modeling of O adatom incorporation: summary

Considerable energetic preference of O atom incorporation into the N vacancy
as compared to U vacancy indicates that the observed oxidation of UN is determined
mainly by the interaction of oxygen atoms with the surface and sub-surface N vacancies.

The formation of oxynitrides [18] near the UN(001) surface is proposed, which can
be caused by diffusion of the oxygen atoms within the interlayers of uranium nitride
with further capture by nitrogen vacancies, thus, resulting in their stabilization due to
formation of the chemical bonds with the nearest uranium atoms. The electronic charge
redistributions demonstrate quite local nature of the density perturbation caused by the
incorporated O atoms. The analysis of density of states shows both overlapping of the
O(2p) states with the N(2p) states at initial stages of oxidation (surface incorporation)
and separation of the O(2p) states from other bands in the case of deeper positioned
oxygen atoms (sub-surface penetration). The results of this analysis could be used for
the interpretation of the experimental ultraviolet photoelectron spectra for uranium
oxynitrides [18].
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10. Summary

The PAW method is used to analyze basic UN bulk properties, point defects behavior
on UN surface as well as oxygen interaction with UN surface. We obtain results of such
calculations for pure UN bulk an surface, nitride and uranium vacancies on the surface,
atomic and molecular adsorbtion as well as oxygen diffusion on UN(001) surface which
hase been performed with complete relaxation. We estimate surface supercell size and slab
thickness which allow us to obtain accurate results for UN surface. It has been found that
use of 7-layer slab with 3 x 3 surface extension vectors gives results that are qualitatively
close to single defect model. However, in the case of smaller 2 x 2 supercells and 5-layers
slabs one can observe noticeable lateral interaction between the defects. We have also
compared energies of (i) nitrogen vacancy formation, (ii) oxygen atom adsorption upon
U or N surface atom as well (iii) O atom incorporation into N vacancy evaluated for both
UN (001) and (110) surfaces.

In spite of aforesaid, some questions about UN surface are still opened. evaluations
of formation energies for U vacancies performed so far demand additional verifications of
these results using other theoretical methods as well as further development of uranium
atom pseudopotentials. To obtain more precise results for oxygen diffusion along the
UN(001) surface, the Nudged Elastic Band method [49] must be applied which allows one
to obtain more realistic trajectories of atom migration. The performance of this approach
will be significantly improved when using the latest release of VASP-5 computer code as
compared to VASP-4 version used for calculations within this PhD Thesis. It will allow
us to obtain reasonable results during the reasonable CPU time. The new experimental
measuruments on UN surface (for example, EXAFS measurments, which allow one to
observe atomic environment around separate atoms or UPS spectra for identification of
oxynitride-like structures) will be also significant for versatile pucture construction of
UN oxidation process. This is also important for elaboration of reliable protection of UN
samples against aggressive influence of oxygen.

On the whole, the results described in the PhD Thesis represent the significant step
for modeling of actinide compounds and promote to better understanding of UN surface
oxidation.
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11. Main theses

The results obtained using the two substantially different DFT computational
methods based on formalisms of Plane-Waves (PW) and Linear Combination of
Atomc Orbitals (LCAO) demonstrate their good qualitative agreement, i.e. serve as
a reliable verification of obtained results.

The formation energies for U and N vacancies indicate a clear trend for segregation
of vacancies towards the surface (and probably, grain boundaries).

Results obtained for interaction of O atoms and O, molecules with UN surfaces
demonstrate a strong chemisorption, typical for metallic adsorbents. The possibility
for spontaneous dissociation of the adsorbed oxygen molecules upon the perfect
UN(001) surface, analogously to the O, dissociation on metallic surfaces, has been
demonstrated. After molecular dissociation, O adatom forms a strong chemical
bond with the U atom beneath which can be considered as one-center surface
complex. In the case of O adatom positioned atop the N_ . atom, this complex is
rather multi-center which involves 4 adjacent U_  atoms.

High mobility of O, atoms along the surface due to relatively low migration
barriers (<0.5 eV) has been demonstrated. The possibility of low-barrier (~0.5-1 eV)
oxygen adatom incorporation into existing N vacancy from the nearest adsorption
site atop U_ . atom has been proved too as well as energetical stability of UN surface
containing incorporated oxygen atoms.

The following stages for reactivity of oxygen positioned atop the UN surface could be
suggested: (i) chemisorption of molecular oxygen, (ii) spontaneous breaking of the
O, chemical bond after molecular adsorption, (iii) location of the two newly formed
O adatoms atop the adjacent surface U atoms, (iv) high mobility of O_, atoms along
the surface, (v) low-barrier incorporation of oxygen adatoms from the positions
atop U_  atoms into the nearest N vacancies, (vi) stabilization of O , atom inside
N_;vacancy, (vii) incorporation of O atoms in existing subsurface N vacancies as a
result of inter-lattice diffusion. This explains an easy UN oxidation observed in air.
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Anctacija

Urana mononitrids UN ir viens no materialiem, kuru var izmantot ka perspektivu degvielu IV
paaudzes kodolu reaktoriem. Ta ka UN paraugos vienmér atrodas ieverojams daudzums skabekla
piemaisijumu, nepieciesams izprast O adsorbcijas mehanismu, ka art tam sekojoso UN oksidesanos.

Mes pirmo reizi veicam UN virsmas un tas mijiedarbibas ar skabekli detalizétu petijumu,
izmantojot DFT PAW metodi VASP programmas ietvaros. U un N vakances veidosanas energijas,
ka ar1 saites energijas virs UN virsmas adsorbétgjiem skabekla atomiem un molekulam tika
apskatitas kopa ar ladinu pardalisanos, elektronisko stavoklu blivumu un O atomu migracijas
trgjektorijam. Veiktie aprekini lauj piedavat energétiski iespéjamo mehanismu UN(001) virsmas
dalcjai piesatinasanai ar skabekli. Tas izskaidro eksperimentali novérojamo vieglo UN oksidaciju
gaisa.

Atdeégvardi: kvantu kimija, blivuma funkcionala teorijas aprekini, urana mono- nitrids,
virsmas defekti, skabek]a adsorbcija.



Abstract

The uranium mononitride UN is a material considered as promising candidate for Generation-
IV nuclear reactors. Due to considerable amount of aggressive oxygen impurities in UN samples, it
is necessary to understand the mechanism of O adsorption and further oxidation of UN.

The first detailed study of UN surface, including its interaction with oxygen, have been
performed using DFT PAW method as implemented in the VASP computer code. The formation
energies of U and N vacancies as well as binding energies of O atoms and molecules adsorbed atop
the UN surface are discussed together with the charge redistributions, densities of states, and O
atom migration tragjectories. Calculations allow us to propose energetically feasible mechanism for
the partial saturation of UN(001) surface by oxygen which can lead to easy UN oxidation observed
inair.

Keywords: Quantum chemistry, Density Functional Theory calculations, uranium mononitride,
surface defects, oxygen adsorption
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Abstract: LCAO and PW DFT calculations of the lattice constant, bulk modulus, cohesive energy, charge distribu-
tion, band structure, and DOS for UN single crystal are analyzed. It is demonstrated that a choice of the uranium
atom relativistic effective core potentials considerably affects the band structure and magnetic structure at low tem-
peratures. All calculations indicate mixed metallic-covalent chemical bonding in UN crystal with U5f states near the
Fermi level. On the basis of the experience accumulated in UN bulk simulations, we compare the atomic and elec-
tronic structure as well as the formation energy for UN(001) surface calculated on slabs of different thickness using

both DFT approaches.

© 2008 Wiley Periodicals, Inc.
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Introduction

Uranium mononitride and carbide (UN, UC) attract a considerable
attention as promising nuclear fuel materials for novel Generation
IV reactors.' In particular, nitrides and carbides exhibit higher
thermal conductivity, melting temperature, and metal density when
compared with uranium dioxide that is commonly used nowadays.
To predict nuclear fuel performance under different operating con-
ditions and then a prolonged time in repository for used fuel, it is
necessary to understand and predict material physicochemical
properties. Of special importance are surface properties because
commercial fuels are used as powders and UN, UC are effectively
oxidized in air. The more so, numerous grain boundaries consider-
ably affect material properties.

Theoretical studies of uranium compounds are difficult due
to a relativistic character of electron motion in the U atom core
and strong electron—electron correlation. Moreover, UN is a
rather complicated system because it is characterized by a mixed
metal-covalent chemical bonding. The metallic part (U5f states
near the Fermi level) is better described by a delocalized basis
of the Plane Waves (PW), whereas the covalent part (U5/-N2p
hybridization) by a Linear Combination of Atomic Orbital
(LCAO) basis set. This is why in this article we compare results
of both approaches.

In Section “Previous ab initio simulations on UN bulk,” the
comparison is made for the bulk properties (studied earlier
experimentally), with a detailed analysis of relativistic pseudopo-
tentials in Section “Current DFT LCAO and PW calculations on

UN bulk.” In “DFT LCAO and PW calculations on UN(001)
surface” section, we discuss—for the first time—the (001) sur-
face properties (so far, the atomistic simulations on U compound
substrates were performed only for densely packed UO,
surfaces?).

Previous Ab Initio Simulations on UN Bulk

UN single crystal possesses fcc (face-centered cubic) structure
with two atoms per unit cell: the lattice constant ay = 4.886 A,
the bulk modulus B = 194 GPa, and the cohesive energy £y, =
13.6 eV.! These properties could be used as the test for theoreti-
cal calculations. Below 53 K UN undergoes the antiferromag-
netic (AFM) ordering with the doubled unit cell and the spin
density (SD) of 0.75 ug per U ion (at 4.2 K). Above this tem-
perature, it reveals paramagnetic properties with the effective
magnetic moment in the Curie-Weiss law of ~3.1 ug. UN shows
a metallic conductivity.

So far, most of calculations were performed for the high tem-
perature phase (a primitive unit cell) relevant for fuel applica-
tions. The first relativistic KKR® and LMTO? calculations were
performed already in 80s focusing mostly on the atomic and
band structure of UN crystal. The calculated lattice parameters
were within 3% of the experimental value, whereas the bulk

Correspondence to: R. A. Evarestov; e-mail: re1973@re1973.spb.edu

© 2008 Wiley Periodicals, Inc.
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Table 1. Calculated Properties of UN Bulk Crystal.”

Property PBE-AE-LAPW’>°® PBE-US’ PWI1-PAW'®© PW91-US!' 4 PW91-AE" PW91-LCAO" ©
ag, A 4.886 4.820 4.864 4.954 4.90 Fixed expt.
B, GPa 209 226 182

E., eV 13.4 14.7 12.3 9.9-12.8
SD, ug 1.25 1.05 3.02-3.20

Lattice constant a, bulk modulus B, cohesive energy E. and spin density SD per unit cell. AE, all electrons; US,

ultrasoft pseudopotentials.

“In the LCAO approach, the value of E. is calculated with respect to the free N and U atoms, whereas in the PW
approach it was estimated with respect to the same atoms placed in cubic supercells with large (10 A) translation

vectors.
°WIEN-2k code.
“VASP code.
ICASTEP code.
*GAUSSIAN code.

modulus was reproduced worse, within 11%. Only recently these
first principles calculations were continued (Table 1). In particu-
lar, the all-electron (AE) LAPW calculations (refs. 5, 6; Sedmi-
dubsky et al., unpublished, 2005) were performed using the
GGA-PBE (Perdew-Burke-Ernzerhof) exchange correlation func-
tionals with and without incorporation of the spin-orbital interac-
tion (WIEN-2k computer code) for a series of actinide nitrides.
The calculated cohesive energy and the lattice constant are close
to the experimental values. Incorporation of the spin-orbital cou-
pling leads to a large (8.2 eV) splitting of U6p semicore into
6p1» and 6psp as well as slight reduction of the magnetic
moment from 1.25 down to 1.16 pg. The hybridization of N2p,
USf, and Ué6d states was observed in the Brillouin zone (BZ)
due to their overlap: the N2p energy levels lie in the region of
—6 to —1 eV whereas the U5f states dominate near and at the
Fermi level. The calculated band structure around the Fermi
level is in qualitative agreement with the experimental UPS
spectra,”®

In ref. 6 the WIEN-2k calculations were complemented by a
study of the AFM phase. The lattice constant is in a good agree-
ment with the experiment (~0.4%), but—unlike the experi-
ment—the ferromagnetic structure is found to be lower in
energy, with the SD = 0.96 ug. It should be pointed out that
this is presumably a failing of the PBE functional. Notice, that
due to use of muffin-tin spheres, the attribution of the electronic
and spin density to individual ions is not uniquely defined.

Systematic DFT-PW calculations were also performed, start-
ing with a study’ focused on the UN and UC atomic structure.
Using the ultra-soft (US) pseudopotentials and PBE96 exchange-
correlation functional, the experimental UN and U,Nj lattice
constants were reproduced within 3% error. In the more detailed
UN, UN,, and U,N; DFT PW calculations, the VASP'® and
CASTEP!! codes using the Perdew-Wang (PW91) nonlocal
GGA exchange-correlation functional'* were employed and
combined with either the US or PAW pseudopotentials, respec-
tively. Both methods agree on complicated mixed metallic-cova-
lent nature of the UN chemical bonding and reproduce well the
lattice constants, bulk moduli, and cohesive energies. Analo-
gously to previous calculations for the primitive unit cell, they
suggest the magnetic moment on U ion close to unity. The DFT
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PW approach combined with a supercell model was further used
in the calculations of defective UN crystal, containing single
point defects and Frenkel and Schottky defect pairs.'®'" A study
of defect properties is of key importance for the prediction of
fuel behavior under operational conditions and in further centu-
ries-long depository.

One more first-principles all-electron relativistic DFT study
with GGA PW91 exchange correlation functional and numerical
double ¢ basis set was performed recently for UN and UN,'%
the results are compared with the experimental EXAFS and X-
ray diffraction data. New element in that article is a calculation
of the phonon frequencies and heat capacities, which are impor-
tant for the fuel behavior prediction. Authors provide additional
evidence for an important role of itinerant U5f states in thermo-
dynamic properties.

To understand better the UN fuel performance, careful study
of the chemical bonding in crystalline bulk and its surface prop-
erties is a necessary step. The LCAO approach is a natural way
for such a study as it extends for the periodic systems the chem-
ical bonding analysis developed in quantum chemistry of mole-
cules,'® and it is free of muffin-tin approximation problems. In
particular, recent first principles DFT and hybrid HF-DFT
LCAO calculations of UO, crystal'® provided the structural,
electronic, and magnetic properties in a good agreement with
the experimental data.

The ground state valence electronic configurations of U and
N atoms are 5/°6d"7s* and 2s*2p>, respectively. In a crude ionic
bonding picture, the U6d and 7s electrons fill the N2p states and
the three U5f electrons form the highest occupied molecular or-
bital (HOMO)."” The LCAO calculations allow one to study this
qualitative picture in more detail, analyzing the changes of the
free atom electronic structure due to the chemical bonding for-
mation, and to connect the energy bands of a solid with the
atomic states. However, the first LCAO electronic structure cal-
culations of crystalline UN have been only recently performed.'
In that article, several different Relativistic Effective Core
Potentials (RECP) containing 60, 78, and 81 electrons in a U
ion core, which are discussed in more detail in the next RECP
Formalism, were used and compared. In particular, for the
RECP78, there exist 14 outermost uranium atom electrons
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included into the valence shell (65°6p°6d'5f>7s%). The results
obtained were compared with those for RECP60, where 32 out-
ermost uranium atom electrons are included in the valence shell
(the configuration 5s5p®5d'°65°6p%6d'5f>7s%). Lastly, in the
RECP81 U5f electrons are included into the atomic core.

Recent LCAO calculations on UN bulk'® have been per-
formed using the GAUSSIAN-03 computer code with the PW91
exchange-correlation functional and periodic boundary condi-
tions. Unlike previous PW calculations, the LCAO (RECP78)
suggests the ground state with the three unpaired electrons (S,
= 3/2, i.e.,, SD ~ 3 up) whereas the S, = 1/2 state lies slightly
higher in energy (~0.5 eV). The latter is close to that experi-
mentally observed. The values of cohesive energy calculated for
RECP78 and RECP60 considerably differ (9.86 and 12.8 eV,
respectively, last column in Table 1), thus indicating an impor-
tance of the U outer shell relaxation.

Group-theoretical analysis performed for interpretation of the
UN band structure demonstrates that threefold degenerate (at I'
point) U5f t,, state is split at X and W points of the BZ due to
hybridization with the N2p states, which produces a narrow band
near the Fermi level (~2 eV). This band is occupied with 3 spin-
up electrons. The U5f ty, state is allowed by symmetry to mix up
with N2p state at the I" point and form a broad band to the lower-
energy side. Lastly, the nondegenerate U5Sf a,, state is empty; it
forms the bottom of the conduction band (CB). In other words,
both bottom of the CB and the top of the valence band (VB) are
formed by U5f states which leads to the metallic nature of this
compound13 (unlike UO, which is a semiconductor'®). The Mul-
liken effective atomic charges of *=(1.5-2.0) e calculated using
the GAUSSIAN-03 code confirm the mixed nature of the UN
chemical bonding and are in agreement with the Bader topologi-
cal charges of *1.6 e obtained in PW calculations."'

Current DFT LCAO and PW Calculations on
UN Bulk

RECP Formalism

As mentioned above, the proper choice of relativistic core pseu-
dopotentials is important for reliable DFT calculations. The dif-
ferent methods for construction of RECP have been suggested
so far.’> To the best of our knowledge, the small core (SC)
pseudopotentials of U atom (60 core electrons, with Ss, 5p, and
5d electrons referred to the valence shell) were generated only
for LCAO calculations. Unreliability of the large core (LC)
pseudopotentials RECP78 for U was known in calculations of
uranyl UO5? ion'® as well as molecules of uranium fluorides
UFs and UF,.!° In particular, the most famous molecular failure
was that for the uranyl ion, predicted to be bent using the LC
RECP, whereas the correct linear structure was recovered only
with the SC pseudopotential.

We use here the energy-adjusted small core (SC) pseudopo-
tential by Stuttgart-Cologne group (SC60).%° Its parameters are
fitted to the excitation and ionization energies obtained in the
relativistic all-electron calculations performed using a numerical
finite difference approach. The RECP generation method based
on numerical Dirac-Hartree-Fock wave function, allows one the
computation of averaged (over (/—1/2) and (/+1/2) components)
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relativistic effective potentials (AREP) and includes also the
effective spin-orbit potential (ESOP) operators. Use of the
energy-adjusted pseudopotentials SC60 in the complete form
(with ESOP) requires use of a two-component spinor (spin-or-
bital) formalism in molecular or crystalline calculations. In our
scalar-relativistic calculations only the AREP part of RECP has
been employed.

The accuracy of the calculations with the energy-adjusted
RECPs is essentially limited by the demand that only the radi-
ally local (semilocal) RECP operator is used. A more strict treat-
ment of the outermost core electrons (for example, U6s and 6p
electrons) demands to treat them explicitly. Since effective
potentials are somewhat different for the outermost core and va-
lence electrons with the same orbital and total moment, new
terms with projectors on the outermost core pseudoorbitals were
added to the conventional core pseudopotential operator in the
Generalized RECP (GRECP) method (see ref. 21 and references
herein). The importance of additional nonlocal terms in the
expression GRECP operator is demonstrated in U atom calcula-
tions.?? In the present calculations we have used for U atom the
only radially local AREP version by the Mosyagin-Titov LC
(MT78) and SC (MT60) pseudopotentials.13

The radially local AREP form used in LCAO calculations is
a sum of a Coulomb term C, a local term V|,. and a semilocal
term V, usually presented analytically as

Z M
Vps(r) = C 4 Viee + Vg = —% + Z r%2Cy exp(—or?)
P

3 M,
+ Z Z I‘nk'72Ck1 exp(—ocklrz) P, (1)
1=0 [ k=1

where Zy in a Coulomb term is the effective nuclear charge
(total nuclear charge minus the number of electrons represented
by RECP); ny, nig = 0, 1, 2 and Cy, Cyy, o, o are fitting pa-
rameters. The local term is a sum of products of polynomial and
Gaussian radial functions whereas a semilocal term contains a
sum of products of polynomial radial functions, Gaussian radial
functions and angular momentum projection operators P;. There-
fore, to specify the semilocal RECP, one needs to include a set
of triplets (coefficient, power of r and exponent) for each term
in each angular momentum of RECP. The contraction coeffi-
cients Cy, Cy, exponents oy, o and powers ny, 1y are found by
fitting the numerical AREP to expansions in Gaussian type func-
tions (GTF) for the different RECP versions.

For each AREP the corresponding numerical atomic orbitals
are approximated by the GTFs linear combinations, including
both contracted and primitive GTOs. In particular, the contracted
part of a U basis set (12s11p10d8f)/(8s7p6d4f) corresponding to
the RECP SC60 in the segmented contraction scheme, defines
three s-type (5s, 6s, 7s), two p-type (5p, 6p), two d-type (5d, 6d)
and one f-type (5f) orbitals, occupied by the valence electrons in
the ground state of U atom. The rest (primitive) GTOs are polar-
izing and diffuse orbitals necessary to properly describe the tails
of the free-atom wave functions. The basis sets 11s5p6d5f and
6s3p4dAf have been used in our MT60 and MT78 RECP calcula-
tions, respectively. Table 2 presents the diffuse primitive Gaus-

DOI 10.1002/jcc



2082 Evarestov et al. » Vol. 29, No. 13 + Journal of Computational Chemistry

Table 2. Diffuse Primitive Gaussian Exponents in the Basis Set of a
Free U Atom Corresponding to the Stuttgart-Cologne
Pseudopotential SC60.'®

Shell type
GTO K P d f
1 0.071170 0.005000 0.073273 0.181420
2 0.030539 0.005000 0.005000
3 0.005000

sian exponents in the basis set of a free U atom corresponding
to the SC60 pseudopotential.

It is well known that for LCAO bulk calculations the basis
set (BS) of free atom has to be modified as the diffuse functions
cause numerical problems because of the large overlap with the
core functions of the neighboring atoms in a dense-packed crys-
tal.'> This is why in the bulk calculations the diffuse exponents
are either removed (as done in our calculations) or optimized, in
order to minimize the total energy per unit cell. For example,
the detailed BS optimization performed for Hartree-Fock (HF)
and DFT LCAO calculations on ATiO; perovskites (A = Sr,
Ba, Pb)'° resulted in a good correlation with available experi-
mental data (lattice parameters, bulk moduli and optical band
gaps). Although there exist different algorithms for minimization
of many-variables functions,>>** no analysis of their efficiency
for the BS optimization in crystals was done so far.

In our PW calculations presented here the VASP code® was
applied with the projector-augmented-wave (PAW) pseudopoten-
tials for U and N atoms. The PAW method by Bléchl®® uses the
transformation operator between pseudo-orbitals and original
orbitals combining the pseudopotential approach and LAPW
method. The U PAW78 pseudopotential with a large U core
(LC) RECP (78 core electrons, 14 valence electrons) is the same
as in previous VASP calculations on UN'®'" containing the
closed shell configuration 6s*6p°5f%64*7s> while the U ground
state possesses an open shell configuration known as
6526p°5f6d'7s>. %> Unlike those calculations, we have used here
two different exchange-correlation functionals and very high ac-
curacy in both k-point mesh and cut-off energy. Both LCAO
and PW spin-polarized (FM) bulk calculations have been per-
formed for the cubic crystalline structure of UN.

LCAO and PW Calculations on UN Bulk

Previous LCAO calculations clearly demonstrated that the chem-
ical bonding in UN crystal has a metallic-covalent character.'>'”
The partly covalent bonds are formed by the interaction of US5Sf
and 6d states with the N2p states. It was shown that the inclu-
sion of 5f electrons in the atomic core (RECPSl”) introduces
small changes in the calculated cohesive energy of UN crystal
and electron charge distribution. However, the inclusion of 5s,
5p, and 5d electrons in the valence shell results in a better
agreement with values of both calculated and experimentally
measured cohesion energy.

In the present and former'> LCAO studies of UN bulk, we
have used the two computer codes: the GAUSSIAN-03%" and
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the CRYSTAL-06*® suited for periodic systems. Both these
codes give close results if the direct lattice summation is made
up to 50 a.u. in the GAUSSIAN-03 and the tolerances 8 8 8 8
16 are used in CRYSTAL-06 for the Coulomb and exchange
integrals calculations. The Monkhorst-Pack scheme® for 16 X
16 X 16 k-point mesh in the BZ was applied in both cases. For
the N atom, the all-electron basis set 6-311-i-+G(2a’,2p)30 was
used, while the diffuse Gaussian function with the orbital expo-
nent 0.0639 a.u~' was removed from the crystal calculation. As
to BS of U atom, all diffuse orbitals (with orbital exponents less
than 0.1 a.u™') were removed from the bulk calculations but
retained in the free atom calculations.

The results of DFT-LCAO calculations on UN bulk using
PWO91 exchange and correlation functionals are presented in
Table 3 for three different RECPs described above in RECP
Formalism. Table 3 shows that the E. is essentially underesti-
mated in MT78 calculations, but is close to the experimental
value in MT60 and SC60 calculations. As to the lattice parame-
ter ag, our LCAO DFT values (4.78 and 4.80 A) do not differ
much from those obtained in other DFT calculations (Table 1).
The bulk modulus B is underestimated in MT78 calculations
and overestimated both in MT60 and SC60 calculations. The
calculated effective charge of U atom in UN (Qy) is close to 1.6
e for all three RECP used and comparable to 1.7 e found in PW
PAW?78 calculations'® using the topological Bader analysis.

Table 3 shows also that the populations of 64 and 5f orbitals
on U atom are sensitive to the RECP choice. The AO popula-
tions allow us to analyze a role of different U atomic orbitals in
the U-N chemical bonding using the RECP SC60 for a valence
configuration 55°5p®5d'°6s%6p°6d"'5f>7s>. The conclusion could
be drawn from the Table 3 that the sum of 5s and 6s orbital
populations is close to 4 e thus demonstrating their small partici-
pation in the U-N chemical bonding. From the UPS and XPS
investigations of the core and valence levels of UN, the popula-

Table 3. The Results of Current LCAO Calculations for UN Bulk.

Property MT78 MT60 SC60
ap (4.89) 5.17 4.78 4.80
Eo —106.5218 —531.0228 —531.9898
Ey —51.5970 —475.9572 —476.9186
E. (13.6) 9.6 13.4 13.6
B (194) 167.2 291.6 276.9
Qu 1.63 1.55 1.58
SD 3.18 1.18 1.06
Populations, e
6] s 2.05 4.20 4.04

P 5.98 12.03 12.15

d 1.11 11.96 11.96

f 3.23 2.26 2.27
N s 3.89 3.87 3.87

p 4.72 4.58 4.64

d 0.02 0.10 0.07

The energy per unit cell E, and the U atom energy Ey (given in a.u.),
the cohesive energy E. (eV), the lattice constant ag (A), and the bulk
modulus B (GPa). The experimental values are given in brackets in the
first column. The U atom spin density (SD) is given in ug.
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Figure 1. The energy bands of UN crystal constructed for: (a) LCAO PW91 (RECP 60) and (b) PW
PWI1 (RECP 78) Hamiltonians. The energies are given in a.u., solid and dotted lines correspond to

the states with spin up and spin down, respectively.

tion of 2.2 £ 0.5 e in the U5f band near the Fermi level has
been estimated.'” This result is in good agreement with our
DFT-LCAO (2.27 e, see Table 3) and FP LAPW (2.17 ¢ %) val-
ues for U5f populations. As to U6d orbitals, their participation
in the chemical bonding is seen from Table 3: for the RECP
MT?78, 6d population is 1.11 e, but for both RECPs-60 it is 1.96
e. It is also seen that the covalent part of bonding is defined
mainly by N2p orbitals.

As follows from Table 3, the SD value in the ground state of
metallic UN crystals is close to unity in the calculations with
the RECP 60. The calculated spin-density of 1.06 ug (SC60) is
the most close to the experimental value of 0.75 ug." This result
differs from that found in article'""? for different RECP 78
when the ground state with the spin projection 3/2 appeared to
be more favorable (the three USf electrons with parallel spins
occupying the t,, states near the Fermi level).

Figure 1a shows the upper part of the valence and the lower
part of the conduction energy bands obtained in the LCAO
DFT-PWO1 calculations with the RECP SC60 for the total spin
projection S, = 1/2. The lowest in energy threefold degenerates
subband and next nondegenerate subband are formed by U6p
and U6s+N2s states, respectively. The next threefold subband
centered at —0.10 a.u is formed by the hybridized U5f + N2p
states. The highest subbands up to the Fermi level are formed
mainly by U5f states. The more detailed analysis of the crystal-
line orbitals at the BZ shows, in particular, that the nondegener-
ate ay, level is occupied by two (spin-up and spin-down) 5f elec-
trons; the third 5f unpaired spin-up electron occupies three-fold
degenerate t,, level formed by U6d states. The relative position
of different U5f subbands near the Fermi level depends on the
RECP chosen. As it follows from ref. '*, the RECP78 calcula-
tions change the order of bands in such a way that three spin-up
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electrons occupy the states of three-fold band near the Fermi
level. Thus, the spin density calculated depends on the RECP
chosen (~3 e for RECP78 and ~1 e for the RECP60, see Table
3). The choice of the RECP SC60 is preferable, as it gives the
best agreement with the experimentally known UN properties.
Therefore, in our LCAO surface calculations to be analyzed in
next section we used the RECP SC60 for the core electrons.

Computational procedure of the VASP code® used for our
current DFT-PW calculations applies a standard iterative solu-
tion of the Kohn-Sham equations based on residuum-minimiza-
tion and optimized charge-density mixing routines.>’ They
include the calculations of the Hellmann-Feynman forces acting
on the atoms and the stresses on the unit cell.*> The total energy
is optimized with respect to the positions of the atoms within
the unit cell or supercell. For UN bulk PW calculations, we
have applied the same 16 X 16 X 16 k-point mesh in the BZ in
the framework of Monkhorst-Pack scheme® as used in LCAO
calculations described above. The cut-off energy was chosen to
be 520 eV for the PW91 and PBE Hamiltonians compared here.
Main results of these calculations are presented in Table 4 and
Figure 1b.

The conclusion could be drawn from the Table 4 that the
two DFT functionals used give similar results close to the previ-
ous VASP calculations'™'" performed with a smaller k-point
mesh and the cut-off energy. A comparison of Tables 3 and 4
demonstrates a qualitative correlation of properties calculated
using the LCAO (RECP 60) and the PW (RECP 78) methods,
except for bulk modulus which is noticeably overestimated in
the CRYSTAL calculations as compared with the experimental
value.

The analysis of band structures for UN bulk presented in Fig-
ure 1 calculated by LCAO and PW methods using the same
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Table 4. The Results of Current PW Calculations for UN Bulk and
Their Comparison with Previously Published Data.

Property PWO1 PBE  PWY91-PAW'®  PBE-AE-LAPW’*
ap (4.886)  4.868  4.867 4.864 4.886

E. (13.6) 1479 14.57 14.7 13.4

B (194) 227 224 226 209

Qv 1.69 1.69 1.61 -

SD 1.15 1.19 1.05 1.25

See Table 3 footnote for explanation.

PWO91 Hamiltonian demonstrates even good quantitative correla-
tion in details especially below the Fermi level, in agreement
with the experiment’ and the previous DOS analysis performed
in earlier PW VASP calculations.''

DFT LCAO and PW Calculations on UN(001)
Surface

Single (2D) and Repeated (3D) Slab Models of a Surface

The single (2D) and repeated (3D) slab models are used in
LCAO and PW surface calculations, respectively.'> The LCAO
calculations do not require artificial repeating of slab along the
normal to the surface direction as it is made in PW calculations
to restore 3D periodicity. However, use of atom-centered Gaus-
sian BS faces in LCAO calculations a rather serious problem
known as the basis-set superposition error (BSSE). The problem
is that in a system comprising interacting fragments A and B,
the fact that the basis sets on A and B are practically always
incomplete means that the fragment energy of A has necessarily
to be improved by the basis functions on B, irrespective there is
any genuine binding interaction in the AB system or not. The
improvement in the fragment energies lowers the energy of the
combined AB system. The BSSE is an ever-present phenomenon
and accurate calculations should always include the BSSE analy-
sis. The examples when one should be particularly concerned
include the binding energy of molecules adsorbed on surfaces or
calculation of defect formation energies.'> The approach most
commonly used to estimate the BSSE effect is the counterpoise
correction®: the separated fragment energies are computed not
in the individual fragment basis sets, but the total basis set for
the system including “ghost basis functions” for the fragment
that is not present. These energies are then used to define the
counterpoise-corrected (CPC) interaction energy.

In the bulk crystal the AO basis of a given atom is extended
by AOs centered on atoms in the neighboring unit cells. How-
ever, in the slab calculations this is not true for surface atoms.
This may lead to underestimate of the slab energy and as a con-
sequence, to overestimate of the surface energy. Moreover, the
AO used in the crystal and slab calculation may not be suffi-
ciently diffused to reproduce correctly the electronic density dis-
tribution tail in the vacuum outside the surface. Corresponding
corrections are similar to those arising for bulk solids and mole-
cules. The simple and physically reasonable way to introduce
the CPC interaction for the slab model of a surface (bare,
reduced, relaxed) was suggested in ref. ** and includes the addi-
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tion of one and two extra layers of ghost atoms on both slab sur-
faces. The fixed ghost atoms are placed at their bulk positions,
thus forming the crystallographic planes next to the surface
atomic planes. The additional Gaussians are centered on the
ghost atoms and called the extra layer basis set (ELBS). This
approach was applied in ref. 34 in a study of water adsorption
on SrTiO; (001) surface. The geometric structure of slabs was
reoptimized, fixing the positions of the ghost atoms. It was
found that addition of the first ELBS introduces noticeable
changes in the calculated properties, whereas the second ELBS
has no further effect. In particular, the BSSE correction reduces
the surface energy of cubic semiconducting perovskites and
decreases the water adsorption energy. For metallic UN crystal
the large electron delocalization may increase the influence of
the BSSE on the calculated surface energies and surface relaxa-
tion. This is demonstrated in the following section.

For DFT-PW surface calculations, we use 3D symmetric slabs
consisting of 3—11 atomic layers separated by vacuum gaps up to
15 empty layers (see Fig. 2). This inter-slab distance is large
enough to exclude interaction between the neighboring 2D slabs
and to allow one the comparison of 2D LCAO and 3D PW results.

Vacuum gap

~ UN (001)
layer

L {1 ‘ t X { h .’I'-'i ,-1: '“"*"i
~J’H!;’!L;’!Lhﬂ*-
':||l||“q|, ."I,.: mj[- i

Vacuum gap

*ﬁ#\_, . UN (001)

layer

Vacuum gap

Figure 2. Side view of five-layer 3D slab model of the UN(001)
surface.
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Table 5. The Calculated Atomic Displacements Az (A) on UN (001) obtained for Different Slabs and

Methods.
Number of atomic planes in slab

Atom Method 3 5 7 9 11

Surface U LCAO —0.085 —0.095 - - -
LCAO (extra layer added) —0.026 —0.046 - - -
PW PWO1 —0.041 -0.020 -0.050 —0.061 —0.057

Subsurface U LCAO —-0.011 - - -
LCAO (extra layer added) —0.001 - - -
PW PWI1 —0.018 —0.016 -0.013 -0.013

Surface N LCAO 0.064 0.058 - - -
LCAO (extra layer added) 0.049 0.048 - - -
PW PWO1 0.030 0.022 0.025 0.033 0.026

Subsurface N LCAO —0.002 - - -
LCAO (extra layer added) 0.027 - — -
PW PWI1 0.026 0.028 0.032 0.022

Positive sign means an outward displacement from the slab center and vice versa.

In the PW surface calculations, we have used the PW91 Hamilto-
nian only, since a comparison between results of the PW91 and
PBE calculations on UN bulk (Table 4) do not show any noticea-
ble differences. We have applied the same Monkhorst-Pack
scheme for the 8 X 8X1 k-point mesh. The cut-off energy was
chosen 520 eV, similar to the bulk. All calculations were per-
formed for the spin-polarized (FM) surface states.

Comparison of LCAO and PW Results for Unrelaxed and
Relaxed Surface

We have analyzed in detail the vertical displacements along the
z axis of both surface and subsurface atoms from their host lat-

Table 6. The Effective Atomic Charges g(e) on the UN (001) Slab.

tice sites in UN bulk (Table 5), effective atomic charges (Table
6), the surface energies (Table 7) as well as DOS obtained in
the PW calculations (see Fig. 3). The surface energy of an n-
layer slab was estimated from the standard basic relationship:

1
Equf(n) = ﬁ(En — nEp) 2)

where E, is the total slab energy per primitive surface unit cell
and S its area, while Ey is the total energy per primitive bulk
unit cell.

There is a good qualitative agreement between structural
relaxations and effective atomic charges for the LCAO with the

Number of atomic planes in slab

Atom Method 3 5 7 9 11
Surface U LCAO 1.63 1.63 - - -
LCAO (extra layer added) 1.64 1.64 - - -
PW PWO91 1.65 1.66 1.72 1.67 1.65
Subsurface U LCAO - 1.51 - - -
LCAO (extra layer added) - 1.55 - - -
PW PWOI1 - 1.65 1.63 1.63 1.69
Middle U (mirror plane of slab) LCAO 1.45 1.57 - - -
LCAO (extra layer added) 1.52 1.55 — - -
PW PWOI1 1.62 1.67 1.72 1.65 1.62
Surface N LCAO —1.55 —1.55 - - -
LCAO (extra layer added) —1.61 —1.60 - - -
PW PW91 —1.64 —1.63 —1.64 —1.63 —1.67
Subsurface N LCAO - —1.59 - - -
LCAO (extra layer added) - —1.57 - - -
PW PWOI1 - —1.67 -1.7 —1.64 -1.7
Middle N (mirror plane of slab) LCAO —1.61 —1.58 - -
LCAO (extra layer added) —1.58 —1.57 — - -
PW PW91 —1.65 —-1.7 —1.66 —1.62 —1.64
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Table 7. Surface Energies Eg,s (J m~2) and Relaxation Energies E, (eV) obtained for UN(001) Surface in

LCAO and Plane Wave Calculations.

Number of atomic planes in slab 3 5 7 9 11
Method LCAO Eur (unrelaxed) 2.20 2.29 2.28 2.11 -
Egur (relaxed) 2.06 2.13 - - -
E. 0.203 0.230 - - -
LCAO (extra layer added) Eg. (unrelaxed) 1.68 1.45 - - -
E. (relaxed) 1.430 1.38 - - -
E. 0.359 0.121 - - -
Plane waves PW91 Eg .t (unrelaxed) 1.81 1.87 1.84 1.86 1.90
Eg.¢ (relaxed) 1.70 1.69 1.70 1.70 1.69
E. 0.156 0.258 0.210 0.239 0.305

extra-layer and the corresponding PW data (Table 5). First of
all, in both methods atomic displacements have the same direc-
tions: N atoms go outwards from the surface whereas U atoms
relax inwards, to the slab center. This is a pattern typical for the
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Figure 3. The projected DOS for the bulk (a) and the perfect
UN(001) surface (b) in FM states.
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rumpling observed on oxide surfaces but the rumpling in UN is
considerably larger. One observes also substantially larger mag-
nitudes of surface U displacements than N atoms, whereas sub-
surface atom relaxations are smaller.

There is also a good agreement of the effective atomic
charges calculated in the LCAO and PW using two very differ-
ent methods (Table 6). These charges indicate a considerable U-
N bond covalency in both UN bulk and on the surface. Asym-
metrical electron charge redistribution on U and N atoms is
likely caused by atomic displacements from a crystalline 2D
plane.

The surface energies are stabilized for slab thicknesses
around 5-7 layers whereas the relaxation energy is more sensi-
tive to the thickness (Table 7). Because of lack of experimental
results, the calculated values of surface energy could be qualita-
tively compared only with 1.0-1.2 J/m? obtained recently for
UO,(001) surface energy using the quantum mechanical calcula-
tions.> As one can see, the surface energies of UN(001) and
UO,(001) are predicted to be similar. A qualitative agreement is
observed between the UN(001) surface energies obtained in the
LCAO calculations using extra-layer and the PW calculations.
Increase of the number of atomic layers in the UN(001) slab sta-
bilizes the energy of relaxed surface.

The total and projected DOS in the FM state obtained in our
PW calculations is present in Figure 3. There is a small differ-
ence in band shapes from previous UN bulk calculation,'’ due
to the much higher k-point mesh and cut-off energy used here.
A comparison of the bulk DOS (Fig. 3a) with that for the pro-
jection of the surface U and N atoms (Fig. 3b) shows mainly
changes in the shape of unoccupied states above the Fermi level.
In both cases the mixed metallic-covalent chemical occurs with
U5f states at the Fermi level, which is in line with previous ex-
perimental and theoretical studies' %%,

Conclusions

In this article, we demonstrated an importance of choice of the
proper effective core potentials in actinide (U) compound calcu-
lations which can considerably change the results obtained (e.g.,
the magnetic structure). We have also shown that the reliable
LCAO calculations of the surface properties needs introduction
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of an extra layer of the ghost functions simulating correct elec-
tronic density decay into vacuum from the surface. All this
allowed us to perform first detailed study on properties of the
densely packed UN(001) surface.

The results obtained by means of two substantially different
DFT methods—LCAO and PW—demonstrate good agreement.
We observed considerable relaxation of surface atoms which
affects the surface energy. These results will be used in further
study of surface defects and processes, first of all, UN surface
oxidation which is important practical problem for its use as
advanced nuclear fuel.
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Fabrication, handling and disposal of nuclear fuel materials require comprehensive knowledge of their
surface morphology and reactivity. Due to unavoidable contact with air components (even at low partial
pressures), UN samples contain considerable amount of oxygen impurities affecting fuel properties. In
this study we focus on reactivity of the energetically most stable (001) substrate of uranium nitride
towards the atomic oxygen as one of initial stages for further UN oxidation. The basic properties of O
atoms adsorbed on the UN(00 1) surface are simulated here combining the two first principles calculation
methods based on the plane wave basis set and that of the localized orbitals.

© 2008 Elsevier B.V. All rights reserved.

The actinide nitrides and carbides, e.g., uranium mononitride
(UN) with a face centered cubic (fcc) rock salt structure, belong
to the family of non-oxide ceramic nuclear fuels considered as
promising candidates for the use in Generation-IV fast nuclear
reactors. These materials reveal several advantages over traditional
UO, fuel (e.g., higher thermal conductivity and metal density) [1].
One of the problems with nitride and carbide fuels is their active
interaction with the oxygen which results in an effective fuel
oxidation and degradation [2]. This could affect the fabrication pro-
cess as well as the fuel performance and safety. First experimental
studies on O in UN were performed in 80ies ([1] and references
therein). These activities were continued recently combining sev-
eral techniques ([2] and references therein). However, understand-
ing of the atomistic mechanism of fuel oxidation needs first
principles theoretical modeling. Thus, to shed more light on this
problem, we study here theoretically the interaction of atomic oxy-
gen with the UN(001) surface.

Theoretical simulations of uranium compounds are especially
complicated due to a relativistic character of an electron motion
in the U atomic core and the strong electron-electron correlation.
Moreover, UN is characterized by a mixed metal-covalent chemical
bonding. Physical and chemical properties of light actinides are
determined by partly localized 5f electrons, which determine a
number of properties, such as mixed valence, magnetism, etc. A
series of first principles DFT calculations on pure and defective
UO, were performed recently (e.g., [3-8]) whereas a number of
similar calculations on the nitride fuels is still much more limited
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[9-15]. In our recent paper [15] the methodology was proposed for
LCAO calculations of the UN surface properties. The first results on
the pure UN surfaces were presented therein using two approaches
based on the basis sets of atomic orbitals (AO) and plane waves
(PW), respectively. Use of the two different methods greatly in-
creases the reliability of the results obtained.

To simplify modeling of the oxygen interaction with UN powder
surface, we study here only the (001) surface which according to
Tasker [16] has the lowest energy. To simulate the perfect
UN(001) substrate as well as its interaction with oxygen, we have
employed the DFT-PW computer code VASP 4.6 [17] based on the
use of a plane wave basis set and the method of projector-aug-
mented-waves (PAW) for atomic core description. We apply the
non-local exchange-correlation functional Perdew-Wang-91 using
the generalized gradient approximation (GGA) [18] and the scalar
relativistic PAW pseudopotentials representing the U core elec-
trons (with 6s26p®6d25f27s®> valence shell), N (2s%2p®) and O
(2s22p*) atoms (containing 14, 5 and 6 valence electrons, respec-
tively). The cut-off energy has been chosen to be 520 eV. We use
the Monkhorst-Pack scheme [19] with mainly 8 x 8 x 1 k-point
meshes in the Brillouin zone (BZ).

As the second method, we have used the CRYSTAL-06 computer
code [20] based on the Gaussian-type functions centered on the
atomic nuclei as the basis sets for expansion of the linear combina-
tion of atomic orbitals (LCAO). We use the non-local exchange-cor-
relation functional PBE [21]. The oxygen basis set (BS) 8-411G(1d)
was taken from Ref. [22]. For the N atom, the all-electron BS 6-
311G(2d) has been used [23]. Finally, for the U atom we have used
the energy-adjusted relativistic small core (60 electrons in core)
effective potential from Ref. [24]. To get rid of the basis set linear
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dependence in the CRYSTAL LCAO calculations, the diffuse s-, p-, d-
and f- Gaussian-type orbitals with exponents < 0.2 a.u.”! have been
removed from the basis sets. The exponents of other polarization
functions have been reoptimized, to restore the required precision
in the total energy. High accuracy in both k-set mesh and DFT inte-
gration grid (XLGRID) has been applied for all CRYSTAL-06 calcula-
tions. Prior to a study of surface properties, the bulk structure
optimization of UN crystal has been performed using the LCAO ap-
proach. The Monkhorst-Pack scheme [19] with 16 x 16 x 16 k-
point mesh for the BZ sampling and 32 x 32 x 32 k-point Gilat
[25] net for the calculation of the Fermi energy and density matrix
have been used here.

When modeling the UN(001) surface, we have used symmetric
slabs consisting of five atomic layers with regularly alternating
uranium and nitrogen atoms [15]. Plane wave computational for-
malism requires the use of an artificial slab translation in a vertical
direction with a period called the vacuum gap. The magnitude of
the latter (38.8 A for five-layer UN slab), was found large enough
to exclude the interaction between the repeated slabs for all single
slab models studied using the PAW approach The slabs in the LCAO
calculations have been really two-dimensional. The optimized lat-

LY 00

Fig. 1. A model of two-sided periodic adsorption of O atoms (0.25 ML) atop the

surface U cations. Numbers enumerate non-equivalent interfacial atoms.

Table 1

tice constant (4.87 for PAW VASP vs. 4.81 A for LCAO CRYSTAL cal-
culations) has been used in all further calculations, with an error
within 2% of the experimental value (4.89 A) [1]. Only ferromag-
netic UN ground state has been considered in this study as the
energetically most preferable state at low temperatures. The calcu-
lations of UN bulk structure suggest the magnetic moment on the
U cation ~1 pg. Thus, for five-layers slab the total magnetic mo-
ment of a 2 x 2 2D supercell (containing 20 U cations and 20 N an-
ions) in both approaches has been fixed at 20 pi.

To simulate the O atom adsorption, we have used the same
supercell model with a periodic adsorbate distribution. These
supercells with the 2 x 2 extension of surface translation vectors
correspond to the atomic O coverage of 0.25 ML. To reduce compu-
tational efforts, we have considered symmetric two-sided arrange-
ment of oxygen adatoms (Fig. 1). We have simulated two
configurations of atomic adsorption: O atop the surface U cation
or N anion (Fig. 1) with the complete structural optimization. For
PAW calculations on the O/UN(00 1) interface using 3D slab model,
we should also check whether the vacuum gap of 38.8 A for a five-
layer slab of uranium nitride [15] is large enough for the models
additionally containing adsorbed O atoms from both sides.

The binding energy Eying of adsorbed oxygen 0,45 was calculated
with respect to a free O atom

tol

l triplet
Eving =5 (EUT + 2P ngr”'“)v (1)

where EX/™ is the total energy of a fully relaxed O/UN(001) slab for
0,45 positions atop either the N or U surface ions, Efi;;m'e‘ and Eﬁ,’f the
energies of an isolated O atom in the ground (triplet) state and of a
pure relaxed slab. In PAW calculations of free O atom, the cubic box
with the same periodicity as for the O/UN(001) and UN(001) 3D
slabs has been used. The factor 1/2 before brackets appears since
the substrate is modeled by slab with the two equivalent surfaces
and O,qs is positioned symmetrically with respect to the surfaces.
Due to a mixed metallic-covalent nature of the chemical bond-
ing in UN [10-14], we expect a high affinity of 0,45 towards the
UN(001) substrate. The binding energy per O adatom is expected
to be closer to that on a regular O/Al(111) and (001) metallic
interfaces (~10eV) [26] than on semiconducting O/SrTiO5(001)
interfaces (with two possible SrO- or TiO,-terminations) (~2eV)
[27]. Indeed, we have obtained in the VASP calculations the binding
energies of 6.9 and 5.0 eV per O adatom atop the surface U or N
ions, respectively, accompanied with 0.9-1.2 e charge transfer
from the surface towards the O adatom (Tables 1 and 2). The pos-
itively charged surface U cation goes outwards, to the adsorbed O
atom whereas in the O configuration atop the N anion the latter is

The calculated binding energy (Eping), the distance between O and surface U cation (do_y), the effective atomic charges (q), and vertical (Az) U and N displacements from the
surface plane for adatom position atop the surface U (Fig. 1). The effective charges of U and N ions on the pure surface are equal to +1.63 e for surface U cation and —1.55 e for
surface N anion in LCAO 5-layer slab calculations as well as +1.66 e for surface U cation and —1.63 e for surface N anion in PAW 5-layer slab calculations [15].

Method of calculation Epind, €V q(0), e q(U1), e q(U2), e q(U3), e q(N), e do_u, A Az(U1) A Az(U2) A Az(U3) A Az(N), A
LCAO? 8.3 -0.89 1.97 1.66 1.62 -1.56 1.87 +0.15° -0.07 -0.11 -0.04
PAW* 6.9 -1.04 1.96 1.86 1.83 —-1.60 1.91 +0.135° —-0.02 —-0.04 —-0.05

2 LCAO-PBE calculations performed with CRYSTAL-2006 code.

b Ppositive sign corresponds to atom displacement outward from the substrate.

¢ PAW-PW91 calculations performed with VASP-4.6 code.
Table 2
The calculated parameters for O atom adsorption atop the surface N anion®. See caption and footnotes of Table 1 for explanation.
Method of calculation Epina, €V q(0), e q(N1), e q(N2), e q(N3), e q(U), e don, A Az(N1), A Az(N2) A Az(N3), A Az(U), A
PAW 5.0 -1.20 -1.44 -1.56 -1.59 -1.56 2.19 -0.64 +0.065 +0.06 +0.10

2 Atomic positions of U and N ions are reversed as compared to those shown in Fig. 1.
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Fig. 2. The difference electron density maps Ap (r) (the total density of the interface
minus the densities of substrate and adsorbate with optimized interfacial geometry)
for the O adatoms atop the surface: (a) N anions and (b) U cations on the UN(001)
surface obtained using results of PAW calculations. Solid (red) and dashed (blue)
isolines correspond to positive and negative electron density, respectively. Isodensity
increment is 0.003 e A3, (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).

strongly displaced from the adsorbed O atom towards the slab cen-
ter, due to a mutual repulsion.

The corresponding results of VASP and CRYSTAL calculations
based on the two very different methods demonstrate a good qual-
itative agreement for O adatom properties atop the surface U ion
(Table 1) in all properties: the binding energies (3D slab models
usually underestimate this parameter due to a weak repulsion be-
tween the adjacent polarized slabs), atomic displacements and
even effective charges (which are calculated using the very differ-
ent Mulliken (LCAO) and Bader (PAW) procedures).

An analysis of the difference electron charge redistributions for
both configurations of O,4s (Fig. 2) confirms that the O adatom
forms a strong chemical bonding with the surface U cation which
could be considered as one-site complex. In the case of O adatom
atop the surface N anion this is rather multi-center adsorption
complex involving four adjacent surface U ions. As follows from Ta-
ble 1, these cations mostly contribute to the high O binding energy
atop the N anion.

Adsorption of 0,4 atop the surface N or U ions on the UN(001)
surface leads to appearance of the specific oxygen bands in the den-
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Fig. 3. The total and projected densities of states for O adsorption atop the N anion
(a) and the U cation (b) obtained using results of PAW calculations. In the former,
we consider the orbital projections of N anion under O atom and one of four nearest
neighbouring U cations (Fig. 2a). Analogously, the lower plot presents the orbital
projections of U cation beneath adatom and one of four nearest N anions. The
largest peaks have been normalized to the same value, whereas a convolution of
individual energy levels has been plotted using the Gaussian functions with a half-
width 0.2 eV. “O” on energy axis corresponds to Fermi level.

sity of states (DOS) (Fig. 3) as compared to DOS for a pure UN(001)
surface [15]. For oxygen atop the surface U cation, O 2p states over-
lap with the U 6d and with a well-pronounced tail of U 5f states in the
region of the N 2p valence band (-2 to —4 eV). This indicates once
more a strong oxygen chemical bonding (chemisorption) on U, typ-
ical for metal surfaces. However, when O is located atop N, the U 5f
contribution in this energy region diminishes whereas N 2p states
are considerably pushed down to smaller energies, due to N anion
repulsion from negatively charged O adatom.

Summing up, the results obtained here for oxygen interaction
with UN surfaces demonstrate strong chemisorption typical for
metallic surfaces and could serve as the first important step in
understanding the initial stage of the oxidation mechanism. The
excellent agreement of the results obtained using two very differ-
ent first principles methods supports their reliability. We continue
the study of O, dissociation and the diffusion path of O,4s on both
perfect and defective UN(001) substrates, which is aimed at
understanding atomistic mechanism of oxidation by means of sub-
stitution of surface N ions for O ions.
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The results of DFT GGA calculations on oxygen molecules adsorbed upon the (0 0 1) surface of uranium
mononitride (UN) are presented and discussed. We demonstrate that O, molecules oriented parallel to
the substrate can dissociate either (i) spontaneously when the molecular center lies above the surface

hollow site or atop N ion, (ii) with the activation barrier when a molecule sits atop the surface U ion. This
explains fast UN oxidation in air.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The uranium mononitride (UN), which possesses a rock salt
structure and metallic nature, is an advanced material for the
non-oxide nuclear fuel considered as a promising candidate for
the use in Generation-IV fast nuclear reactors. UN reveals several
advantages over a traditional UO,-type fuel (e.g., higher thermal
conductivity and metal density). However, one of important prob-
lems with actinide nitrides is their effective oxidation in contact
with oxygen which can affect nuclear fuel performance [1].

There was a series of ab initio density functional theory (DFT)
calculations published in last 10 years on pure and defective UO,
(e.g.,[2-10]). Similar calculations on the UN appeared only recently
[11-16]. In our recent papers, we studied both the structure of a
perfect UN(0 0 1) surface [17] and chemisorption of oxygen atoms
upon it [18]. These DFT calculations were performed using the two
quite different computer codes: VASP 4.6 [19], with plane wave ba-
sis set (BS), and CRYSTAL-06 [20], with the BS of localized atomic
orbitals (LCAO approach). In both cases we have applied the non-
local exchange-correlation functional by Perdew-Wang-91
(PW91), that is, the generalized gradient approximation (GGA)
[21]. The results of these two different methods reveal good agree-
ment [17,18] which supports their reliability. A strong chemisorp-
tion was observed for a single O atom interaction with the UN
surface (~7 eV is the binding energy atop the surface U ion) [18]
which is typical for traditional metallic surfaces (cf. ~ 10 eV per
adatom bound on the close-packed Al surfaces [22]). However, to
shed more light on the UN oxidation mechanism, we study theo-
retically in this paper the interaction of molecular oxygen with
the same defectless UN(0 0 1) surface. The key questions are:
whether the O, dissociation upon the surface is energetically
possible, which adsorption sites are optimal for this, and whether
it can occur spontaneously, without energy barrier. These are

* Corresponding author. Tel.: +371 67187480; fax: +371 67132778.
E-mail address: bocharov@latnet.lv (D. Bocharov).
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important issues for understanding the mechanism of the oxida-
tion of uranium nitride in air.

2. Theoretical

We have employed the VASP 4.6 code [19] with the relativistic
PAW pseudopotentials representing the core electrons of U
(6526p56d?527s? valence shell), N (2s22p®) and O (2s%2p*) atoms
as well as the non-local PW91 exchange correlation functional
[21]. The cut-off energy has been chosen 520 eV. We have applied
the Monkhorst-Pack scheme [23] with 4 x 4 x 1 k-point mesh in
the Brillouin zone (BZ). When modeling the UN(0 0 1) surface, we
have used the same 3D symmetric slabs as previously [17,18] con-
sisting of five non-polar layers, containing alternating U and N
atoms, separated by large vacuum gaps along the z-axis (~36 A)
and thus excluding the direct interaction of oxygen molecules from
the neighboring slabs. The lattice constant (4.87 A) optimized for
the bulk has been used in all our slab calculations accompanied
by a full structure optimization. The DFT GGA calculations suggest
ferromagnetic ground state [24] of UN which contradicts the exper-
imental observations of AFM phase at low temperatures [1]. Our
test calculations [17] have confirmed that the FM phase is energet-
ically more favorable also for the UN slab.

For simulation of the chemisorption of oxygen molecule, we
have used mainly the 2 x 2 extended surface supercell (containing
20 U cations and 20 N anions), similarly to the previous study on
chemisorption of an atomic oxygen [18]. The periodic adsorbate
distribution corresponds to the molecular coverage of 0.25 ML
(or atomic O coverage of 0.5 ML). To reduce computational efforts,
we have used a symmetric two-sided arrangement of oxygen mol-
ecules on both surfaces of the slab. The energy gain Eg,i, per oxygen
atom in the adsorbed molecule (0O,),qs arising after approach of the
0, molecule towards the UN surface has been calculated as

1

o _ Y /roN 0, _ FO,/UN
Egamf4(E +2E% _E ) (1)
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Fig. 1. Schematic view of five different horizontal configurations for the O,
molecule adsorption on UN surface: (1) atop the hollow site oriented towards the
nearest surface U ions, (2) atop the hollow site oriented towards the nearest surface
N ions, (3) atop the surface U ions oriented towards the next-nearest surface U ions,
(4) atop the surface U ions oriented towards the nearest surface N ions, (5) atop the
surface N ions oriented towards the nearest surface U ions. We show, using arrows,
that molecule spontaneous dissociation can occur when O, is located either atop
the hollow site (1) or atop ion N (5).

where E%/UN is the total energy of a fully relaxed O,/UN(0 0 1) slab
for several configurations of (03).qs upon the substrate (with a cen-
ter of molecule atop the corresponding surface site as shown in
Fig. 1), Eg and EYN the total energies of an isolated oxygen molecule
in the ground (triplet) state and of a pure relaxed slab, respectively.
The factor 1/4 before brackets appears since the substrate is mod-
eled by a slab containing the two equivalent surfaces with (0;)aqs
positioned symmetrically relatively to both slab surfaces whereas
each molecule before and after dissociation contains two oxygen
atoms. Similar analysis was earlier performed by us for various
0,/Al interfaces [22].

To compare the binding energy (Eping) for the atomic oxygen
adsorption atop the surface uranium atom calculated by us
earlier [18] with the Eg,;, per dissociated oxygen adatom
(Table 1), one should add about half the binding energy of oxygen
molecule to the latter energy. The calculated Ey;,q for a free O,
molecule in the triplet state is 6.06 eV and a bond length of
1.31 A (c¢f with the experimental values of 5.12eV and 1.21A
[25], respectively).

Table 1

505
3. Main results

When modeling the molecular adsorption, we have analyzed
different configurations of an O, molecule in the triplet state on
the UN(0 0 1) substrate. Vertical orientations of the molecule atop
the surface N or U ions have been found metastable with respect
to molecule reorientation to the horizontal configuration, parallel
to the surface. We have estimated both the energy gain of molec-
ular adsorption using Eq. (1) and the O, dissociation energy (for
some configurations), i.e., the difference of the total energies of a
slab with an oxygen molecule before and after dissociation, when
the two O atoms in the triplet state which sit atop the two nearest
surface U ions (Table 1).

3.1. Spontaneous dissociation of O, molecules

We have found that a spontaneous, barrierless O, dissociation
indeed takes place in the two cases: when the molecular center
is atop either (i) a hollow site or (ii) surface N ion, with the molec-
ular bond directed towards the two nearest surface U ions (the
configurations 1 and 5 in Fig. 1, respectively). The relevant dissoci-
ation energies Egjss are given in Table 1, along with other parame-
ters characterizing the atomic relaxation and the Bader charge
distribution. To estimate energy gain for intermediate molecular
adsorption in these two configurations (as present in Table 1) we
have fixed the O, bond length as in a gas phase allowing the mol-
ecule to relax only along a distance from the surface. Geometry and
charges for the configurations 1 and 5 after dissociation (Table 1)
are in general similar to those obtained in our previous study
[18] for UN(0O 1) substrate covered by chemisorbed O atoms,
e.g., surface U atoms beneath the oxygen adatom after dissociation
are shifted up in both configurations. An increase of the surface
supercell size from 2 x 2 up to 3 x 3 results in the 10% growth of
the Egain due to a reduced repulsion between the periodically dis-
tributed adatoms (Table 1).

We have also identified two other configurations of adsorbed
oxygen molecules where the dissociation is energetically possible
but with the energy barrier: (i) atop the hollow site when a molec-
ular bond is oriented towards the nearest N ions (the configuration
2 in Fig. 1) and (ii) atop the surface U ion (for any molecular orien-
tation, e.g., the configurations 3 and 4 in Fig. 1). For the configura-
tion 2, we have observed the orientation instability of the adsorbed
molecule which easily rotates, e.g., towards the surface U ion with
further dissociation. The configurations 3 and 4 could be character-
ized as rather metastable UO, quasi-molecules due to a strong
bonding between all three atoms (Fig. 2c) and since the corre-
sponding U ion is noticeably shifted up from its initial positions
on surface (Table 1). Meanwhile, the dissociation of (O3)aqs
molecule in the configuration 3 is energetically possible but only
after overcoming the small (~0.3 eV) activation energy barrier.

The calculated energy gains (Egain, Eq. (1)) and dissociation Eg;ss energies (eV), geometry (z, Az) and charges (q) for configurations of molecular and spontaneous dissociative
chemisorption of oxygen molecule above the UN(0 0 1) substrate. Numbers in brackets correspond to the configurations shown in Fig. 1.

Position Egain per O atom, eV 2z, A Eg, eV q(0), e q(U1%), e q(U2%,e q(NY),e AZfU1),A AzZU2),A AZ(N) A
Hollow (1) Molecular adsorption 1.185 1.893 - —0.465 1913 1.762 —1.533 —0.0496 —0.0496 0.02498
After dissociation 421 1.957 3.025 —-0.978 2.053 1.978 —-1.577 0.075 0.068 -0.133
Atop U Towards next-nearest U (3) 2.15 2.18 - —0.5905 2.042 1.836 —1.6065 0.176 —0.048 —0.096
Towards nearest N (4) 233 2.14 - —0.578 2.0485 1.827 —1.6248 0.123 —0.051 —0.106
Atop N (5) Molecular adsorption 0.82 2.020 - —-0.5685 1.8675 1.8322 —1.3537 —0.0496 —0.0496 0.025
After dissociation 4.00 1955 3.18 —-0.979 2.115 1.876 —1.580 0.073 0.021 -0.201

@ z is the height of O atoms respectively the non-relaxed UN substrate.
b U1 the nearest surface U ion.

¢ U2 the next-nearest surface U ion.

4 N the nearest surface N ion.

e

Az the additional vertical shifts of the same surface ions from their positions in the absence of adsorbed oxygen.

f 4.40 eV for 3 x 3 extended surface supercell.
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(a) (b)
)
© ® ©
@ @ O] @
@ueNeo
(c)
© ®
(O] @ @

Fig. 2. The difference electron density maps Ap (r) (the total density of the interface minus the sum of densities of substrate and adsorbate with optimized interfacial
geometry) for (a) the O, molecule upon the hollow position oriented to the nearest surface U ions, (b) after its dissociation in the configuration 1 (Fig. 1) with O atoms atop the
surface U ions and (c) for the O, molecule atop the surface U ion in the configuration 3 (Fig. 1). Solid (red) and dashed (blue) isolines correspond to positive (excess) and
negative (deficiency) electron density, respectively. Isodensity increment is 0.003 e A=>. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.2. Charge redistribution analysis

Adsorption of an O, molecule (in the triplet state) is accompa-
nied by the charge transfer of ~1 e (per molecule) from the sub-
strate (Table 1). In Fig. 2 we analyze the difference electron
charge redistributions for three configurations of horizontally
oriented (0O,).qs upon the surface: (a) molecule adsorbed upon
the hollow site (the configuration 1, Fig. 1), (b) molecule dissoci-
ated from this configuration with O adatoms located atop the near-
est surface U ions, and (c) molecule adsorbed upon the surface U
ion (the configuration 3). Spontaneous O, dissociation and thus a
smooth transition from the charge distribution (a) to (b) can be ex-
plained by continuous areas of the electron density (Fig. 2a) paral-
lel to the surface which may be considered as dissociation channels,
analogously to the density plot for a molecular oxygen upon the Al
substrate [22]. After dissociation each O adatom contains an extra
charge of ~1e, ie., transforms into O™ ion in the triplet state
(Fig. 2b). In contrast, when considering the molecular configuration
3, these dissociation channels are transformed into dissociation bar-
riers (Fig. 2c). Simultaneously, we observe considerably higher
electron density, indicating a kind of UO, quasi-molecule with a
strong bonding between the O, molecule and surface U atom be-
neath. Thus, difference between the electron density plots pre-
sented in Fig. 2a and c can explain different dissociation abilities
of 0, molecule in the configurations 1 and 3 (Fig. 1).

3.3. Electronic densities of states (DOS)

For the same adsorbate configurations considered above, we
have constructed the total and projected densities of states (DOS)
(Fig. 3). Molecular adsorption in these configurations leads to
appearance of the specific oxygen bands as compared to those for
oxygen adatoms upon UN surface [18] and O atom substituted
for a host N ion in UN bulk [15]. For a molecular oxygen atop the
hollow position (Fig. 3a), O 2p peak is observed at —1 eV overlap-
ping with the U 5f and 6d bands. After O, dissociation (Fig. 3b) this
peak disappears being replaced by the broad two-peak band in the
region of the N 2p valence band (-2 to —5 eV), similarly to the DOS
for oxygen adatoms on UN(0 0 1) substrate [18]. Some differences
are also noticeable between the corresponding U 5f and 6d peaks in
the spectral range above —1 eV (cf. Fig. 3a and b) which could be
caused by both different arrangement of O and U atoms in these
configurations and sensitivity of uranium states to the presence
of oxygen, thus indicating once more a strong oxygen chemical
bonding (chemisorption). When oxygen molecule is located atop
the surface U ion (the configuration 3), the U 5f and 6d contribu-
tions in the energy range above —1 eV are diminished, simulta-
neously the O 2p contribution grows, thus increasing an overlap
between all three states and indicating UO, quasi-molecular bond
formation. As compared to the adsorption of oxygen molecule
upon the hollow site (Fig. 3a), we again observe a higher O 2p peak
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(a) ——— O p up/down

N p up/down
----U dup/down
---=--- U fup/down
—— TOTAL up/down

DOS, arbitary units

(b) ——— O p up/down
—————— N p up/down
- ---U dup/down
------= U fup/down
—— TOTAL up/down

DOS, arbitary units

—— O p up/down
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Fig. 3. The total and projected densities of states for three configurations of O,
molecule as in Fig. 2 (the same a, b and c). The orbital projections of both O atoms as
well as the nearest N and U ions are shown. The highest peaks have been
normalized to the same value, whereas a convolution of individual energy levels has
been plotted using the Gaussian functions with a half-width of 0.2 eV.

(at —1.5eV) and an additional lower peak of the same O 2p (at
—5.5 eV) which noticeably overlaps with the U 5f and 6d subpeaks
(Fig. 3c). Similarity with the latter pattern was observed earlier for
the projected DOS of O atom substituted for N in UN bulk [15]. In
all three DOS (Fig. 3), a broad band corresponding to the N 2p

projected states does not change drastically which means a weak
effect of N ions on the O, molecule adsorption on the UN(00 1)
surface.

4. Conclusions

Summing up, the results of our ab initio calculations clearly
demonstrate a real possibility for spontaneous dissociation of the
adsorbed oxygen molecules upon the perfect UN(00 1) surface,
analogously to the O, dissociation on “traditional” metallic sur-
faces. This is the important step in understanding the initial stage
of the UN oxidation mechanism.
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1. Introduction

Uranium mononitride (UN) is considered nowadays by the
Generation IV International Forum of nuclear reactors [1] as one of
the promising nuclear fuels alternative to UO,. However, it reveals
unwanted oxidation in air [2] which could affect the fuel fabrication
process and its performance. Atomistic understanding of the
oxidation process could help to solve this problem.

Previous first-principles simulations on UN used mostly the density
functional theory (DFT) and were focused mainly on bulk properties (for
example, [3-9]). To check reliability of these results, we performed
recently several calculations on bulk and (001) surface of UN using the
two different DFT approaches [10]: linear combination of atomic orbitals
(LCAO) applied for construction of basis sets and plane waves (PW)
combined with the pseudopotentials representing the core electrons, as
implemented in both CRYSTAL [11] and VASP [12] computer codes. Our
basic findings for the bulk and the (001) surface of UN calculated using
the VASP code were confirmed by CRYSTAL calculations [10]. The results
of both series of calculations on the lattice constant, bulk modulus,
cohesive energy, charge distribution, band structure and density of
states (DOS) for UN single crystal were analyzed.

Recently [13,14], we performed first-principles simulations on the
atomic and molecular oxygen interaction with the perfect UN(001)
surface. It was demonstrated that the O, molecules could spontaneously
dissociate [14] at the defect-free surface and releasing O adatoms reveal
strong chemical interaction with surface ions [13]. It is worth mentioning

* Corresponding author. Institute for Solid State Physics, Kengaraga 8, LV-1063 Riga,
Latvia. Fax: +371 67132778.
E-mail address: bocharov@latnet.lv (D. Bocharov).

0039-6028/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.susc.2010.11.007

that all our UN surface calculations [10,13,14] were performed for the
fixed magnetic moments of U atoms.

To understand the oxidation mechanism in more detail, one has to
take into account surface defects and their interaction with oxygen. So far,
only point defects in the UN bulk were calculated [15,16]. In this paper, we
study basic properties of surface vacancies. In section 2, a slab model and
parameters used in our present spin-polarized PW DFT calculations are
described. In section 3, we discuss main results obtained for the N and U
vacancies on the surface. A short summary is presented in section 4.

2. Slab model and computational details

UN possesses a rock-salt fcc structure over a wide temperature range.
We model the (001) surface using the symmetrical slabs containing odd
number (5, 7,9 or 11) of atomic layers separated by the vacuum gap of
38.9 A which corresponds to 16 inter-layers (Fig. 1). Atomic layers
consist of regularly alternating N and U atoms. Our test calculations
show that such an inter-slab distance is large enough to exclude
spurious interactions between the slabs repeated in the z-direction.

To simulate single point defects (either N or U vacancies), we
applied a supercell approach using unit cells with 2x2 and 3x3
extensions of surface translation vectors. These supercells contain
four and nine pairs of atoms in each layer while periodically
distributed surface vacancies for such unit cells correspond to defect
concentrations of 0.25 and 0.11 monolayers (ML), respectively. We
calculated not only the outer surface defects, but also the sub-surface
defects as well as those positioned at the central layer of the slab. To
reduce computational efforts, we considered the two-side arrange-
ment of the point defects which is symmetrical with respect to the
central (mirror) plane (the atomistic model of surface N vacancies
with the 2 x 2 periodicity is shown in Fig. 2).
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Vacuum gap (16 interplane distances)

UN slab (5, 7, 9 or 11 planes)

Vacuum gap (16 interplane distances)

UN slab (5, 7, 9 or 11 planes)

Vacuum gap (16 interplane distances)

Fig. 1. Cross-section of UN(001) slabs.

For calculations, we used the PW DFT computer code VASP 4.6 [12,17].
To represent the core electrons (78 electrons for U and 2 electrons for N),
the relativistic pseudopotentials combined with the PAW method [18]
were used. The Perdew-Wang-91 non-local exchange-correlation (GGA)
functional [ 19] was chosen for calculations. The cut-off energy was fixed at
520 eV. The Monkhorst-Pack k-point mesh [20] of 8 x 8 x 1 for integration
over the Brillouin zone (BZ) was used, whereas the electron occupancies
were determined following Methfessel and Paxton [21] as implemented
in the VASP code. The smearing parameter of 0.2 eV was found to be
optimal for reasonable convergences, suggesting the electronic entropy
contribution of the order of 10 meV. The total energy of slabs of different
thicknesses was optimized with respect to the atomic positions only, with
the lattice parameter fixed at its equilibrium value of 4.87 A for UN bulk.
This value is slightly underestimated as compared to the experimental
bulk value of 4.89 A [22]. The ferromagnetic state was chosen for all our
slab calculations [3] performed for the self-consistent (relaxed) atomic
magnetic moments with no spin-orbit interactions included. Consequent-
ly, we calculated both the effective atomic charges and average magnetic
moments per atom using the topological Bader analysis [23,24].

3. Main results

3.1. Perfect UN(001) surface

First, the calculations of the effective atomic charges g, atomic
displacements Ar, average magnetic moments (i, of U atoms, and
surface energies Egy ¢ for defect-free slabs of different thicknesses

Fig. 2. Five-layer slab containing the two-sided surface N vacancies with a 2x2
periodicity.

Table 1
Surface energies Eq. (J-m~ ') for calculations with relaxed and unrelaxed atomic spins
as well as averaged magnetic moment (in pg) of U atom for the defect-free UN(001)
surface.

Number of atomic planes  Eg¢ (spin-unrelaxed slab) E,f (spin-relaxed slab) pi,y,

5 1.69 1.44 1.57
7 1.70 1.37 1.44
9 1.70 1.29 1.37
11 1.69 1.22 1.33

(Tables 1 and 2) were performed, in order to check how these
properties depend on atomic spin relaxation (in our previous
calculations the total magnetic moment of a slab was fixed
[10,13,14]). The spin relaxation leads to considerable change of Eg,
depending on the number of layers in a slab (Table 1). The largest (L
value was obtained for the U atoms in the 5-layer slab, i.e., 1L, slightly
decreases with the thickness, suggesting difference of 0.3 g between
the 5- and 11-layer slabs. The lattice relaxation energies in spin-
optimized calculations turn out to be quite small, i.e., ~0.03 eV.

It is also interesting to analyze g values for atoms across the slab as
a function of the number of layers in a slab (Table 2). First, g°T shows
considerable covalent bonding both on the surface (e.g., sub-surface)
and on the central plane since the values are quite far from the formal
ionic charges + 3e. Second, the values in Table 2 demonstrate that the
surface is slightly positively charged, due to a difference in the N and U
charges. Third, the atomic charges are insensitive to both the spin
relaxation and the number of layers.

The atomic displacements Az from perfect lattice sites differ
significantly for U atoms positioned at the surface and sub-surface
layers (Table 3) being somewhat larger for the 5-layer slab while
displacements of nitrogen atoms for all the slabs remain almost
unchanged. Note that N atoms at (001) surface are displaced up,
whereas U atoms are shifted inwards the slab center which results in
the surface rumpling up to 1.2% of the lattice constant.

3.2. Vacancies on the (001) surface

In the present study, we considered the two reference states
in calculations of the defect formation energies, both widely used in

Table 2

Atomic Bader charges on a defect-free surface.
Atom Number of atomic layers

5 7 9 11

Surface U 1.68 1.74 1.68 1.72
Sub-surface U 1.67 1.63 1.63 1.67
U in central (mirror) plane 1.69 1.72 1.65 1.66
Surface N —1.65 —1.67 —1.67 —1.68
Sub-surface N —1.68 —1.70 —1.70 —1.67
N in central (mirror) plane —1.74 —1.65 —1.65 —1.63

Table 3
Atomic displacements AZ(A)* for defect-free surface (spin-relaxed calculations).

Number U atom displacements N atom displacements

of . Surface Sub-surface Surface Sub-surface
atomic

planes

5 —0.050 —0.012 0.023 0.023

7 —0.046 —0.009 0.024 0.028

9 —0.047 —0.011 0.024 0.028

11 —0.047 —0.011 0.025 0.031

*Negative sign means an inward atomic displacement towards the slab center.
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Table 4
The vacancy formation energies (in eV) for the two reference states (see the text for
details).

Layer Number of atomic Reference I, Reference II,
planes in slab and Egs. (1a)-(2)* Egs. (1a),
supercell extension (1b), (3a)
(in brackets) and (3b)°

u N u N

Surface layer 5 (2x2) 8.63 8.84 1.46 3.70

7 (2x2) 8.61 8.84 144  3.70

9 (2x2) 8.61 8.84 144 371

11 (2x2) 8.60  8.85 143 3.71

5 (3x3) 8.51 8.78 134 364

7 (3x3) 847  8.78 130 365

Sub-surface layer 5 (2x2) 10.31 9.38 3.14 4.25
7 (2x2) 1029 946 312 433

9 (2x2) 1026 946 3.09 433

11 (2x2) 1026 946 3.09 433

7 (3x3) 10.18 947  3.01 434

Central (mirror) layer® 5(2x2) 10.20 9.48 3.03 434
7 (2x2) 1036 957 3.19 443

9 (2x2) 1034 955 317 442

11 (2x2) 1039 956 322 442

7 (3x3) 10.23 955 3.06 442

2 Reference energies I equal to —4.10 eV for U atom and —3.17 eV for N atom.

b Reference energies Il equal to —11.28 eV for U atom and —8.30 eV for N atom.

¢ Defect formation energies for UN bulk using reference I are 9.1-9.7 eV for N vacancy
and 9.4-10.3 for U vacancy [15].

the literature. The point defect formation energy was calculated either
as

NUwac _ 1 /UN N(U) UN
Eom = 2 (Edef + 2Eref71(ll)_E )-, (1a)
for surface and sub-surface vacancies, or

N(U UN N(U UN
Eneon ™ = Eqer + Ere(f,)l(ll) —E7, (1b)

D. Bocharov et al. / Surface Science 605 (2011) 396-400

for a vacancy in the central layer of the slab. Here Egn is the total
energy of fully relaxed slab containing N (or U) vacancies, EYN the
same for a defect-free slab, while EN{" 1y is reference energy for N (or
U) atom. In our study, we used the two different reference states for
both N and U atoms. Note that the pre-factor of % in Eq. (1a) arises
due to a mirror arrangement of two N (U) vacancies on the surface
and sub-surface layers (Fig. 2).

The first reference corresponds to N (U) isolated atom in triplet
(quartet) spin states determined by 2p> (5f 36d") valence electron
configurations (hereafter reference I as in Table 4) calculated in a large
tetragonal box (28.28 x28.28x22 A3), i.e.:

MU pNO©)

ref 1 = Eatom )

The second reference state (hereafter reference Il as in Table 4)
represents the chemical potential of N (U) atom which is in general a
function of temperature and nitrogen partial pressure. By neglecting
these effects, the N chemical potential can be treated as the energy of
atom in the molecule N,. Consequently, the chemical potential of U atom
is given by the one-half total energy (per unit cell) of U single crystal in
its low-temperature c-phase having the orthorhombic structure [25].
Thus, the corresponding second reference energies can be estimated as:

1
EyeUl =W, = iEtot[NZ]v (3a)
U 1
Eref 1 = Hou = jEmt[O‘ -Uj, (3b)

where Eo[N;] is the total energy of nitrogen molecule while Eg[a-U]
the total energy of U bulk unit cell containing two atoms. The chemical
potentials of N and U, as calculated according to Egs. (3a) and (3b),
represent extreme cases of N (U)-rich conditions [26], i.e., their
minimum values were not considered in the present study. The
formation energy of N (U) vacancy with respect to the N, molecule (or
a-U single crystal) and the energy of N (U) isolated atom are closely

d

®U @N

Fig. 3. 2D sections of the electron density redistributions around the nitrogen vacancies in five- and seven-layer UN(001) slabs with 2 x 2 supercell extension defined as the total
electron density of defected surface minus a superposition of the electron densities for both perfect surface and isolated atom in the regular position on the surface: a) N vacancy in a
surface plane, five-layer slab, b) the same, 7-layer slab, c) N vacancy in a central plane, five-layer slab, d) the same, 7-layer slab. Solid (red) and dashed (blue) isolines correspond to

positive and negative electron density, respectively. Isodensity increment is 0.25 e a.u.

-3
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related: the former being larger than the latter by half the binding
energy of the N, molecule or half the cohesive energy of a-U single
crystal.

The lattice parameters of a-U were optimized: a=2.80A,
b=5.88 A, c=4.91 A which are slightly underestimated as compared
to values obtained experimentally [25] and calculated elsewhere
[27,28], except for the parameter b which is in a good agreement with
experimental value of 5.87 A [25] (while a=2.86 A, c=4.96 A [25]).
Also, the ratios c/a, b/a as well as the parameter c are well verified by
another plane-wave DFT study [29]. Analogously to an isolated
nitrogen atom, the N, molecule was calculated in the box but of a
smaller size (8x8x8 A3). The molecule N, is characterized by the
bond length of 1.12 A and the binding energy of 10.63 eV being
qualitatively well comparable with the experimental values of 1.10 A
and 9.80 eV [30], respectively.

The formation energies of N and U vacancies (ER{ V2) calculated
using Eqs. (1a)-(3b) (with the two reference states as functions of the
slab thickness) are collected in Table 4. These are smallest for the
surface layer and considerably increase by ~0.6 eV for the N vacancy
and by ~1.7 eV for the U vacancy in the sub-surface and central layers,
independently of the reference state. This indicates the trend for
vacancy segregation at the interfaces (surface or grain boundaries). A
weak dependence of ERSY) V3 on the slab thickness is also observed.
The value of EN{Y)V3¢ is saturated with the slab thicknesses of seven
atomic layers and more. Moreover, the difference between values of
ERSWvac for the 5 and 7 layer slabs is less for the surface vacancies than
for those in the central layer. This difference is the largest for the U
vacancy in the central plane (~0.16 eV).

The reference state Il leads to smaller ER{Y V2 (as compared to those
found with the reference state I) and demonstrates a significant
difference for two types of vacancies. According to reference I, the U
vacancy could be substantially easier formed at T=0K than the N
vacancy. Notice that the chemical potentials of O and U atoms used in
similar defect studies on UO, bulk did not reveal the energetic
preference for U vacancy [28,31]. The defect-defect interaction is not
responsible for this effect as ER ¥ decreased by 0.1 eV only with the
larger supercell size (3x3 in Table 4). On the other hand, due to the
temperature dependence of the chemical potential of a free N, molecule
[32], we predict reduction of the formation energy of the N vacancy by
~0.8 eV as the temperature increases from RT to 1000 °C. Unlike the
reference state II, the reference I results in similar formation energies for
both types of the vacancies. In the central slab layer, values of ER{%va©
were found to be similar to those in the bulk (Table 4).

The local atomic displacements around the vacancies are largest for
the nearest neighbors of vacancies. The analysis of atomic displacements
allows us to suggest that the U vacancy disturbs the structure of the
surface stronger than the N vacancy. If the N vacancy lies in the surface
layer, displacements of the nearest U atoms in z-direction achieve 0.02-
0.05 A towards the central plane of slab. The displacements of N atom
nearest to surface N vacancy achieve 0.05 A towards the central plane
(z-direction) and 0.01 A in xy (surface) plane. Maximum displacements
of neighbor atoms around the N vacancy in the central plane have been
found to be 0.04-0.07 A (nearest U atoms from the neighboring layers
are shifted in z-direction towards the vacancy), and do not exceed
0.025 A for all the other atoms in the slab.

In contrast, the U vacancy results in much larger displacements of
neighboring atoms, independently of its position. If the U vacancy is in
the surface layer, then the atomic displacements of 0.3-0.32 A are
observed for the nearest N atoms. If the U vacancy lies in the central
layer, then the nearest N atoms from this layer are displaced by 0.17 A,
while the N atoms from the nearest layers are not shifted in xy
direction, being displaced by 0.15 A towards the slab surface in the
z-direction. Furthermore, the atomic displacements are weakly
dependent on the slab thickness. The atomic displacements around
the N and U vacancies in the UN bulk have been found to be —0.03 A
and 0.13 A for N and U vacancies, respectively [15]. These values are

close to those found in the present calculations for the vacancies in
the central slab layer, which mimics the crystal bulk.

The finite slab-size effects caused by relatively large concentration
of defects could be illustrated using the difference electron density
redistribution Ap(r). In Fig. 3, these redistributions are shown for N
vacancies positioned at both the outer surface and central (mirror)
planes of 5- and 7-layer slabs. Presence of two symmetrically
positioned vacancies in the 5-layer slab induces their weak interaction
across the slab (Fig. 3a) illustrated by appearance of an additional
electron density around the N atoms in the central plane of the slab.
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Fig. 4. The total and projected DOSs of 7-layer UN(001) slab (2x2 supercell for
vacancy-containing models): a) total DOS of defective and defect-free surfaces,
b) projected DOSs for the surface containing N vacancies, c) projected DOSs for the
surface containing U vacancies.
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Fig. 5. The average U magnetic moment fi,, (in pg) in the slab as a function of a number
of planes. The dashed curves correspond to U vacancy, whereas the solid curves
describe the N vacancy.

Similarly, the vacancy in the mirror plane disturbs the atoms in the
surface plane if thin slab contains only 5 layers (Fig. 3¢). By increasing
the slab thickness, we can avoid the effect of finite slab size (Fig. 3b
and d) which explains the stabilization of formation energies
calculated for the 7-layer and thicker UN(001) slabs (Table 4).

The densities of states (DOS) are presented in Fig. 4 for perfect and
defective 7-layer UN slab. The DOS for other slabs calculated in this
study did not demonstrate additional effects and, thus are not shown
here. In accordance with previous bulk calculations [10,15], the U(5f)
electrons occupy the Fermi level (Fig. 4a). These electrons are
relatively localized but still strongly hybridized with the N(2p)
electrons. It confirms the existence of covalent bonding observed in
the analysis of Bader charges (Table 2). The N(2p) states form a band
of the width ~4 eV similar to that obtained in the bulk [10,15]. In
contrast, the contribution of U(6d) electrons remains insensitive to
the presence of vacancies as these are almost homogeneously
distributed over a wide energy range including the conduction band.

The analysis of the average magnetic moment of U atoms (15, in
the defective UN slabs is done too (Fig. 5). It decreases for both types
of vacancies as a function of a number of layers in the slab, except for
the U vacancy in the surface layer which remains almost unchanged.
On the other hand, 1, increases significantly when the U vacancy is
located in the sub-surface and surface layers. In contrast to the U
vacancies, 15, for the slabs with the N vacancies are less sensitive to
the position of defect. Moreover, the values of 1, for the slabs with
the N vacancies in the surface and sub-surface planes are practically
identical.

4. Conclusions

In the present study, the basic properties of vacancies on the UN
(001) surface were calculated from the first principles. In particular,
the formation energies for U and N vacancies were determined using
the two reference states, which included the energies of isolated
atoms as well as atoms in the metallic a-U phase and N, molecule,

respectively. The formation energies indicated a clear trend for
segregation towards the surface (and probably, grain boundaries) as
these energies for surface layer are noticeably smaller than those for
sub-surface and central layers (although both latter are very close).
However, the magnetic moments in the sub-surface and central layers
differ significantly. We demonstrated also a considerable deviation of
effective atomic charges from formal charges (caused by a covalent
contribution to the U-N chemical bond). The obtained results will be
used in the oncoming study of oxygen interaction with real
(defective) UN surfaces, in order to understand the atomistic
mechanism of UN oxidation.
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The incorporation of oxygen atoms has been simulated into either nitrogen or uranium vacancy at the
UN(0 0 1) surface, sub-surface or central layers. For calculations on the corresponding slab models both

the relativistic pseudopotentials and the method of projector augmented-waves (PAW) as implemented
in the VASP computer code have been used. The energies of O atom incorporation and solution within the
defective UN surface have been calculated and discussed. For different configurations of oxygen ions at
vacancies within the UN(0 0 1) slab, the calculated density of states and electronic charge re-distribution
was analyzed. Considerable energetic preference of O atom incorporation into the N-vacancy as com-
pared to U-vacancy indicates that the observed oxidation of UN is determined mainly by the interaction
of oxygen atoms with the surface and sub-surface N-vacancies resulting in their capture by the vacancies
and formation of O-U bonds with the nearest uranium atoms.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Uranium mononitride (UN) is considered as a promising nu-
clear fuel for the fast nuclear Generation IV reactors [1]. It has
several advantages as compared to the traditional oxide nuclear
fuels [2]. The synthesis of UN may be carried out by direct sub-
stitution starting from fluorides (e.g., using oxidative ammonoly-
sis of uranium fluorides to uranium nitride [3]). However,
oxygen impurities always presented in UN lead to its unwanted
pollution and further degradation in air. A number of experi-
ments were performed, in order to understand an influence of
oxygen on UN properties and other actinide compounds [4-6].
Various experimental analyses clearly manifested that oxygen
contact with the actinide nitride surfaces can result in growth
of the oxide [4,5] and, at initial stages, leads to the formation
of oxynitrides [6]. The oxynitrides of varying structure (UON,)
can be formed in the reactions of uranium metal with NO, [7]
or by direct current sputtering upon U target in an Ar atmo-
sphere containing admixture of O, and N, [8]. This facilitates
importance of UO,N, for actinide surface studies.

Beginning with 1980s [9,10] a number of ab initio calculations
on UN bulk [11-16] were performed using formalism of the
Density Functional Theory (DFT). It is also worth mentioning that
the first-principles calculations on actinide nitride compounds

* Corresponding author at: Institute of Solid State Physics, Kengaraga 8, LV-1063
Riga, Latvia. Fax: +371 67132778.
E-mail address: bocharov@latnet.lv (D. Bocharov).

0022-3115/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.,jnucmat.2010.11.090

continue attracting great attention, due to improved methods
and increasing interest for the fast breeder reactors and for the is-
sues of transmutation of plutonium and minor actinides. Basic bulk
properties of actinide nitrides were considered in a few recent
studies [17-19], with emphasis on elastic and magnetic properties.
The first electronic structure simulations on the perfect UN(0 0 1)
surface and its reactivity towards the molecular and atomic oxygen
were performed only recently [20-22]. These studies clearly show
that the O, molecule after adsorption on the UN(0 0 1) surface dis-
sociates spontaneously, whereas the newly-produced O atoms
demonstrate a strong chemisorption at the surface. For simplicity,
we call hereafter O adatoms despite the fact that these are nega-
tively charged ions O~. Additionally, a considerable attention [14]
was paid to the static and dynamic properties of primary defects
(vacancies) in UN bulk [15] which affect the fuel performance dur-
ing operation and its reprocessing.

Apart the behavior of empty vacancies, the O atom incorpora-
tion into vacancies in bulk UN was considered. Its incorporation
into the N-vacancies was found to be energetically more favorable
as compared to the interstitial sites [23]. However, the solution en-
ergy has shown an opposite effect. The migration energy for the O
atom via the interstitial sites along the [0 0 1] direction is 2.84 eV
[23,24]. Defective UN surface containing both nitrogen and ura-
nium vacancies disposed at different positions within the
UN(00 1) slab has been also discussed in a separate paper [25].
In order to shed more light on the mechanism of UN unwanted oxi-
dation, the incorporation of oxygen impurities into the N- and U-
vacancies on the UN(0 0 1) surface is focused in this paper.
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2. Computational details

For the simulation of a defective UN(0O 1) substrate with
empty and oxygen-occupied vacancies, the DFT plane wave com-
puter code VASP 4.6 [26-29] was employed. The VASP package is
suited for performing first-principles calculations based on the
DFT approximation when varying the free energy and evaluating
the instantaneous electronic ground state at each quantum-
mechanical molecular dynamics time step [26,30]. Ultra-soft
pseudopotentials combined with the PAW method [31,32] were
used. Computational procedures implemented in this code
[26,27] foresee the iterative solution of the Kohn-Sham equations
based on both residuum-minimization and optimized charge-den-
sity mixing routines [28,29]. The non-local exchange-correlation
functional within the Perdew-Wang-91 Generalized Gradient
Approximation (PW91 GGA) [33] and the relativistic pseudopoten-
tials for 78 U core electrons (with 6s26p®6d25f27s® valence shell), as
well as 2 both N and O core electrons (with 2s22p> and 2s%2p* va-
lence shells, respectively) were applied in the current study. The
Monkhorst-Pack scheme [34] with a 8 x 8 x 1 k-point meshes in
the Brillouin zone (BZ) was used while the cut-off energy was set
to 520 eV. It became common in last years to use the so-called
GGA + U approach to such strongly correlated systems as actinides
(e.g., UO; [35] and references therein). On the other hand, our test
calculations with reasonable U-parameters have shown that the
relative variation in the defect formation energies may be ~10%
which does not affect main trends and conclusions of the present
study. This is why the standard GGA approximation was used
which is important for a comparison with previous calculations
of defect energies in the UN bulk [15].

For the symmetric UN(0 O 1) substrate possessing the fcc rock-
salt structure, a slab model was employed. It consists of 5, 7 or 9
atomic layers and containing regularly alternating U and N atoms.
The 2D slabs are separated by a vacuum gap of sixteen interlayer
distances (38.88 A) in the z-direction. This inter-slab distance is
large enough to exclude the spurious interaction between the
slabs. Our calculations supposed the supercells with 2 x 2 and
3 x 3 extensions of translation vector for the (00 1) surface of
UN. Both empty as well as oxygen-occupied N- and U-vacancies
were disposed in the surface, sub-surface and central layers of
2D slab. Due to the presence of mirror layers in the symmetric
slabs, one can consider the two-sided symmetric arrangement of
defects (Fig. 1), except for the central mirror plane, thus, minimiz-
ing the computational expenses. Fig. 1 also shows the oxygen-
occupied N-vacancies with a 2 x 2 and 3 x 3 periodicity disposed
on the surface layer. The lattice constant of UN slabs is fixed at
4.87 A, taken from the lattice relaxation of the UN bulk [20]. In
all the calculations, the structural optimization within the super-
cell of fixed linear dimensions was performed, using the standard
procedure of total energy minimization. Our test calculations have

QU esNeO

Fig. 1. The symmetrical five-layer UN(0 0 1) slab with a 2 x 2 (left) and 3 x 3 (right)
periodicity of the oxygen atoms incorporated into the surface N-vacancies.

shown that the ferromagnetic (FM) phase is energetically slightly
more favorable for UN slabs than the anti-ferromagnetic (AFM)
one. The spin magnetic moment was allowed to relax in all the cal-
culations for the FM spin arrangements on the uranium sub-lattice.

3. Incorporation and solution energies

The energy balance for the incorporation of an O atom into a va-
cancy can be characterized by the incorporation energy E; suggested
by Grimes and Catlow [36] in the shell model calculations on fis-
sion products in UO,:

N(U N(U
E = EO<_ir3c - EVC(lC) —Eo (1&)
for the O atom incorporated into the N- and U-vacancy disposed in
the central atomic layer and

5:1@w»,@M,E® (1b)

2 O_inc vac

for the same incorporation in the surface or sub-surface layers. Here
ngﬁ?n)c is the total energy of the supercell containing the O atom at
either the N- or U-vacancy (ng[f,fc <0), B\ the energy of the
supercell containing an unoccupied (empty) vacancy, and Eq half
the total energy of isolated O, molecule in the triplet state. It is de-
fined by the oxygen chemical potential at 0 K. Since the value of E;
describes the energy balance for the incorporation into pre-existing
vacancies, it has to be negative for energetically favorable incorpo-
ration processes.

To take into account the total energy balance, including the va-
cancy formation energy Efpm in the defect-free slab, the solution
energy [36] was defined as:

Es =E + Eform (2)

where Ej,rm is the formation energy of N- or U- vacancy in the slab,
calculated as

Eform = Enee’ + Eptom — E™ (3a)

vac atom

for a defect in the central atomic layer of the slab and

1
Eﬂm1::§<ENw)+—2ENM)——EUN> (3b)

vac atom

for a defect in the surface or sub-surface layer. Here EN is an energy
of the defectless relaxed slab, and ENW) can be defined as chemical
potentials of N or U atom, which is, in general, a function of temper-
ature and nitrogen partial pressure. The chemical potential of nitro-
gen at 0K is defined by the total energy of N, molecule, ie.,
Uy, = %Em[[Nz], while the chemical potential of U atom at 0K can
be estimated as the total energy, per atom, for metallic uranium
in its low-temperature ortho-rhombic o-phase: p,, = 1Eq[oU].
The co-factor of 1/2 in Egs. (1b) and (3b) as well as multiplication
of Eg and E\Y) by 2 in the same equations appears due to the sym-
metric arrangement of incorporated O atoms.

More details on calculations of unoccupied N- and U- vacancies
and parameters of calculated of N, and o-U are given in Ref. [25]. It
is worth mentioning, however, that use of the standard O pseudo-
potential in our VASP calculations gave good bond length of 1.23 A
for the O, molecule but considerable overestimate of the binding
energy (6.79 eV vs. the experimental value of 5.12 eV). Several cor-
rections were suggested in the literature how to take into account
this serious DFT shortcoming [37,38]. Thus, the calculated defect
formation and solution energies may be corrected by ~1 eV (its im-
pact is also discussed below).
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Table 1
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Incorporation (E;), solution (Es) energies in eV, average spin magnetic moments of U atoms uY, in up and effective charge of O atoms in e~ for O incorporation into the UN(00 1)
surface. The reference states for calculating the incorporation and solution energies are the chemical potentials of O, N and U calculated for O,, N, molecules and o-U, respectively.

Layer Supercell size Number of atomic layers in slab N-vacancy U-vacancy
Ei (eV) Es(eV)  uY, (us) Qer(e)  E(eV)  Es(eV) WY (up)  Gegr(e)
Surface 2x2 5 -6.173 -2.473 1.65 -1.36 -0.339 1.120 1.16 -0.98
7 —6.181 —2.476 1.49 -1.36 —-0.855 0.583 1.36 -1.03
9 —6.188 —2.479 1.41 -1.36 —-0.943 0.493 1.31 —-1.06
3x3 5 —6.122 —2.481 1.60 -1.37 —-0.683 0.654 1.48 -1.05
7 —6.126 —2.480 1.46 -1.36 -1.073 0.230 1.38 -1.08
Sub-surface 2x2 5 -6.314 —2.068 1.64 -1.42 —-1.856 1.284 1.66 -1.10
7 -6.419 —2.090 1.49 -1.40 -1.823 1.297 1.45 -1.10
9 —6.417 —2.091 1.41 -1.40 -1.823 1.271 1.38 -1.10
3x3 7 —6.428 -2.093 1.46 -1.39 -2.012 1.000 1.43 -1.10
Central (mirror) 2x2 7 —6.611 —-2.180 1.47 -1.42 0.736 3.923 1.44 —-0.89
9 —6.608 -2.192 1.39 -1.38 0.669 3.838 1.38 —-0.90
3x3 7 —6.599 -2.182 1.45 -1.42 0317 3.378 1.47 -0.94

@®@U e@eNe®@0

Fig. 2. The 2D sections of the electron charge density redistributions Ap(r) around the O atoms incorporated into the surface N-vacancies of the five- and seven-layer
UN(00 1) slabs with 2 x 2 and 3 x 3 supercell extensions. Ap(r) are defined as the total electron density of the O-containing defected surface minus a superposition of the
electron densities of the surface containing the N-vacancies and the O atom in the regular positions on the surface. (a) 3 x 3 periodicity of the oxygen atoms upon the five-
layer slab, (b) 2 x 2 periodicity of the oxygen atoms upon the seven-layer slab, (c) 3 x 3 periodicity of the oxygen atoms upon the seven-layer slab. Solid (red) and dashed
(blue) isolines correspond to positive and negative electron density, respectively. Dashed black isolines correspond to the zero-level. Isodensity increment is 0.25 e a.u.~>. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(a) (b)
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Fig. 3. The 2D sections of Ap(r) around the O atoms incorporated into the N-
vacancies disposed in central layer of the seven-layer UN(0 0 1) slabs with (a) 2 x 2
and (b) 3 x 3 supercell extensions. Other details are given in caption of Fig. 2.

4. Results and discussion

The calculated O atom incorporation into the N-vacancies at the
UN(0 0 1) surface is energetically favorable since both values of E;
and E;s are strictly negative (Table 1), thus, being in favor of both
creating the N-vacancy and adsorbing the O atom from air. Also,
E; decreases by ~0.4 eV (becomes more negative) within the slab
as compared to the surface layer, whereas Es is smallest for the
N-vacancy just on the surface layer. Contrary, in case of the U-
vacancies, the values of E; calculated for the surface and central
layers are found to be close to zero. The sub-surface layer is char-
acterized by E; which is ~1 eV smaller than that for the surface and
central layers. Our results indicate importance of oxynitride forma-
tion. However, Es is positive and increases for O atoms in the the U-
vacancy and the slab centre. Note that the energies in Table 1 do
not include the corrections discussed above for the O atoms. How-
ever, such corrections may lead to E; (or Es) increased by ~1 eV
and, as a result, more positive E; for the U-vacancy. Table 1 also
indicates that solution of the oxygen atoms is energetically more
favorable at the surface layers than in the slab. As the supercell size
increases (the 3 x 3 extension in Table 1), both E; and Es values de-
crease whereas the slab thickness has no such clear effect. Never-
theless, the U-vacancy appeared to be most sensitive to the
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Fig. 4. The total and projected DOS for three positions of O atoms incorporated into
the N-vacancies with a 3 x 3 periodicity across the seven-layer UN(0 0 1) slab: (a)
surface layer, (b) sub-surface layer, (c) central layer. The O 2p peaks have been
normalized to the same value, i.e., these were multiplied by a factor of 8 and 16 for
vacancies in the surface (sub-surface) and central layers, respectively (please see
figure labels), A convolution of individual energy levels has been plotted using the
Gaussian functions with a half-width of 0.2 eV.

supercell size which is related to spurious interactions between the
periodically repeated defects. The E; as well as Es values may be re-
duced by 0.15 eV at the average in this case.

Table 1 allows us to analyze also the averaged spin density of U
atoms uY, for different morphologies of defective UN(00 1) sur-
faces with incorporated O atoms. Analogously to defective UN sur-
face with empty vacancies [25], 1, decreases with a number of
layers in the slab for both types of the vacancies (except for the

O atom incorporated into the U-vacancy in the surface layer). It
is also seen that pY, is higher in the surface layer for the N-vacancy
than for the U-vacancy. The sub-surface and central layers are
characterized by similar p, for both the vacancies. Interestingly,
the effective charge g.; of O atoms is also higher for the N-vacancy
and inside the slab. In the case of U-vacancy, however, gy de-
creases by almost 0.3 e. The same effect is also seen for the N atoms
their effective charge is smaller when the O atom occupies the U-
vacancy (not shown here). The overall picture suggests prevalence
of the covalent bonding between different species in the system.

Large concentrations of defects (25% for the 2 x 2 extension in
Table 1) causes certain finite-size effects which can be illustrated
using the 2D difference electron density redistributions Ap(r).
These redistributions are shown for the O atoms incorporated into
the N-vacancies at the surface (Fig. 2) and central layers (Fig. 3). In-
side the five-layer slab, a presence of the two symmetrically posi-
tioned defects induces their interaction (visible in charge re-
distribution across a slab in Fig. 2a). An increase of the slab thick-
ness reduces this effect (Fig. 2c). If the supercell size is decreased
(the 2 x 2 extension, Fig. 2b) an additional electron density parallel
to the surface layer is observed between the defects. Similar effects
are also observed for redistributions of the electron density around
defects in the mirror planes (Fig. 3). A perfect spherical negative
charge redistribution is observed around the O atom in the U-va-
cancy in the central plane (not shown here). The effect of supercell
size in this case is similar to that discussed for the N-vacancy.
However, in the case of surface vacancy more electron density is
seen between the O atom and neighbouring N atoms in the sub-
surface layer, in a comparison to the N-vacancy. Thus, the effect
of slab thickness also may not be underestimated in this case.

In Fig. 4, the total and projected density of states (DOS) is shown
for the seven-layer defective UN(0 0 1) surface with the O atom
incorporated into the N-vacancy. The system remains conducting
throughout all the calculations with the significant contribution
from the U 5f states at the Fermi level similar to pure UN bulk
[20]. The appearance of the specific O 2p band with the energy
peak at —6eV is observed. When comparing the DOS for the O
atoms incorporated into the N-vacancies, a noticeable shift of
the O 2p band (by about —1.0 eV) allows one to distinguish the sur-
face layer from the internal layers. Moreover, in the case of the sur-
face layer, this band considerably overlaps with the N 2p band,
partly mixed with the U 5f states (similar effects happen with
the O, molecule atop the surface U atom [22]). Contrary, the O
2p band remains quasi-isolated from the other bands (analogously
to the O atom incorporated into the N-vacancy in UN bulk [23]).
Note that position of the N 2p band is insensitive to the presence
of O atoms and lies within energy range of —6 and —1 eV.

5. Conclusions

Summing up the results obtained in this and our recent studies,
the following stages for reactivity of oxygen positioned atop the
UN(0 0 1) surface could be suggested: (i) spontaneous breaking of
the O, chemical bond after molecular adsorption [22], (ii) location
of the two newly formed O adatoms atop the surface U atoms [21],
(iii) incorporation of O adatoms in pre-existing surface N-vacancies
(as a result of vacancy surface diffusion), (iv) incorporation of O
atoms in existing sub-surface N-vacancies as a result of inter-lat-
tice diffusion. This explains an easy UN oxidation observed in air.

The formation of oxynitrides [8] near the UN(0 0 1) surface is
proposed, which can be caused by diffusion of the oxygen atoms
within the interlayers of uranium nitride with further capture by
nitrogen vacancies, thus, resulting in their stabilization due to for-
mation of the chemical bonds with the nearest uranium atoms. The
relevant effects of the electronic charge re-distribution were ana-
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lyzed. They demonstrate a quite local nature of the density pertur-
bation caused by the incorporated O atoms. The analysis of density
of states shows both overlapping of the O 2p states with the N 2p
states at initial stages of oxidation (surface incorporation) and sep-
aration of the O 2p states from other bands in the case of deeper
positioned oxygen atoms (sub-surface penetration). The results of
this analysis could be used for the interpretation of the experimen-
tal ultraviolet photoelectron spectra for uranium oxynitrides [8].
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