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High-pressure (0-26.7 GPa) Cu K-edge X-ray absorption spectroscopy was used to study possible structural
modifications of anti-perovskite-type copper nitride (CusN) crystal lattice. The analysis of X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), based on theoretical
full-multiple-scattering and single-scattering approaches, respectively, suggests that at all pressures the local
atomic structure of CusN remains close to that in cubic Pm3m phase. Therefore, the transition to metal state
above 5 GPa, observed previously using pressure-dependent electrical resistance and optical absorption mea-
surements, is explained by the band gap collapse due to a decrease of the unit cell volume. We found that the
lattice parameter of CusN is reduced by ~2% upon increasing pressure up to 26.7 GPa, and the structure is

restored upon pressure release.
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1. Introduction
Studies of structural phase transitions driven by pressure play an important role in materials science
and geosciences. !> Recent developments in the field have been made possible by coupling diamond
anvil cells (DACs) with synchrotron radiation based techniques®* as well as due to advances in first
principles calculations.>” X-ray diffraction (XRD),%° being sensitive to long range-order, and X-ray
absorption spectroscopy (XAS),!%!1? giving element-specific information on the local electronic and
atomic structures, are two complementary direct structural methods which are most often used to probe
high-pressure structure transformations.

When a crystalline material suffers high-pressure load, a broadening of diffraction peaks may occur
due to crystallites size reduction and an appearance of the local strain (microstrain) at the contact
points between crystal grains. '? Pressure-induced amorphization is also observed in many materials. 4
A significant broadening of the diffraction peaks can make ambiguous the precise analysis of the
diffraction pattern and, as a result, the identification of the high-pressure phase. In this situation, the
use of XAS can be beneficial, in particular, when the local environment around the absorbing atom in
the low- and high-pressure phases is sufficiently different.

In this study, we will discuss the case of copper nitride (CusN), which finds applications in op-

1516 optical lithography/metallization layers,!” resistive random-access memory

tical storage media,
(ReRAM), 8 spintronic devices, ' for solar energy conversion,?” and as a conductive ink.>!

CusN crystallizes at ambient pressure and temperature in anti-perovskite-type cubic crystal struc-
ture (also known as anti-ReOs-type) built up of corner-sharing NCug octahedra (Figure 1).2%%* Op-
posite to perovskites, light anion (N) is located in CugN at the octahedron centre occupying Wyckoff
position 1a (0,0,0), whereas six metal cations (Cu) form regular octahedron and reside on Wyckoff
position 3d (1/2,0,0).

The peculiarity of the CusN crystal lattice is the presence of an empty space between eight NCug
octahedra located at the cube corners (Figure 1). Such crystal lattice and its low decomposition temper-
ature (600-800 K?*27) indicate on the possibility of the CusN structure instability under high pressure.
In fact, the pressure-induced metallization of CuzN above ~5 GPa has been observed in the past by

9

electrical resistance® and optical absorption?’ measurements. However, its origin remains a puzzling

Copyright line will be provided by the publisher



A. Kuzmin, A. Anspoks, A. Kalinko, J. Timoshenko, L. Nataf, F. Baudelet, T. Irifune,
Origin of pressure-induced metallization in Cu3N: an X-ray absorption spectroscopy study,
Phys. Status Solidi B 255 (2018) 1800073:1-6.

Figure 1 Crystal structure of cubic CusN (space group Pm3m (221)) composed of regular NCug octahedra.

2930 and neutron? diffraction data suggest the existence of the phase transition between 5

task. X-ray
and 10 GPa from low-pressure Pm3m phase to high-pressure 14/mmm?® or P4/mmm>° phase. At
the same time, available first principles calculations predict in CugN a transition to several different

31,32

phases or even the absence of any structural transition up to 30 GPa.**

We have shown recently that XAS is well suited to probe the local environment of CugN, provid-
ing detailed information on the thermal disorder and vibrational correlations.*3% Here we present
the results of the room-temperature pressure-dependent (up to 26.7 GPa) Cu K-edge XAS study of
CusN. Theoretical simulations of the experimental data allowed us to validate the available structural

28,31-33

models and suggest that the metallic state in CugN is reached under high pressure because of a

continuous decrease and eventual collapse of the band gap.

2. Experimental Section
Our polycrystalline CusN (Alfa Aesar, 99.5% purity) sample was characterized by X-ray diffraction at
room-temperature using the Bruker AXS D2 PHASER benchtop Bragg-Brentano 6/6 powder diffrac-
tometer equipped with the LynxEye detector and copper anode (Cu Ka) tube. The sample was rotated
during the measurement, and the pattern was collected in the angular range 26 from 10° to 90° with

the step of A(260)=0.04°.
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Figure 2 Rietveld refinement of the powder X-ray diffraction pattern of CuzN. Observed data points are indicated by open
circles, the best-fit profile (upper curve) and the difference pattern (lower curve) are shown by solid lines. Vertical bars
indicate the position of Bragg peaks for the Pm3m phase. The plane indices are also given.

Room-temperature pressure-dependent XAS was performed at the Cu K-edge using the dispersive
set-up of the bending-magnet SOLEIL ODE beamline.*’ The SOLEIL synchrotron was operated in the
top-up mode at energy of 2.75 GeV and current of 450 mA. The X-ray synchrotron radiation, produced
by bending magnet, was dispersed and focused by a cooled single-crystal Si(111) polychromator bent
in four points under vacuum. The focus spot size at the sample was about 30 ym FWHM. Two mirrors
installed before and after the polychromator were used for a harmonic rejection. The X-ray absorption
spectra were detected by a Princeton Instruments PIXIS-400 CCD camera coupled with a scintillator.

The sample pressure was controlled in the range of 0-26.7 GPa using a membrane-type nano-
polycrystalline diamond anvil cell (NDAC).!® The silicon oil was used as a pressure transmitting

media, and the pressure in the cell was determined using ruby luminescence method. >

3. Data Analysis
Phase purity of polycrystalline CusN sample was confirmed by the analysis of the X-ray powder
diffraction pattern using the Rietveld method, implemented in the PROFEX code.*’ The result of the
Rietveld refinement is shown in Figure 2. The obtained R-factors are R,,,=2.19% and R.,,=1.5%, and

the goodness-of-fit y?=2.13.
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The X-ray absorption spectra at the Cu K-edge were analysed using the EDA software package®*!
following conventional procedure.*? Firstly, the X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) were extracted from the experimental data. Next,
the Fourier transforms (FTs) of the EXAFS spectra x (k)k? (k is the photoelectron wavenumber) were
calculated using the 10%-Gaussian window function: they were not corrected for the backscattering
phase shift of atoms, therefore the positions of all peaks are displaced to smaller distances relative to
their crystallographic values.

The Cu K-edge XANES spectra of different CuzN phases were calculated accounting for electric

43,44

dipolar and quadrupolar transitions by the ab initio FDMNES code using full-multiple-scattering

(FMS) approach (Green formalism) and a self-consistent muffin-tin potential. The phase structures

28,31

were taken from the models reported in Refs.?831733 | The real energy-dependent exchange-correlation

correction was described by the Hedin-Lundqvist*#¢ potential. The calculated XANES was broad-
ened using the convolution with a Lorentzian to account for the core-hole and the final state life-time.**

The Cu K-edge EXAFS x(k) was analysed within the single-scattering approximation. The photo-
electron wavenumber £ is defined as k = \/m /h, where m is the electron mass, 7 is Plank’s
constant, £ is the X-ray photon energy, and the threshold energy £(,=8982 eV defines the origin of
the photoelectron kinetic energy. The least-square curve fitting of EXAFS spectra was performed in
the k-space range from 1.5 to 7.5 A~ for a cluster resembling a fragment of the CugN structure with
the Pm3m symmetry and containing six coordination shells around absorbing copper atom. Due to
a short k-space range, we have constrained the values of coordination numbers at crystallographic
values, whereas the interatomic distances, related to the coordination shell radii, and the mean-square
relative displacement (MSRD) factors were used as free parameters.*? The required scattering am-
plitudes and phase shifts were calculated by the ab initio FEFF9 code*’*® based on a self-consistent

muffin-tin potential. The complex energy-dependent exchange-correlation Hedin-Lundqvist*>*¢ po-

tential was used to account for inelastic effects in FEFF9 calculations.

4. Results and Discussion

The cubic lattice parameter of our polycrystalline CusN sample obtained by Rietveld refinement at
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room-temperature and ambient pressure (Figure 2) is equal to 3.8167(1) A. This value agrees well

with those in previous studies: 3.819(1) A,?* 3.817(5) A* and 3.811-3.820 A. %

In situ X-ray absorption spectra were recorded at the Cu K-edge in the pressure range of 0-26.7 GPa
(Figure 3(a)). As one can see, a change of the spectra shape upon pressure increase is rather small,
and the position of the absorption threshold remains at the same energy of ~8982 eV (Figure 3(b)).
The pressure-dependence of the edge position at the half-height of the normalized Cu K-edge jump is
shown in Figure 4: its qualitative behavior with the onset at ~5 GPa correlates well with a transition

to metal state observed in Refs.282%

In Figure 5 we compare a set of the Cu K-edge XANES spectra of CusN, recorded at pressures
from 0 to 26.7 GPa, with the XANES spectra of two reference samples — metallic copper (Cu®) foil
and Cu?*O powder. A strong difference between the XANES spectra of the three compounds is clearly
visible. Moreover, a shift of the pre-edge shoulder occurs from 8979 eV in metallic copper to 8982 eV
in CusN and, finally, to 8984 eV in CuO as denoted with the horizontal arrow. It is caused by the
difference in the oxidation state of copper ions in the three compounds. At the same time, the position
of the pre-edge shoulder in CusN remains unchanged at ~8982 eV upon compression as well as after
pressure release. This fact is in agreement with the copper oxidation state of +1 in CusN. Note that
the pre-edge shoulder in CusN is due to the electron transition from 1s(Cu) level to the bottom of

conduction band composed of 3d(Cu) and 2p(N) states with some small admixture of 4p(Cu) states. >’

The results of the full-multiple-scattering calculations by the FDMNES code for different CusN
phases proposed in previous theoretical*'=* and experimental *-** studies are shown in Figure 6. The
experimental XANES spectra at two extreme pressures (0 and 26.7 GPa) are also presented for com-
parison. As one can see, only XANES for cubic Pm3m (221) phase agrees well with our experimental
data and is able to reproduce four main features (A-D) as seen in Figure 6a. Both tetragonal phases
P4/mmm (123) and 14/mmm (139) give XANES spectra which differ significantly in the range of
peaks A-C with the experimental ones. The XANES spectra corresponding to other four phases, cu-
bic CuszAu-type, hexagonal LizP-type (194), trigonal a-UQOs-type (164) and orthorhombic I-K3N-type

(63), also deviate significantly from our experimental data as seen in Figure 6b. To conclude, the FMS
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Figure 3 (a) Pressure-dependence of the Cu K-edge XANES of CusN. (b) Enlarged region of the XANES close to the

absorption edge. A change of the edge position at the half-height of the normalized Cu K-edge jump is indicated by the
arrow.

simulations of the Cu K-edge XANES of CusN suggest that cubic Pm3m (221) phase remains stable
in the range of 0-26.7 GPa.

The experimental XANES spectra in Figure 3 can be also used to estimate the lattice parameter
variation in CuzN upon compression using Natoli’s rule.>? The rule states that for solids of the same
structure-type, the energy position of XANES peaks above the threshold (E)) is inversely proportional
to interatomic distance or lattice parameter: (E — FEy + AE)(R — AR)? = (E — Ey)R?* = const.”

Therefore, one can estimate a change of R from a variation of the peak position E relative to the
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Figure 5 Comparison of the Cu K-edge XANES of CuzN, metallic copper and CuO. The data for Cu and CuO are from
Ref.5! .

threshold Ej. This method was successfully used in the past to estimate the metal-oxygen bond length
in high-temperature superconductors>® and manganites.>*>> A shift of each peak in XANES by AE
to larger energies corresponds to a decrease of the respective scattering path length by AR. We ap-
plied Natoli’s rule to five peaks observed in the experimental XANES at 9000, 9022, 9065, 9138 and

9201 eV. The results suggest a reduction of the lattice parameter by ~2.3% at 26.7 GPa.
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Figure 6 Comparison of the Cu K-edge XANES FMS calculations by FDMNES code for several crystal phases with the
experimental XANES of CugN at 0 and 26.7 GPa.

Further support for our XANES results was obtained from the analysis of EXAFS. The experi-
mental Cu K-edge EXAFS spectra x(k)k? and their Fourier transforms are shown in Figure 7. Note
that the EXAFS range is strongly limited when measurements are performed in dispersive mode. We
obtained good quality experimental data up to k.. = 7.5 A~!. A relatively short k-space range is
responsible for the broadening of peaks in the Fourier transforms. The EXAFS spectra at two extreme
pressures (0 and 26.7 GPa) are close in shape and differ mainly in frequency. The observed decrease
of the frequency of EXAFS oscillations upon increasing pressure suggests a reduction of the lattice

parameter and, consequently, a shortening of interatomic distances denoted with the horizontal arrow.
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Figure 7 Comparison of the experimental Cu K-edge EXAFS spectra x (k)k? (upper panel) and their Fourier transforms
(FTs) (lower panel, modulus and imaginary parts are shown) for CusN at O and 26.7 GPa. Note that the peaks in FTs do
not appear at the true interatomic distances due to the extra phase shifts.

The EXAFS spectra of CusN were least-square curve fitted within the single-scattering approxi-
mation (Figure 8) using a simple model, based on a fragment of the CuzN structure with the Pm3m
symmetry and containing six coordination shells around absorbing copper atom. Note that the first four
shells, composed of two nearest nitrogen atoms at ~1.9 A, eight copper atoms at ~2.7 A, six copper
atoms at ~3.8 A and eight nitrogen atoms at ~4.2 A, produce the main contribution to EXAFS. Our

simple model reproduces well main features of the experimental EXAFS spectra at both pressures.
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Figure 8 Comparison of the experimental (open circles) and calculated (solid lines) Cu K-edge EXAFS spectra x (k)k? of
CusN at 0 and 26.7 GPa.

The values of the lattice parameters ag = 3.82 A at 0 GPa and ag = 3.74 A at 26.7 GPa, estimated
from interatomic distances, suggest the lattice parameter reduction by ~2% upon compression up to
26.7 GPa. This result agree nicely with the previous estimate by Natoli’s rule. Thus, one can conclude
that the results of EXAFS analysis provide additional support for the stability of cubic Pm3m (221)
phase in the range of 0-26.7 GPa.

Pressure-dependence of CusN properties was studied in the past by electrical resistance?® and op-

tical absorption?® measurements.

It was found?® that the resistance of CusN is semiconductor-like (about 10° €2) at ambient pressure,
drops by about five orders of magnitude in the pressure range of 3—10 GPa, and then remains at
several ohms above 10 GPa. Upon releasing pressure back to ambient, the resistance increases slightly

remaining in about several ohms range.

The electronic properties of CusN were indirectly probed by measuring optical response in the
infrared and visible frequency range.? A strong increase of the absorption in the infrared range at
1 eV was found already at 1 GPa because of excitations across the band gap.>® The absorption in the

infrared range strongly increases above 4 GPa and becomes nearly flat above 7 GPa.? Note that the
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initial low absorption level was not recovered upon pressure release, being in good correlation with
the behavior of the resistance.?8

Summarizing both experimental findings?%>

one can propose three possible models for their ex-
planation: (i) band gap collapse of cubic CuzN phase upon compression; (ii) a transition to a different

CusN phase; (iii) a transition to metallic copper due to nitrogen loss.

The electronic structure of CugN was studied by first principles calculations in a number of

works. 31-33,50,56

The results of the full-potential linearized augmented plane wave (FP-LAPW) calculations using
density functional theory (DFT) predicted a phase transition of CuzN at ~17 GPa from cubic Pm3m
phase to a hypothetic cubic CuzAu-type phase, having the same space group (221) but with Cu and N
atoms occupying two different Wyckoff positions — 1a (0,0,0) and 3c (0,1/2,1/2), respectively.>!

Eight structure candidates for high-pressure phases of CusN were investigated in Ref.?? based on
the Hartree-Fock and DFT-B3LYP methods. The obtained results suggested that three phases might
be stable at high pressures of about 25-35 GPa: the hexagonal LisP-type (194), trigonal a-UOs-type
(164) and orthorhombic [-K3N-type (63).

Finally, recent FP-LAPW DFT calculations using a modified Becke-Johnson (mBJ) exchange po-
tential approximation proposed that the cubic CusN (Pm3m (221)) structure is mechanically most
stable under high pressures.* The calculations predict that CusN is an indirect band gap (0.6 eV)

semiconductor and becomes a metal at 5-10 GPa and a semi-metal at 20-30 GPa.*?

Experimental high-pressure diffraction studies >**° have proposed a transition from cubic Pm3m to
tetragonal 74/mmm phase at ~8.2 GPa* or ~12 GPa.*” The existence of the intermediate tetragonal

1.30

P4/mmm phase has been evidenced as well.”? However, the diffraction patterns of these phases are

rather close taking into account the broadening of peaks at high pressure.

Therefore, we propose based on our high-pressure X-ray absorption spectroscopy study and recent
first-principles calculations* that the cubic (Pm3m) structure of CusN remains stable at least up to
26.7 GPa. The band gap of CusN decreases upon the lattice compression, and an overlap between

conduction and valence bands leads to metallic behavior.
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5. Conclusion
Cubic CusN with anti-perovskite structure was studied by in situ high-pressure X-ray absorption spec-
troscopy at the Cu K-edge using synchrotron radiation.

The transition to metal state above 5 GPa, observed previously by pressure-dependent electrical
resistance?® and optical absorption?® measurements, is explained by the band gap collapse due to a
decrease of the unit cell volume. The lattice parameter of CusN is reduced by ~2% upon increasing
pressure up to 26.7 GPa, nevertheless the structure is restored upon pressure release. At all pressures
the local atomic structure of CuzN remains close to that in the cubic Pm3m phase, supporting its

stability.
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Origin of pressure-induced metallization in cubic CusN has been disclosed using in situ Cu K-edge
X-ray absorption spectroscopy. The transition to metal state above 5 GPa is explained by the band gap
collapse due to a decrease of the unit cell volume. The lattice parameter of CusN is reduced by ~2%
upon increasing pressure up to 26.7 GPa, and the structure is restored upon pressure release. The local
atomic structure of CuzN remains close to that in cubic Pm3m at all pressures.
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