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Abstract

The chemical states of Ni, Zn, and W in microcrystalline NiWO4-ZnWO4

solid solutions were studied by X-ray photoelectron spectroscopy. The

recorded spectra of the Ni 2p, Zn 2p, and W 4f photoelectron lines and

Ni L2M23M45, Zn L3M45M45, and W N4N67N7 Auger-transition lines show

pronounced changes with increasing Zn concentration. The positions of the

resolved photoelectron and Auger-transition lines were combined to construct

so-called chemical-state plots (Wagner or Auger-parameter plots) for metal

ions in solid solutions. With increasing Zn concentration, the Auger param-

eter increases for Ni and decreases for W, thus evidencing a lowering and an

increase of the electronic polarizability around core-ionized Ni and W ions,

respectively. At the same time, the character of Zn–O bonds and the local

structure around Zn ions do not change. It is concluded that the dilution

of NiWO4 with Zn ions is accompanied by an increase of the Ni–O bond

ionicity and an increase of the W–O bond covalency. These changes are
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attributed to the charge redistribution among [NiO6] and [WO6] structural

units. We show that a careful in-depth analysis of XPS data obtained with

a laboratory-based X-ray photoelectron spectroscopy system can give chemi-

cally sensitive, qualitative information on the changes in the first coordination

spheres of each metal ion. This information is otherwise accessible only by

synchrotron-based techniques (such as X-ray absorption spectroscopy).

Keywords: ZnWO4, NiWO4, Tungstate, Solid solutions, X-ray

photoelectron spectroscopy, Chemical-state analysis

1. Introduction

Tungstates have technologically important applications as scintillators

[1], laser host materials [2], photocatalysts [3], and heterogeneous catalysts

[4]. Many properties of tungstates can be further controlled by doping or by

making solid solutions with other tungstates [5, 6, 7, 8, 9, 10]. The doping

approach is of particular interest because of a wide range of possible chemical

compositions.

Both ZnWO4 and NiWO4 crystallize in the wolframite structure (space

group P2/c) with two formula units per unit cell [11, 12]. The structure

comprises infinite zigzag chains running in the [001] direction and formed

entirely of either edge-sharing [AO6] octahedra or edge-sharing [WO6] octa-

hedra. Each chain of [AO6] octahedra is corner-linked to four chains of [WO6]

octahedra, and vice versa, leaving open channels in the [001] direction. From

X-ray diffraction and X-ray absorption spectroscopy studies, it is commonly

accepted that the structure of AcB1–cWO4 binary solid solutions of isomor-

phous wolframite-type tungstates AWO4 and BWO4 consists of independent
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[AO6], [BO6], and [WO6] octahedra. However, multiple articles showed that

on a microscopic level the local structure in these (or similar) materials can

be quite complex [5, 10]. The formation of solid solutions also changes the

environment around B cations and increases the unit cell volume in propor-

tion to A concentration (for ZncNi1–cWO4, see [13, 14, 15]; the ionic radii are

0.72 Å and 0.69 Å for Zn and Ni, respectively [16]). In isomorphous systems,

these changes occur continuously and variably in a controlled manner as a

function of A concentration in the whole solid-solution range [17].

One of the tools that can probe the local environment of an element is X-

ray photoelectron spectroscopy (XPS). XPS is a powerful surface analytical

technique to characterize the (different) chemical bonding states of elements

in near-surface regions (i.e., up to depths of about 10 nm) of a solid com-

pound. For example, different oxidation states of an element in a compound

can often be distinguished on the basis of the chemical shifts of the core-level

X-ray-induced photoelectron lines with respect to some well-defined reference

state (e.g., the metallic state or free atom in the gas phase) [18, 19]. The local

chemical state of an element in a solid can be particularly effectively assessed

by XPS on the basis of the so-called modified Auger parameter (AP), as first

introduced by Wagner [20]. The modified AP (for simplicity we further refer

to it simply as the AP) of an element in a compound, α, is defined as the

sum of the binding energy (BE) of the most prominent and sharpest core-level

photoelectron line (c0) and the kinetic energy (KE) of the most prominent

and sharpest core-level-like Auger-transition line (c1c2c3 :
2S+1LJ):

α = Eb(c0) + Ek(c1c2c3 :
2S+1LJ). (1)
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The AP provides a direct measure of the electronic polarizability of the

chemical environment around the core-ionized atom and is, therefore, sensi-

tive to structural changes in the nearest coordination sphere of the element

considered. The AP α(c0; c1c2c3 : 2S+1LJ) may be displayed in a diagram

called a chemical-state plot (also known as a Wagner plot or an AP plot),

which is of considerable analytical utility [19, 21].

The value of the AP is independent of the selected energy reference level

(i.e., the position of the Fermi level in the band gap) and, thus, is unaffected

by energy shifts of the measured photoelectron and Auger-transition lines due

to charging (as encountered in the XPS analysis of insulating compounds).

Against this background and recognizing the high surface sensitivity offered

by XPS, the AP provides a unique tool for the direct experimental assessment

of the changes in the local chemical state of elements in complex oxides as a

function of concentration. The AP shift between two states can be expressed

as

∆α ≈ 2∆Rea, (2)

where Rea is the extra-atomic relaxation energy. Furthermore, Wagner [22,

20] showed that the shifts in core-level BE, ∆Eb, and the shifts in Auger-

transition KE, ∆Ek, can be expressed, respectively, as

∆Eb = −∆ϵ−∆Rea, (3)

∆Ek = ∆ϵ+ 3∆Rea, (4)

where ∆ϵ is the so-called initial-state contribution.
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While the use of chemical-state plots to study a complex oxide is not very

widespread, such an approach can give remarkable insights into the chem-

ical environment of the elements [21, 23, 24]. In this study, the chemical-

state analyses of metal ions in ZncNi1–cWO4 solid-solution powders were

performed with the APs of Ni, Zn, and W to reveal the chemical-state evo-

lution of these elements as a function of composition.

2. Experimental and data analysis

ZncNi1–cWO4 solid solutions were obtained by coprecipitation at room

temperature (20 ℃) and pH 8 with ZnSO4 · 7H2O, Ni(NO3)2 · 6H2O, and

Na2WO4 · 2H2O as educts (see [13, 14] for details). First, the salt solutions

were dissolved in double-distilled water. Next, the salt solutions containing

metal cations were mixed in stoichiometric ratios and added to the sodium

tungstate solution to obtain precipitates of ZncNi1–cWO4 solid solutions.

The products precipitated immediately upon mixing of the aqueous solutions.

After completion of the reaction, the precipitates were filtered off, washed

several times with double-distilled water, and dried in air for 12 h at 80 ℃.

Microcrystalline powders were produced by our annealing the precipitates in

an ambient atmosphere for 4 h at 800 ℃. The phase composition of the sam-

ples was checked by X-ray powder diffraction. To produce pristine surfaces

for analysis, the powders were ground in 2-propanol (analytical purity) with

use of an agate mortar, and then the suspension was quickly transferred to

a stainless steel sample holder; the drying was completed under a vacuum in

the entry lock of the XPS system.

XPS analyses of the powders were conducted with a Thermo Scientific
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Figure 1: X-ray photoelectron spectroscopy valence band spectra as recorded from micro-

crystalline ZncNi1–cWO4 solid solutions. The positions of the O 2s and Zn 3d photoelec-

tron peaks are indicated. The arrow indicates the direction of increasing zinc concentra-

tion. The spectra have been scaled and shifted for alignment with the O 2s peak.

ESCALAB Xi+ system using monochromatic Al Kα radiation (hν = 1486.68

eV, 14.8 kV, 175 W) for all samples at room temperature; the BE scale was

calibrated according to [25]. The resolution function of the instrument was

found to have a width of 0.37 eV with use of the Ag Fermi edge. Spectra

were collected under zero angle to the sample normal, and averaged over

three to five different spots on the samples. The base pressure in the analysis

chamber was lower than 3×10−8 Pa. To control charging of the samples in all

experiments, a dual electron-ion flood gun (2 V, 100 µA) was used; during

its operation the working pressure was around 7 × 10−5 Pa. To determine

the position of the C 1s peak, a single peak (Gaussian-Lorentzian product

function with 70% Gaussian contribution)—ascribed to alkyl-type carbon

(C–C, C–H)—was fit to the main peak of the C 1s spectrum for adventitious

carbon. On the high-BE side, the main peak was always accompanied by a

6

G. Bakradze, A. Kalinko, A. Kuzmin, 
Chemical-state analyses of Ni, Zn, and W ions in NiWO4-ZnWO4 solid solutions by x-ray photoelectron spectroscopy, 

J. Phys. Chem. Solids 161 (2022) 110425.   Doi: 10.1016/j.jpcs.2021.110425.



second peak shifted by about +1.5 eV. The higher-BE peak is ascribed to an

alcohol (C–OH) functionality. The BEs of the recorded spectra were charge-

corrected by setting the alkyl C 1s peak BE position to 285.0 eV, which

typically meant the recorded spectra had to be shifted by approximately

+1.2 eV. The integral area of the C 1s peak never exceeded 5% of that of

the most intense photoelectron peak in the survey.

Inhomogeneous charging can broaden peaks recorded by XPS, but as can

be seen from Fig. 1, the width and the shape of the O 2s photoelectron peak

stay the same from sample to sample; thus, this proves that the charging does

not change considerably in the series. The X-ray photoelectron spectra of the

Ni 2p, Zn 2p, and W 4f regions were recorded over the BE ranges from 850 eV

to 890 eV, from 1010 eV to 1050 eV, and from 33 eV to 44 eV, respectively;

the most prominent Auger-transition lines—Ni L2M23M45, Zn L3M45M45, and

W N4N67N7—were recorded over the BE ranges from 630 eV to 660 eV, from

485 eV to 510 eV, and from 1300 eV to 1340 eV, respectively. For simplicity,

we refer to these Auger transitions as Ni LMM, Zn LMM, and W NNN, re-

spectively. All spectra were recorded with a step size of 0.05 eV at a constant

pass energy of 20 eV with a dwell time of 50 ms. The valence band (VB) spec-

tra were recorded as part of the W 4f spectrum. The measured spectra were

all corrected for the electron-KE-dependent transmission of the analyzer by

use of the corresponding correction factor as provided by the manufacturer.

Furthermore, the lower-BE side of the thus-corrected X-ray photoelectron

spectra was set to zero (background) intensity by subtraction of a constant

background, the value of which was taken to be equal to the averaged mini-

mum intensity at the lower-BE side of the corresponding peak envelope. In
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NiWO4, the Ni 2p doublet possesses an intense, complex multiplet splitting

and poses unique difficulties for chemical-state analysis [26]. Following the

approach described in [27], we used a dedicated procedure for compounds

containing high-spin Ni cations using the free-ion Gupta-Sen multiplets and

shake-up-related satellites to fit the Ni 2p3/2 envelope. Next, the BE positions

of the predominant W 4f7/2 and Zn 2p3/2 peaks were resolved by a standard

fitting procedure using one peak and two peaks of the Gaussian-Lorentzian

product function (70% Gaussian contribution), respectively. During the fit-

ting procedure, for all photoelectron peaks the background from inelastically

scattered electrons was subtracted with use of the Shirley-Proctor-Sherwood

background subtraction method by means of the active approach [28]. The

positions of the main peaks and the Ni LMM, Zn LMM, and W NNN Auger-

transition lines were straightforwardly determined from the position of the

most intense peak in the respective Auger-transition region, which was fit by

either two or three Gaussian-Lorentzian product functions (70% Gaussian

contribution) with use of an active linear background [29]. The numerical

errors in the fitted BEs or KEs were estimated as described in [30]. The O

1s and O KLL regions were not considered, because it was not possible to

reliably determine all contributions to the spectra (there are: several chem-

ically different O positions in the structure of pure wolframites; adsorbed

O-containing species; surface hydroxides; moreover, the O KLL region over-

laps with the Ni 2s peak).
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Figure 2: High-resolution X-ray photoelectron spectra of the Ni 2p region (a) and Ni

L2M23M45 Auger region (b) as recorded from ZncNi1–cWO4 solid solutions at a detection

angle of 0°.
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Figure 3: High-resolution X-ray photoelectron spectra of the Zn 2p region (a) and Zn

L3M45M45 Auger region (b) as recorded from ZncNi1–cWO4 solid solutions at a detection

angle of 0°.

3. Results and discussion

3.1. XPS measurements

A representative set of high-resolution X-ray photoelectron spectra for

different regions is shown in Figs. 1–4.

3.1.1. VB region

The VB spectrum of NiWO4 provides the starting point for discussion of

the VB region of ZncNi1–cWO4 solid solutions (see Fig. 1). A first-principles
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linear combination of atomic orbitals (LCAO) study [31] has shown that in

NiWO4 the VB is formed by hybridized O 2p and Ni 3d states, and the Ni 3d

(t2g, eg, ↑) states contribute mainly to the upper part of the VB, whereas the

conduction band is formed by the empty W 5d states with an admixture of

the empty Ni 3d (eg, ↓) states at the bottom of the band. In the VB spectrum

of NiWO4 shown in Fig. 1, two main spectral features may be identified: the

O 2s XPS peak, and a broad VB consisting of the O 2p and Ni 3d states

at lower BE. The relatively shallow Ni 3d states hybridize with O 2p states

to give bonding states at the top of the main VB. The O 2p VB spectrum

for ZncNi1–cWO4 solid solutions is similar to that of the parent NiWO4,

although the overall bandwidth becomes narrower. As shown in the LCAO

calculations, the VB of ZnWO4—having largely O 2p character—is separated

by a band gap of 4.6 eV from the bottom of the conduction band, which is

dominated by W 5d states [32]. The most pronounced difference between the

NiWO4 and Zn-containing solid solutions is the emergence of and a gradual

increase in the intensity of the Zn 3d photoelectron peak relative to that of

the O 2p VB, as is to be expected from the change in composition. The

VB spectra do not contain any weak in-gap structures below the Fermi level

arising from states associated with oxygen deficiency [13].

3.1.2. Ni 2p and Ni LMM regions

The Ni 2p3/2 spectra of ZncNi1–cWO4 solid solutions are complex because

of multiplet splitting (see Fig. 2a), which is clearly resolved for c ≤ 0.70; for

c ≥ 0.90, nickel is not detectable in the samples. According to the TPP-2M

model [33], in NiWO4 (22 valence electrons, density 7.55 g/cm3, band gap 2.2

eV), the inelastic mean free paths (IMFPs) of electrons of energy of around
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600 eV (Ni 2p), 845 eV (Ni LMM), and 1450 eV (W 4f) are 13.10 Å, 16.29 Å,

and 24.51 Å, respectively. Thus, the Ni 2p photoelectron line carries more

surface-sensitive information than the W 4f photoelectron line. As octahedral

units are unlikely to be broken during sample preparation through grinding,

and taking into account that the average Ni–O distance in NiWO4 is around

2 Å, the surface in solid solutions with high c values seems to be indeed

depleted in Ni, and this is explained by the more covalent nature of Ni–O

chemical bonds (vide infra) and, thus, higher Peierls-Nabarro barriers for

dislocation motion in the planes containing [NiO6], so the fracture occurs

preferentially along the planes containing [ZnO6].

High-resolution spectra of the X-ray-excited Ni LMM Auger-transition

lines from selected samples are shown in Fig. 2b. The signal-to-noise ratio

is low. In pure NiWO4, the Ni LMM line has a clearly resolved double-

peak structure, although for intermediate compounds, intensity redistribu-

tion occurs. The subtle peak on the high-BE side is due to Zn LMM Auger

transitions.

3.1.3. Zn 2p and Zn LMM regions

The Zn 2p3/2 spectra of ZnWO4—although free from multiplet splitting

and other complicating effects—in all intermediate compositions consist of

two components. Close to the zinc-rich end, the lower-intensity component

appears as a clear shoulder on the high-BE side of the main peak (see Fig. 3a).

This can be explained by the formation of zinc hydroxide on the surface of

the powder particles. At low temperatures, the formation of Zn(OH)2 on the

surface is thermodynamically more favorable, taking into account depletion

of Ni in the surface region, and a more negative standard enthalpy of forma-
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tion for Zn(OH)2 than for Ni(OH)2: −555.9 kJ/mol versus −458.3 kJ/mol,

respectively [34].

According to the TPP-2M model [33], in ZnWO4 (24 valence electrons,

density 7.87 g/cm3, band gap 4.6 eV), the IMFPs of electrons with energy

of around 460 eV (Zn 2p), 985 eV (Zn LMM), and 1450 eV (W 4f) are

10.55 Å, 18.13 Å, and 24.33 Å, respectively. Thus, the Zn 2p region is

more surface sensitive than the W 4f region. High-resolution X-ray-excited

Zn LMM Auger-transition line spectra from selected samples are shown in

Fig. 3b. This region is complicated by the presence of a weak W 4p1/2 X-ray

photoelectron line, whose relative contribution can be estimated from Fig. 3b

when no zinc is present (c = 0). Although the Na KLL Auger-transition line

is located in this BE region, sodium was not detected in the survey.

3.1.4. W 4f and W NNN regions

From general considerations (i.e., based on equal atomic concentrations

of W and similar IMFPs for W 4f photoelectrons in NiWO4 and ZnWO4) one

would expect the relative intensity and the shape of the XPS W 4f doublet

in the whole solid-solution series to be the same. However, as is apparent

from Fig. 4a, the overall shape of the peaks does change: from very broad in

NiWO4 to much narrower in ZnWO4. At the same time, the integral intensity

of the peaks stays approximately the same. Only a few high-quality XPS

studies of NiWO4 have been published so far [35, 36, 37]. The width of the

W 4f doublet recorded from thin epitaxial NiWO4 films was very small [37],

whereas the W 4f doublet reported for powders [35] and magnetron-sputtered

thin films [36] is characterized by considerable broadening. We assume that

the distortion of [WO6] octahedra contributes to the width of the broadened

13

G. Bakradze, A. Kalinko, A. Kuzmin, 
Chemical-state analyses of Ni, Zn, and W ions in NiWO4-ZnWO4 solid solutions by x-ray photoelectron spectroscopy, 

J. Phys. Chem. Solids 161 (2022) 110425.   Doi: 10.1016/j.jpcs.2021.110425.



W 4f peaks (vide infra).

For chemical-state determination, usually the KE of the M5N67N67 Auger-

transition line is used (KE of around 1728 eV). As this energy was not ac-

cessible in our setup, we used the AP α(4f7/2,N4N67N7). Because of the low

KE of these Auger electrons, the intensity of the line is low even in the spec-

trum of pure tungsten metal, and thus in solid solutions the noise level in

the spectra of the W NNN Auger-transition line is very high, but it shows

gradual changes from c = 0 to c = 1 (Fig. 4b).

As noted in [5] the stoichiometry of tungstates is difficult to demonstrate.

In these tungstate samples both Ni and Zn are in the +2 oxidation state,

and any nonstoichiometry would depend on the presence of multiple-valency

states for W, although from the W 4f X-ray photoelectron spectra there is

no evidence for the latter. As mentioned above, no features associated with

oxygen deficiency were observed in the VB spectra. Any nonstoichiometry or

disorder within the tungstate samples would have to be a major phenomenon,

but no signs of nonstoichiometry or disorder were detected in X-ray powder

diffraction experiments [13] or in X-ray absorption spectroscopy experiments

[14]. We conclude that cation or oxygen deficiencies are not the reason for

the observed width of the W 4f peak in nickel-rich samples.

3.2. Chemical-state plots

Fig. 5 shows the chemical-state plots for nickel, zinc, and tungsten in

ZncNi1–cWO4 solid solutions as a function of zinc concentration c (in the

plot the abscissa, BE (c0), is oriented in the negative direction). Table 1

shows the maximum BE positions of the Ni 2p3/2, Zn 2p3/2, and W 4f7/2

photoelectron peaks and the maximum KE positions of the Ni LMM, Zn
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Figure 4: High-resolution X-ray photoelectron spectra of the W 4f region (a) and W

N4N67N7 Auger region (b) as recorded from ZncNi1–cWO4 solid solutions at a detection

angle of 0°. The spectra of the Auger region have been shifted along the ordinate for a

better overview.
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LMM, and W NNN Auger electron peaks, as well as the AP for Ni, Zn, and

W and final-state effects ∆Rea and initial-state effects ∆ϵ for Ni, Zn, and W

(with respect to the metallic state).

3.2.1. Ni chemical-state plot

The BE positions of the Ni 2p3/2 X-ray photoelectron peak showed a

shift of approximately 0.22 eV between pure nickel tungstate and solid solu-

tions (see Fig. 5a). A complex multiplet structure of the Ni 2p3/2 line and

a small shift make this peak alone unsuitable for a quantitative analysis in

ZncNi1–cWO4 solid solutions. However, chemical-state characterization can

be done with the AP for nickel α(2p3/2,L2M23M45) [38]. In the chemical-state

plot for nickel, with the increase of zinc concentration, the BE of the Ni 2p3/2

line and the KE of the Ni LMM Auger-transition line slightly increase. The

AP for nickel gradually increases with increasing zinc concentration, and the

maximum measured change in the AP for Ni in NiWO4 and Zn0.70Ni0.30WO4

is approximately 0.50 eV (see Table 1). The higher Ni 2p3/2 BEs in solid so-

lutions evidence the higher ionicity of Ni–O chemical bonds with increasing

zinc concentration. For a core-ionized atom with an open valence shell con-

figuration, e.g., Ni2+ ([Ar] 3d8), one would expect the screening mechanism

to be nonlocal: an electron transfer occurs from the nearest-neighbor ligands

into the spatially extended d atomic orbitals of the 2p core-ionized Ni2+ ions;

thus, an AP shift should be practically independent of the chemical state and

similar to that measured for the metallic state. As is apparent from Table

1, the AP for Ni is indeed close to that for metallic Ni (1698.76 eV); how-

ever, the AP values increase gradually upon dilution of NiWO4 with zinc

and are higher than those for NiO (1697.71 eV [38]). Thus, each of these
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chemical states has a different AP value, i.e., relaxation effects in response

to the creation of the photoelectron core hole [18]. It is known that the AP

increases with increased coordination [18]; thus, this observation could indi-

cate that the number of distinct neighbors of Ni increases (i.e., the [NiO6]

octahedra become less distorted with increasing zinc concentration). This

qualitative finding is in agreement with a recent X-ray absorption study [15]

where narrowing of the radial distribution function for Ni–O atomic pairs

was found.

Analysis of the initial-state and final-state effects for Ni in solid solutions

indicates that at the nickel-rich end their BE and KE shifts are dominated

by the initial ground electronic state effects, ∆ϵ, which increase toward the

nickel-rich end and reach their maximum in NiWO4 (+0.45 eV). In the mid-

dle of the concentration range, the BE and KE shifts are determined by

both the initial-state shifts and the final-state shifts, whose contributions are

approximately equal: +0.06 eV versus +0.05 eV, respectively (see Table 1).

3.2.2. Zn chemical-state plot

The BE positions of the Zn 2p3/2 X-ray photoelectron peak showed a

maximum shift of approximately 0.33 eV between pure ZnWO4 and solid

solutions (see Fig. 3b and Table 1). Such a small shift makes this peak un-

suitable for a meaningful analysis; this observation again confirms that the

use of the AP is preferred to identify zinc species. Chemical-state charac-

terization can be done with the AP α(2p3/2,L3M45M45). The position of

zinc in ZncNi1–cWO4 solid solutions in the chemical-state plot with respect

to the metallic state is essentially determined by a high negative value of

the Madelung potential. At the same time, the chemical state of Zn ions in
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Figure 5: Chemical-state plots for Ni (a), Zn (b), and W (c) in ZncNi1–cWO4 solid

solutions. The family of dashed diagonal lines with a slope of −1 represents the lines of

constant Auger parameter (AP) values according to Eq. (1). The corresponding APs for

pure metals and their stablest oxides are also indicated as reported in the NIST X-ray

Photoelectron Spectroscopy Database [39] and in [38]. The arrow indicates the direction

of increasing zinc concentration in the samples. The inset in (c) shows Raman scattering

spectra of ZncNi1–cWO4 solid solutions in the range of the Ag band due to the W–O

stretching mode [14]. See the main text for details. BE, binding energy; KE, kinetic

energy.
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solid solutions with respect to the pure ZnWO4 state shows no systematic

changes as a function of zinc concentration (see Fig. 5b and Table 1). Thus,

for Zn2+ ([Ar] 3d10)—i.e., the core-ionized atoms with a closed valence shell

configuration—the screening mechanism is local: an electron transfer occurs

from the nearest-neighbor oxygen ligands into the localized p atomic orbital

of the 2p core-ionized Zn2+ ions and the AP shifts are practically indepen-

dent of the chemical state. The AP for Zn almost does not depend on zinc

concentration (see Table 1), but never reaches the AP value of zinc in ZnO

(2010 eV). This observation is in agreement with the tendency of the AP to

increase with increased coordination [18]: in ZnWO4, Zn has an octahedral

coordination, whereas in ZnO the coordination is tetrahedral.

3.2.3. W chemical-state plot

Chemical-state characterization of tungsten was done with the AP

α(4f7/2,N4N67N7). The chemical state of W ions in solid solutions changes

considerably as a function of zinc concentration (see Fig. 5c and Table 1).

A shift of the W 4f7/2 BE with increasing zinc concentration evidences a

more covalent character of the W–O chemical bonds with increasing zinc

concentration. Each of these chemical states has a different AP value involv-

ing variable extra-atomic polarization charge toward the spatially extended

valence orbitals of the 4f core-ionized W6+.

Similarly as in the case of Zn, i.e., for a core-ionized atom with a closed

valence shell configuration, for W6+ ([Xe] 4f14) one would expect the screen-

ing mechanism of the 4f ionized W to be local. However, the analysis of the

initial-state effects, ∆ϵ, and final-state effects, ∆Rea, for W in solid solutions

indicates that for the nickel-rich end, the BE and KE shifts are dominated by
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the initial ground electronic state effects, which are more negative in NiWO4

than in ZnWO4: −3.67 eV versus −1.88 eV, respectively (see Table 1). At

the zinc-rich end, their BE and KE shifts are dominated by the final-state

shifts, which are more negative in ZnWO4 than in NiWO4: −2.59 eV versus

−1.02 eV, respectively. The AP depends on the electronic polarizability of

the nearest-neighbor ligands, and it can be shown [18, 19] that the final-state

relaxation energy decreases when the number of ligands or their polarizability

decreases. The polarization of the ligands may be seen as an electron trans-

fer from the nearest-neighbor ligands toward the spatially extended valence

orbitals of the 4f core-ionized W: the shared W–O electrons are polarized

back toward O, resulting in the lower measured BEs. This interpretation is

backed up by extended X-ray absorption fine structure spectroscopy results

obtained for ZncNi1–cWO4 solid solutions [14] and the Raman data on the

Ag band shift in ZncNi1–cWO4 solid solutions (see the inset in Fig. 5c and

[14]). Although the formal coordination number of W in ZncNi1–cWO4 solid

solutions (coordination number of 6) does not change, the large AP shift

is attributed to the changes of W–O interatomic distances as a function of

c. In pure NiWO4, the closest oxygen atoms split into two groups of 4 ×

1.84 Å and 2× 2.12 Å, whereas in pure ZnWO4, the closest oxygen atoms

split into three groups of 2 × 1.80 Å, 2 × 1.90 Å, and 2 × 2.14 Å, thus

changing the local static distortion of [WO6]. In solid solutions, the W–O

distances gradually take intermediate values with increasing zinc concentra-

tion; see [14] for details. In both NiWO4 and ZnWO4, the [WO6] octahedra

are distorted because of the second-order Jahn-Teller effect [40]. Although

the temperature-induced effects in the [WO6] octahedra are more pronounced
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in ZnWO4, the W–O bonds are stiffer in ZnWO4, as is evidenced by (i) the

larger effective bond-stretching force constants [15] and (ii) the higher fre-

quency of the W–O stretching Ag mode determined by Raman spectroscopy

reported in [14]. This distortion and weaker W–O bond strength in NiWO4

are the reasons for the increased width of the W 4f X-ray photoelectron lines.

4. Conclusions

Spectra of Ni 2p, Zn 2p, and W 4f photoelectron lines and Ni LMM,

Zn LMM, and W NNN Auger-transition lines were recorded from the whole

range of NiWO4-ZnWO4 ternary-oxide solid solutions. Upon dilution with

zinc ions, the spectra show pronounced changes in the shape and main line

positions, which are reflected in the chemical-state plots for Ni, Zn, and W

ions. The chemical-state plots for Ni, Zn, and W ions indicate that the

AP slightly increases for Ni (+0.49 eV) and substantially decreases for W

(−3.15 eV) with increasing zinc concentration. These changes are explained

by the concurrent changes in the first coordination spheres of both Ni and

W. The changes are accompanied by an increase and lowering of the elec-

tronic polarizability of the first coordination sphere around Ni and W atoms,

respectively. It is concluded that with increasing zinc concentration, the ion-

icity of Ni–O chemical bonds increases, the ionicity of W–O bonds decreases

(i.e., W–O bonds become more covalent), and the ionicity of Zn–O chemical

bonds does not change. Final-state effects contribute unequally within the

solid-solution series: the external relaxation effects for Ni are found to slightly

increase with increasing zinc concentration, in agreement with the shortening

of Ni–O nearest-neighbor bonds, whereas for W the external relaxation effects
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are found to decrease with increasing zinc concentration, in agreement with

the shortening of W–O nearest-neighbor bonds. The data indicate that upon

zinc substitution in ZncNi1–cWO4 solid solutions, the environment around

W modifies the ground-state valence charge of W and, therefore, the ability

of the valence charge to screen the final-state hole. Although a careful in-

depth analysis of XPS data obtained with a laboratory-based XPS system

can give only qualitative information on the changes in the first coordination

spheres of each metal ion, this information is useful, because otherwise it is

accessible only by synchrotron-based techniques (such as X-ray absorption

spectroscopy).
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