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Bonding and XPS chemical shifts in ZrSiQ versus SiQ and ZrO,: Charge transfer
and electrostatic effects

M. J. Guittet! J. P. Crocombetteand M. Gautier-Soyét
IDSM/DRECAM/SPCSI-CEA Saclay, 91191-Gif sur Yvette Cedex, France
°DTA/DECM/SRMP-CEA Saclay, 91191-Gif sur Yvette Cedex, France
(Received 4 February 2000; revised manuscript received 26 September 2000; published 13 March 2001

The degree of ionic/covalent character in oxides has a great influence on the electronic structure and the
material’s properties. A simple phenomenological rule is currently used to predict the evolution of covalence/
ionicity in mixed oxides compared to the parent ones, and is also widely used to interpret the x-ray photoelec-
tron spectroscopyXPS) binding-energy shifts of the cations in terms of charge transfer. We test the validity of
this simple rule and its application to XPS of mixed oxides with a prototypical system: zircon ZaBiD
parent oxides Zr@and SiQ. The ionic charges on Si, Zr, and O were extracted from the density functional
theory in the local density approximation calculations in the plane-wave formalism. In agreement with the
predictions of the phenomenological rule, the most ionic catém becomes more ionic in ZrSiCthan in
ZrO,, while the more covalent on€Si) experiences a corresponding increase in covalence with respect to
SiO,. The XPS chemical shifts of the Gs1Si 2p, and Zr 35, photoelectron lines in the three oxides were
measured and the respective contributions of charge transfer and electrostatic(gfittaitstate, as well as
extra-atomic relaxation effect§inal stat¢ evaluated. The validity of the phenomenological rule of mixed
oxides used in x-ray electron spectroscopy as well as the opportunity to use shieir@ing-energy shifts to
derive a scale of covalence in silicates is discussed.
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[. INTRODUCTION We chose to test this rule on a prototypical system: zircon
ZrSiQ,, which is of interest in the field of nuclear materials,
The degree of ionic and covalent character in the bondingnd two parent oxides monoclinic zirconia ZrCGand
of metal oxides has a great influence on the electronic strucz-quartz SiQ. This is an interesting system, as the formal
ture and the material’'s properties. In the case of mixed oxvalences of Zr and Si are the same in the simple and mixed
ides (e.g., oxides containing more than one type of cation oxides(+4). The purpose of this paper is twofold.
there remains much to understand as to the amount of ionic/ (1) On the theoretical side, we have usadl initio elec-
covalent character compared to the simple oxides. One caronic structure calculations to derive the atomic charges in
expect that x-ray photoelectron spectrosc6§pS chemical an attempt to check if the empirical rule was verified in this
shifts could help to elucidate the bonding character, providegarticular case.
they are correctly interpreted. In this respect, interesting (2) On the experimental side, we have measured the shifts
trends in the bonding in superconducting oxides have beeaf x-ray photoelectron lines characteristic of cations and oxy-
reported from the cation chemical shiftsviore generally, gen. The relative importance of the different contributions
based on XPS measurements, a phenomenological view bfs been estimated: charge trangfiegerprint of covalence/
bonding in mixed oxides has been given by Bamwhich ionicity), Madelung potentialrepresenting the electrostatic
states as follows. Considering the mixing of two oxides interaction between the probed atom and its neighbors
A0, and M,0)) to form a complex mixed oxide which are both characteristic of the initial state, as well as the
(A,M0,), the cation(A) of the more ionic metal oxidée.g.,  relaxation effectgfinal stat¢. Then we have discussed these
A0, is expected to become even more ionic after formashifts in terms of the balance between covalence/electrostatic
tion of the complex oxide, whereas the cativl) of the  effects in the initial state in the frame of the picture of bond-
more covalent oxide NI,O,) should experience a corre- ing given by theab initio atomic charge calculations.
sponding increase in covalence. In other terms, this means Quantum mechanical methods especially devoted to the
that the charge on th& cation is expected to be larger in the determination of XPS core-level chemical shifts have been
mixed oxide than in thé\,O, oxide, while the charge of the developed in the last yeatsSuch methods are up to now
M cation is expected to be smaller than in g0, oxide.  performed on clusters, and very efficient in molecules, in
The atomic charges on the atoms are not directly measurablehich the binding energies are calculated with an accuracy
and core-level XPS chemical shifts, which reflect this evolu-comparable to the experimental valu@2 e\),® but these
tion in the cation charges, can be of great use. Such an apaethods are not exempt from finite-size effetts.
proach has been successfully used in catalysis and in the In the present work, we have chosen a simple approach
study of the acidity of complex aluminosilicate compoundsbased on the well-known formula generally put forward to
such as zeolite$However, to the best of our knowledge, no estimate the XPS chemical shiftsE,(A) between a free
theoretical proof for this general empirical rule has been reatom and an atom in an oxidelhis formula is in the form of
ported yet. a linear relationship between the atomic chamgg the
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Madelung energy Mad, and relaxation energEf’: the measured binding energies of cations and oxygen in the
mixed oxide are discussed with respect to the simple oxides
AEL(A)=kga+Mady+ER'. (1)  according to the different contributions to the chemical shifts

o . already stated. Eventually, the validity of the Barr phenom-
The contribution kga+Mad,) to the measured chemical engjogical rule of mixed oxidéss discussed in the present

shift arises from initial-state effrglcts and reflects the initial-system along with the opportunity to use the © shifts to

effects that arise from the charge rearrangement or relaxation
that occurs in response to the core hole.

More preciselyk is related to the interactions experienced Il EXPERIMENT
by the core state as a result of the chand@etween the free
atom and the oxideinduced into the valence shell of tite
atom. In fact, there are nonlinear terms in the charge-transf
contribution that can be modeled effectively by givikga

The samples used were Si@nd ZrSiQ powders pressed
onto an indium foil. ZrQ powder was a sintered pellet
Heated up to 1500°C to ensure stoichiometry. The XPS

dependence on both the valence charge and the degree & alyses were performed in a VG ESCALAB Mark l. X-ray
pendence 9 9 9 pﬂriotoelectron spectra were produced using a nonmonochro-
core ionizatiorf'® However, these effects have not yet been

taken into account in the case of oxides, and this ma "mi{natized x-ray sourcehfy=1486.6eV). Calibration of the
' y spectrometer was such that the Ads3 line had a binding
the accuracy of the present results.

The Madelung energy for an electron of atdxis written energy of 368.35 eV. Survey spectra were recorded for the

within the assumption that the neighboring atoms can bg—1250 eV region to determine the elements present in the

o . . —_..-sample and to check for surface contamination. Then the O
assimilated to point charges, which neglects the poIarlzatlori d dSi h | i I h
of the ions, s, Zr 3d, and Si 2 photoelectron lines, as well as the O

KLL, Zr LMM, and Si KLL Auger lines were recorded. Fig-
e ure 1 displays théa) O 1s, (b) Si 2p, and(c) Zr 3d photo-
Mady= — , (2 electron lines. Their intensity is normalized at the maximum
BZATa-8 of the line. The Auger parameters,, Ag, and A}, were
whereqg denotes the charges of the other atoms gng; ~ calculated according to
the interatomic distances. For a given atarim two different
materials, one can write AL=E(O 18)+En(O KLL),

AEL(A)=kAga+AMady+AES,, )

. . . . Asi=Ep(Si 2p)+Eyin(Si KLL),
whereAE™), is the difference in the extra-atomic part of the
relaxation energy, as the intra-atomic part of it is not
changed. AZ=Ep(Zr 3dsp) +Eyin(Zr LMM).

If Ais a cation and if one could neglect Madelung and
relaxation effects in the above formuld), an increased ion- From these parameters one can deduce the variation of the
icity would lead to an increase in the cation binding energy extra-atomic relaxation energyE[f; as it has been shown to
while an increased covalence would lead to a decrease of ibe half the variation of the Auger parametér?

In fact, initial-state effects often make the dominant con- All three materials are insulating, so that surface charging
tributions to the binding-energy shift¢®But this is an over-  has to be taken into account to derive absolute binding ener-
simplification of considering charge transfer as the dominangies. However, if there is no differential charging, the Auger
mechanism for binding-energy shifts and considering thaparameter valueskinetic-energy differencesare indepen-
AEy(A) is simply proportional taAq, . Indeed, it has been dent of charging. Their values are given in Table I. With a
shown that in some cases the Madelung contribution can beonmonochromatic x-ray sourcthis work), the Al window
of fundamental importance. More precisely, a simple interwhich shields the sample from energetic electrons emitted by
pretation of the O & chemical shifts as reflecting only the the anode, acts itself as a source of low-energy secondary
charge transfer along the series MgO-CaO-SrO-BaO leads wlectrons so that a charge equilibrium is achieved. However
the false conclusion that MgO is less ionic than BaO. It is thehe point of stable surface potential does not correspond to
variation of Madelung potentials arising from changes in thethe ground potential of the spectrometer. It is then necessary
interatomic distanceg.y along the series that holds the key to have some internal reference peak within the spectrum
to understanding the chemical shiftShen, every contribu- that may be used to correct the spectrum to the reference
tion to the chemical shifts can be relevant and none of theskinding-energy scale. The Gline of adventitious carbon is
can bea priori ignored. most commonly used for this purpose: the true binding en-

In the present work, the XPS binding energies as well agrgy for a photoelectron line is assumed tofhe-V, where
the variation in the extra-atomic relaxation energies haves, is the measured binding energy awdis the correction
been measured in the same spectrom@ec. I), while the  term due to charging, which is the difference between the
atomic charges|, as well as the related Madelung energiessurface potential and the spectrometer ground potential. This
Mad, have been calculated thanks to ah initio density  procedure assumes th@t the differential charging is negli-
functional methodSec. ) for A=Zr, Si, and O. In Sec. IV, gible so that the entire spectrum is uniformly shifted by the
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FIG. 1. Photoelectron lines of S0ZrO,, and ZrSiQ. The (a)
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sumption (i), we have compared the Auger parameters as
well as oxygen/cation binding-energy differences with those
obtained in our previous work of Ref. 13. The aim of this
previous work, carried out with a monochromatic Klx
X-ray source, was to determine the best procedure to over-
come the charging effects by using a low-energy electron
flood gun*® With SiO, and ZrQ single crystals, we had
measured, as a function of the energy of flooding electrons,
the binding energy of the Osl Si 2p, and Zr 35, lines as
well as their full width at half maximuntFWHM). It turned

out that the real criterion for the optimization of the flood
gun was not the energy position of the lines but more likely
the lowest FWHM for the highest intensity, both parameters
having to be examined simultaneously. Optimization was
thus achieved when the charge was “overcompensated,”
i.e., the sample was negatively charged.

The Aj values recorded on Zeand SiQ single crystals,
under the experimental conditions of Ref. 13, are also written
in Table | along with the width of the Odl Si 2p, and Zr
3ds), photoelectron lines. The oxygen Auger parametgr
obtained with the Zr@powder in the present work is quite in
accordance with the values obtained for the Zréngle
crystal’® However, theAg value is smaller for the present
SiO, powder than for the single crystal of Ref. 13. This can
be due to a slight charging effect, as we had observed that
the Ag value on the single crystal was decreased when the
energy of the flooding electrons was close to 0 eV. However,
the binding-energy differences E,(O 1s) — E(Si 2p)
=429.5eV andE,(O 1s) — E,(Zr 3ds5,,) =348.1 eV are the
same in the present work and in Ref. 13. As concerns the
FWHM of the photoelectron lines, the Osland Zr 35,
FWHM of the present work agree very well with the values
obtained for the Zr@single crystal in Ref. 13. For the SjO
powder the FWHM of the O 4 and Si 2 peaks are slightly
larger than for the Si©single crystal, but this broadening is
more likely due to the amorphous state of the powder than to
the charging effect. In addition, the Gland Si 2 binding
energies as well as th&g; Auger parameter are in accor-
dance with the values gathered by Wagaeal*

To sum up, the width of the peaks as well as the binding-
energy differences are in good agreement with the values
obtained from a systematic study with a monochromatic
source operated with a flood gun on single crystaBiffer-
ential charging can be assumed to be negligible. Calibration
was thus achieved by setting the G binding energy at
284.6 eV, which is the value measured in our spectrometer
on a very thin carbon contamination layer on metallic

samples. The binding energies measured using this proce-
dure are reported in Table I.

O 1s, (b) Si2p, and(c) Zr 3d photoelectron lines are normalized in
intensity at the maximum of the peak. See text for energy calibra-

tion. Ill. CHARGE CALCULATIONS

The charges borne by the ions in the three oxides have
constant energy and(ii) the C Is line of adventitious car- been extracted fronab initio electronic-structure calcula-

bon is of the same kind for the materials we wish to compareions based on the density-functional theory in the local den-

together. sity approximationfDFT-LDA). These calculations were pri-
To ascertain assumptidii), we have checked that the C marily done to study structural and defect properties of

1s photoelectron lines of our three samples have similazircon anda-quartz*>~'" For what concerns the crystallo-

shape and width between 2.1 and 2.4 eV. To ascertain agraphic structure of these materials, silicon atoms exhibit the

125117-3



M. J. GUITTET, J. P. CROCOMBETTE, AND M. GAUTIER-SOYER PHYSICAL REVIEW &3 125117

TABLE |. Measured binding energies of the G,1Zr 3ds,,, and Si 2 photoelectron lines in Si
ZrSiQ,, and ZrQ, as well as O, Zr, and Si Auger parameters deduced from the above binding energies and
the kinetic energies of the RLL, Zr LMM, and SIKLL Auger lines in the same oxides. All values are in eV.

Oxide Ep(O 1s) Ab Ep(Zr 3ds))) Az, Ep(Si2p) A§;
Sio, 532.7 1039.14 103.15 1711.9
(W=2) (W=2)
ZrSio, 531.3 1040.3 182.95 2015 101.8 1713.1
(W=2.3) W=1.8) Ww=2)
ZrO, 530 1040.85 181.9 2015.2
(W=1.4) (W=1.4)
SiO, single 1039.7
crystaf (W=1.6) W=1.7)
ZrO, single 1040.95
crystaf (W=1.6) W=1.4)

8Experiments performed with a monochromatized<at source, on single crystal following the experimental
procedure described in Ref. 7. The differences in binding energies kyg@ 1s) — E,(Si 2p) =429.5 eV
(against 429.55 eV in this woylkand E,(O 1s) — E,(Zr 3ds,) = 348 eV (against 348.1 eV in this woyk

same SiQ tetrahedra in quartz and zircon whereas severgharge contained in each cell was calculated by summing the
neighbors in monoclinic zirconia versus eight in zircon sur-charge density of all grid points contained in the cell and
round zirconium atoms. The oxygen atoms are tricoordinatedttributed to the ion contained in the cell. In other words, the
with one Si and two Zr atoms in zircon, while they have twocharge borne by a mesh point was attributed to the atom
silicon neighbors in Si@and four Zr neighbors in mono- closer to this mesh point. Due to the tight mesh we used, it
clinic zirconia. was not necessary to use any smoothing or extrapolation
We used the plane-wave self-consistent field ¢ddeat  function for the charge density. Indeed this point-by-point
deals with a plane-wave basis, the pseudopotentials, of th@ethod gave the same charges for distinct but crystallo-
norm-conserving type, were the same as the ones considergggphically equivalent atoms with a relative precision better
in our previous study on zircon structéifeto which the than 1%. From these charges, Madelung energies were cal-
reader is invited to refer to for technical details. The calcu-culated by a standard Ewald summation technique.
lations were made on the numerically relaxed atomic struc- The charges calculated around each ion in the three crys-
ture for zircon andr-quartz. To save computational time we tals are indicated Table Il, together with Madelung energies.
considered for zirconia the experimental monoclinic struc-One can see that the calculated charges are quite meaningful.
ture. We chose a value of 95 Ry for the energy cutoff in theFor instance, zirconia is found to be more ionic than quartz
plane-wave expansion. Such a high value is needed to co@s expected, the oxygen charge being larger in zirconia than
rectly take into account the zirconium atoms. It also providegn quartz.
a tight mesh of points in real space, which proves important
for the calculation of the ionic charges. Indeed the calculated
charge density comes out of the calculation as a distribution
over a real space grid of equally spaced points. Due to the A. Cations
high cutoff, we reached a density of points of approximately

3000 points per A cation and Si the more covalent one. Indeed, zirconia, 480

Many subtle procedures exist to estimate atomic charge&lore ionic than quartz SiO Table I shows that the calcu-
from quantum mechanical calculations. Some, like the Mul-

liken pooulation analvsi® presuppose the use of an atomic- lated charge on Si is smaller in zircon than in quartz, so Si is
hop ysis, p PP more covalent in the former than in the latter. On the other

orbital basis set and are thus not applicable within a plane-and, the calculated charge on Zr is larger in zircon, so Zr is

wave basis. Others require knowing charge clouds aroun% S T C . .

the free atomic specié&2L Such methods can be adapted to ore ionic in zircon than in zirconia. Coming back to the
plane-wave calculations at the expense of additional calcula- TABLE II. Calculated charges on O, Si, and Zr and Madelung
tions. We chose to work directly on the calculated density TR P

map as they come out of the DFT calculation. To calcuIatqehrz"egf;éne:\gigrztrseigleggzn;rg the O, Si, and Zr atoms for the
the ionic charges, one then has to distribute the electronic- > i
charge cloud over the atoms. Quite involved methods basegXi

on the analytical properties of the charge distribution exist ta

IV. DISCUSSION

ZrSiO, is a mixed oxide in which Zr is the more ionic

do Jsi qzr Mad, Mads;  Mady,

do so, see, for instance, Ref. 22. We chose to test a simplerSio, -1.02 205 —15.26  23.32
method that can be very easily implemented as a post prozrSio, —-1.19 193 2.85 -1584 2549 28.37
cessing analysis of any DFT calculation. The crystal unit cell zro, -1.38 276 —16.27 29.52

was divided into Voronoi cells centered on each nucleus, the
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TABLE IIl. Different contributions to the XPS measured TABLE IV. Different contributions to the XPS measured
binding-energy shifts for the cation& & Si, Zr). For Si, the energy  binding-energy shifts for oxygen. The energy reference is the value
reference is the value in SiOwhile for Zr, it is the value in Zr@ for SiO,. All values are in eV. In the first columm\E,(O) are the
All values are in eV. In the first columm\E,(A) are the measured measured XPS chemical shifts of the @ fthotoelectron line in
XPS chemical shifts of the Siand Zr 35, photoelectron linesin  ZrSiO, and ZrGQ. The second column gives the difference in the
ZrSiO,. The second column gives the difference in the calculatectalculated Madelung energiésf. Table Il). In the third one are the
Madelung energie&f Table Il). In the third one are the differences differences in the extra-atomic relaxation enerdigsduced from
in the extra-atomic relaxation energi@educed from Table)l The  Table ). The fourth column gives the charge-transfer contribution
fourth column gives the charge-transfer contribution derived fromderived from these values following E@), and the last column
these values following Ed3), and the last column gives the differ- gives the differences in the calculated char¢gfs Table II).
ences in the calculated charges$ Table II).

AE,(0) AMady  AER, Ado
AE(A) AMad, AEX, AQa measured calculated measured kAqy calculated
measured calculated measured kAq, calculated - -
O in ZrSiQ, 14 —0.58 +0.58 1.4 0.17
Siin ZrSig, 1.35 -2.17 -0.6 4.12 0.12 O in Zro, 2.7 —-0.85 101 254 0.36

Zrin ZrSiQ,  —1.05 +1.15 +0.1 -23 —0.09

valence so that comparison of the oxygen charges in differ-

phenomenological rule of mixed oxides given by Bathe  ent oxides would then make it possible to build a covalence
expected behavior of charges is confirmed by the electronicscale. Unfortunately, these charges are not directly measur-
structure calculation. able. Then, assuming that the G binding-energy shifts

As concerns the measured binding energies of thepSi 2 could be crudely interpreted in terms of changes in the oxy-
and the Zr 8, photoelectron linesE,(Si) is smaller in  gen ionic charge, it was proposed to use these measured
ZrSiO, than in SiQ, while Ey(Zr) is larger in ZrSiQ than in  binding-energy shifts as a probe of the covalence/ionicity of
ZrO, (Table ). Hence, the binding energy varies in the sameoxides and some attempts have been made previously to cor-
way as the cation charges. relate the XPS oxygen chemical shifts to the Pauling oxygen

Besides the measured binding-energy shiffs,(A) and  charge in oxide$® However, as pointed out in Sec. |, such
relaxation energy variationAEf;i,'A given in Table Ill, the an approach can be misleading if the charge-transfer contri-
calculatedA q, andAMad, values forA=Zr and Si are also bution is not the leading contribution to the measured
reported. From thd Ey(A), AMad,, andAE™®, values, the binding-energy shiff.
so-calledkAq, charge transfer contribution can be derived ~ The calculated oxygen charges of Table Il give for ZrSiO
using Eq.(3). A careful examination of Table Ill shows that @do value intermediate between the value in S&dd ZrG,.
while the relaxation energy variation is negligible for za,3  Turning to the binding energy of oxygen in the mixed oxide,
this is not the case for Sif2 Moreover, the Madelung con- We obtain as expected, an intermediate value between the
tribution variation is not negligible at all in both cases. Thevalues of the simple oxides taken separat@igble ). To
kAqA value has the same Sign as the binding_energy Shifﬂ:elate the chemical Sh|ft -Of the @bhotoelectron line to the
However, it is about three times larger for Si and two timescalculated charge distributions we have decomposed the
larger for Zr because th&Mad, and AE'®, values(the ab- ~Measured binding-energy shift into charge transfer, Made-
solute values of which are, respectively, about 50% andUNg. and extra-atomic relaxation contributions, very much
>15% (5%) of |kAqg,|) have the opposite sign. Finally, the f[he same way as fpr cations in the preceding sect|o_n_ by tak-
more important contribution to the binding-energy shifts ofiNg the SiQ energies as referenc{é’ablle IV). The striking
the cations in ZrSiQ compared to the simple oxides zrO feature is that this timé& Mad, andAEg, are not negligible, .
and SiQ is the charge-transfer contributidmq,, so that ~but compensate as they have very close values of opposite
the measured binding-energy shift reflects the chargéign. As aresult, the measured binding-energy shiiif,(O)
changes induced by the mixing of oxides with different co-iS €qual or very close to thedqg contribution within the 0.2
valencies, the more covalent catié®i) becoming more co- €V experimental accuracy.
valent, and the more ionic catidi@r) becoming more ionic. Figure 2 shows the plot of the experimentally measured
So with the present system, Barr's empirical rule for bondingchemical shiftAE,(O) relative to SiQ as well askAqq
in mixed oxides is verified theoretically and a crude interpre-(including the extra-atomic relaxation and Madelung correc-
tation of the cation binding-energy shifts in terms of changedions) as a function of the oxygen charges. A straight line can
in charge transfer would have lead to a conclusion qualitafit indeed both the measured binding-energy shii,(O)
tively correct. However the measured effects are limited byand its corrected valukAq, very accurately with “correla-

the contribution of Madelung and relaxation effects, whichtion coefficients” of 0.9971 and 0.9964, respectively. This
are smaller but not negligible at all. linearity in the present case makes us confident to tentatively

use it in the future for more complex mixed oxides based on
the SiQ matrix. The plot of Fig. 2 could be used as a scale
of covalence to deduce from the chemical shift of the © 1
Common to all three materials, oxygen is a very importantine, an estimate of the oxygen charge characteristic of the
element as its ionic charge is characteristic of the oxide coeovalence of more complex silicates. The main feature of the

B. Oxygen
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3 that, as stated in Sec. |, there are nonlinear terms in the
charge-transfer contribution, so thadepends on the valence
charge. These effects have not been taken into account in the
present work.

N
&)

N
T

V. CONCLUSION

-
T

In this paper we applied simple ideas and methods to the
problem of determination of charges and covalencies from
core-level XPS measurements. Considering zirconia, quartz,
‘ . ‘ , , ‘ . ; and zircon as a prototype system, we experimentally mea-
1.4 1.2 1 sured the core-level shifts of Sip2 Zr 3ds,, and O &

calculated oxygen charge photoelectron lines. From DFT-LDA calculations in the
plane-wave formalism we calculated the charges on the at-

FIG. 2. Evolution of the measured binding enery§,, (O 1s) oms by simply dispatching the calculated charge density
of the O Is line (lozenges ges, solid linend of the charge-transfer among the atoms’ Voronoi cells. This quite crude but easy
contributionkA g (squares, dashed lipas a function of calculated method gives very sensitive results.
oxygen charges in Zr9) ZrSiQ,, and SiQ. As in Table 1V, the From the calculated cation ionic charges, the evolution of
reference of the Od binding energies is the value in SIO covalence between simple and mixed oxides is proven to

follow the general phenomenological trend stated by Barr.
present work is to use oxygen charges that have been calChtoreover, for what concerns XPS binding-energy shifts of
lated with the samab initio method, and that are expected cations, we found that the leading contribution is the charge-
to give a more realistic electronic description of the solidiransfer contribution, so that an interpretation of the i 2
than the Pauling charges. However, this approach would bgnd zr & binding-energy shifts in terms of Si-increased co-
fully justified if the Madelung and extra-atomic relaxation yalence and Zr-increased ionicity is qualitatively correct

transfer contribution (eV)
3}

o
3

O1s binding energy variation and charge

contributions compensate as in the present case. even if the Madelung and extra-atomic relaxation contribu-
tions are not negligible.
C. Validity of the linear dependence on ionic charges As far as oxygen is concerned, the Madelung and extra-

atomic relaxation contributions counterbalance each other, so
1Kr), where(r) is the radius of the outermost valence shellthat the measured Gslbinding-energy shift is equal to the
of the probed atom. In ZrSiQ when the Si D level is charge-transfer contribution. As a consequence, with the

probed, one finds kg, value of 34.33 eV, while for the Zr@ present system, one can obtain a linear relationship between
L] | . L]

level, ky, is found equal to 25.55 eV. These values lead tothe measured binding-energy shift and the calculated oxygen

radii (rg)=0.42 A and(r,)=0.56 A in ZrSiQ, which are charge_. This approach gives theoretical grounds to a future
reasonable values for ionic radii of Si and Zr. Turning nowanaly3|s of the covalence of more complex oxides such as

to oxygen, thekg, value of 8.235 eV for ZrSiQleads to a silit():_ate glfass;es.hSuch a work is in progress and will be the
radius(ro)=1.75A. This would lead to a Si-O mean dis- subject of a forthcoming paper.

tance of 2.17 A, and a Zr-O mean distance of 2.31 A. When
comparing with the crystallographic interatomic distances of
1.63 A (Si-0) and 2.25 A(Zr-O), our model leads well to a The authors are grateful to P. Trocelli€EA Saclay,
Si-O distance shorter than Zr-O, but the error in the Si-OLaboratoire Pierre S Francg for providing them the zir-
interatomic distances is about 25% in the Zr-O distance. Acon powder, and to A. BendefCEA Saclay, DSM/
better precision cannot be expected. This comes from the faBBRECAM/SPCS] for preparing the zirconia sample.

In the classical formulg3), k can be approximated as
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