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X-ray photoelectron spectroscopy study of mixed-valence effects
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X-ray photoelectron spectra of vanadium 2p states in a’-NaV,0s and y-LiV,Os, single crystals show
distinct splitting of both j=1/2 and j=3/2 spin-orbit lines due to the existence of V4* and V>* ions. In contrast
to y-LiV,0s, the a’-NaV,05 exhibits the disproportional intensities and larger binding energy difference of
(VH)2p3% and (V>*)2p3/? lines, that we attribute to a charge delocalization effect. By increasing the sodium
deficiency, both effects reduce in a very good agreement with a model that takes into account the relative
abundance of V4 and V>* ions, and the change of degree of delocalization. We estimate that sodium deficiency
of about 15% increases electron localization by about 0.4%.
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I. INTRODUCTION

a’-NaV,0s5 belongs to the vanadate family of transition
metal oxides which exhibits various effects originating from
strong electron correlations.!? The structure of a’-NaV,0s,
as well as other members of the family represented with a
general chemical formula AV,0s, consists of vanadium-
oxygen pyramids (VOs) that are connected via common
edges and corners to form layers in the ab plane, see Fig. 1.
Its structure can be described as an array of parallel ladders
running along the b axis, where each rung is made of a
V-O-V bond. The A elements are situated between layers as
intercalants, but in fact they determine the valence state of
the vanadium atoms acting as charge reservoirs. If A=Na, Li
the single electron is donated to each rung, the formal va-
lence state of vanadium is V**, and there are equal numbers
of V¥ and V>* ions in the unit cell. In the case where the A
place is filled by an alkaline earth metal, for example by Ca
or Mg ions, the V-O-V rung contains two electrons and all
vanadium atoms are in the V#* state. Interestingly, the mixed
valence at room temperature produces quite different ground
states in y-LiV,05 and a’'-NaV,0s. While the crystal struc-
ture of y-LiV,05 is in full agreement with the existence of
two different V4* and V>* states, the high-temperature (HT)
phase of a’-NaV,0s requires that all vanadium atoms are
indistinguishable in the unit cell as they all have an average
valence of V4>*. This symmetry equivalence is clearly dem-
onstrated with x-ray diffraction (XRD),? and by infrared (IR)
and Raman spectroscopies.* Moreover, the HT charge-
disordered phase of a’-NaV,0Os5 is not stable and the crystal
undergoes a phase transformation” at 7.=34 K into a zig-zag
(along the b axis) charge ordered (CO) phase with two dif-
ferent V4 and V>* positions.® The exact CO pattern has been
recently unambiguously determined by resonant Xx-ray
scattering.® In contrast to vanadium oxygen compounds
without the A type of intercalants which exhibit Mott metal-
insulator type of phase transitions, such as V,03, VO,, and
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V,,05,_2 (V40,5 is also a mixed valence compound),' both
HT and LT phases of «'-NaV,05 have strong insulating
character with a charge gap of about 1 eV.” The insulating
properties of the HT ground state in a’-NaV,05 can be as-
sociated with the splitting of the V-d,, band due to electron
correlations, or/and to the combined effects of short range
Coulomb interaction and charge discommensuration along
the rung within #-j-V type of models.>*!? However, the tem-
perature behavior of the charge gap, presumably represented
by the feature in the optical conductivity at about 1 eV,
shows no anomaly at T, and is in disagreement with theo-
retical predictions.” In addition, similar optical transitions are
found in the optical conductivity spectra of y-LiV,0s, which
exhibits no charge fluctuations, and it is in some form of CO
state already at room temperature.®

Thus, one may equally regard the spin-gap, which opens
below the critical temperature, as the order parameter.
Namely, the CO phase transition in «’-NaV,05 can be also
analyzed from the magnetism point of view. The HT phase
exhibits a one-dimensional antiferromagnetic (1D AF) order-

FIG. 1. (Color online) Crystal structure of a’-NaV,0s.
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ing along the b axis due to a small superexchange interaction
(bond angle close to 90°) between neighboring ladders.
Then, the phase transition at 34 K could, in principle, be of
the spin-Peierls (SP) type characterized by a transformation
of an 1D AF into a nonmagnetic spin-singlet state with a
nonzero spin gap.? This route was abandoned shortly after
initial proposal,? since the critical temperature is found to be
insensitive to the applied magnetic field.

Additional arguments, pointing to the non adequacy of the
current description of the electronic structure and phase tran-
sition in &’-NaV,0s, came from the effects related to sodium
deficiency. Sodium deficiency changes the relative abun-
dance of the V#* and V>* ions, i.e., introduces holes in the
system leading to the formation of rungs without electrons
similar to the V3*-0;-V>* bonds in V,0s. The hole doping is
expected to drive the Fermi level into the V-d,, bonding
band,” causing the appearance of a metallic state in
a'-Na,V,0s. This is not confirmed experimentally. The per-
sistence of “strong” insulating behavior, in spite of large de-
ficiency in a'-Na,V,0s, is evident from the IR spectra and
ellipsometry measurements,'? as well as from the transport
measurements.> Moreover, by increasing the sodium defi-
ciency, the absorption peak at 0.9 eV shifts towards higher
energies indicating that this excitation might have a polaron
character.'® Thus, in spite of accumulated experimental evi-
dence, the lattice effects have not been taken into consider-
ation until very recently,'* as a possible driving mechanism
of the phase transition in «’-NaV,0s5. The second experi-
mental fact that has been completely ignored is the electron
interaction along the ¢ axis, in spite of clearly demonstrated
significance through the observation of a “devils staircase”
type phase transition under high pressure.'’

Therefore, we are still confronted with a question: How
do we experimentally probe the correlation effects in
a’'-NaV,0s, and what would the proper order parameter of
the CO phase transition at 34 K be?

Here we investigate the charge delocalization in
a'-Na, V,05 by x-ray photoelectron spectroscopy (XPS). We
analyze the V2p core level spectra of nominally pure and
sodium deficient a'-Na,V,05, and we discuss the interplay
between effects related to the charge localization-
delocalization process and those appearing due to the change
of the relative abundance of V#* and V>* ions. From a com-
parison between measured and calculated values of the in-
tensity ratio and binding energy difference between
(V#)2p*2 and (V>*)2p*? lines, we determine the degree of
charge delocalization and its relationship to the sodium defi-
ciency in a'-Na,V,0s.

II. EXPERIMENT

This work was performed on single crystal plates of
a’-Na,V,05 (0.85<x<1.00) with dimensions typically
about 2 X4 X 0.5 mm?® in the a, b, and ¢ axes, respectively,
single crystal of y-LiV,05 (2X 3 X 1 mm?), and high-quality
single-phase polycrystalline CaV,0s. The details of the
sample preparation were published elsewhere.>!! The crys-
tals were freshly cleaved ex situ parallel to the ab plane and
gave mirrorlike surfaces. The measurements were taken from
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FIG. 2. XPS spectra of Nag 9sV,05 single crystal measured with
a monochromatic Al K« radiation.

several cleaved surfaces to confirm reproducibility. The XPS
measurements were done with an Escalab 250 spectrometer,
that provides a monochromatic Al K« radiation with a spot
size in the range of 0.1 to 1 mm (typically ~500 wm), and a
hemispherical analyzer with a maximal energy resolution of
0.018 eV. The base pressure was better than 1 107! mbar.
The fit of the XPS spectra is done with the Avantage Data
Spectrum Processing Package (Thermo VG Scientific).

III. MIXED VALENCE EFFECTS IN XPS SPECTRA

A typical XPS spectrum of a’-Na V,05 single crystals is
shown in Fig. 2. In addition to a weak carbon Cls line (in-
dicates low contamination), which is found in most samples
in spite of fresh cleavage, we observed peaks that correspond
to the core level excitations of Na, V, and O ions in the
spectra. The lines at binding energies below 10 eV originate
from valence band electrons, and are denoted as V,. No
charging effects are observed and the energy variation of the
Cls lines in different spectra is found to be within 0.05 eV.
The spin-orbit coupling (L-S) splits the vanadium V2p and
V3p states into two j=1/2 and j=3/2 states, by ~8 and
~2 eV, respectively, see inset Fig. 2. In addition to L-S split-
ting, we observed additional features in the spectra close to
the V2p lines, so we focus our attention to the energy region
around 520 eV.

In Fig. 3 we present the XPS spectra in the 510-530 eV
range for three different compounds: «a’'-NaV,0s,
v-LiV,0s, and CaV,0s. The spectra are obtained in high
resolution mode, with 5 eV pass energy, and presented with-
out any corrections. The best fit of the XPS spectra for
a’'-NaV,05 and y-LiV,0s is obtained by including six peaks
in the fit on a Shirley background. The fit is also shown in
Fig. 3, and the parameters are collected in Table I. The peak
labeled C at about 517.6 eV in a'-NaV,0s is also observed
in y-LiV,05 but not in CaV,0s. Since there are only V**
ions in CaV,0s, we assign this line to an excitation from the
(V3)2p*? state. Following the same line of reasoning, we
assign the A peak at about 515.6eV in a'-NaV,0Os

125124-2



X-RAY PHOTOELECTRON SPECTROSCOPY STUDY OF...

oomcob o 0o 0000 0 &2

Intensity (arb.units)

530 525 520 515 510
Binding energy (eV)

FIG. 3. (Color online) XPS spectra of V2p core level electrons
in a’-NaV,0s, y-LiV,0s, and CaV,0s. The circles are experimen-
tal data, and the fits are represented with solid lines. Inset: XPS
spectra of V3s core level electrons

(515.9 eV in y-LiV,05 and 516.1 eV in CaV,0s) to the ex-
citations of the (V#)2p*? state. The binding energies are in
good agreement with previous measurements.'® The appear-
ance of the third feature (B) at an energy of about 516.3 eV
is attributed to a final state exchange splitting effect (similar
three-peak structure is also found in the case of V3s level,
see Inset Fig. 3). Namely, such core level splitting can occur
when the ion has unpaired electrons in the valence band. As
we already discussed, the vanadium V** ion has one un-
paired electron in the 3d state. After ejection of the V2p
electron by x rays, one additional unpaired electron is
present, which can interact with the electron in the valence
band via exchange. The spins of these two electrons can
couple either ferromagnetically (parallel spins), or antiferro-
magnetically (antiparallel), which results in two states with
different energies. The splitting is measured to be in the
range of 0.8 to 1 eV for all three compounds, see Table I.
The intensity ratio is found to be in the range of 1.6 to 2,
while simple theoretical prediction gives I;/1; =(S+1)/S
=3 (the S=1/2 is the total spin of the unpaired electrons in
the valence band). The exchange splitting is not found for
(V3*)2p32 state, see Fig. 3, which is in excellent agreement
with the fact that the exchange splitting is absent in the V>*
ion, since there is no unpaired electron in the 3d state. The
final state exchange splitting effect is already observed!”-'®
and analyzed in VO, (consists of V*" ions), which gives
additional arguments in favor of our assignment. Similar
conclusions can be drawn for the V2p!”? state. The binding
energy differences in a’-NaV,0s are Egp-ES;=7.35 eV, and
Ef-E5:=7.8 eV. Similarly, in y-LiV,05 we find Ef.-Eg.
=7.45 eV, and E5.-Ep.=7.76 €V, so we assign the E and F
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TABLE 1. Fit parameters.

BE Height Height Area Area FWHM
NaV,0s (eV) (cps) ratio (cps)  ratio (eV)

A 515.58 1564 1.00 1769 0.96 1.06

B 516.39  906.1 0.58 1163 0.63 1.21

C 517.62 1063 0.68 1834  1.00 1.31

D 521.77  238.8 0.15 409.3 0.22 1.62

E 523.38  503.3 0.34 963 0.52 1.84

F 52497  204.5 0.13 480.8  0.26 2.26
LiV,05 BE Height Height Area Area FWHM

(eV) (cps) ratio (cps)  ratio (eV)

A 515.86 960 0.92 1332 0.82 1.32

B 516.57 475 0.45 5384  0.33 1.07

C 517.41 1048 1.00 1634 1.00 1.42

D 52236  150.5 0.14 3094 0.18 1.92

E 523.68  336.4 0.31 5347 0.32 1.57

F 524.82 269.4 0.26 5322 0.32 1.88
CaV,05 BE Height Height Area Area FWHM

(eV) (cps) ratio (cps)  ratio (eV)

A 516.06 443.8 1.00 647.2 1.00 1.33

B 517.11 261.7 0.59 419.2  0.65 1.54

D 522.68 47.84 0.11 77.06  0.12 1.54

E 524.10 1547 0.35 3174 049 1.96

peaks to the the excitations of the (V4*)2p!/2 and (V>+)2p!/?
states, respectively. Finally, the D peak corresponds to the
exchange splitting of (V#)2p!”? state.

Interestingly, we found the intensity ratio of (V3*)2p3/?
and (V*)2p*? peaks to be considerably different in
a’'-NaV,05 and y-LiV,0s, see Fig. 3 and Table I. It is, in
fact, more appropriate for such analyzes to consider the in-
tegrated intensities, so in the rest of the paper we will use the
ratio of the areas under the peaks. The A and B peaks origi-
nate from the exchange splitting of the V2p state of the V4*
ion, thus, as the proper intensity ratio of (V3*)2p*? and
(V4)2p3/2 lines, we take I-/I4,5. In y-LiV,05 this ratio is
close to 1, which is a consequence of the fact that there are
equal numbers of V4* and V>* ions in the unit cell. On the
other hand, I-/1,,5~0.63 in a'-NaV,0s. Since there is no
inequality in a’-NaV,Os in that respect, we attribute the
strong peak disproportion to the charge delocalization effect.
As we already mentioned, the electron interaction between
V4 and V>* ions is sufficiently large to cause the charge
delocalization and symmetrical ground state in a’-NaV,Os,
which manifests through the disproportional line intensities
in the XPS spectra. According to the Hush model'® the in-
tensities are found to be quite sensitive to a small departure
from electron localization, and in the mixed valence case
with two formal oxidation states, the intensity ratio can be
related to
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where J is the electronic coupling integral between V** and
V>* states, and AE is the binding energy difference at J=0,
AE=Eg[(VH")2p¥ 2= Egel (V#)2p*?]. At J # 0 the binding
energy difference increases, i.e., the peaks move further apart
from each other, which is also observed in our spectra.
Namely, in «a'-NaV,05 we find AENaV205=EC—EA
=2.04 eV, while in y—LiVZOSAELiV205=EC—EA=1.43 eV.
Such additional splitting of the binding energy due to charge
delocalization' is

[ ap
AE..=AE 1+ —-1 ) . 2
corr ( + AEZ ( )

Equation (1) reproduces well the intensity disproportion by
taking AE=2 eV and J=0.23 eV. These parameters are in
agreement with the experimental binding energy difference
AENaV205=2.04 eV. As we see from this analysis, and we
will discuss it in more detail below, the difference in splitting
between a’-NaV,05 and y-LiV,05 of about 0.61 eV is too
large to be entirely the result of electron delocalization, since
AE.,,=0.04 eV. In addition, the value of the electronic cou-
pling integral J=0.23 eV is also somewhat larger than the
estimated value, of about 0.07 eV, from the susceptibility
measurements (the maximum of the susceptibility curve is at
about 350-400 K). We mention at least two important con-
tributions that could cause this discrepancy. A first effect is
related to the Madelung energy, which is completely ignored
in the Hush model in spite of theoretical models of the
charge ordering phase transition in NaV205 which indicate
its importance.?’ Second effect is related to the exchange
splitting. Namely as an experimental binding energy differ-
ence we consider AENaV205=EA—EC=2.04 eV which is not
entirely correct since we ignore the exchange splitting. It
seems more appropriate to consider the first moment of the
spectrum, but due to the complexity of the final state effect,
its correctness would be very difficult to estimate. Neverthe-
less, both effects would lower AE and consequently J.

The XPS spectra of sodium deficient samples
a'-Na, V,05 are shown in Fig. 4. The spectra are normalized
by using the Ols line intensity. The results of the fit, e.g., the
relative intensity ratios and the binding energy differences as
a function of the sodium deficiency are summarized in Fig.
5. By reducing the sodium content, the relative intensity ratio
between (V3*)2p¥? and (V#)2p>? peaks changes in favor of
the (V>*)2p*? peak. This is expected since the relative abun-
dance of V# and V>* ions changes. The XPS intensity is
directly proportional to the ion concentration, so the intensity
ratio due to sodium deficiency should be proportional to 1/x,
where x is Na concentration. For example, x=0.5 corre-
sponds to the situation where there are twice as many V3*
ions in the unit cell than V** ions. Therefore, by putting
together the correlation term and the term related to the

: (1)
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FIG. 4. (Color online) XPS spectra of V2p core level electrons
in a’-NaV,0s, with x=1, 0.98, 0.95, 0.90, and 0.85.

change of the relative abundance of V** and V>* ions, we
obtain the following equation:

Iv5+ 1

~feorr 3
IV4+ Xf corr ( )

The result of the calculation, assuming the same values of
the parameters as above (AE=2 eV and J=0.23 eV.), is pre-
sented with a dashed line in Fig. 5(a). For x=1, the
Iys+/Iy4+=0.63, and the intensity ratio is entirely governed
by electron delocalization. By increasing x, the delocaliza-
tion effect is compensated due to the appearance of a dis-
equilibrium between the number of V#* and V>* ions. At x

1.84 4 N

6 8 10 12 14 16 18
(1-x)*100

0 2 4

FIG. 5. Binding energy difference and intensity ratio of
(V>*)2p*2 and (V**)2p*? lines as a function of sodium deficiency.
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=0.85, which is the maximal doping concentration experi-
mentally achieved, the calculation gives Iys+/Iy4+=0.74. This
value is considerably smaller than the measured value, see
Fig. 5(a). In another words, the compensation effect seems to
be more pronounced than one described by Eq. (3). This is
not entirely unexpected since, by diluting the system, we
effectively change the interaction between V#* and V> ions.
By increasing the sodium deficiency, J should decrease, and
we assume a linear dependence J.=Jx in our calculation.
The linear dependence can be justified by the following rea-
soning: The exchange integral is, in the first approximation,
inversely proportional to the distance between ions, denoted
as r. At x=0.5 every second V** ion is replaced by V°>* ion
and the average distance between V** and V>* is 2r. The
result that takes this correction into account is presented with
a full line in Fig. 5(a). We obtain a much better agreement
with experiment, which clearly demonstrates that sodium de-
ficiency reduces the charge delocalization effect. Our finding
can be nicely related to the observations?>?? that sodium de-
ficiency destroys the low temperature charge ordered state.
Namely, the low temperature CO state is almost fully sup-
pressed at sodium deficiencies larger than 3%.

The analysis of the electron delocalization effect on the
basis of binding energies is much more difficult to perform.
There are two main reasons: First, even though we limit our
discussion to the binding energy difference, which eliminates
the effects related to the shift of the Fermi level, or surface
effects for example, it is practically impossible to accurately
control all relevant parameters that are determining the bind-
ing energies. Second, the binding energy difference is, ac-
cording to the Hush model,'® much less sensitive to the elec-
tron delocalization effect than the intensity ratio.
Nevertheless, let us start by completely ignoring the electron
delocalization effects, and analyze what should be the effect
of sodium deficiency on the binding energy difference on the
basis of chemical shifts. By increasing the sodium deficiency,
the effective valence electron density decreases. For ex-
ample, the largest deficiency at x=0.85 gives about +4.575
average valence for the vanadium ions. If we ignore the
Madelung energy, the charge potential model?' predicts an
increase of the binding energy due to a decrease in valence
electron density. Therefore, the center of gravity between
two V2p*? peaks should move towards higher binding ener-
gies. It is reasonable to expect that such a shift would occur
mainly through the shift of (V**)2p line, since in the hypo-
thetical situation with very small sodium content, the XPS
spectra should approach the V,0s case (only V3* ions).
Thus, the binding energy difference AE should scale with x
or, more precisely, should decrease by increasing the sodium
deficiency. The change of the binding energy difference we
describe as

AEcharge =kAQ = AE(l - x) > (4)
which in combination with the correlation term gives

AE'" = AE = AEqyyrge + AEcory. (5)
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For AE_,,=0 these equations ensure that in the limit of
x=0 the (V#)2p and (V*)2p peaks overlap. This case is
represented by the dashed line in Fig. 5(b). We immediately
see that the calculation overestimates the change in binding
energy. In the same graph we present by the dotted line the
change of the binding energy difference in the case where the
correlation effect is taken into account (we take the same
parameters as for the intensity ratio considerations, AE
=2 eV, J=0.23 x), without taking into account the chemical
shift effect, AECharge:O. In this limit the effect is, however,
underestimated. By combining the two effects the agreement
with experiment is getting worse, since the shift due to the
change of the exchange integral would simply add to the
chemical shift. Therefore, the main source of disagreement is
the scaling behavior of the chemical shift represented by Eq.
(4). Introduction of the Madelung energy term, which re-
quires more elaborate theoretical analysis, might help to im-
prove agreement with experiment, and enable extraction of
the electron delocalization effect from the binding energy
data. At this point we just note that a good agreement with
experimental data can be obtained by taking the chemical
shift in the form AE,,.=AE/2(1~x), which is represented
with a full line in Fig. 5(b).

Finally, we estimate the magnitude of the electron delo-
calization from electron probability functions'

4r
AE?
.= , (6)
P 2<1 \/1 4 4J2)
+ + =+
AE?  AE?
pr=1-p;. (7)

Using the same values of parameters AE=2eV and J
=(0.23x, we obtain that for x=1 the valence electron is 99%
localized at V#* site. The sodium deficiency decreases the
electron delocalization, so at x=0.85 the localization is about
99.4%.

IV. CONCLUSION

We study the charge fluctuation and mixed valence effects
in a’'-Na,V,0s5 single crystals by using x-ray photoelectron
spectroscopy. We measure the intensity ratio and the binding
energy difference of (V4)2p¥? and (V>*)2p*? lines as a
function of sodium deficiency, and compare them to the ob-
servations in y-LiV,05 and CaV,0s. In nominally pure
a’'-NaV,0js the intensities of these two lines are found to be
disproportional, while in y-LiV,05 the intensity ratio is
close to 1. Moreover, their binding energy difference is larger
than in the case of y-LiV,05. We attribute these two effects
to charge delocalization. By increasing the sodium defi-
ciency, both effects reduce in very good agreement with a
model that takes into account the relative abundance of V#*
and V>* ions, and the change of degree of delocalization. We
estimate that a sodium deficiency of about 15% increases
electron localization by about 0.4%.
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