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We have studied the electronic structure of A-site ordered perovskite oxides ACu;V,0;, (A=Na, Ca, and Y)
using photoemission spectroscopy. V and Cu valence fluctuations are clearly observed in the V 2p and the
Cu 2p core-level spectra. In going from A=Na to Ca to Y, electrons doped by the A-site substitution are mainly
captured by the Cu site which has a mixture of +2(d°) and +3 (d°L, L is an O 2p hole) and are partly
distributed into the V site. The photoemission spectra near the Fermi level show a systematic change induced
by the A-site substitution. The electronic structure of ACu3;V,40,, is very different from that in Ca,_,Sr,VO;
due to the existence of the Cu 3d electrons, and the unusual correlation effect in ACu3V40, can be related to
the valence fluctuations observed in the core-level spectra.
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I. INTRODUCTION

In the last two decades, physical properties of transition-
metal oxides with perovskite structure ABO; have been stud-
ied intensively and extensively.! The interesting physical
properties including superconductivity, colossal magnetore-
sistance, metal-insulator transitions, and multiferroic behav-
iors are partly derived from the flexibility of the BOy octa-
hedron which allows various distortions such as the tilting,
elongation, and compression.” Among the ABO; compounds,
Ca;_Sr,VO; has been attracting much interest because of
the proximity to the Mott transition and the bandwidth con-
trol due to the tilting of VOg4 octahedron, and the correlation
effect in the V 3d band has been revealed by means of pho-
toemission spectroscopy.’®

Recently, a variety of A-site ordered perovskite-type ox-
ides ACu3B,40,, have been found to show interesting physi-
cal properties which are not obtained in ABO;.? For example,
CaCu;Ti4O1, exhibits an enhanced dielectric property and an
interesting magnetic state.'®'> ACu;Ru,0,, (A=Na, Ca, and
La) shows a d-electron heavy-fermion behavior with en-
hanced electronic specific coefficients.'3"!> CaCu;Fe,0,, and
LaCusFe 0, show novel charge-ordering and/or charge-
transfer transitions.!®!” In ACu;B,0,,, three quarters of A
sites are occupied by Cu ions and the BOg octahedra are
tilted to stabilize the Cu* ions with the pseudosquare planar
coordination. However, the valence or the electronic configu-
ration of the Cu ions in ACu3B,O;, has not been studied
systematically using spectroscopic methods except
CaCuzRu,0, and CaCu;TisO4,, which are reported to have
Cu?* (d°),'32% and ACu;Co,0,, (A=Ca and Y), which are
reported to have Cu** (d°L).?! In the present work, we report
on a photoemission study of ACu;V,0;, (A=Na, Ca, and Y)
which show metallic resistivities with Pauli paramagnetic be-
haviors. The electronic specific-heat coefficient y of
ACu;V,0,, are moderately enhanced to 30—50 mJ/mol/K?,
and the Wilson ratio is around 2 which is the typical value
for heavy-fermion systems, indicating that electron-electron
interactions play important roles to realize the correlated me-
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tallic states in A-site ordered perovskite oxides ACu;V,0,,.2
Since the V-O-V bond angle is 142.11°, 142.22°, and
142.31° for A=Na, Ca, and Y,%? the variation in the V-O-V
bond angle induced by A-site substitution is much smaller in
ACu3V,404, than that in Ca;_Sr,VO;. The present photo-
emission study reveals that the Cu valence is a mixture of +2
(d° configuration) and +3 (d°L configuration, L represents an
O 2p hole) and that the V valence is a mixture of +3(d4?) and
+4(d"). On the basis of the photoemission results, we argue
that the electronic structure of ACu3;V,0,, is very different
from that of Ca;_.Sr,VO; and that the correlated metallic
state is characterized by the valence fluctuations.

II. EXPERIMENTS

The  polycrystalline  samples of  NaCu3V,0,,
CaCu;3V,01,, and YCu3V,40,, were prepared by a solid-state
reaction as described in the literature.?> The polycrystalline
samples were fractured in situ to obtain clean surfaces. X-ray
photoemission spectroscopy (XPS) measurements were per-
formed at room temperature using the JPS9200 electron ana-
lyzer. Monochromatic Al Ka (1486.6 eV) was used as an
x-ray source. The pass energy of the electron analyzer was
set to 10 eV. The total-energy resolution including the x-ray
source and the electron analyzer was ~0.6 eV. The binding
energy was calibrated using the Fermi edge and the Au 4f
core level of gold reference samples. The base pressure of
the XPS chamber was 1X 1077 Pa. The ultraviolet photo-
emission spectroscopy (UPS) measurements were carried out
at room temperature using SES-100 electron analyzer. He I
(21.2 eV) was used as a light source. The energy resolution
was set to 30 meV. The binding energy was calibrated using
the Fermi edge of gold reference samples. The base pressure
of the UPS chamber was 1 X 1077 Pa.

III. RESULTS AND DISCUSSION

Figure 1 shows the XPS results for V 2p and O 1s core
levels of ACu3V,0,, (A=Na, Ca, and Y). The O 1s core-

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.165111

MORITA et al.
YCu3V,04, O ls V2p and O 1s XPS
2N V2py,
E V2p,, ‘
pe ICaCu3 V40,
&
Ly
% NaCu3V,40,,
El L ]

540 535 530 525 520 515
Binding Energy (eV)

FIG. 1. (Color online) O 1s and V 2p core-level XPS spectra of
ACu3V40,, (A=Na, Ca, and Y) taken at room temperature. The
broad peak at ~533-534 eV is derived from grain boundaries at
the surface region. The O 1s main peak at ~529-530 eV is split
into two components for A=Ca and Na. V 2p peaks are split into
two components representing the V valence fluctuations.

level peaks are located at ~529-530 and ~533-534 eV.
The broad peak at ~533-534 eV is mainly derived from
grain boundaries at the surface region. The thickness of the
grain-boundary region at the surface probably increases in
going from Na to Ca to Y. The O ls main peak at
~529-530 eV becomes broader in going from A=Y to Ca
to Na. The energy splitting of the O 1s main peak is caused
by the screening effect on the O 1s core hole due to the O 2p
electrons involved in the electronic states near the Fermi
level (Er). Namely, the O 2p component in the near-E elec-
tronic states becomes larger in going from A=Y to Ca to Na.
This interpretation is consistent with the result of the Cu 2p
XPS which shows the d’L state increases in going from A
=Y to Ca to Na. The V 2p;,, and 2p,), peaks are accompa-
nied by shoulders on the lower binding-energy side. It is
possible to assign the shoulder structure to the V3* compo-
nent and the main peak to the V** component. Such core-
level splitting is widely observed in various metallic V ox-
ides such as Li;_,Zn,V,0,.%

Figure 2 shows the Cu2p core-level XPS spectra of
ACu3V40|2 (A=Na, Ca, and Y) The Cu 2p3/2 and 2p1/2
peaks are split into the main and satellite structures which are
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FIG. 2. (Color online) Cu2p core-level XPS spectra of
ACu3V,0, (A=Na, Ca, and Y) taken at room temperature. The
splitting between the main and satellite structures is derived from
the charge-transfer screening process of the Cu 2p core hole. The
Cu 2p main peaks are further split into two components represent-
ing the Cu valence fluctuations.
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derived from the charge-transfer screening process of the
Cu 2p core hole. The Cu 2p main structures are made up
from two components which can be attributed to Cu?* and
Cu** components. The lower binding-energy component is
located at ~932 eV and can be attributed to the Cu®* site
with d° configuration. The higher binding-energy component
at ~934 eV is similar to the Cu 2p peak position of NaCuO,
(Refs. 24 and 25) and LaCuO;,2° where the Cu valence is
formally +3 and the Cu ion takes the d°L configuration that
corresponds to the Zhang-Rice singlet state. The observation
of Cu’* is apparently inconsistent with the fact that, in these
A-site ordered perovskite oxides, Cu®* state with d° configu-
ration is stable due to the square planar coordination. How-
ever, the Zhang-Rice singlet state with the dgL(lAlg) con-
figuration is well stabilized by the square 3planar coordination
compared to the triplet state with the d5( B,) configuration.
Therefore, the contribution of the O 2p hole is essential to
stabilize the formally Cu* state with the square planar
coordination.?” The final states of the main and satellite
structures for the Cu”* (d°) ground state correspond to d'°L
and d° configurations, respectively, and the final states of the
main and satellite structures for the Cu** (d°L) ground state
roughly corresponds to d'°L? and d°L configurations, respec-
tively.

In the Cu 2p XPS spectra, the Cu 2p core hole is screened
by the charge transfer from O 2p to Cu 3d orbitals. Namely,
the number of the Cu 3d electrons in the final state for the
Cu 2p XPS main peak is very different from that of the
ground state. Since the Cu?* and the Cu* ground states take
d’ and d°L configurations, respectively, the charge-transfer
effect on the Cu 2p core hole is different between Cu** and
Cu?*. In addition, the local and nonlocal charge-transfer ef-
fects give the well-screened and poorly screened features in
the main peak even for the single valence Cu>* ground
state.'®28 Therefore, the simple decomposition into the Cu>*
and Cu’®* peaks of the Cu 2p XPS spectra is not that reliable
to estimate the Cu valence of the ground state. On the other
hand, in the V 2p XPS spectra, the charge-transfer screening
effect on the V 2p core hole is very small, and the estimated
V valence from the decomposition into V3* and V#* peaks is
relatively accurate. Here, it should be noted that metallic V
oxides with edge-sharing VO¢ octahedra such as V,;_ Cr,O,
and LiV,0, are known to show complicated V 2p line
shapes mainly due to the screening process involving V 3d
1y, electrons of neighboring V sites.?~!

In Fig. 3, the V 2p XPS spectra of ACu;V,0,, (A=Na,
Ca, and Y) are decomposed into V3* and V#* components.
The model spectral functions with two Gaussians for V3* and
V# components are fitted to the experimental results. Here,
it should be noted that the spectral function of each V3* and
V# component is expected to deviate from the Gaussian
form due to the multiplet structures of the V 2p core hole
and V 3d electrons. Although the multiplet effect is ne-
glected in the present analysis and obtained valence values
are not that reliable, it is still useful to demonstrate the
mixed-valence nature of the V site and the qualitative va-
lence change by the A-site substitution. In the present analy-
sis, the ratio between V3* and V4* components is about 1:4,
1:5, and 1:2 for A=Na, Ca, and Y, respectively. Therefore,
the V valence is roughly estimated to be +3.8, +3.8, and +3.7
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FIG. 3. (Color online) Fitted results (solid curves) for the V 2p
spectra of (a) NaCuzV,40,, (b) CaCu3V,40,,, and (¢) YCuzV,4O0,.
The V 2p spectra are decomposed into V3* and V* components as
indicated by the dashed curves.

for A=Na, Ca, and Y. In the above valence estimation from
the XPS spectra, the V valence does not change in going
from A=Na to Ca. Therefore, it is expected that the Cu sites
accommodate electrons doped by the substitution of Ca for
Na. Actually, as shown in Fig. 2, the Cu®* component is
reduced in going from A=Na to Ca although quantitative
analysis of the Cu 2p spectra is difficult as discussed in the
previous paragraph. In going from A=Ca to Y, the V valence
decreases from +3.8 to +3.7, indicating that electrons doped
by the substitution of Y for Ca are accommodated by the V
sites and the Cu sites. Figure 2 shows that the Cu** compo-
nent is actually reduced in going from A=Ca to Y. The above
estimation indicates that the filling of the V 3d band slightly
increases from d'? to d'? to d'3 in going from A=Na to Ca
to Y and that the doped electrons are mainly accommodated
by the Cu site. The noninteger number of the V 3d electrons
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FIG. 4. (Color online) Valence-band XPS spectra of ACu3V 40,
(A=Na, Ca, and Y) taken at room temperature.

per site indicates that the present systems are far from the
Mott insulator of the V 3d electrons. Therefore, the correla-
tion effect in the V 3d band could be very different from that
in Ca,_,Sr,VO;.>8

Figure 4 shows the valence-band XPS spectra of
ACu3V,0,, (A=Na, Ca, and Y). As for the valence-band
structure, the peaks at ~2 eV are derived from the Cu 3d
band. The broad structure ranging from 3 to 8 eV can be
attributed to the O 2p band hybridized with Cu 3d and V 3d
orbitals. Considering the photoionization cross section of
Cu 3d and O 2p subshells at the XPS measurements with
Al Kea, the intensity of the O 2p band is mainly due to the
Cu 3d component. The present result indicates that the hy-
bridization strength between Cu 3d and O 2p orbitals gradu-
ally increases in going from A=Y to Ca to Na. Unfortu-
nately, the photoionization cross section of the V 3d subshell
is much smaller than that of the Cu 3d subshell, and, conse-
quently, the V 3d band near E is not well detected in the
XPS spectra. The Cu3d peak is shifted to the higher
binding-energy side in going from A=Na to Y, which is con-
sistent with the electron doping by the A-site substitution.
However, V 2p and O 1s core-level peaks tend to be shifted
to the lower-energy side in going from A=Na to Y, which is
not consistent with the rigid-band shift by the electron dop-
ing. It is difficult to explain the doping effect by the simple
rigid-band picture. In the present system, the interplay be-
tween the V 3d bands and the Cu 3d (strongly hybridized
with O 2p) bands complicates the doping process.

The UPS spectra near E, for A=Na, Ca, and Y are dis-
played in Fig. 5. The spectral feature ranging from 0 to 1.0
eV becomes narrower and the spectral weight at 0.2 eV be-
comes larger in going from Y to Ca to Na. For A=Na, the
V 3d band has a peak at 0.2 eV well below E; and the
spectral weight at Er seems to be suppressed compared to
the peak height. Such spectral weight suppression at Ef is
similar to the observation for SrVO; by Eguchi et al.*> Con-
sequently, although the peak height at 0.2 eV below Ef in-
creases from Y to Ca to Na, the spectral weight at Er does
not increase that much from Y to Ca to Na. The origin of the
peak at 0.2 eV would be related to the increase in the d°L
(Zhang-Rice singlet) state suggested by O 1s and Cu 2p XPS
spectra. Namely, the increase in the d°L state changes the
hybridization between the V 3d band near E; and the Cu 3d
band at ~2 eV below E and, consequently, the shape of the
V 3d band is changed. Theoretical studies on Cu 3d and
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FIG. 5. (Color online) UPS spectra of ACu3V,0,, (A=Na, Ca,
and Y) taken at room temperature. In the right panel, the near-Ep
spectra for A=Na and Ca are compared with that for A=Y shown
by the dotted curves.

V 3d hybridization effect are required to further understand
the origin of the spectral change by the A-site substitution.
In order to estimate the density of states at Er from the
experimental result, it is assumed that the spectral weight
near E is derived from the V 3d band which has the band
filling determined from the V 2p core-level spectra. We have
extracted the V 3d band by subtracting the tail of the O 2p
contribution from the experimental result. Here, the tail of
the O 2p contribution is approximated by the power-law
function. The V 2p XPS result shows that the V 3d band
fillings are close to d'? for A=Na and Ca, and d'? for Y.
Therefore, the numbers of V 3d electrons in the unit cell are
~4X1.2=4.8 for A=Na and Ca, and 5.2 for A=Y. The in-
tegrated intensity of the obtained V 3d 1,, band divided by
4.8 or 5.2 corresponds to the spectral area per V 3d electron.
The intensity at E, can be estimated from the symmetrized
spectrum where the effect of Fermi-Dirac distribution func-
tion is removed. The intensity at Er divided by the spectral
area per 3d electron and multiplied by Avogadro constant
corresponds to the density of states g(E) per formula unit.
Assuming that the renormalization factor z is unity, the elec-
tronic specific-heat coefficient y= 5 kpg(Ey) per formula unit
is estimated to be 10, 9.5, and 12 mJ/eV/K? for A=Na, Ca,
and Y, respectively. By comparing the estimated values with
the experimental values of 50, 30 and 40 mJ/mol/ K2 for
A=Na, Ca, and Y, respectively,22 the inverse of the renormal-
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ization factor 1/z is ~5, 3, and 3 for A=Na, Ca, and Y.
These values are slightly larger than those for Ca;_Sr,VO;
with 1/z of 2-3.33 Since the number of the V 3d electrons is
1.2-1.3 in ACu3V,40,,, the closeness to the Mott transition is
not that important. The moderate mass renormalization is
due to the electron-electron interactions in the V 3d band
hybridized with Cu 3d and O 2p orbitals, and is related to
the valence fluctuations observed in the core-level spectra.
Since the present system includes the V 3d 1,, orbitals and
the Cu 3d orbitals, one of the 3d band would be close to the
orbital-selective Mott transition. The relationship between
the valence fluctuation, orbital-selective Mott transition, and
the mass renormalization is an interesting issue and the
present system provides a unique playground for it.

IV. CONCLUSION

In summary, we have studied the electronic structure of
A-site ordered perovskite oxides ACu;V,0;, (A=Na, Ca, and
Y) using photoemission spectroscopy. The V 2p and the
Cu 2p core-level photoemission results show that the V and
Cu valences are fluctuating. The carriers introduced by the
substitution of A-site cation are mainly captured by the Cu
site with a mixture of +2 (d°) and +3 (@°L, L is an O 2p
hole). The number of the V 3d electrons per V site is about
1.2-1.3 which is different from the integer number of the
V 3d electrons in Ca;_,Sr,VO3. The electronic structure of
ACu3V,0,, is different from that in Ca,_,Sr,VO; due to the
existence of the Cu 3d electrons, and the correlated metallic
state is characterized by the valence fluctuations of Cu and V
sites.
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