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We report high-resolution high-energy photoemission spectra together with parameter-free LDA�
DMFT (local density approximation � dynamical mean-field theory) results for Sr1�xCaxVO3, a
prototype 3d1 system. In contrast to earlier investigations the bulk spectra are found to be insensitive
to x. The good agreement between experiment and theory confirms the bulk sensitivity of the high-
energy photoemission spectra.

DOI: 10.1103/PhysRevLett.93.156402 PACS numbers: 71.20.Be, 71.27.+a, 79.60.Bm
Electronic correlations in transition metal oxides
(TMO) are at the center of present solid state research.
Among TMO, cubic perovskites have the simplest crystal
structure and, thus, may be viewed as a starting point for
understanding the electronic properties of more complex
systems. Typically, the 3d states in those materials form
comparatively narrow bands of width W � 2–3 eV which
lead to strong Coulomb correlations between the elec-
trons. Particularly simple are TMO with a 3d1 configura-
tion such as Sr1�xCaxVO3 since they do not show a
complicated electronic structure.

Intensive experimental investigations of spectral and
transport properties of strongly correlated 3d1 TMO
started with the paper by Fujimori et al. [1]. These authors
observed a pronounced lower Hubbard band in the pho-
toemission spectra (PES) measured at low photon ener-
gies (h� � 120 eV) which cannot be explained by
conventional band-structure theory. A number of papers
[2,3] subsequently addressed the spectral, transport, and
thermodynamic properties of Sr1�xCaxVO3, yielding
contradictory results. While the thermodynamic and
transport properties (Sommerfeld coefficient, resistivity,
and paramagnetic susceptibility) do not change much
with x, low photon energy (low-h�) PES show drastic
differences for varying x. In fact, these spectroscopic data
seemed to imply that Sr1�xCaxVO3 is on the verge of a
Mott-Hubbard transition for x ! 1. This is in concord-
ance with the widespread theoretical expectation that the
bandwidth W should decrease strongly with increasing x
0031-9007=04=93(15)=156402(4)$22.50
since the V-O-Vangle is reduced from � � 180� for cubic
SrVO3 [4] to � � 154:3� (rotation angle), 171� (titling
angle) [5] for orthorhombic CaVO3 [6].

With the SPring-8 beam line we are now able to reex-
amine this puzzling discrepancy by high-resolution high-
energy PES which, owing to a longer photoelectron mean
free path � at h� � 1000 eV, is much more bulk sensitive
[7–11]. In this Letter, we show that these bulk-sensitive
PES on fractured surfaces with � 100 meV resolution are
nearly independent of the Ca concentration x and signifi-
cantly different from high-energy PES at 0:5 eV resolu-
tion on scraped surfaces [11]. The good agreement with
LDA� DMFT [12–18] spectra provides an important
cross validation: By means of a TMO prototype we
show that the two cutting-edge methods employed here
are indeed able to determine bulk spectra.

The high-resolution PES are summarized in Fig. 1
[19]. In all spectra, the peak near EF and the broad
peak centered at about �1:6 eV correspond to the coher-
ent (quasiparticle peak) and incoherent parts (lower
Hubbard band), respectively. In contrast to low-h� PES
of Sr1�xCaxVO3 reported so far, including our own, the
spectral variation with x is noticeably smaller in the
spectra measured at h� � 900 eV as summarized in
Fig. 1(b). As shown in Fig. 1(c), the coherent spectral
weight decreases drastically with decreasing h� for all
compounds. One might consider that the relatively strong
incoherent spectral weight of the �1:6 eV peak at low h�
originates possibly from a large O 2p weight in this peak.
 2004 The American Physical Society 156402-1
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However, both coherent and incoherent parts are drasti-
cally enhanced in a V 2p� 3d resonance photoemission
(not shown), and are therefore assigned to the effective V
3d states around EF [20]. Since the oxygen admixture to
these predominantly 3d states is very minor, the relativeV
3d=O 2p cross section which also changes by only 8%
from h� � 275 and 900 eV [21] can be neglected. Also
note that the effect of PES matrix elements is generally
small for high-h� angle-integrated spectra. Therefore, the
monotonous increase of the coherent part with h� is
inevitably attributed to an increased bulk sensitivity.

We have obtained the bulk V 3d [20] PES, Fig. 1(d), of
Sr1�xCaxVO3 from the data at h� � 900 and 275 eV by
the following procedure [22]: (i) The mean free path �
has been calculated as �17 and �7 �A at h� � 900 and
275 eV [7]. (ii) The bulk weight R ( < 1, depending on h�)
should be determined as exp	�s=�
 where s is a ‘‘surface
thickness.’’ Therefore Rs at 900 eV (R900) and 275 eV
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FIG. 1. (a) Raw spectrum of the high-resolution PES near EF
of CaVO3 (squares) and the fitted tails of O 2p contributions.
(b) V 3d PES of Sr1�xCaxVO3 at h� � 900 eV obtained by
subtracting the fitted tails of O 2p contributions from the raw
spectra as in (a). (c) h� dependence of theV 3d PES normalized
by the incoherent spectral weight ranging from �0:8 to
�2:6 eV. (d) Bulk V 3d PES of Sr1�xCaxVO3 as obtained by
the procedure described in the text.
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(R275) are related as R275 � R900
2:4. (iii) The observed V

3d PES intensity at h� � 900 eV is represented as
I900	E
 � IB	E
R900 � IS	E
	1� R900
 while I275	E
 �
IB	E
R900

2:4 � IS	E
	1� R900
2:4
, where IB	E
=IS	E
 is

the bulk/surface 3d PES and E stands for the energy
relative to EF. (4) If s is assumed to be 7:5 �A correspond-
ing to about twice the V-O-V distance, [2] R900 (R275) is
determined as �0:64 ( � 0:34). With this R900 we obtain
the 3d bulk PES IB	E
 shown in Fig. 1(d), noting that
IB	E
 hardly changes ( < 15% at EF) even when we
assume s to range from 5.4 to 11 �A. In contrast to the
previous PES, the bulk 3d PES are almost equivalent
among the three compounds, indicating that the V-O-V
distortion does not much influence the occupied bulk 3d
states in Sr1�xCaxVO3. This is consistent with the ther-
modynamic properties. It should be noticed that on
scraped sample surfaces nearly x-independent bulk spec-
tral functions could not be obtained [11].

Figure 2 shows the local-density approximation (LDA)
density of states (DOS) for SrVO3 and CaVO3 which we
obtained using the TBLMTO47 code of Andersen and co-
workers [23] as well as a full-potential linearized aug-
mented plane wave (FLAPW) method. The van Hove–
like peak of the latter can also be obtained by a linear
muffin-tin ortibal (LMTO) method [24], leading to minor
differences which are, however, not important for our
LDA� DMFT calculations. Most importantly, the one-
electron t2g bandwidth of CaVO3, defined as the energy
interval where the DOS in Fig. 2 is nonzero, is found to be
only 4% smaller than that of SrVO3 (WCaVO3

� 2:5 eV,
WSrVO3

� 2:6 eV). The small reduction of the bandwidth
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FIG. 2. Comparison of the LDA DOS of theV 3d t2g band for
SrVO3 (line with cross marks) and CaVO3 (dashed line) ob-
tained by using the LMTO method. The V 3d (t2g � eg) partial
DOS for SrVO3 (solid line) obtained by using the FLAPW
method is also shown. In CaVO3 the degeneracy of the three t2g
bands is lifted (see inset).
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FIG. 3. (a) Comparison of the bulk 3d [20] PES of SrVO3

(dots) to the 3d DOS obtained by using the FLAPW method
(dashed curve), which has been multiplied with the Fermi
function at 20 K and then broadened by the experimental
resolution of 140 meV. The solid curve shows the same 3d
DOS but the energy is scaled down by a factor of 0.6. (b)
LDA� DMFT (QMC) spectrum of SrVO3 (solid line) and
CaVO3 (dashed line) calculated at 300 K. (c) Effect of the
temperature in the case of CaVO3. (d) Comparison of the bulk
PES with the calculated LDA� DMFT spectra for SrVO3 and
CaVO3.
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well agrees with Ref. [24] and will later turn out to be
important.

In order to determine the genuine effect of the electron
correlations on the bulk spectra, we first compare in
Fig. 3(a) the measured spectrum with a V 3d partial
DOS for SrVO3 obtained by using the FLAPW method.
Here, the partial DOS broadened by the instrumental
resolution (dashed curve) is normalized to the bulk 3d
spectral function of SrVO3 by the integrated intensity
from EF to �2:6 eV. This comparison shows that the
band-structure calculation does not reproduce the inco-
herent spectral weight at all and that the width of the
observed coherent part is about 60% of the predicted
value. Clearly, these deviations originate from electronic
correlations which are not treated correctly in the band-
structure calculation.

For a more quantitative analysis, we use LDA� DMFT
as a nonperturbative approach [12,17,24], in which the
local intraorbital Coulomb repulsion U, the interorbital
repulsion U0, and the exchange interaction J are explicitly
taken into account. We calculated these interaction
strengths by means of the constrained LDA method
[25] for SrVO3. The resulting value of the averaged
Coulomb interaction is �U � 3:55 eV ( �U � U0 for t2g or-
bitals [17,26]) and J � 1:0 eV. U is then fixed by the
rotational invariance to U � U0 � 2J � 5:55 eV. These
calculated values are in agreement with previous calcu-
lations of vanadium systems [27] and experiments [28].
We use these values in our LDA� DMFT calculations for
both SrVO3 and CaVO3 [29] and employ quantum Monte
Carlo (QMC) [30] simulations to solve the dynamical
mean-field theory (DMFT) self-consistency equation.
The resulting LDA� DMFT (QMC) spectra for SrVO3

and CaVO3 in Fig. 3(b) show genuine correlation effects,
i.e., the formation of lower Hubbard bands at about
�2 eV and upper Hubbard bands at about 2:5 eV, with
well pronounced quasiparticle peaks (coherent part) near
EF. The results indicate that both SrVO3 and CaVO3 are
strongly correlated metals, but not on the verge of a Mott-
Hubbard metal-insulator transition. The 4% difference in
the LDA bandwidth between the compounds is reflected
only in some additional transfer of spectral weight from
the coherent to incoherent parts. The many-particle spec-
tra of the two systems are seen to be quite similar,
especially in the occupied states, in agreement with
Ref. [24]. Figure 3(c) shows that the effect of temperature
on the spectrum is small for T & 700 K. The slight dif-
ferences in the quasiparticle peaks between SrVO3 and
CaVO3 lead to different effective masses, namely
m�=m0 � 2:1 for SrVO3 and 2.4 for CaVO3, which agree
with m�=m0 � 2–3 for SrVO3 and CaVO3 as obtained
from thermodynamics [2] and de Haas–van Alphen ex-
periments [31].

In Fig. 3(d), we compare the experimental bulk V 3d
[20] PES to the LDA� DMFT spectra (300 K), which
156402-3
were multiplied with the Fermi function at the experi-
mental temperature (20 K) and broadened with the PES
resolution. The quasiparticle peaks in theory and experi-
ment are seen to be in very good agreement. In particular,
their height and width are almost identical for both
SrVO3 and CaVO3. There is some difference in the posi-
tions of the incoherent part which may be partly due to
uncertainties in the ab initio calculations of �U or in the
oxygen subtraction procedure of Fig. 1. Indeed, some
differences have to be expected since both the experimen-
tal determination of the bulk spectrum and the LDA�
DMFT method involve approximations. Hence, our good
overall agreement confirms that the new high-energy
high-resolution PES indeed measures bulk spectra which
can be calculated quite accurately by LDA� DMFT
without free parameters.

This work was supported by a Grant-in-Aid for COE
Research from the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan, by the
Deutsche Forschungsgemeinschaft through SFB 484 and
156402-3



VOLUME 93, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S week ending
8 OCTOBER 2004
the Emmy-Noether program, the Russian Foundation for
Basic Research through RFFI-01-02-17063 and RFFI-
03-02-06126, the Ural Branch of the Russian Academy of
Sciences for Young Scientists, Grant of the President of
Russia MK-95.2003.02, and the National Science
Foundation under Grant No. PHY99-07949. The photo-
emission at h� � 275 and 900 eV was performed under
the approval of the Japan Synchrotron Radiation
Research Institute (1999B0076-NS-np). We thank T.
Ushida, A. Shigemoto, T. Satonaka, T. Iwasaki, M.
Okazaki, S. Kasai, A. Higashiya, K. Konoike, A.
Yamasaki, A. Irizawa, and the staff of SPring-8, espe-
cially T. Muro, T. Matsushita, and T. Nakatani for sup-
porting the experiments. We also thank A. Sandvik for
making available his maximum entropy code and ac-
knowledge valuable discussions with I. H. Inoue, A.
Fujimori, R. Claessen, and M. Mayr.
1564
*Present Address: National Institute of Advanced
Industrial Science and Technology (AIST), Umezono,
Tsukuba, Ibaraki 305-8568, Japan.

[1] A. Fujimori et al., Phys. Rev. Lett. 69, 1796 (1992).
[2] Y. Aiura et al., Phys. Rev. B 47, 6732 (1993); I. H. Inoue

et al., Phys. Rev. Lett. 74, 2539 (1995); I. H. Inoue et al.,
Phys. Rev. B 58, 4372 (1998).

[3] K. Morikawa et al., Phys. Rev. B 52, 13 711 (1995).
[4] M. J. Rey et al., J. Solid State Chem. 86, 101 (1990).
[5] M. H. Jung and H. Nakotte (unpublished).
[6] B. L. Chamberland and P. S. Danielson, J. Solid State

Chem. 3, 243 (1971).
[7] D. A. Shirley, Photoemission in Solids I, edited by M.

Cardona and L. Ley (Springer-Verlag, Berlin, 1978); S.
Tanuma, C. J. Powell, and D. R. Penn, Surf. Sci. 192,
L849 (1987).

[8] A. Sekiyama et al., Nature (London) 403, 396 (2000); A.
Sekiyama et al., J. Phys. Soc. Jpn. 69, 2771 (2000).

[9] Y. Saitoh et al., Rev. Sci. Instrum. 71, 3254 (2000).
[10] K. Maiti, P. Mahadevan, and D. D. Sarma, Phys. Rev.

Lett. 80, 2885 (1998).
[11] K. Maiti et al., Europhys. Lett. 55, 246 (2001).
[12] V. I. Anisimov et al., J. Phys. Condens. Matter 9, 7359

(1997); A. I. Lichtenstein and M. I. Katsnelson, Phys.
Rev. B 57, 6884 (1998).

[13] A. Liebsch and A. Lichtenstein, Phys. Rev. Lett. 84, 1591
(2000).

[14] I. A. Nekrasov et al., Eur. Phys. J. B 18, 55 (2000); K.
Held et al., Phys. Rev. Lett. 86, 5345 (2001); I. A.
Nekrasov et al., Phys. Rev. B 67, 085111 (2003).

[15] A. I. Lichtenstein, M. I. Katsnelson, and G. Kotliar, Phys.
Rev. Lett. 87, 67205 (2001); S. Biermann et al., cond-mat/
0112430.

[16] S.Y. Savrasov, G. Kotliar, and E. Abrahams, Nature
(London) 410, 793 (2001).
02-4
[17] K. Held et al., Psi-k Newsl. 56, 65 (2003) (psi-k.dl.ac.uk/
newsletters/News_56/Highlight_56.pdf).

[18] W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 324
(1989); A. Georges et al., Rev. Mod. Phys. 68, 13 (1996).

[19] The photoemission at h� � 900 and 275 eV was per-
formed at BL25SU in SPring-8 [9]. Single crystals of
SrVO3 and Sr0:5Ca0:5VO3, and polycrystalline CaVO3

were employed for the measurements. The overall energy
resolution was about 140 and 80 meV at h� � 900 and
275 eV, respectively. The results were compared with the
low-energy PES taken at h� � 40:8 and 21.2 eV by using
a He discharge lamp. The energy resolution was set to
50–80 meV. The samples were cooled to 20 K for all the
measurements. Clean surfaces were obtained by fractur-
ing the samples in situ at measuring temperatures and
the surface cleanliness was confirmed before and after
the measurements. The base pressure was about 4

10�8 Pa.

[20] The effectiveV 3dorbitals around EF consist mainly of V
3d states with some admixture of O 2p states (spectral
weight is about 5% with respect to the effective V t2g
weight in our LDA calculation; the energy dependence of
this O 2p contribution follows that of the V t2g orbitals).

[21] J. J. Yeh and I. Lindau, At. Data Nucl. Data Tables 32, 1
(1985).

[22] We did not use the PES at h� � 21:2 and 40.8 eV for the
estimation of the bulk PES because there is no reliable
formula of � for the photoelectron kinetic energy of less
than 50 eV. After the clarification of the bulk PES, the
bulk contributions in the PES measured at h� � 21:2 and
40.8 eV have been estimated as �0 and at most 30%,
respectively.

[23] O. K. Andersen, Phys. Rev. B 12, 3060 (1975); O.
Gunnarsson, O. Jepsen, and O. K. Andersen, Phys. Rev.
B 27, 7144 (1983).

[24] E. Pavarini et al., Phys. Rev. Lett. 92, 176403 (2004).
[25] O. Gunnarsson et al., Phys. Rev. B 39, 1708 (1989).
[26] M. B. Zölfl et al., Phys. Rev. B 61, 12810 (2000).
[27] I. Solovyev, N. Hamada, and K. Terakura, Phys. Rev. B

53, 7158 (1996).
[28] H. Makino et al., Phys. Rev. B 58, 4384 (1998).
[29] We did not calculate �U for CaVO3 because the standard

procedure to calculate the Coulomb interaction parame-
ter between two t2g electrons is not applicable for the
distorted crystal structure where the eg and t2g orbitals
are not separated by symmetry. On the other hand, it is
well known that the change of the local Coulomb inter-
action is typically much smaller than the change in the
DOS, which was found to depend only very weakly on
the bond angle as shown in Fig. 2. That means that �U for
CaVO3 should be nearly the same for SrVO3.

[30] J. E. Hirsch and R. M. Fye, Phys. Rev. Lett. 56, 2521
(1986). For multiband QMC within DMFT, see [17].

[31] I. H. Inoue et al., Phys. Rev. Lett. 88, 236403 (2002).
156402-4


