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Electron correlation in low-carrier-density metals: Photoemission study of
the hole-doped Mott insulator Li;Zn; — . V04
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We have measured photoemission spectra of LixZn;-xV204 which is a Mott-Hubbard insulator
at x =0 and becomes a metal by doping with holes for x20.35. The V 3d band is broadened and
shifted to higher binding energy compared to band theory. The density of states at the Fermi lev-
el is low even in the metallic phase, which we attribute to the effect of long-range Coulomb in-
teraction. Implications of these results on polaron effects and superconductivity in metallic oxides

are discussed.

Electron correlation in partially filled narrow bands has
usually been studied using as a starting point the Hubbard
model,""? which is characterized by two parameters:
namely, intra-atomic Coulomb energy U and one-electron
bandwidth W. For the nondegenerate Hubbard model, a
gap is opened at the Fermi level (Er) at half-filling in the
strong correlation limit, U/W>1 (Mott-Hubbard insula-
tor). This system can be made metallic either by decreas-
ing U/W or by doping with extra electrons or holes. Elec-
tronic properties of such strongly correlated metals are of
great interest and their single-particle density of states
(DOS) as measured by valence-band photoemission spec-
troscopy would give valuable information on the nature of
electron correlation, although detailed interpretation of
the spectra has not been made so far.

In this work, we have studied the spinel-type Li,-
Zn| -, V10, in which Li and Zn atoms at the tetrahedral
sites are ionized to Li* and Zn?* and donate electrons to
V 3d orbitals at the octahedral sites. ZnV;04 is a Mott-
Hubbard insulator with localized 3d % (V3*) configuration
(corresponding to half-filling) and orders antiferromag-
netically below Ty =45 K.> For x>0 the system is
doped with holes (V4*:d') and shows metallic conductivi-
ty at x=20.35,%% although the carrier density is low
(0.2-0.5 per V atom) and the magnetic susceptibility
obeys the Curie-Weiss law.® Thus Li,Zn;—,V,04 with
x 2 0.35 is not an ordinary metal and is an interesting sys-
tem with which to study the effect of electron correlation
in narrow bands. Indeed; the present study suggests
significant electron correlation in this system. In particu-
lar, an observed low DOS near Ef implies the importance
of long-range Coulomb interaction as well as short-range
interaction U considered in the Hubbard model.

Sintered pellets of LixZn,—,V,04 (x =0, 0.5, and 1)
were prepared by solid-state reaction as described in Ref.
5. They were introduced into the ultrahigh vacuum
chamber of the spectrometer (base pressure ~1x10 !0
Torr) through an airlock entry. Clean surfaces were ob-
tained by scraping in situ with a diamond file. A He reso-
nance lamp (Av=21.2 and 40.8 e¢V) and a Mg x-ray
source (hv=1253.6 eV) were used to excite ultraviolet

a8

and x-ray photoemission spectroscopy (UPS and XPS)
spectra. The total resolution was ~0.15 eV and ~0.9 eV
for UPS and XPS, respectively. Satellites of the He and
Mg sources have been numerically subtracted.

Valence-band UPS spectra are shown in Fig. 1. They
are compared with the (paramagnetic) one-electron
band-theoretical DOS (Ref. 7) corrected for photoioniza-
tion cross sections® and broadened for the instrumental
and energy-dependent lifetime widths.” While the shape
of the O 2p band at binding energy Ez=3-9 eV is in
reasonable agreement with the band theory (for x=1, in-
teraction with the Zn 3d level somewhat distorts the O 2p
band), the broad V 3d emission with a low DOS at Ef
cannot be accounted for by band theory which predicts a
high DOS at Er. (Magnified views in Fig. 1, however,
show a small but finite DOS for the metallic x =0.5 and 1
samples.) Also, one notices that the experimental d band-
width increases with x.

Since band theory, which is appropriate in the weak
correlation limit, has failed to describe the d-band spectra,
we take an opposite view that the d electrons are strongly
correlated and nearly localized: The V sites in Li,-
Zn; -, V;0, are assumed to be fluctuating between d ! and
d? configurations in a time scale longer than that of pho-
toemission (~107'% sec).!® Then d-electron emission
produces two kinds of final states, d° and d!, with d! lo-
cated closer to Er. Hence, the broadening of the 4 band
width x is attributed to the appearance of a d!— d°
feature on the high-binding-energy side of the dominant
d*— d! one. We have decomposed the spectra of x =0.5
and 1 into d2— d"' and d'— d° components as shown in
Fig. 1, where we have assumed the same line shape for the
d*—d' component of all x and intensity ratios
@'—d®:(d*— d')=1:6 and 1:3 for x =0.5 and 1, re-
spectively, as expected from the ground-state d !:d? ratios.
From the position of the d'— d° component, U is es-
timated to be 22 eV (or possibly <S2 eV if the effect of
long-range Coulomb interaction is taken into account as
described below), which is similar to previous estimates
for VO, (U=1.2¢eV) ! and V,03 (US2eV). "2

The localized d-electron picture is consistent with the
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FIG. 1. Valence-band UPS spectra of LixZn;-xV204 taken
with Av=40.8 eV. Theoretical spectra deduced from the band-
structure calculation (Ref. 7) are compared with experiment.
Emission at Egz~10 eV is due to the Zn 3d level. The spectrum
of V,0s which has no electron in the V 3d band is also shown.

vanadium core-level XPS spectra in Figs. 2 and 3, where
each spectrum has been decomposed into ¢3d ! and ¢3d?
components (¢ denotes core hole). The energy of the ¢3d?
configuration is lower than that of c3d' by the intra-
atomic core-hole-3d Coulomb energy. The relative inten-
sity of the ¢3d' and ¢3d? components reflects approxi-
mately the ground-state d':d? ratio, although the ¢3d?
weight has been found a little too high probably because
of a final-state effect, i.e., core-hole screening by d elec-
trons. The splitting and intensity ratio of the doublet
structure in the V 3s core-level XPS of ZnV,04 (Fig. 3)
indicate that its d2 ground state is in the high-spin (S =1)
state.!> Here, we note that both the valence-band
d*— d' and core-level ¢3d? binding energies are shifted
by the same amount, ~0.5 eV, between x=0 and
x> 0.5, so that all the spectral features associated with
the d? ground-state component are rigidly shifted upon
hole doping whereas the O 2p band and the O 1s core level
are not.

According to the above assignment, the unoccupied part
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FIG. 2. V 2p core-level XPS spectra of LixZn;-xV204. As
we do not know the line shapes of the 2p3d ! and 2p3d 2 multi-
plets, we have used in the line-shape analyses Gaussian func-
tions whose widths have been assumed proportional to the
square root of the total spin of the d” configuration, S.

of the V 3d DOS would consist of d'— d? and d?>— d?
components as shown in Fig. 4, leading to a dip in the
DOS around Er not only for the insulating x =0 but also
for x > 0. Although the localized d-electron picture is
generally thought to be equivalent to the U/W>>1 limit of
the Hubbard model, the model would predict an upward
shift of the lower Hubbard band across Ef with hole dop-
ing and would not explain such a suppressed DOS near
Er. We thus consider long-range Coulomb interaction
which is neglected in the Hubbard model but becomes im-
portant when the carrier density is low. This interaction
would shift the DOS away from Er by the average hole-
hole or electron-electron repulsion for the occupied or
unoccupied d band, respectively, and would consequently
lower the DOS near Ef for arbitrary band filling. So far,
it has been established that long-range Coulomb interac-
tion leads to a “soft” gap at Er (Coulomb gap) irrespec-
tive of band. filling for localized electrons in disordered
systems.!> While the single-particle DOS near Er ap-
pears to be suppressed by the long-range Coulomb in-
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FIG. 3. V 3s core-level XPS spectra of LixZn,—,V204. The
multiplet of each configuration is simply a doublet, correspond-
ing to final states with spins of S+ 5 and S — 1.

teraction, the same interaction in the ground state leads to
electronic polaron effects. Namely, doped carriers are
“dressed” with electronic excitations of other electrons
and become “heavy” carriers. Phononic polarons could
also lead qualitatively to the same effect, but phonon ener-
gies alone are generally too small to account for the ob-
served width of the low DOS region around Ef.

The present localized d-electron picture is consistent
with the Curie-Weiss behavior of mixed d' (S= %) and
d? (S =2) configurations observed at high temperatures,
T> 500 K.® In the semiconducting region x $0.35, the
large negative Weiss constant (~ —500 K) and the
suppression of the magnetic susceptibility at low tempera-
ture, T <500 K, compared to the high-temperature
Curie-Weiss law, suggest a strong antiferromagnetic cou-
pling between the local moments.® In the metallic region
x20.35, on the other hand, although the Weiss constant
at high temperatures is the same as that in the semicon-
ducting region, the low-temperature susceptibility is
enhanced relative to the high-temperature Curie-Weiss
law.® Such a behavior can be understood as an effect of
doped holes which become itinerant and induce ferromag-
netic coupling between local moments, !¢ thereby weaken-

FIG. 4. Schematic single-particle DOS of LixZn;-,V20a.
For the V 3d states, only ¢, electrons are shown for simplicity.

ing the antiferromagnetic coupling. Hence the enhance-
ment of the magnetic susceptibility below ~500 K sug-
gests that the polaron “band” width of the doped holes is
of the order of 500 K and that they become itinerant
below this temperature.

Discrepancy between band theory and photoemission
spectra similar to the present work, i.e., low DOS at Ef
and shift to higher binding energy of the 4 band, has been
reported for LiTi;O4.!” In the light of the present results,
this would also be attributed to short-range and long-
range Coulomb correlation within the Ti 3d band. In this
sense, LiTiyO4 is a correlated, low-carrier-density metal
and its superconductivity (7, =13.7 K) may not be ex-
plained within the conventional BCS mechanism based on
one-electron band theory.

Finally, we would like to suggest that the suppression of
the single-particle DOS near Er due to long-range
Coulomb interaction can be significant also at half-filling:
If the system is on the metallic side of the Mott transition
but is close to it, screening of the long-range Coulomb in-
teraction by itinerant carriers would not be so effective,
leading to a suppression of the DOS near Er compared to
what would be expected for a closing of the Mott-Hub-
bard gap. The mysterious, very low DOS at Er observed
in the photoemission spectra of metallic CrO, (Ref. 18)
and BaPb; —,Bi,O; (Ref. 19) might be explained along
this line. [As for BaPb; —,BiyOs, U is large both for the
Bi/Pb 65 (Ref. 20) and O 2p (Ref. 21) electrons unlike
what is widely believed.] Recently, it has been suggested
that long-range Coulomb interactions plays an important
role in the superconductivity of low-carrier-density metals
including doped Cu oxides.“? Indeed, doped holes in these
oxides enter the O 2p band but the DOS at Er as observed
by photoemission is too low for an O 2p band whose top is
cut off at E. 2
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