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Spectral weight transfer and mass renormalization in Mott-Hubbard systems SrVO; and CaVO;:
Influence of long-range Coulomb interaction
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We have studied metallic StVO; and CaVO; by inverse photoemission and high-resolution photoemis-
sion. In going from Sr to Ca, considerable spectral weight is transferred from the coherent band to the
upper and lower Hubbard bands. Meanwhile, the overall intensity rather than the width of the coherent
band decreases, implying that the bandwidth remains finite as the system approaches the Mott transi-
tion. The result implies that the effect of long-range Coulomb interaction as well as short-range interac-
tion becomes increasingly important towards the transition.

It is well known that electron correlation enhances the
conduction electron mass m * in metals. The mass should
diverge toward a metal-insulator transition if the transi-
tion is of second order and the carrier number remains
finite up to the transition point.! Recent studies of a
filling-control system La,_,Sr, TiO; suggest that such a
mass divergence indeed occurs in the electronic specific
heats and the magnetic susceptibilities.>® In bandwidth-
control systems, where the ratio between the interaction
strength U and the bandwidth W is varied for a fixed
band filling, a mass divergence has also been predicted by
Brinkman and Rice.* Recent studies of the infinite-
dimension Hubbard model at half filling indicate that the
coherent quasiparticle (QP) band, which crosses the Fer-
mi level (Ef), is narrowed with U /W while the spectral
intensity at Ep remains unaltered.’

In previous work, %’ we made photoemission studies of
various compounds with a d! configuration ranging from
a Mott-Hubbard insulator to a normal metal (YTiO;,
LaTiO,, SrVO;, VO,, and ReO;) in order to investigate
how the single-particle spectral function p(w) evolves
with U/W across the transition. The result has shown
that, with increasing U /W, spectral weight is transferred
from the coherent part (QP excitations) around Ef to the
incoherent part (reminiscent of the lower Hubbard band)
~1.5 eV below Ef, but that the overall intensity rather
than the bandwidth of the coherent part appears to de-
crease in contrast to what has been predicted by the
Hubbard-model calculations. From analysis of the pho-
toemission spectra using a phenomenological self-energy
correction,’ it has been suggested that the mass enhance-
ment associated with the spectral weight transfer is large-
ly compensated for by the band widening which is
represented by an increasing degree of the k dependence
of the self-energy. However, the limited energy resolu-
tion in the previous work®’ has precluded detailed and
unambiguous information about the low-energy electron-
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ic structure of these compounds such as the presence or
absence of the narrow QP band at Ej, as predicted
theoretically.’

In order to clarify these points, we have performed de-
tailed photoemission and inverse-photoemission spectros-
copy [bremsstrahlung isochromat spectroscopy (BIS)]
studies of two metallic compounds CaVO; and SrVO,.
With much improved energy resolution, we have estab-
lished that the intensity at Ep indeed decreases with
U /W, and that there is no detectable narrow peak in the
coherent part. We attribute the intensity decrease to the
effect of nonlocal exchange potential arising from long-
range Coulomb interaction, which limits the mass
enhancement or band narrowing near the Mott transi-
tion.

SrVO; and CaVO; are both Pauli-paramagnetic met-
als.®~13 SrVO, has the cubic perovskite structure while
CaVO; shows a tetragonal distortion of the GdFeO,
type. 8 Therefore the d-band-width W « cos26, where 6 is
the V—O—V bond angle, is smaller by ~15% in CaVO,
(6~155°-160°) than in SrVO; (6~180°). Single-
crystalline CaVO; and SrVO; samples were prepared by
the floating-zone method, and heated in air at about
170°C for several hours. Thermogravimetric analysis
showed that the oxygen content of both samples were
3.03£0.01. Inductively coupled plasma atomic emission
spectroscopy analysis showed that Ca-to-V ratio in
CaVO; was stoichiometric to within experimental error
of ~*+1%. Photoemission measurements were made at
Synchrotron Radiation Laboratory, Institute for Solid
State Physics, University of Tokyo. The energy resolu-
tion was ~0.35 eV at hv~60 eV. High-resolution
(AE ~35 meV) photoemission measurements were per-
formed on a spectrometer equipped with a helium
discharge lamp (hv=21.2 eV). BIS measurements were
made wusing a SiO, multicrystal monochromator
(hv=1486.6 V), and the energy resolution was ~1 eV.
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FIG. 1. Photoemission and BIS spectra taken at ~ 80 K.

The samples were cooled to liquid-nitrogen temperature
or to ~30 K and were scraped in situ with a diamond
file. Measurements were made within 15—-30 min after
scraping, in order to eliminate surface degradation.
Figure 1 shows combined photoemission and BIS spec-
tra of SrVO; and CaVO;. Structures between —10 and
—3 eV are due to the filled O 2p band and those around 8
eV are due to the empty Sr 4d or Ca 3d band, according
to band-structure calculations performed using the local-
density approximation (LDA).!* Structures between —3
and 5 eV are due to the partially filled V 3d band. As for
the photoemission spectra, emission just below Ep well
corresponds to the density of states (DOS) of the #,, sub-
band of V 3d as shown in Fig. 2, and is attributed to the
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FIG. 2. Enlarged view of Fig. 1, compared with the DOS
given by LDA band-structure calculations (Ref. 14) convoluted
with a Gaussian representing the instrumental resolution (solid
curves). The measured spectra and the calculated DOS have

been normalized to the integrated area of the V 3d spectral
weight.

3d spectral weight is transferred from the coherent part
to the incoherent part both below and above Eg. It can
be noticed from Fig. 2 that the coherent band is some-
what (by a factor of ~1.5) narrower than the calculated d
band.

The transport and magnetic properties of SrVO; and
CaVO; do not change their character below ~300
K.37 1% Therefore, the high-resolution photoemission
spectra near Ep shown in Figs. 3 and 4 indeed reflect
low-energy excitations responsible for the thermodynam-
ic properties of these compounds since the present energy
resolution of ~35 meV corresponds to the temperature
of ~140 K. Thus the spectra unambiguously indicate
that the intensity at E decreases in going from SrVO; to
CaVO; with increasing U/W. This is contrasted with the
spectral function of the Hubbard model in infinite dimen-
sion,> which shows a band narrowing rather than the in-
tensity decrease.

Deviation of the spectral function from the local-
density-approximation (LDA) band structure can be ex-
pressed as a self-energy correction =(k,w) to the LDA ei-
genvalues €, as described in Ref. 7. The spectral intensity
at Ep, p(0), differs from that predicted by the LDA cal-
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FIG. 3. High-resolution photoemission spectra taken at ~ 30
K. The broken curves show a decomposition of the spectra into
the tail of the O 2p band and the incoherent and incoherent
parts of the V 3d spectral weight. The solid curves are the DOS

given by LDA band-structure calculations (Ref. 14) narrowed
by a factor m, /m*.
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culation by the factor

/

where m, is the bare band mass. '°® m; (referred to as the
k mass) differs from m, when the self-energy is k depen-
dent. The QP mass m *, which is inversely proportional
to the coherent bandwidth and is equal to the thermal
and transport masses, is given by
m*/my,=(m,/my)m; /m,),'® where m , is called the »
mass, defined by
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The © dependence of the self-energy represents dyn-
amical effects (electron correlation and/or electron-
phonon interaction) and leads to a narrowing of the
coherent band by the renormalization factor z,(w)
=[1—0ReZ(k,w)/dw] ™! and to the appearance of the
incoherent spectral weight away from E.’

If one assumes that z,(w) is constant (=m,/m <1)
throughout the coherent band, the coherent-to-
incoherent spectral weight ratio is given by
my/m :(1—my/m,). From the remarkable spectral
weight transfer from the coherent to the incoherent part
in going from SrVO; to CaVO;, it is likely that the spec-
tral weight of the coherent part vanishes (i.e., m,— ),
as the system approaches the Mott transition. The con-
comitant decrease of the spectral intensity at E, implies
that m; —0 toward the Mott transition.

We have estimated the QP mass m* from the
coherent-to-incoherent spectral weight ratio
[=1/(m,/m,—1)], and the spectral intensity at
Ei(xmy/my) using m*=m_ m; /m, as listed in Table
I. In the previous photoemission study,’ a line-shape
analysis was made for the coherent part using a model
self-energy, giving a slightly larger m * /m,, value of ~2.5
for CaVO,. This is consistent with the present result con-
sidering the uncertainties due to the lower-energy resolu-
tion in the previous study and the ambiguity in separat-
ing the incoherent and coherent parts in both studies.
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FIG. 4. The same as Fig. 3, but on an expanded scale.
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Note that the QP masses of the two compounds are not
appreciably different in spite of the conspicuous
difference in the spectral weight transfer. Indeed, the op-
tical spectra of both compounds!”"® yields nearly the same
effective electron numbers ( <1/m*) at about 1.5 eV. In
Figs. 3 and 4, the calculated DOS has been narrowed by
the factor m,/m* and is compared favorably with the
coherent part of the measured spectra. The thermo-
dynamic quantities, namely the electronic specific heats
and the Pauli-paramagnetic susceptibilities given in Table
L,%10713:17 show that the QP mass of CaVO; is at most
~50% larger than that of SrVO;. !

The renormalization factor z,(w) becomes constant
throughout the coherent part if 3(k,w) can be decom-
posed into a k-dependent part and an w-dependent part:
S(k,w)=2(w)+2Z(k), where Re3(w)=—aw and
3(k)=ag,.”' While there is no rigorous microscopic
justification for this, a separation of 3(k,w) into Z(w)
and 2(k) has been proposed in a simplified form of the
so-called GW approximation.?’ The screened Coulomb
interaction W (r—r’,t) which appears in the GW calcula-
tions can be decomposed into an effective short-range in-
teraction Wgg and the remaining long-range interaction
Wir as Wr—r,t)=Wg(r—r,t)+ Wig(r—r',1).%!
The short-range interaction largely contributes to the lo-
cal 3(w), while the long-range interaction contributes a
plasmon-pole structure around the plasma frequency to
3(w) (Ref. 22) and a nearly w-independent nonlocal po-
tential to =(k). The long-range potential is generally
screened in metals. However, since the screening length
cannot be smaller than the average electron-electron dis-
tance, the long-range Coulomb interaction is not well
screened at least between nearest-neighbor V atoms. In
the LDA, the nonlocal exchange potential arising from
the long-range interaction has been replaced by a local
potential and therefore should include =(k) in the
present analysis.

If m* does not diverge but approaches a constant
value toward the Mott transition, m ,— c and m; —0
mean that both 3%(w)/wl,~,, and 3Z(k)/3k|[y,, are

equally divergent toward the transition [see Egs. (1) and
(2)]. While the divergent behavior of az(m>/w|w=£p has

been expected,'* aZ(k)/ak|k:kF may also diverge be-

cause the long-range Coulomb interaction would be less
efficiently screened near the transition. [Note that in the
Hartree-Fock approximation, dX(k)/dk shows a loga-
rithmic divergence on the Fermi surface for the un-
screened long-range Coulomb interaction.] According to
the Hartree-Fock approximation, the nonlocal exchange

TABLE I. o mass(m,,), k mass (m,), and QP mass (m *) in
SrvVO; and CaVvO,.

m* /mb
m,/m, m;/m, photoemission thermodynamic
SrVO; 6.0£0.6 0.24+0.03 1.4+0.3 3.7%,3.6°,2.4°,4.2¢
CavVO; 20+2 0.068+0.007 1.3£0.3 5.6%,4.7%,3.7¢

dReference 13.
°Reference 12.

#Reference 8.
YReference 17.
‘Reference 11.
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potential contributes a dispersion width of order
~e?/ed, where ¢ is the optical dielectric constant and d
is the average electron-electron distance (which is equal
to the cubic lattice parameter of the perovskite lattice in
the present case). If this contribution remains finite up to
the transition, the coherent bandwidth (< 1/m*) cannot
be smaller than ~e?/ed, no matter how strong the band
narrowing due to 2(w) becomes, that is, no matter how
strongly m, diverges. It then follows that m;—0 as
m,— «, since my=m*m,/m,. For typical values of
d~4 A and £~3-5, we find e2/ed ~0.5—1 eV, which
explains the observed width of the coherent part.

The m* /m, values deduced from the thermodynamic
measurements are 2-3 times larger than those deduced
here (Table I). This indicates that the band narrowing is
not entirely uniform throughout the coherent band but is
somewhat stronger near Er. In Fig. 4, one notices an in-
tensity decrease from =~0.1 eV toward Ej, which is not
predicted by the LDA calculations plus the uniform band
narrowing and is therefore due to a change in (k) near
Ey. This feature might be related to the existence of the
low-energy scale responsible for the thermodynamic mass
enhancement.

For electrons interacting through long-range Coulomb
interaction, only those electrons with energies lower than
the average electron-electron repulsion (|w| <e?/ed) will
repel each other. This will explain why the suppression
of the spectral intensity occurs within the coherent band
of width ~e?/ed. It is interesting to note that a similar
energy scale ~e?/ed appears in quasi-one-dimensional
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systems of electrons interacting through long-range
Coulomb interaction.?> Here d represents the average
electron-electron distance along the chain. For
|o| <e®/ed, the spectral function is strongly suppressed
compared to the noninteracting band DOS and exhibits a
power-law dependence p(w)« |w|® characteristic of a
Tomonaga-Luttinger liquid.

In conclusion, comparison between the photoemission
spectra of SrVO,; and CaVO; has revealed no compelling
evidence of a divergence of the QP mass toward the Mott
transition. The moderate mass enhancement compared
to the strong spectral weight transfer is explained as due
to the nonlocal exchange contribution from the long-
range Coulomb interaction, which limits the narrowing
of the overall coherent bandwidth as the system ap-
proaches the transition. Unfortunately, one cannot reach
a Mott transition in the Sr;_,Ca,VO; system. Studies of
such a system, where one can vary U/W continuously
across the transition, are strongly desired. Spectroscopic
studies on filling-control systems, in which m * apparent-
ly diverges,” are also of great interest to see how m, and
m , behave as the system approaches the Mott transition.
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