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Abstract. The electronic specific heat coefficientsγ for single crystals of a perovskite-type
3d1 vanadate system, Ca1−xSrxVO3, are reported. Wilson’s ratioRW has been determined
by comparing the data to the Pauli-paramagnetic susceptibility; the valueRW ' 2 indicates a
strong electron correlation in this system. Nevertheless, the effective masses are not so large as
expected from the critical-mass-enhancement picture near the Mott transition.

1. Introduction

The most important feature of 3d-transition-metal oxides is that simple one-electron band
theory is no longer sufficient to give a good account of the electronic states, since the
electron correlations are much larger than expected for the one-electron bandwidth.

A metallic 3d1 alloy system, Ca1−xSrxVO3, has recently given us a great incentive
to examine how much we can control the electron correlation and concomitant electronic
properties [1–3]. In the Ca1−xSrxVO3 system, one can control the bandwidthW system-
atically through a buckling of the V–O–V bond angle by means of an isovalent chemical
substitution of a Ca2+ ion for a Sr2+ ion, so the ratio of the electron correlationU to
W can be controlled. In fact, significant and systematic spectral weight redistribution has
been reported already on the basis of photoemission spectroscopy and optical conductivity
measurements [1, 4, 5]. These have elucidated a strong electron correlation and its
systematic evolution in this system.

The purpose of this study is to clarify how the effective mass of Ca1−xSrxVO3 actually
changes as we control the bandwidth. We report thermodynamic and magnetic properties
of single-crystalline Ca1−xSrxVO3, which eventually reveal intriguing behaviours of the
effective mass of this system.

2. Experiments

We grew single crystals of Ca1−xSrxVO3 by the floating-zone method [2], and the crystals
obtained were annealed in air at∼200 ◦C for around 24 hours, which reduces the departure
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of the oxygen from stoichiometry to less than∼0.1 [2]. The ratio Ca:Sr:V= 1− x:x:1
was confirmed using an inductively coupled plasma atomic emission spectrometer (the
departure from stoichiometry was less than 1%). The constant-pressure specific heatCp
was measured down to∼0.5 K using a semi-adiabatic heat-pulse method. We also measured
the dc susceptibility using a commercial rf-SQUID magnetometer.

3. Results and discussion

The measured values ofCp for Ca1−xSrxVO3 below∼10 K are shown in figure 1. It is valid
to compare this result to the constant-volume specific heatCv, since these two quantities
are almost identical in a solid.
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Figure 1. Left: Cp ' Cv for Ca1−xSrxVO3 (x = 0.5) plotted againstT . Right: Cp/T plotted
againstT 2. In both parts, open circles stand for measured data and solid lines are the result of
fittings using equation (1).

Sufficiently below the Debye temperature2, Cv/T can be plotted againstT 2, i.e., as

Cv/T = γ + βT 2

whereγ is called the electronic specific heat coefficient. Using this identity, in general,
we separate out the contribution of the ionic degrees of freedom(βT 3) dominant at high
temperatures. The coefficientβ is inversely proportional to23 for T � 2. However, in
the temperature range displayed in figure 1, the data do not behave simply as described by
the above equation. Therefore, we have tried to fit the observed specific heatCp ' Cv to
the formula

Cv = γ T + βT 3+ kB

∑
i=1,2

Nix
2
i exi

(1+ exi )2
(1)

(wherexi ≡ 1Ei/(kBT )) where the last term corresponds to the Schottky contributions of
Ni (i = 1, 2) ‘impurities’ per mole with the excitation energies1Ei . As shown in figure 1
(right-hand side), we can fit the data fairly well using equation (1). The two bumps at
around 3 K and 1 K can be attributed to the two Schottky terms, except for the upturn
below ∼1 K. The excitation energies1Ei are ∼0.2 and∼0.8 meV, which are almost
independent of sample and Sr contentx. Typical amounts of the Schottky impurities per
V ion areN1 ∼ 0.1% andN2 ∼ 0.2%; these values are comparable to those of the local
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moments estimated using a Curie–Weiss term [2]. The Debye temperatures obtained,2,
vary according to the Sr content as shown in figure 2 (right-hand side). The values of2

are comparable to2 ∼ 300 K deduced from the temperature of the phonon-drag peak of
the Seebeck coefficient of CaVO3 [6], substantiating the result of our least-squares fit to the
specific heat data. We then deduced the effective mass fromγ as described below.

All of the magnetic susceptibility data are well reproduced by the formula

χ = χspin+ χcore+ χorb+ C

T − ϑ + αT
2

where χspin is the paramagnetic spin susceptibility,χcore comes from the diamagnetic
contribution of the core levels, andχorb is due to the orbital Van Vleck paramagnetism.
For χcore andχorb, we have used the values given in the literature [7, 8]. The Curie–Weiss
term is attributed to a very small amount of oxygen defects; the estimated amount of local
impurity moments due to V3+ ions is∼0.2% per Ca1−xSrxVO3, which is almost equal to
that of the Schottky impurities. The last term is considered to originate in the higher-order
temperature-dependent term in the Pauli paramagnetism.
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Figure 2. Left: m∗/mb obtained by comparing the observedγ with the calculated one (filled
squares, denoted by ‘γ ’). ‘ χ ’ stands form∗/mb deduced fromχspin (filled circles, denoted
by ‘χ ’) and the half-values of ‘χ ’ (open circles) also plotted for comparison. Right: Debye
temperatures plotted againstx.

The effective mass compared to the band massm∗/mb is defined as the ratio of the
measured density of states (DOS) at the Fermi energy,EF, to that of a band calculation,
D(EF). We have performed an augmented-plane-wave band calculation with the local
density approximation (LDA), and compared the result to that of the experiments. From the
paramagnetic spin susceptibility, which consists of the terms for the Pauli paramagnetism
and the Landau diamagnetism,m∗/mb can be deduced using the relation

χspin=
(
m∗

mb
− mb

3m∗

)
Nµ2

BD(EF).

(Note that the expression for this diamagnetism term is exact only for a free-electron band.
However, the diamagnetism term is actually proportional to(m∗/mb)

2; the deviation from
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this expression is not very significant for this system.) In contrast,m∗/mb can also be
deduced from the electronic specific heat coefficient, using the identity

γ = m∗

mb

π2

3
k2

BND(EF)

whereN is the number of itinerant electrons per mole in the unit formula. The values
deduced form∗/mb againstx are plotted in figure 2 (left-hand side).

From figure 2, we can estimate Wilson’s ratio [9]:

RW =
(
m∗

mb

)
χ

/(
m∗

mb

)
γ

.

The value ofRW for Ca1−xSrxVO3 estimated from our experiments is∼2, as seen in
figure 2, where the half-values ofm∗/mb given by the magnetic measurements are plotted
for comparison. For a non-interacting Bloch-electron system,RW is equal to unity, whilst,
for strongly correlated electron systems, it has been argued that the value ofRW becomes
equal to 2 atU/W = ∞ [9, 10]. The observedRW ≈ 2 may indicate the importance
of electron correlations in this system. However, this is rather too peculiar to be naively
understood, becauseRW is generally modified toRW(1+ λ)−1, whereλ comes from the
electron–phonon interaction. Moreover,RW should decrease towards unity in the limit of
large orbital degeneracy [11]. Since the degeneracies of the t2g orbitals of the vanadium
3d electrons are not completely lifted in this Ca1−xSrxVO3 system,RW is not necessarily
equal to 2.

A more interesting result is that the values ofm∗/mb obtained from the thermodynamic
measurement are around 1.5; we could not recognize any signs of mass enhancement, even
though there is a lot of evidence of strong electron correlation in the Ca1−xSrxVO3 system.
Photoemission spectra have shown a systematic evolution of the spectral weight; however,
m∗/mb increases moderately in going from SrVO3 to CaVO3. These points are at variance
with the diverging behaviour expected from the Brinkman–Rice picture.

We consider that a key to elucidating some shortcomings which are involved in the
above confusion will be found in a problem inherent to the LDA. Near the Mott transition,
the screening effect becomes weaker and thus the non-local exchange interaction should
not be neglected. However, in the LDA, the exchange potential is approximated by a
local potential, which certainly leads to underestimation of the bandwidth [12], and thus
also to overestimation ofD(EF). Therefore, the value ofm∗/mb does not show a large
enhancement, whilst an apparent large spectral weight transfer compared to the LDA DOS
is observed. This scenario supports the idea of ‘k-mass’ advocated in reference [1].

Although the experimental error bars for the estimation ofγ -values may hide other
intrinsic properties, especially in the lower-temperature region, and we need further
theoretical investigation of how the Wilson ratio should behave in the system with such long-
range exchange correlation, the above argument will give us a clue as to how to understand
the anomalous metallic behaviours in the very close vicinity of the Mott transition.
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