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The insulator-metal (I-M) transition near the critical composition x,=~0.26 in La;_,Ca,VO; is
confirmed, as is the apparent existence of a solid solution over the entire compositional range 0<x <1
according to room-temperature powder x-ray diffraction. Although interpretation of the evolution with
x of its physical properties would seem to require a global electronic model, the magnetic and transport
properties we measure below room temperature suggest the presence of a two-phase electronic model
with itinerant-electron behavior in hole-rich (or electron-poor) domains and localized-electron behavior
in hole-poor domains. Localized electronic states within the itinerant-electron domains are associated
with atomic vacancies or lattice defects. The system may remain atomically disordered, but an electron-
ic phase segregation can be accomplished at lower temperatures by cooperative oxygen-atom displace-
ments. Separation into electronically distinguishable phases by this mechanism would not be detected
easily by powder x-ray diffraction. A first-order structural phase transition occurs in the interval
400-640 K for all x; the high-temperature phase exhibits a Curie-Weiss paramagnetism.

INTRODUCTION

It has been recognized for many years now that
transition-metal oxides with a perovskite structure offer
the opportunity to study the transition from localized-
electron to itinerant-electron behavior in systems where
nearly 180° metal-oxygen-metal (M-O-M) interactions are
dominant.! Initial experiments concentrated on single-
valent perovskites; however, it was recognized that oxy-
gen nonstoichiometry could profoundly influence the
Coulombic interactions between the electrons of interest.?
Recently cuprate superconductors have highlighted the
need for better descriptions of the transformation from
localized to itinerant electronic behavior in mixed-valent
perovskite-related systems, particularly those where a
parent compound is an antiferromagnetic spin-1 insula-
tor. In this paper we report a measurement of the nomi-
nal La;_,Ca, VO, system over the entire compositional
range 0=<x <1. Our data and interpretation are to be
compared with a similar study made for 0 <x <0. 5,3 and
reports* ® on the sister systems La,_,Sr,VO,; and
Y,_,Ca,VO,.

An AMO; perovskite contains an MO; array of
corner-shared MOg octahedra. We emphasize three
features. First, by changing the mean valence state of the
A cation, it is possible to vary continuously the oxidation
state of the MO, array without changing the oxygen
coordination at a transition-metal atom M. Second, the
strength of the M-O-M interactions of an MO, array de-
pend on the M-O-M bond-angle and bond-length
mismatch; they may be varied not only by changing the
oxidation state of the MO, array, but also by changing
the ionic radius of the A cation without changing its
valence state.” Third, displacement of an oxygen atom
toward one of its two M-atoms near neighbors and away
from the other is possible without changing significantly
the M-M separation, i.e., the lattice parameter. Coopera-
tive oxygen displacements can separate domains of short-
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er and longer mean M—O bond length either in the for-
mation of a small polaron or of an M-atom cluster of
shorter mean M—O bond length about a substitutional
A cation. Near a transition from localized to itinerant
electronic behavior, trapping of holes in the domains of
shorter mean M—O bond length can create an electronic
phase segregation within an atomic solid-solution range
since we can expect the electronic behaviors of the
itinerant and localized electrons to be distinguishable.
We have used magnetic and transport measurements to
investigate whether there is evidence of an electronic
phase segregation below room temperature in the mixed-
valent, orthorhombic system La,_,Ca, VO;.
We also call attention to the Virial theorem

2T)+(V)=0, (1)

which states that a discontinuous change in the mean
kinetic energy (T ) of the electrons of an MO, array
must be compensated for by a discontinuous change in
the mean potential energy (¥ ), and a discontinuous
change A{ V) would be reflected in the mean equilibrium
M—O bond length. The more localized the antibonding,
primarily M 3d electrons of an MO, array, the longer
should be the mean equilibrium M—O bond length. It
follows that we can expect to find strong electron-lattice
interactions at any transition from more localized to
more extended electronic states that involves a discon-
tinuous change in the mean electron kinetic energy ( T').

In single-valent systems, we may anticipate a discon-
tinuous change A(T) on passing from a localized-
electron to an itinerant-electron configuration, which im-
plies a discontinuous volume change and hence a first-
order transition. In a mixed-valent system, strong
electron-lattice interactions can be expected to result in
either the formation of nonadiabatic polarons or phase
segregation. A transition from polaronic to itinerant-
electron behavior may also result in discontinuous con-
traction of the VO, array.
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We shall apply these principles to our interpretation of
the data we report for the nominal system La;_,Ca, VO,
with0=<x <1.

PREVIOUS WORK

The LnVO; family, where Ln is a trivalent rare-earth
cation, illustrates a first-order transition with decreasing
V—O bond length from localized-electron to itinerant-
electron antiferromagnetism in a single-valent (VO;)*~
array. LaVO; is an antiferromagnetic insulator with a lo-
calized V3: 3T1g ground-state configuration having an
orbital angular momentum that is not completely
quenched (M; =0,=*1) in a cubic crystalline field. Below
an antiferromagnetic Néel temperature T~ 142 K,® the
spins are canted to give a weak ferromagnetism.>!® Or-
dering of the spins below T, allows the spin-orbit cou-
pling to order the electrons into orbitals ordered with
respect to the spin directions so as to produce a coopera-
tive magnetostrictive distortion below a 7, ~138 K< Ty
that stabilizes the M; =1 state relative to the M; =0
state; spin-orbit coupling removes the remaining orbital
degeneracy.!! We have shown elsewhere'>!3 that the
direction of the vanadium atomic moment u, is reversed
on thermally traversing the temperature T,. This
phenomenon is responsible for the anomalous diamagne-
tism that was reported'*'> for field-cooled (in 1 kOe)
LaVvO,;.

Preparation of LaVO; and cooling to room tempera-
ture under a hydrostatic pressure P > 8 kbar gives an or-
thorhombic phase of the same Pbnm space group, but
with a somewhat smaller volume.'> The metastable
high-pressure phase has a T that is changed little from
that of the stable atmospheric-pressure phase, but it ex-
hibits neither a weak ferromagnetism below Ty nor a
magnetostrictive distortion below a T, <Ty. The high-
pressure metastable phase undergoes a first-order transi-
tion back to the stable phase on heating to above 250 °C.
The first-order character of the transition from
localized-electron to itinerant-electron antiferromagne-
tism is also manifest as a miscibility gap in the
La,_,Y,VO; system even though LaVO; and YVO; are
isostructural. The smaller size of the Y*>¥ ion introduces
a mismatch between the Y—O and V—O bond lengths
that places the (VO;)*~ array under a greater compres-
sive stress; introduction of the smaller Y3 ion represents
a chemical application of hydrostatic pressure.

In an early study, Reuter and Wollnik'® reported that
the system La,_, Ca, VO, forms a solid solution over the
entire compositional range 0<x <1. Dougier, Deglane,
and Hagenmuller® explored the single-phase region over
the range 0=<x <0.5. They also made magnetic-
susceptibility, resistivity, and thermoelectric power mea-
surements on polycrystalline samples from 77 to 600 K.
They reported an insulator-metal transition occurring
within the single-phase domain near x ~0.26 and inter-
preted it as an Anderson transition, the Fermi energy Ep
dropping across a mobility edge in the lower-7* Hubbard
band, which corresponds to the V4t /V3t couple, at the
composition x, ~0.26.

On the other side of the phase diagram, the end
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member CaVO; has been variously reported to be Pauli
paramagnetic,!” antiferromagnetic (T =~170, K),'® and
Curie-Weiss paramagnetic with no magnetic order down
to 4 K.!"° These differences refiect problems with oxygen
stoichiometry. The sample showing Curie-Weiss
paramagnetism with no long-range magnetic order was
an as-grown single crystal that was oxygen deficient.
After an anneal in air at 450 K for 24 h, it became
oxygen-stoichiometric CaVO;. The stoichiometric single
crystal had a small resistance and was Pauli paramagnet-
ic; its electrical resistivity followed a p=p,+ AT? rela-
tion over a wide temperature range typical of a strongly
correlated, narrow conduction band; and it showed a pos-
itive magnetoresistance that varies as the square of the
magnetic field (B?). At least some V 3d electrons of
CaVO; are itinerant.

Kasuya et al.® studied the system Y,_,Ca,VOs; they
found, from room-temperature x-ray powder diffraction,
a smooth variation of orthorhombic lattice parameters
over the entire compositional range 0=x =1 and an
insulator-metal (I-M) transition at x =0.5. With increas-
ing x, a mid-infrared-absorption band was found to grow
in intensity in the insulator range 0<x <0.5 and to
merge increasingly with a Drude-like response in the me-
tallic region on the approach to CaVO; (x =1). They as-
sumed a complete solid solution over the range 0=<x =<1
and accordingly interpreted their data within a global
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FIG. 1. (a) Variation with x of orthorhombic lattice parame-
ters and unit-cell volume (X)) for La,;_,Ca,VO;4;s. (b) Varia-
tion with x of unit-cell volume (A) of Y,_,Ca,VOj; as calculat-
ed from Ref. 6. Solid lines are drawn as guides to the eye for
Végard’s law; the dashed line shows the deviation from Végard’s
law.
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model of the electronic system in which the electron
correlations evolve uniformly with x. On the other hand,
they recognized that their optical data indicate a transfer
of spectral weight, increasing with x, from the upper and
lower Hubband bands (the empty V37/V2t:t30 and
filled V4t /V3*:t2¢° redox couples in the strongly corre-
lated antiferromagnetic end member YVO;) to near the
Fermi energy in the energy gap between them. Since the
structural data show an axial ¢/a ratio dropping much
more steeply with increasing x on the metallic side of the
I-M transition in the range 0.5 <x <0.8, we calculated
from their data the evolution of the unit-cell volume with
x; the resulting plot (see Fig. 1) shows two ranges of x in
which the unit-cell volume varies linearly with x, obeying
Végard’s law, but with a discontinuity between them at
x =~0.75.

For the sister system La,_,Sr,VO,;, Dougier and
Hagenmuller* reported a smooth semiconductor-metal
(I-M) transition at x,~0.225. The antiferromagnetic
Néel temperature T falls monotonically from 142 K at
x =0 to 100 K near x =0.2, then drops abruptly to 0 K
at x,. Mahajan et al.’ reinvestigated the system and re-
ported a complete solid solubility over the compositional
range 0=<x <1, the lattice parameter varying linearly
with x according to Végard’s law. They confirmed the
transition from an antiferromagnetic insulator to a metal-
lic, strongly exchange-enhanced Pauli paramagnetic met-
al at an x,~0.2. The room-temperature magnetic sus-
ceptibility varies smoothly with x through x_., and the
magnetic susceptibility is temperature independent for all
x >x,. Nevertheless the magnitude of the Pauli
paramagnetism and °'V NMR data shows a strong
enhancement of the Stoner type as well as a mass
enhancement. Unlike the situation in the superconduc-
tive cuprates, they found no evidence for antiferro-
magnetic-spin fluctuations at room temperature in their
metallic samples. Mott et al.?® suggested that the
semiconductor-metal transition represents a crossing of a
mobility edge by E in the lower Hubbard band; but this
interpretation is not supported by high-resolution photo-
emission spectroscopy (PES) measurements,?! which
found an increase in the width of the 7* band of the VO,
array on increasing x across x, and no density of states at
Ey for x <x,. In La,_,Sr,VO; there is no evidence of
an electronic phase segregation at room temperature.

Dougier, Fan, and Goodenough? reported that
stoichiometric SrVO;, which is cubic and exhibits a fer-
romagnetic spin-density wave below 85 K, is metallic
with respect to a first-order loss of oxygen to orthorhom-
bic SrVO, g, which remains Pauli paramagnetic to lowest
temperatures.

EXPERIMENTAL PROCEDURES

LavVO, and Ca,V,0, were first prepared by standard
solid-state reaction of stoichiometry mixtures of dried
La,0,;, CaCO;, and V,05 powders in air at 850°C. Next,
the end members LaVO; and CaVO; were made by re-
ducing LaVO, and Ca,V,0; in flowing hydrogen at
1100 and 800°C, respectively. Finally, polycrystalline
La,_,Ca,VO; compounds were made from appropriate
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mixtures of LaVO; and CaVO; by solid-state reaction at
1400°C in ultrapure argon with several intermittent re-
grindings.

All samples investigated contained only the perovskite
phase to x-ray powder diffraction taken with a Philips
diffractometer and Cu Ka radiation; Si was used as an
internal standard to calibrate the peak positions. Lattice
parameters were obtained with a least-squares fitting pro-
cedure.

A Perkin-Elmer TGA-7 thermogravimetric analyzer
(TGA) was used to determine the oxygen content of our
samples from the weight gain on oxidation of the vanadi-
um ions to V>t on heating to 700°C in dried air. A
Perkin-Elmer DSC-7 differential scanning calorimeter
was measured in nitrogen atmosphere up to 600 °C to ob-
tain a phase transition.

Magnetic susceptibilities were obtained between 5 and
800 K in a field of 1 kOe with a superconducting quan-
tum interference device (SQUID) magnetometer. Four-
probe dc resistance measurements made on polycrystal-
line discs were corrected for the thermoelectric contribu-
tion by subtraction of the off-current background. The
dc thermoelectric power was measured with a home-built
experimental system, described elsewhere,?? to obtain the
Seebeck coefficient from 15 to 310 K; the temperature
difference across the sample in each measurement rose to
5K.

RESULTS

(1) X-ray diffraction and TGA: Lattice parameters and
unit-cell volumes obtained from powder x-ray diffraction
for the orthorhombic (Pbnm) system La,_,Ca, VO, indi-
cate a complete solid solution over the range 0=x =<1,
but with what appears to be a small discontinuous break
in the evolution of volume with x in the range
0.2<x <0.3 (see Fig. 1), where Dougier, Deglane, and
Hagenmuller’ reported an insulator-metal (I-M) transi-
tion. We note a change in the room-temperature ortho-
rhombic (Pbnm) axial ratio from c¢/V2a<1 to
c/V2a>1, ie., from the O’ to the O orthorhombic
structure as distinguished in Ref. 7, in the interval

TABLE 1. Variation with doping concentration x in
La,_,Ca,VO,, with 0=x <1 of room-temperature lattice pa-
rameters, oxygen content, critical temperatures Ty, T, T}, T*,
and u. evaluated from the molar susceptibility at 7> 640 K.

x=a A bR c@) 348 pg T, K) Ty or T* (K) T,

0.0 5.547 5.546 7.842 3.01 3.42 142 138
0.1 5.518 5.518 7.800 3.02 125 104
0.2 5.498 5.490 7.768 3.04 100 75
0.3 5.464 5.570 7.725 3.04 0.69 140

0.4 5.436 5.546 7.701 3.04 190

0.5 5.410 5.520 7.659 2.99 198 220 160

0.6 5.399 5.502 7.625 3.01 280 165

0.7 5.390 5.494 7.611 3.04 1.96 170

0.8 5.359 5.466 7.577 3.03 1.94 265

1.0 5.337 5.328 7.527 3.00 1.36 200 170*

2As reported for nonstoichiometric CaVO; by Ref. 18.
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0.3<x =0.7. An apparent deviation from Végard’s law
(the dashed curve in Fig. 1) also appears in the range
0.5<x <0.7. Table I gives the room-temperature lattice
parameters and the oxygen parameters as determined by
TGA.

(2) Resistance and Seebeck data: The four-probe dc
resistance measurements made on cooling from room
temperature to 4 K are summarized in Fig. 2; they reveal
an I-M transition occurring in the range 0.2 <x <0.3,
which confirms an x, ~0.26 previously reported.® In the
semiconductive range 0 <x =<0.2, the extrinsic conduc-

tion at low temperatures increases systematically with x,
and the small activation energies decrease with increasing
x as reported previously.’

The change from a semiconductive R (T) for x =0.2 to
a metallic R(T) for x=0.3 is quite dramatic. For
x =0.3 and 0.4, the temperature dependence of the resis-
tance can be fit to the relation

R(T)~Ry+a, wT+a, ,T?, )

where a, ., and a,,, respectively, are coefficients for
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TABLE II. The curve-fitting parameters for R(T)=R,
+a. ;T +a, . T? from resistance data in Fig. 2 for
La,_,Ca,VO; withO=<x <1.

x = R, Qepn a,—, Range of fitting
Q) (QK? (QK? temperature

03 1.6X1072 2.6X107° 5.0X107% whole curve
04 6.5X107! 2.3X107* 1.5X107% whole curve

0.5 24X107Y 5.7X107* 2.4X107° T>250 K

0.6 1.1x10° 4.6X107° =0 T>250 K

0.7 9.2X1073 2.2X1073 ~0 T7>250 K

0.8 12X107* 2.0X107° 1.8X10™° whole curve

1.0 32X107° ~0 2.2X107° whole curve

electron-phonon and electron-electron interactions of a
strongly correlated Fermi liquid. The measured parame-
ters are given in Table II. A similar curve fitting is possi-
ble for samples x =0.8 and 1.0; for CaVO;, an R(T)~ T2
dependence shows a resistance completely dominated by
electron-electron interactions. However, in the inter-
mediate range 0.5=<x <0.7 this T? behavior is only
found above 160 K; an anomalous step in the resistance is
found at lower temperatures, T < T*.

The Seebeck coefficients S(T) obtained on cooling
from room temperature to 20 K are summarized in Fig.
3. The curve for x =0.1, Fig. 3(a), is representative of the
semiconductive samples; an S >0 increases abruptly on
cooling through the Néel temperature T =125 K. In
the temperature range T > Ty, S(T)~E, /kT varies as
for a semiconductor; a measured E, smaller than that ob-
tained from the R (T) curve was found, which indicates
small-polaron conduction of the intrinsic charge carriers
as was also reported earlier.> An increase of the activa-
tion energy E, for creation of mobile charge carriers
occurs on cooling through T. Below 40 K, the mobile
carriers of positive charge become frozen out; S(T) be-
comes negative at lowest temperatures.

In the metallic samples, the Seebeck data for the com-
positions 0.5=<x <0.7 remain positive, whereas the
x =0.3 and 0.4 samples have an S <0 in the range
40<T <180 K, and CaVO; has an S <0 for all tempera-
tures. The x =0.8 sample appears to be transitional in
character.

(3) Magnetic data: The molar susceptibility
Xm(T)=M/H was measured while heating in a field
H=1 kOe after the sample was cooled in either zero
field, the case (ZFC), or in a field of 1 kOe applied in the
same direction as the measuring field, the FC-1-kOe case.
The results are given in Figs. 4 and 5.

Comparison of the ZFC and FC-1-kOe curves for
x =0, 0.1, and 0.2 is shown in Figs. 4(a) and 4(b). Long-
range magnetic order is evident below a Néel tempera-
ture T; it gives a canted-spin configuration having a fer-
romagnetic component. Cooling in zero field leaves the
sample demagnetized, but cooling in 1 kOe initially
favors magnetic domains having a component of their
magnetization aligned in the direction of the applied
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field. Consequently Y,,(T) increases abruptly on cooling
through Ty, however, for x =0 and 0.1, it reverses sign
on cooling through T, < Ty. The sign reversal is reversi-
ble on heating through T,. A large magnetocrystalline
anisotropy prevents the initiation of reversible domain-
wall motion below T in 1 kOe, so the ZFC curve is like
that of a typical antiferromagnet.



Temperature (K)

Temperature (K)

52 LOCALIZED-ITINERANT ELECTRONIC TRANSITION IN THE . .. 8781
x1073 . ' x10°3
& L i
& a 1.8 v‘ (b)
T 2 .;¢.°°’°’°°°0°oo ] ) v b
g 8 %O%ZFg) IR R L g7y
~ [ LaVOs > ] ~
E 1 y 2 16f v La0sCa0aVOs(FO) 1
L . KA "'"‘v
g or . . ] 5 1L5f v 1
e} . . el
B -1f Ceec 1 B L4t v ]
8 Lag¢Cao.1 VO3(FC) g ¥
@ Vv
c% 2F .. 1 a 1'3>V"VVVVvvvvvvvv‘7"wv"'vV‘7vvVv'vvvv ]
C) o Lag 3Cap2VO3(ZFC) YVvvy
oLf\:of(f')' N (a) 12p L L ':
100 200 300 100 200 300
Temperature (K) Temperature (K)
= L Lag7Cag3VO3(FC) ] = LagCao.4VO3(FC)
EIOOO 0070Og.ozoeooocooo.oooooooo-..‘... 51400 5)(!*""""“""""""‘""*,(
L r X x b
3 * L a0, Ca0aVOIZFO) < x3¥ X%
S 9501 j’ . S 1 El W LaosCaosVO4(ZFC)
“E’ S 1300} x X b
= S 2 -
F 900F o 1 3 x
2, ° 21200f ~ 1
L
% 8501 ° g .
% 8 1 5 x
17} ° 7]
o 01100 8
2 * &
o 800+ 1 E
kS| 0 © = 1000} * (d) ]
’ l(I)O 2(I)0 360 100 200 300
Temperature (K) Temperature (K)
Lao sCaqsVO3(FC) ' La0.4Ca0sVO5(FC)
= AAAAL = * .
:511850- AL A‘g‘““ | 52200- RAPRRE S S SIS :
b3 A Aa, 3] . o0 0032,
< iy ‘ < . 0 °S8s
1800F 4 o 0sCasVONZFC) e, 1 e , ° LagCaoeVOs(ZFC) e,
A
g ‘a, £2100F o T 1
21750} .a oy 2 .
= . g .o .
) 2 *.
81700 2 ‘
8 82000} ° :
7] 7]
= 3
® 1650 F 1 a
? A 2 L
I3 L ] .
£1600F (e) 1 g 1900 ]
. . . o ®
100 200 300 100 200 300
Temperature (K) Temperature (K)
' ' , " CaVOS(FC) '
’23000_ '; ; ;v;';v L'a:,Z'Cao.BVOJ(ZFC) 235001 EEBHEDI-!-.....- |
v 127 & o LT
¥ v 8% CaVOs(ZFC L™
% Y ¢ Lag2CaosVO3(FC) TTvvey, v % ] 8 WO "
S v, 2 ]
E2800f o ! £ "
Z Z3000F .
2 2
22600} ] 3
Q v [7)
o 3] .
17} 2
a a
© L ] 7] + g
52400 @ 2500
> g
£ v = h
" , (&) ; (h)
100 200 300 100 200 300

FIG. 4. Magnetic susceptibility (H =1 kOe) vs temperature for (a) x <0.1 and (b) x =0.2 for La,_,Ca,VO;4;5. (c)—(h) Inverse
molar magnetic susceptibility (H =1 kOe) vs temperature of La;_,Ca, VO, for 0.3 <x <1.0.



8782 HOAN C. NGUYEN AND JOHN B. GOODENOUGH 52
800+ N T ! ] T v .
L]
E] (a) F] (®) .
§750} KA g .
2 o 23000} . 1
° o * ° .
E700f . £ .
~ L]
2 .’ E .
geso F Lo 3 oo ...
. 2900 1
) LaVO3: o & Lag-Cao3VOs *
» 600+ s 2 .
=} . =] 3
17} N @ .
#5501 . 2 .
] . 82800 - .
> . > °®
=l A =} o®
500 4 ® o o o qepccece’
400 500 600 700 400 500 600 700
Temperature (K) Temperature (K)
—_ (C) .. .5000} ." b
3 3300 . g (@ R
5} . ) *
< . < o*
° 3200 o* 24000+ Lag3Cap7VOs3 o b
é o. -g— Coe
= =
=] Lag sCagsVO; =] .
:g 31001 . ] 'g 3000+ b
(=3 2 .
Q . 5]
Q Q L]
: : : -
@ 3000+ .’ 1 @ 9000} o ]
8 . ‘:'n) o*
g o.. g ) o’
E O fe o * g E oo®
= 290 *e, . .........tn —‘1000- oo ceee®® 1
400 500 600 700 400 500 600 700
Temperature (K) Temperature (K)
2200F - ' : 7 ‘ _ ,
= (e) o = .
g K g 4400} () K
52100} . 1 < -
E K ”84200 r .
2 * g o
£2000} - 1 Zaooot S ]
=1 o 5
o = .
8 b 9 3800 .
91900 .’ 3 .
7] . 7 .
# o 53600 K ]
o . ) CavoO .
1800}, Lao:CaosVOs(FC)  oe® 1 N S A SRR ]
® ¢ o ceovcoee?® = *
400 500 600 700 400 500 600 700

Temperature (K)

Temperature (K)

FIG. 5. Inverse molar magnetic susceptibility (H =1 kOe) vs temperature of La,_,Ca, VO;4; for x =0, 0.3, 0.5, 0.7, 0.8, and 1.0.

Reversal of the magnetization of the x =0 and 0.1
samples marks a first-order magnetostrictive distortion
occurring below T,; the vanadium magnetic moments ap-
parently change sign on thermally traversing T,, as has
been systematically demonstrated elsewhere.'>!® The ori-
gin of this phenomenon is a discontinuous change in the
orbital angular momentum on traversing 7,. The Néel
temperature T decreases from 142 K for x =0 to 125 K
for x =0.1 to 100 K for x =0.2; the magnetostrictive on-
set temperature T, decreases with decreasing V3*-ion

concentration from 138 K for x =0 to 104 K for x =0.1
and 75 K for x=0.2. In the x =0.2 sample, the
difference Ty — T, =25 K appears to be too great for the
change in orbital angular momentum at T, to reverse the
sign of the magnetization in opposition to the coupling of
the field to the spin component of the atomic moments;
the anomaly at T, in this sample appears to reflect only a
large increase in the magnetocrystalline anisotropy on
traversing T,.

Whereas Mahajan et al.’ found only Pauli paramagne-
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FIG. 6. Heat flow obtained with DSC vs temperature taken
on heating at 10°/min for La,_,Ca,VO;45 (a) x =0.3, (b)
x =0.5, and (c) x =0.7.

tism below 400 K for all x >x_ in La,_,Sr, VO;, the data
of Fig. 4 show a weak divergence of the ZFC and FC-1-
kOe curves below 300 K for x 20.3 in La,_,Ca,VO,.
This divergence is evidence for a spin-blocking tempera-
ture T, that increases monotonically from 140 K for
x=0.3 to a maximum of 280 K at x =0.6, decreasing to
265 K at x =0.8. All samples 0.3<x <1 show an in-
crease in Y,,(T) with decreasing T below 100 K; this in-
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crease is indicative of paramagnetic localized spins asso-
ciated with defects, chemical inhomogeneities, and/or
surface vanadium.

The (¥,,) ! vs T curves shown in Fig. 5 were taken in
vacuum; the composition should not change under these
conditions. Differential scanning calorimetry (Fig. 6) in-
dicates that a first-order phase change occurs in the range
320-420°C, with a maximum at x =0.5, where the sus-
ceptibility shows an anomaly. The heating curves (Fig. 5)
were reproducible after cooling to room temperature, but
a large thermal hysteresis in the susceptibility was ob-
served on cooling. The high-temperature phase exhibits a
Curie-Weiss law typical of some localized spins with a
small Pauli-paramagnetic background, whereas the low-
temperature phase exhibits an enhanced Pauli
paramagnetism below 500 K with evidence of some type
of magnetic order below 280 K. The fact that the transi-
tion temperature near 640 K is evident even in LaVO;,
and remains nearly constant for all x, indicates that it is
structurally driven; it is probably an orthorhombic-cubic
transition.

DISCUSSION

Stoichiometric LaVO; is an insulator with the occu-
pied V**/V3* couple lying above the top of the predom-
inantly 0%~ :2p° valence band; the empty V3*/V?* cou-
ple remains below the bottom of the V 4s conduction
band, but it is split from the V4" /V3™ couple by the on-
site electrostatic Coulomb energy commonly referred to
as the Hubbard U [Fig. 7(a)]. In an ionic model, the emp-
ty V31 /V2* couple lies far enough above the top of the
valence band that covalent mixing of V 3d and O 2p or-
bitals can be treated in second-order perturbation theory
within the context of a localized ligand-field theory; the
resulting localized 3T1g configuration for the V3*:r2°
configuration in an octahedral site describes well the
physical properties observed. In a cubic field, the orbital
angular momentum is not completely quenched, and
below T, a local trigonal distortion with a> 60° signals
that the m ==1 state is stabilized relative to the m =0
state at the V3% ions.!! This magnetostrictive distortion is
responsible for the anomalous diamagnetism shown in
Fig. 4(a).!>13 It is only found where the 3d" configuration

V: 45+ 0*

FIG. 7. Schematic energy diagram for (a)
LaVvVO,;, (b) CaVO;, (c) CaVO,,;, (d) O<x
<0.2, and (¢) 0.3<x =<1.0 for T>400 K. ¥V,
is an oxygen vacancy with one trapped elec-
—Ee tron, Vg is a vacancy with two trapped elec-
trons. In (e), (Ca) and (La) refer to states in the
hole-rich and hole-poor domains, respectively.
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is localized.

It should be noted that the compound YVO; shows no
magnetostrictive distortion below Ty;!? it appears to be
an itinerant-electron antiferromagnet with strong correla-
tions providing upper and lower Hubbard bands as pic-
tured in Fig. 7(a) and also in Ref. 6. The distinction be-
tween the localized-electron antiferromagnetism of
LaVO; and the itinerant-electron antiferromagnetism of
YVO; is not captured in schematic energy diagrams like
Fig. 7(a). The observation'? that a pressure greater than
8 kbar can induce a first-order transition in LaVO; to a
delocalized, though still strongly correlated, antiferro-
magnetic state with a shorter equilibrium V—O bond
length indicates that a ligand-field description with
nearest-neighbor interatomic interactions treated in
second-order perturbation theory is only just applicable
to the (VO,)*~ array.

Oxidation of the (VO3)3~ array to (VO,)>~ by substitu-
tion of La*t by Sr2t or Ca?" lowers by U the energy re-
quired to transfer an electron from an O 2p to an empty
V 3d orbital, which increases the covalent mixing and
therefore the interatomic electron-transfer integrals for
the V-O interaction and for the V-O-V interactions.}
Consequently CaVO; and SrVO; have, at least at and
below room temperature, some itinerant electrons in a
narrow 7* band of t-orbital parentage. The electron-
electron interactions remain dominant in the narrow 7*
band, and the single-valent stoichiometric composition
manifests an on-site electron-electron interaction
U<W,, which makes the compound an exchange-
enhanced, Pauli-paramagnetic metal. According to
Kotliar, Rozenberg, and Zhang,?* we can expect to find
the coexistence of Hubbard bands and a narrow =*
Fermi-liquid band at the crossover from antiferromagne-
tism to Pauli paramagnetism as is illustrated in Fig. 7(b).

Loss of oxygen from CaVO; reduces the VO;_g array
and perturbs the periodic potential energy of the elec-
trons. One of the two electrons per oxygen vacancy be-
comes trapped as a localized spin-1 state at the vacancy;
the second electron appears to be donated to the 7* band
since the trapped electrons contribute a Curie-Weiss term
to X, (T) (Ref. 19) and apparently couple to one another
via the metallic 7* electrons below a spin-blocking tem-
perature T, ~200 K [Fig. 4(h)]. Figure 7(c) illustrates
schematically the density of electronic states versus ener-
gy for CaVO;_s. Localized spins may also reside on V37
ions neighboring an oxygen vacancy.

Initial oxidation of the VO, array by substitution of
Ca?* for Ln’" in the system La,_,Ca, VO, introduces
holes into the localized V(IV)/V(III) couple of Fig. 7(a) to
give the modified energy diagram of Fig. 7(d). Electro-
static forces tend to trap the holes at the eight vanadium
atoms near neighbor to a Ca?" ion. Holes excited from
the trap apparently form small-polaron charge carriers in
the hole-poor regions, and long-range antiferromagnetic
order introduces an added intraatomic-exchange energy
to the local-deformation barrier to hole migration. We
attribute the curvature in the InR(T) vs 1/T plot for
Lay ¢Cay ;VO; in Fig. 2(a) to the gradual increase in the
motional enthalpy AH,, of the small polarons with in-
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creasing magnetic order; the more abrupt jump in S(T)
vs T [Fig. 3(a)] reflects suppression below Ty of the spin-
degeneracy term B=2 in the small-polaron statistical
contribution to the Seebeck coefficient:

S=(k/e)n[B(1—c)/c], (3)

where ¢ is the fraction of vanadium sites occupied by
mobile holes. The temperature dependence of S for
T > Ty reflects a temperature-dependent fraction c(7),
which makes the activation energy E , obtained from
S(T) for T > Ty a measure of the trapping energy AH, of
the hole by the Ca’* ions: E,=AH,/2. The difference
in the activation energy E, /2 obtained from the InR vs
1/T plot and E, would normally give the motional
enthalpy of the polaron:

AH, =(E,—AH,)/2 . @

However, both Eg and AH,, decrease as the Ca’*-ion
concentration approaches the percolation threshold.
Therefore, these changes appear to be due to a lowering
of the energy for hopping between clusters as the percola-
tion threshold is approached, which implies a transition
to a variable-range hopping as x increases toward x,.

The small-polaron character applies only to the mobile
holes excited to the antiferromagnetic matrix out of the
eight vanadium trap sites near neighbor to a Ca?* ion.
Small polarons move too slowly to couple neighboring
spins ferromagnetically via the double-exchange mecha-
nism,! so the matrix remains antiferromagnetic with a Ty
that decreases only gradually with increasing x. Since
the eight vanadium trap sites near neighbor to a Ca’* ion
do not become superparamagnetic, a ferromagnetic su-
perexchange mechanism must not be operative within the
clusters despite the higher hole fraction on the vanadium
atoms of a cluster. We conclude, therefore, that the holes
either remain polaronic within a cluster or transform the
cluster orbitals from localized to molecular-orbital (MO)
states. The abrupt transition to a metallic, mostly Pauli
paramagnetic behavior at a percolation threshold
x,~0.26, seems more consistent with the formation of
MO states in the eight vandium clusters. An abrupt
shortening of the mean V-O distance and straightening of
the V—O—V bond angle would distinguish the MO
phase within a cluster from the localized-electron phase
of the antiferromagnetic matrix. Hopping between clus-
ters as x approaches x, would be analogous to variable-
range hopping.

The evolution with x of the electronic properties of
La; ,Ca,VO; is in contrast with that of
La,_,Ca,Mn0,.2%?° In both systems there is a transition
from localized electrons in the antiferromagnetic insula-
tors LaVO; and LaMnO;, each of which exhibits a
cooperative Jahn-Teller distortion at lower temperatures,
to itinerant-electron behavior with increasing x. Howev-
er, La;_,Ca, MnO; becomes a metallic ferromagnet via
double exchange for x >x., whereas La;_,Ca, VO, be-
comes a Pauli paramagnetic metal. In La,_,Ca,MnOs;,
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the transition from localized to itinerant electrons occurs
only for the o-bonding electrons of e-orbital parentage at
the high-spin manganese ions: Mn(IV):t¢!—Mn(IV/
ID:t30*1 ™. In La,_,Ca,VO;, on the other hand, the
VAID: t2—V(IV/IID):7* 2~ transition leaves no local-
ized electrons on the vanadium atoms, so the transition
from localized to itinerant electrons is from an
antiferromagnetic-insulator parent phase to a metallic
phase without long-range magnetic order.

Extrapolation of this model to beyond the percolation
threshold at x.=~0.26 gives the energy diagram of Fig.
7(e) for stoichiometric compositions below 300 K. As the
MO states of the isolated clusters of vanadium atoms
near neighbor to a Ca*" ion are transformed into extend-
ed narrow-m*-band states, pockets of the localized-
electron phase would be retained; localized states of the
associated upper and lower Hubbard bands remain split
by the energy U, as is also indicated in Fig. 7(e). The
localized-state domains would order antiferromagnetical-
ly below Ty and, in FC-1-kOe samples, introduce an im-
portant contribution to the magnetic susceptibility. This
contribution is evident in Figs. 4(c)—4(g). On the other
hand, metallic conduction occurs in the itinerant-electron
states of the hole-rich phase; the extended states of this
phase are derived from spectral weight that is transferred
from both the upper and lower Hubbard bands. In addi-
tion, retention of Hubbard-band states even in CaVOs;,
Fig. 7(b), indicates that ‘“correlation fluctuations” exist
within the Fermi-liquid domains to contribute additional
Hubbard states. There may also be an additional contri-
bution to the localized spins from vanadium atoms near
lattice defects in the metallic phase. The Fermi energy
E; must fall below any mobility edge u, within the 7*
bands; localized spins associated with atomic vacancies
or lattice defects are not shown.

In the interval 0.5=<x <0.7, a step in the resistance
occurs below a T*=~ Ty, where Ty is the Néel tempera-
ture of the localized-electron, hole-poor phase. The ab-
sence of this step in the x =0.3 and 0.4 samples is, there-
fore, surprising. T* =Ty suggests that the step is associ-
ated with the stabilization of long-range magnetic order
in the hole-poor phase that induces a spin-density wave in
the metallic phase. Since the deviation from Végard’s
law noted in Fig. 1 in the interval 0.6 <x <0.8 overlaps
the interval where a step in R (T) is observed, we suspect
the presence of chemical inhomogeneities due to the ini-
tiation of a phase segregation into Ca-rich and Ca-poor
perovskite regions at lower temperatures in the interval
0.5 <x <0.8; the segregation does not reach equilibrium
during cooling from the firing temperature in our sam-
ples, so two perovskite phases of different lattice parame-
ters are not detected in the x-ray powder-diffraction pat-
terns. However, the introduction of chemical inhomo-
geneities by initiation of a spinodal phase segregation
could give a long-range magnetic ordering within the
hole-poor domains.

The I-M transition at x, is marked by a dramatic drop
in the magnitude of the Seebeck coefficient. The only me-
tallic samples that retain an S >0 for all T <300 K fall in
the range 0.5 <x <0.7, where a T* is found. However,
S (T) shows no anomaly near T*, only a smooth increase
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in S. Below 300 K, the broad maximum in S(7) in the
range 0.5=<x <0.7 appears to correlate with the spin-
blocking temperature T, which in turn is expected to be
sensitive to oxygen stoichiometry and lattice defects. The
system behaves as though fluctuations of the localized
spins at defects within the metallic phase give rise to a
positive spin enhancement of the Seebeck coefficient that
has its maximum value where the concentration of local-
ized spins is greatest. In our CaVOj; sample, there is no
evidence of any spin enhancement; the Seebeck coefficient
remains negative for all 7' <300 K.

A negative Seebeck coefficient for the x =0.3 and 0.4
samples at low temperatures is consistent with a trapping
of holes in a 7* band of a percolating phase. A positive
enhancement factor due to the presence of localized spins
could drive S(T) positive at its maximum values near
T,,.

gAt higher temperatures 400<7 <640 K, the
[Xm(T)]7! curves for the metallic samples of Fig. 5 be-
come temperature dependent and exhibit a thermal hys-
teresis; the structural phase change near 640 K on heat-
ing is clearly first order, and the high-temperature phase
contains localized spins.

Finally, we turn to the evolution with x of the unit-cell
volume, Fig. 1. A discontinuous increase in volume
occurs on increasing x through the I-M transition at x,.
With a global electronic model in the mixed-valent sys-
tem La,_,Ca,VO;, we would predict a shortening of the
mean V—O bond length on going from the localized to
the itinerant electronic regime, as is observed?® in
NdNiO;; however, we seem to observe a small increase in
the lattice parameter. On the other hand, if the initial
holes trapped at Ca’”" ions already occupy MO states to
give an effective electronic phase separation into MO and
localized electronic states, then the evolution of the
volume and lattice parameters with x may only reflect the
atomic solid solution; in this case, the single unit-cell
volume obtained from room-temperature powder x-ray
diffraction would vary linearly with x in accordance with
Végard’s law over the entire compositional range
0=<x =1. An electronic phase segregation induced by ox-
ygen displacement would have too small an effect on the
local lattice parameters to be easily detected by powder
x-ray diffraction, particularly at room temperature where
excitation of holes to the hole-poor phase tends to reduce
the distinction between mean V—O bond lengths in the
two phases. At higher temperatures, a transition to a sin-
gle, global electronic phase can be anticipated.

Previous workers have observed that Végard’s law ap-
pears to be obeyed at room temperature for both the
La,_,Ca,VO; (Ref. 3) and La;_,Sr,VO; (Refs. 4 and 5)
systems. In fact, the deviations from Végard’s law that
are suggested by the dashed line in Fig. 1 and the break
in Végard’s law at the I-M transition are small, and may
reflect only changes in the mean V—O—V bond angles
on going from O’ to O orthorhombic symmetry. In addi-
tion, room-temperature 'V NMR data show no evidence
of antiferromagnetic spin fluctuations in the metallic
samples of La,;_, Sr, VO,, which indicates a global metal-
lic phase at room temperature in this system. Also, an
apparent abrupt disappearance of long-range magnetic
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order at x, would seem to argue that any localized-
electron phase fails to percolate through the samples.
Nevertheless, magnetic-susceptibility = data  [Figs.
4(c)-4(g)] show evidence of antiferromagnetic order
below 140 K in at least a part of the sample; in samples
0.5=<x <0.7 a step also occurs in the resistance below
T* =~ 140 K, indicative of a long-range magnetic ordering
in the metallic phase as well. We contend that the avail-
able structural data for La,_,Ca, VO; are consistent with
two electronic phases within an atomically single-phase
region, provided the two electronic phases are segregated
by cooperative oxygen-atom displacements occurring
below 400 K.

In the system Y,;_,Ca, VO3, on the other hand, bond-
length mismatch in the end member YVO, places the
V—O bonds under greater compression than in LaVO;,
which transforms the localized ¢, electrons of LaVOj; into
narrow-m*-band electrons in YVO,;. However, a greater
deviation of the V—O—V bond angle from 180°in YVO,
keeps the 7* bands narrow with strong electron correla-
tions; YVO; is an antiferromagnetic insulator although
without a magnetostrictive distortion below Ty. In this
system, substitution of Ca?* for Y*>* does not appear to
trap holes in MO states, but as small polarons at Ca’*
ions. As a result, the threshold of interest is not the per-
colation threshold for V atoms near neighbor to Ca?*
ions, but the composition at which a change from pola-
ronic to itinerant mobile holes introduces a change in
their kinetic energy (T ), which would be manifest in a
contraction of the lattice according to the Virial theorem.
The discontinuous step in the evolution of the unit-cell
volume with x at an x, =~0.75 (see Fig. 1) would suggest a
first-order phase change from polaronic to itinerant-
electron behavior.

CONCLUSIONS

Although powder x-ray diffraction indicates a continu-
ous atomic solid solution over the entire compositional
range 0=x <1 of the perovskite system La,_, Ca, VO,
the absence of a volume contraction at x, or of a fer-
romagnetic double-exchange interaction for any value of
x indicates that no global change from localized-electron
to itinerant-electron behavior occurs at the I-M transition
at x,~0.26. Magnetic and transport data below 300 K
support a model in which two distinguishable electronic
phases are present below 300 K. Failure to observe two
distinguishable crystallographic phases is attributed to an
electron phase segregation driven only by oxygen-atom
displacements. This process is believed to commence at
small values of x by the formation of eight vanadium MO
cluster states about isolated Ca’* ions. Formation of ex-
tended itinerant-electron states occurs at the percolation
threshold x,~0.26. The lack of any evidence for a fer-
romagnetic double-exchange interaction is attributed to a
first-order transition from localized to itinerant electronic
behavior in the partially occupied #* band.
Double-exchange ferromagnetism occurs in the system
La,_,Ca,MnO; because the localized-itinerant electron-
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FIG. 8. Preliminary phase diagram for La;_,Ca,VO;4s,
0=<x < 1. Solid lines are drawn for guides to the eye.

ic transition occurs only for o-bonding electrons in the
presence of a localized ¢* configuration. For small
hole concentrations, the first-order ¢-7* transition in
La,_,Ca VO, traps holes in MO states at Ca’*t ions
while introducing small-polaron excited holes to the
localized-electron matrix. A transition to variable-range
hopping occurs rather than a transition from small-
polaron to itinerant-electron behavior in the hole-
poor regions. This behavior contrasts with that of
Y,_,Ca,VO;.

Analysis of our data leads to the phase diagram of Fig.
8. The several critical parameters are as follows.

(a) Ty is the Néel temperature below which long-range
antiferromagnetic order occurs with a canted-spin fer-
romagnetism; as x approaches x,, individual vanadium
atoms begin to have more than one Ca neighbor, so the
number of magnetic vanadium removed per Ca?* ion de-
creases and dT /dx takes a shallower slope.

(b) T, is the localized electron magnetostrictive distor-
tion associated with localized 3 T, configurations at vt
ions; it disappears with the long-range magnetic ordering
below a Ty as x crosses x,.

(c) x, is the percolation threshold at which the I-M
transition occurs.

(d) x, is the critical Ca** concentration 0.1 <x, <0.2
above which Ty —T, becomes too large to stabilize an
anomalous diamagnetism in FC-1-kOe samples on cool-
ing through T,.

(e) T* is a temperature marking the bottom of a step in
the R (T) curve; it appears to coincide with a Ty for the
hole-poor domains in the VO, array.

(f) T, is the temperature below which free rotation of
localized spins within the metallic phase are blocked;
these localized spins are associated with atomic vacancies
and/or lattice defects.

Not shown is the temperature interval 400-640 K of
the nearly composition-independent hysteresis of a
structural transition. A Curie-Weiss paramagnetism is
found for T > 640 K.

Finally, we also note that the maximum in T, at
x~0.7 coincides with the maximum departure from
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Végard’s law to larger volume, which suggests that the
defects responsible for the localized spins in the metallic
phase and the small excess volume that is observed in the
interval 0.5 <x <0.8 have a common origin and may be
associated with the initiation of a spinodal phase segrega-
tion during cooling from a temperature of full solid solu-
tion.

Note added in proof. Photoemission spectroscopy data
of Inoue et al.?’” show a coexistence of localized
(Hubbard-band) states and Fermi-liquid (itinerant-
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electron) 7*-band states in the system Sr;_, Ca, VO; with
a transfer of spectra weight from 7*-band to Hubbard-
band states with increasing x.
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