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Low-temperature properties of La1ÀxCaxMnO3 single crystals: Comparison with La1ÀxSrxMnO3
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We have investigated, in single crystals of La12xCaxMnO3, the insulator-metal~IM ! transition at the ground
state induced by carrier doping or applying pressure around the critical doping level (xc'0.22). The up turn of
the resistivity in the IM critical region has been found under a pressure below the Curie temperature (TC)
perhaps due to the proximity to the orbital-ordered ferromagnetic insulating phase. Around the IM transition
the additionalT3 andT1.5 components are clearly observed in the specific heat, while theT2 coefficient of the
resistivity and the residual resistivity is much enhanced in the metallic region in the vicinity of the transition.
These results reveal the subsistence of the charge/orbital correlation in the metallic ground state.
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I. INTRODUCTION

The electronic, magnetic, and thermal properties
perovskite-type manganese oxidesR12xAxMnO3 (R and A,
respectively being a trivalent rare-earth ion and a dival
ion! have been investigated extensively by workers int
ested in understanding such intriguing phenomena1 as colos-
sal magnetoresistance~CMR! and charge/orbital ordering
These investigations have revealed an important interp
among the charge, spin, lattice, and orbital degrees of f
dom in addition to the well-known spin-charge coupling e
sential to the double-exchange mechanism.2–5 It is worth
noting that this strong mutual coupling plays a crucial role
the charge and spin dynamics not only aroundTC , where it
contributes to CMR,5 but also in the metallic ground state.6–8

The metallic ground state in the manganite should be rec
nized as a novel state relevant to the spin-less~that is, fully
spin-polarized! electrons where scattering channel via latt
or orbital correlations subsists.9

In a relatively wide bandwidth system lik
La12xSrxMnO3 ~LSMO! among these perovskite manga
ites, the transition from a ferromagnetic~FM! insulator with
orbital order to FM metal with orbital disorder occurs arou
some critical doping levelxc in the ground state.6–8 An
anomalous feature is expected to show up near the IM t
sition because of the critical enhancement of fluctuation
orbital or lattice degrees of freedom.10 In this paper, we have
used high-quality single crystals to investigate, in the m
prototypical CMR system, La12xCaxMnO3 ~LCMO!,11 the
IM transition induced by carrier doping procedure or by a
plying hydrostatic pressure. In particular, we investigated
nature of the ground state by measuring the low-tempera
transport and the specific heat. We have compared the re
with those observed for the maximal-bandwidth syst
La12xSrxMnO3 ~LSMO! ~Refs. 6 and 8! and have clarified
PRB 610163-1829/2000/61~12!/8009~7!/$15.00
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the universal features in the IM critical region and in t
metallic ground state of manganites.

The format of this paper is as follows. In Sec. II, w
describe the experimental procedures, including the cry
growth procedure, the high-pressure experiments, and
cific heat measurements. The results of the resistivity m
surements are described in Sec. III, where we overview
transport properties around the insulator-metal~IM ! transi-
tion in LCMO and LSMO. In Sec. IV, we describe the re
sults of specific heat measurements under a magnetic
and discuss thex dependence of the electronic, lattice, a
magnetic contributions at low temperatures near the IM tr
sition. Section V is devoted to a comprehensive discussio
critical behaviors of the IM transition both for LCMO an
LSMO. Conclusions are given in Sec. VI.

II. EXPERIMENT

Single crystals of LCMO (0.1,x,0.35) ~Ref. 12! were
grown, by the floating-zone method and at a feeding spee
2 - 5 mm/h, from stoichiometric mixtures of La2O3, CaCO3,
and Mn3O4 that were first ground and then calcined
1050 °C for 24 h. After this grinding and calcining proc
dure was repeated several times the resulting powder
pressed into a rod 60-mm long and 5 mm in diameter un
a pressure of 2 t/cm2 and then sintered at 1350 °C for 24
When thex was less than 0.25 the rod could be melted co
gruently in a flow of air; whenx was greater than 0.25 it wa
melted in a flow of O2. Powder x-ray diffraction measure
ments and electron-probe microanalysis indicated that
single-phase crystals were obtained and that the Ca/~La1Ca!
ratio was about 0.01 smaller than the corresponding mixt
from which the crystal was grown.12 The oxygen content by
redox titration was almost equal to the stoichiometric val

Resistivity was measured using the conventional fo
probe method. The typical cuboidal sample measured 234
8009 ©2000 The American Physical Society
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8010 PRB 61T. OKUDA, Y. TOMIOKA, A. ASAMITSU, AND Y. TOKURA
30.5 mm, and electrode was used to make the h
treatment-type silver paint on it. A quasihydrostatic press
was produced by a clamp-type piston cylinder cell us
Fluorinert as the pressure-transmitting medium. The pres
values given in this paper are those measured at room
perature. Pressure calibration indicates that the actual p
sure at temperatures below 30 K is 80% of the nomi
room-temperature value.13 The sample temperature wa
monitored with a AuFe~0.07%!-Chromel thermocouple
placed in the sample room and was increased or decreas
10 K/h in a whole temperature region.

The specific heat of the same crystals used in the trans
measurements was measured in a3He cryostat at tempera
tures from 0.5 to 10 K and under magnetic fields up to 9
by using the relaxation method. The specific heat meas
ments were calibrated by measuring the heat capacity
99.999% pure copper with and without a magnetic field.

III. TRANSPORT PROPERTIES

The temperature dependence of resistivity for single cr
tals of LCMO and LSMO with various doping levelsx is
shown in Fig. 1. Previous studies8,13 showed that whenx is
increased the IM transition in LSMO occurs at anx value
approximately equal to 0.16, accompanying the weak lo
ization effect. In the IM critical region wherex is between
0.16 and 0.18, the resistivity upturn appears in the meta
state belowTC as seen in Fig. 1~b!. Whenx and pressure are
increased, this upturn gradually disappears.13 Corresponding
to the gradual disappearance of the up-turn, the Fermi
face emerges as manifested by the gradual increase o
electronic specific heat coefficientg ~Ref. 8! @see also Fig.
5~b!#. Thus, the resistivity upturn is ascribed to the proxim
to the FM insulating phase where some charge and/or or
ordering occurs.14–18 The remnant of such ordering appea
to shrink the Fermi surface in the IM critical region. I
LCMO, on the other hand, a sharp IM transition is eviden
x between 0.22 and 0.225 and the intermediate state
resistivity upturn could not be observed with the pres
x-interval (Dx50.005).

To search for the thermally induced IM phenomena n
xc , we performed the hydrostatic pressure experime
since pressure plays a role similar to that of the carrier d
ing procedure in the light of increase of the carrier kine
energy13,19,20and can realize the fine-tuning in the IM critic
region as demonstrated previously for LSMO.13 The tem-

FIG. 1. Temperature dependence of the resistivity of~a!
La12xCaxMnO3 ~LCMO! and ~b! La12xSrxMnO3 ~LSMO! with
variousx values around IM transition.
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perature dependence of resistivity measured under sev
pressures is shown for LCMO withx 5 0.22, which is insu-
lating though close to the IM transition, in Fig. 2. When th
pressure increases, the resistivity decreases suddenly anTC
increases gradually, while the resistivity upturn is left belo
TC even after the IM transition. The resistivity upturn in th
IM critical region is gradually suppressed with the increa
of pressure and finally disappears above 1.4 GPa. From
continuous disappearance of the upturn and the analog
the case of LSMO, we might think that the upturn com
from the remnant charge and/or orbital ordering in the F
insulating phase.

In the FM metallic region of LCMO (x.0.225), where
residual resistivity is considerably high (12331024Vcm),
the short-range ordering or correlation of the charge and
bital ordering is likely to persist and make the metallic sta
anomalous. The temperature dependence of the resistivi
the metallic region is shown in Fig. 3 for crystals with var
ousx values and for various hydrostatic pressures. The
metallic state appears whenx is above 0.225, where the re
sistivity is almost proportional toT2 at low temperatures.21,22

The dashed line in Fig. 3 represents the results obtained
der 1.4 GPa with the compound forx50.22, for which the
resistivity is also proportional toT2, indicating the occur-
rence of the complete IM transition induced by the hyd

FIG. 2. Temperature dependence of the resistivity for ax
50.22 of LCMO single crystal at various quasihydrostatic pre
sures. The lower panel is a magnification of a low-resistivity reg
in the upper panel.
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PRB 61 8011LOW-TEMPERATURE PROPERTIES OF La12xCaxMnO3 . . .
static pressure. As shown in Fig. 4~a! the T2 coefficientA is
much enhanced near the IM transition and decreases
increasingx or pressure, while as shown in Fig. 4~b! the
residual resistivityr0 gradually decreases with increasingx
or pressure. Note that although these tendencies are als
served in LSMO,6,13 they are much more pronounced
LCMO. The coefficientA is plotted against the residual re
sistivity r0 in Fig. 4~c!, where in both LCMO and LSMO it
seems to be related to the residual resistivity by a unive
scaling law such asA}r0

1.6 @solid line in Fig. 4~c!#. In the
conventional Fermi liquid picturer0 is not renormalized by
electron correlation or by electron-phonon interaction,
contrast to the case of the electronic specific heat (g) or the
coefficientA, as long as the concentration of ‘‘impurity’’ a
a carrier scatter is kept constant.23 Therefore, the strong cor
relation betweenr0 andA as observed even under pressu
indicates unconventional nature of the metallic ground s
as will be argued in the following sections.

IV. SPECIFIC HEAT

In this paper, we confine our considerations to the d
gathered at temperatures above 2 K, where the contribu
of the Schottky component of the Mn nucleus is negligib
In the absence of the magnetic field and spin-wave gap,
specific heat in the FM metallic state in the low-temperat
region is expressed as

C5gT1bT31aT1.5, ~1!

where g is the electronic specific heat coefficient and t
constantb relates to the Debye temperatureQD (}b21/3).
The third term expresses the contribution of spin wave in
ferromagnetic state. The coefficienta is proportional to
D21.5, whereD is the spin-stiffness constant. Here, we e
plain how these three terms can be decoupled, and we
cuss each term separately.

FIG. 3. Temperature dependence of the resistivity at low te
peratures in the FM metallic region in LCMO. The resistivity sho
roughly T2 dependence and the residual resistivityr0 decreases
significantly with increasingx and pressure.
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The results of measuring the specific heat of LCMO un
0 and 9 T inLCMO are plotted in Fig. 5~a! asC/T versusT2

for variousx values. The decrease of specific heat measu
under a 9 T magnetic field is due to the suppression of t
thermal excitation of the spin wave in the presence of
field-induced gap, which is also observed for LSMO.8 Thex
variation of the field-induced change directly reflects thex
variation of the spin-stiffness constantD ~Ref. 24!. In a field
of 9 T, an energy gap of about 12 K is opened in the sp
wave dispersion so that the spin-wave excitation least c
tributes to the specific heat at very low temperatures belo
K. Then, the extrapolatedC/T-value at 0 K in 9 T expresses
the coefficient of the intrinsicT-linear term, i.e., the elec
tronic specific heat coefficientg ~Ref. 8!.

Figure 5~b! shows thex dependence of theg values for
LCMO and LSMO. Theg value for LCMO is zero atx
50.22 but suddenly becomes finite atx 5 0.225. This sud-
den appearance of ag is in accord with the steep IM transi
tion seen with increasingx in LCMO, while a finite g for
LSMO appears gradually by way of the intermediate state
the vicinity of the IM transition where the zero-temperatu
conductivity s0 is small but finite. Thus the appearance
the finiteg value is concomitant with the appearance of t

-

FIG. 4. Thex-dependence of~a! the T2 coefficient A of the
resistivity and ~b! the residual resistivityr0 in La12xCaxMnO3

~LCMO!. A vs r0 is plotted in ~c!. Solid lines in ~a! and ~b! are
merely guides to the eyes. The curve in~c! was drawn assuming
thatA}r0

1.6. Solid lines are merely the guide to the eyes. A hatch
vertical bar indicates the insulator-metal~IM ! transitional region of
LSMO, where the resistivity up turn is observed at a temperat
lower thanTC . A dashed line indicates the IM phase boundary
LCMO.
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conductivity in both LCMO and LSMO. In the metallic re
gion with x above 0.225 in LCMO the estimatedg value is 3
- 5 mJ/K2 mol, which is comparable with that in the FM
metallic state (x*0.18) of LSMO.8,25 There is least differ-
ence, even near the IM critical region, between theg values
for LCMO and LSMO, although they have quite a differe
TC value~e.g., 230 K vs 370 K aroundx50.3). Remarkably
in both the cases, theg value does not show the clear critic
enhancement near the IM transition as seen in conventi
strongly-correlated-electron systems23,26 and changes little
with x in the metallic region.

If we subtract the electronic contribution from the speci
heat in an ideal FM metallic state, the residual specific h
C8 consists of lattice and magnetic contributions as follo

C8/T1.55~C2gT!/T1.55a1bT1.5. ~2!

The residual specific heat data for LCMO is plotted in Fig
as C8/T1.5 versusT1.5. Except whenx50.15, the plots for
data obtained at temperatures below 10 K are linear, as
dicted by Eq.~2!. The deviation from the linearity forx
50.15 is perhaps due to an occurrence of the charge/or
ordering, which gives rise to the lower-power dependenc
specific heat.27 The coefficientb can be obtained from the
slope of the lines in Fig. 6, and the coefficienta can be
obtained by extrapolating theC8/T1.5 value to 0 K.

FIG. 5. ~a! Temperature dependence of the specific heat m
sured under no magnetic field~solid symbols! and measured unde
9 T ~open symbols!. ~b! Thex dependence of the electronic speci
heat coefficient g for La12xCaxMnO3 ~LCMO! and for
La12xSrxMnO3 ~LSMO!. For definitions of the hatched region an
dashed line, see the caption of Fig. 4.
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Figure 7~a! shows the coefficientb of theT3 term, which
usually represents the lattice contribution relating to
Debye temperatureQD (b for x 5 0.15 is estimated from the
data at high temperatures!. The QD obtained from the coef-
ficient b in LCMO and LSMO is plotted againstx in Fig.
7~b!. The QD for LCMO is 340-410 K and for LSMO is
360-440 K.8,25 As argued in Ref. 8, the change ofQD with
changes inx is too large to be ascribed to the change in t
density. Namely, theb shows the anomalous decrease w
the increase ofx around the IM transition@Fig. 7~a!#. In
addition, a clear increase inb is seen in the vicinity of the
IM transition in LCMO.~An irregularity in thex dependence
of b is also discernible around the IM transition in LSMO!

Such anx dependence ofT3 component around the IM
transition may come from the fluctuation of the orbital d

a-

FIG. 6. Temperature dependence of the residual specific
~the specific heat from which the electronic specific heatgT has
been subtracted.! The coefficientb can be obtained from the slop
of the line and the coefficienta from the extrapolatedC8/T1.5 value
to 0 K ~see text!.

FIG. 7. For both in La12xCaxMnO3 ~LCMO! and
La12xSrxMnO3 ~LSMO!, thex dependence of~a! theT3 component
of the specific heat and~b! the estimated Debye temperatureQD .
For definitions of the hatched regions and dashed line, see the
tion of Fig. 4.
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PRB 61 8013LOW-TEMPERATURE PROPERTIES OF La12xCaxMnO3 . . .
gree of freedom coupled with the lattice, since there wo
be no other candidate, such as the 3D antiferromagnetic~AF!
spin correlation, that gives rise to theT3 component in spe-
cific heat. In a relatively wide region ofx between 0.1 and
0.4 around the IM transition both in LCMO and LSMO, th
critical orbital fluctuation seems to cause the phonon sof
ing through the Jahn-Teller channel. Such a phonon sof
ing can cause the additional lattice contribution in the s
cific heat, which is proportional toT3. Especially in the
vicinity of the IM transition, the orbital fluctuation may b
critically enhanced as manifested by the clear anom
aroundx 5 0.22 in LCMO, which bears analogy to the sp
fluctuation at the quantum critical point between the AF m
tallic state and the paramagnetic metallic state.26,28

In the absence of a magnetic field the spin-wave con
bution in the FM state show the followingT1.5 dependence:

Cspin5aT1.5'0.113VkB~kBT/D !1.5, ~3!

whereV is the molar volume andD is the spin-wave stiffness
constant. Figure 8 shows~a! the coefficienta estimated from
the C8/T1.5 value at 0 K in Fig. 6 and~b! the spin stiffness
constantD derived froma. As seen in Fig. 8~a!, the FM spin
wave contribution is smaller in the insulating state than
the metallic state. Especially in LCMOa suddenly decrease
at the IM transition, while in LSMO it gradually decreas
through the IM transitional region. Such a low-energy sp
dynamics as probed by the specific heat is thus clearly

FIG. 8. Thex dependence of~a! the coefficienta, ~b! the esti-
mated spin-wave stiffness constantD, and~c! the Curie temperature
TC . The values shown by diamonds (L) in ~b! are the values
determined from the spin-wave dispersion measured in neu
scattering studies. For definitions of the hatched regions and da
line, see the caption of Fig. 4.
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related with change in charge dynamics of the ferromagn
ground state around the IM transition.

To clarify the spin dynamics, we show the estimatedD
values in Fig. 8~b!. In the work reported here, we analyze
the data without assuming the spin-wave energy gap.29 As
seen in Fig. 6, the linearity of the plots of the residual sp
cific heat divided byT1.5 versusT1.5 is good ~except for
LCMO with x50.15), so the analysis without the spin-wa
energy gap seems to be adequate.~This is also the case fo
LSMO.! The D values estimated from the specific heat
using Eq.~3! (Dsp) are shown in Fig. 8~b! in comparison
with the results (Dn) of LSMO estimated by the neutro
scattering measurement.24 Dsp reflects the dispersion of th
low-energy spin-wave that is thermally excited, whileDn
samples the high-energy feature. In the metallic region
LSMO, Dsp becomes larger thanDn and is rather indepen
dent ofx, while in the insulating regionDsp almost coincides
with Dn .

The Dsp value for LCMO, also shown in Fig. 8~b!, in-
creases steeply at the IM transition, while theDsp for LSMO
seems to increase gradually in the intermediate state (
,x,0.18). Dsp is apparently related to the actual IM tran
sition and itsx-dependent change is much sharper at the
boundary in LCMO than in LSMO. Thex dependence ofTC
is shown for comparision in Fig. 8~c!. Although the overall
behavior ofDsp is in accord with that ofTC as expected from
the simplest model, for both LCMO and LSMO the chan
of Dsp at the IM transition is much steeper than that ofTC .
These results indicate a clear difference in low-energy s
dynamics in the presence and absence of the gap in
charge sector. In other words, the origin of the ferroma
netism appears to basically differ in the insulating and m
tallic states: perhaps it is the superexchange interaction in
orbital-ordered insulating state and is the double-excha
interaction in the metallic state.

V. SUMMARY AND DISCUSSION

In the course of the IM transition there appear two critic
features both in LCMO and LSMO. One is the critical e
hancement of the magnonT1.5 components and the lattice o
orbital T3 components in the specific heat. It manifests t
critical softening of the spin-wave and the lattice mode~or
orbital-wave!, respectively. The latter is perhaps related
the occurrence of the orbital ordering in the insulating reg
adjacent to the IM phase boundary as demonstrated
LSMO.14–16 The other critical feature is the remnant of th
orbital ordering in the FM metallic region. The resistivit
upturn observed for pressurized LCMO (x50.22) on the
verge of the IM transition is likely attributed to the transitio
to the orbital-ordered state as in the case of ambient-pres
LSMO crystal.16 Even in the fully metallic region where th
resistivity (r0) shows roughlyT2-temperature dependence
low temperatures, the orbital correlation is thought to per
in the form of dynamical or short-range ordering. Eviden
for this is the persistence of the additionalT3 component in
the specific heat after the IM transition, as is the anomalou
large residual resistivity (r0*1024Vcm) correlated with the
T2 coefficient ofr. These seem to give rise to the addition
scattering channel as discussed below.

As shown in Fig. 4, theT2 coefficientA is much enhanced
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8014 PRB 61T. OKUDA, Y. TOMIOKA, A. ASAMITSU, AND Y. TOKURA
near the IM transition and theA for LCMO is a few times as
large as that for LSMO~Fig. 4!, whereas theg values for
LCMO and LSMO are almost the same after the transitio
and depend little onx ~Fig. 5!. Although theT2 dependence
of the resistivity and the largeA coefficient seem to sugges
the strong electron correlation, the ratioA/g2 is too large to
be fit with the conventional feature of Fermi liquid such
the Kadowaki-Wood’s law30 and this tendency is much mor
pronounced in LCMO than that in LSMO. Given the neax
independence ofg, the breakdown of the Kadowaki-Wood’
law in this system seems to be due to the extra scatte
process of carriers. The residual resistivityr0 tends to gradu-
ally decrease with the decrease of theA coefficient @Fig.
4~b!#. Ther0 is in general proportional to the inverse of th
Fermi surface area or the mean free path of the carriers
the present case, the mean free path effect is essential,
the Hall coefficient depends little onx in the metallic
region.31

The ground state in these manganites is 10
spin-polarized,32 so the spin fluctuation should be minim
and unable to give rise to anA value as large as the on
observed in the half-metallic state. Then what gives rise
the anomalously largeA coefficient? Possible contribution
to the temperature dependence of resistivity are elect
magnon and electron-phonon scattering in addition to
electron-electron scattering. While for a truly half-metal
system the double magnon processes can lead to aT4.5 tem-
perature dependence,33 the lower power ofT ~i.e., 1.5-2.5! is
theoretically predicted at the low temperatures for anearly
half-metallic ferromagnet system34 where the minority spin
channel has a finite density of state at the Fermi level
does not conduct current because of the Anderson loca
tion. We should, however, note again that theA values for
both LCMO and LSMO vary largely withx, whereas the
Dsp , Hall coefficient,31 and g values for these compound
change little with the variation ofx in the FM metallic re-
gion. This small variation indicates that the density of st
of electrons, the area of the Fermi surface, and the excita
of magnons change little with changes inx. Thus, the simple
electron-magnon scattering cannot explain the largeT2 coef-
ficient A and itsx dependence, unless one assumes a dra
change of the minority-spin density of state with the var
tion of x. On the other hand, the electron-phonon scatter
gives aT5 dependence of the resistivity at low temperatur
as in the case of the conventional metal, since it does
accompany spin-flip processes. Then the known framew
of the electron-magnon and electron-lattice scattering can
coherently explain all the observed experimental results.

Taking into account the critical behavior of theT3 com-
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ponent in the specific heat as mentioned above, it is nat
that one should think the largeA coefficient and the relevan
decrease ofr0 are profoundly related to the excessT3 com-
ponent. In the metallic region, the both quantities are cr
cally enhanced in the vicinity of the IM transition and grad
ally changes with increasingx. As discussed in Sec. IV, thes
behaviors strongly suggest the existence of the quantum
tuation of the orbital. Such orbital fluctuation may qualit
tively explain the excess lattice specific heat through
Jahn-Teller channel and the excess scattering channel in
transport at low temperatures, which can lead to the cha
of A andr0. However, it is left to be theoretically elucidate
that such a specific mechanism can lead to the observeT2

dependence of the resistivity.

VI. CONCLUSION

We have studied the features of the insulator-metal~IM !
transition and the unconventional metallic ground state n
the IM transition for La12xCaxMnO3 ~LCMO! single crystals
and have compared them with those for La12xSrxMnO3
~LSMO! crystals. The overall feature of transport and th
mal properties seems to be qualitatively similar in LCM
and LSMO, although the anomalous features in LCMO o
served with the variation ofx, temperature, and hydrostat
pressure are more conspicuous than those in LSMO. The
transition in LCMO can be caused not only by carrier dopi
but also by applying hydrostatic pressure. The intermed
state with the resistivity up-turn, which is realized by pre
suring the LCMO (x50.22) crystal, is due to the proximity
of the insulating phase where for LSMO the novel orbi
ordering has been confirmed to occur.14–18 Around the IM
transition the additional magnon andT3 components in the
specific heat are enhanced perhaps by the critical fluctua
of the orbital degree of freedom coupled with the spin a
lattice dynamics. The additionalT3 component of the spe
cific heat as well as the enhancement of theT2 coefficientA
of the resistivity and the residual resistivityr0 is observed in
the metallic region close to the IM boundary with the min
mal mass-renormalization effect, signaling the subsistenc
the short-range correlation of the orbital order.
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