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We have investigated, in single crystals of,LgCaMnO;, the insulator-metallM) transition at the ground
state induced by carrier doping or applying pressure around the critical doping}ewe0.22). The up turn of
the resistivity in the IM critical region has been found under a pressure below the Curie tempefafure (
perhaps due to the proximity to the orbital-ordered ferromagnetic insulating phase. Around the IM transition
the additionalT® and T*® components are clearly observed in the specific heat, whil@ rwmefficient 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.

[. INTRODUCTION the universal features in the IM critical region and in the
metallic ground state of manganites.

The electronic, magnetic, and thermal properties of The format of this paper is as follows. In Sec. II, we
perovskite-type manganese oxides ,A,MnO; (R andA, describe the experimental procedures, including the crystal
respectively being a trivalent rare-earth ion and a divalengrowth procedure, the high-pressure experiments, and spe-
ion) have been investigated extensive|y by workers inter.clflc heat meaSUrem-entS. The results of the reSlSthlt-y mea-
ested in understanding such intriguing phenomeasacolos- ~ Surements are described in Sec. Ill, where we overview the

sal magnetoresistand€MR) and charge/orbital ordering. transport properties around the insulator-méthl) transi-

These investigations have revealed an important interplafon in LCMO and LSMO. In Sec. IV, we describe the re-
sults of specific heat measurements under a magnetic field

among the charge, spin, lattice, and orbital degrees of fre ; ; .
g ge, sp g and discuss the& dependence of the electronic, lattice, and

dom in addition to the well-known spin-charge coupling es- ) Lo
P 9 Ping magnetic contributions at low temperatures near the IM tran-

sential to the double-exchange mechanfsmlt is worth . ) is d d hensive di . f
noting that this strong mutual coupling plays a crucial role ins't.lc.m' Secnon Vs devoted to a comprehensive discussion o
critical behaviors of the IM transition both for LCMO and

the charge and spin dynamics not only arodid where it LSMO. Conclusions are given in Sec. VI.
contributes to CMR,but also in the metallic ground stdte®
The metallic ground state in the manganite should be recog-

nized as a novel state relevant to the spin-igisat is, fully Il EXPERIMENT

spin-polarizedl electrons where scattering channel via lattice Single crystals of LCMO (0.4 x<0.35) (Ref. 12 were

or orbital correlations S“b,S'S?S' _ _grown, by the floating-zone method and at a feeding speed of
Ina relatively wide bandwidth system like 5 _ 5 mm/h from stoichiometric mixtures of L@;, CaCQ,
La, ,SrMnO; (LSMO) among these perovskite mangan- 5nq Mn,0, that were first ground and then calcined at
ites, the transition from a ferromagnetieM) insulator with 1050 °C for 24 h. After this grinding and calcining proce-
orbital order to FM metal with orbital disorder occurs aroundgure was repeated several times the resulting powder was
some critical doping levek; in the ground stat&-® An  pressed into a rod 60-mm long and 5 mm in diameter under
anomalous feature is expected to show up near the IM trang pressure of 2 t/cfnand then sintered at 1350 °C for 24 h.
sition because of the critical enhancement of fluctuation ofi//hen thex was less than 0.25 the rod could be melted con-
orbital or lattice degrees of freedotfin this paper, we have gruently in a flow of air; whex was greater than 0.25 it was
used high-quality single crystals to investigate, in the mosinelted in a flow of Q. Powder x-ray diffraction measure-
prototypical CMR system, La,CaMnO; (LCMO),'* the ments and electron-probe microanalysis indicated that the
IM transition induced by carrier doping procedure or by ap-single-phase crystals were obtained and that th.@&/Ca)
plying hydrostatic pressure. In particular, we investigated theatio was about 0.01 smaller than the corresponding mixture
nature of the ground state by measuring the low-temperaturieom which the crystal was growt. The oxygen content by
transport and the specific heat. We have compared the resulsdox titration was almost equal to the stoichiometric value.
with those observed for the maximal-bandwidth system Resistivity was measured using the conventional four-
La; ,SrMnO; (LSMO) (Refs. 6 and 8and have clarified probe method. The typical cuboidal sample measurgd 2
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FIG. 1. Temperature dependence of the resistivity (af 10°
La; ,CaMnO; (LCMO) and (b) La; ,SrMnO; (LSMO) with
variousx values around IM transition.
10*
x0.5 mm, and electrode was used to make the heat- 0 100 200 300
treatment-type silver paint on it. A quasihydrostatic pressure T(K)
was produced by a clamp-type piston cylinder cell using
Fluorinert as the pressure-transmitting medium. The pressure T
values given in this paper are those measured at room tem-
perature. Pressure calibration indicates that the actual pres-
sure at temperatures below 30 K is 80% of the nominal —_
room-temperature valug. The sample temperature was g5
monitored with a AuF.07%-Chromel thermocouple < >~ 0.9GPa E
placed in the sample room and was increased or decreased at @ 1:0 GPa
10 K/h in a whole temperature region. - 1.2 GPa
The specific heat of the same crystals used in the transport - 1.4 GPa
measurements was measured ifHe cryostat at tempera- 4 , ! , . ,
tures from 0.5 to 10 K and under magnetic fields up to 9 T, 10 0 100 200 300
by using the relaxation method. The specific heat measure- T(K)
ments were calibrated by measuring the heat capacity of
99.999% pure copper with and without a magnetic field. FIG. 2. Temperature dependence of the resistivity fox a

=0.22 of LCMO single crystal at various quasihydrostatic pres-
sures. The lower panel is a magnification of a low-resistivity region
in the upper panel.

The temperature dependence of resistivity for single crys-
tals of LCMO and LSMO with various doping levelsis  perature dependence of resistivity measured under several
shown in Fig. 1. Previous studfe’s showed that whem is ~ pressures is shown for LCMO with = 0.22, which is insu-
increased the IM transition in LSMO occurs at arvalue lating though close to the IM transition, in Fig. 2. When the
approximately equal to 0.16, accompanying the weak localpressure increases, the resistivity decreases suddenljjand
ization effect. In the IM critical region where is between increases gradually, while the resistivity upturn is left below
0.16 and 0.18, the resistivity upturn appears in the metallid ¢ even after the IM transition. The resistivity upturn in the
state belowT : as seen in Fig.(b). Whenx and pressure are [IM critical region is gradually suppressed with the increase
increased, this upturn gradually disappedr€orresponding of pressure and finally disappears above 1.4 GPa. From the
to the gradual disappearance of the up-turn, the Fermi sucontinuous disappearance of the upturn and the analogy to
face emerges as manifested by the gradual increase of tllee case of LSMO, we might think that the upturn comes
electronic specific heat coefficient (Ref. 8 [see also Fig. from the remnant charge and/or orbital ordering in the FM
5(b)]. Thus, the resistivity upturn is ascribed to the proximity insulating phase.
to the FM insulating phase where some charge and/or orbital In the FM metallic region of LCMO X>0.225), where
ordering occurs?~*¥ The remnant of such ordering appearsresidual resistivity is considerably high £13x 10 *Qcm),
to shrink the Fermi surface in the IM critical region. In the short-range ordering or correlation of the charge and or-
LCMO, on the other hand, a sharp IM transition is evident atbital ordering is likely to persist and make the metallic state
x between 0.22 and 0.225 and the intermediate state withnomalous. The temperature dependence of the resistivity in
resistivity upturn could not be observed with the presenthe metallic region is shown in Fig. 3 for crystals with vari-
x-interval (Ax=0.005). ousx values and for various hydrostatic pressures. The FM

To search for the thermally induced IM phenomena neametallic state appears whenis above 0.225, where the re-
X., we performed the hydrostatic pressure experimentssistivity is almost proportional td? at low temperature&:2
since pressure plays a role similar to that of the carrier dopThe dashed line in Fig. 3 represents the results obtained un-
ing procedure in the light of increase of the carrier kineticder 1.4 GPa with the compound fge=0.22, for which the
energy>192%and can realize the fine-tuning in the IM critical resistivity is also proportional td?, indicating the occur-
region as demonstrated previously for LSMOThe tem-  rence of the complete IM transition induced by the hydro-

IIl. TRANSPORT PROPERTIES
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FIG. 3. Temperature dependence of the resistivity at low tem- o~ 5 :
peratures in the FM metallic region in LCMO. The resistivity shows X 4| |
roughly T2 dependence and the residual resistivify decreases %
significantly with increasing and pressure. G 3 7

e]

© 2 smo =
static pressure. As shown in Figiathe T? coefficientA is < 1L N

. . La,,Ca MnO
much enhanced near the IM transition and decreases with o LS S
increasingx or pressure, while as shown in Fig(b# the 0 1 > 3 4
residual resistivityp, gradually decreases with increasirg o (10 Qcm)
0

or pressure. Note that although these tendencies are also ob-

served in LSMda{'l? they are much more pronognced N FG. 4. The x-dependence ofa) the T2 coefficientA of the
LCMO. The coefficientA is plotted against the residual re- registivity and(b) the residual resistivityp, in La;_,CaMnOs
sistivity po in Fig. 4(c), where in both LCMO and LSMO it (LcMO). A vs p,, is plotted in(c). Solid lines in(a) and (b) are
seems to be related to the residual reSiStiVity by a Universaherew guides to the eyes. The curve( was drawn assuming
scaling law such a#xpg® [solid line in Fig. 4c)]. In the  thatAxpl®. Solid lines are merely the guide to the eyes. A hatched
conventional Fermi liquid picturgg is not renormalized by vertical bar indicates the insulator-meté¥) transitional region of
electron correlation or by electron-phonon interaction, inLSMO, where the resistivity up turn is observed at a temperature
contrast to the case of the electronic specific heatdqr the  lower thanT¢. A dashed line indicates the IM phase boundary of
coefficientA, as long as the concentration of “impurity” as LCMO.

a carrier scatter is kept constaitTherefore, the strong cor-
relation betweem, andA as observed even under pressures,
indicates unconventional nature of the metallic ground state
as will be argued in the following sections.

The results of measuring the specific heat of LCMO under

and 9 T inLCMO are plotted in Fig. &) asC/T versusT?

r variousx values. The decrease of specific heat measured

unde a 9 T magnetic field is due to the suppression of the

thermal excitation of the spin wave in the presence of the

IV. SPECIFIC HEAT field-induced gap, which is also observed for LSM®he x
variation of the field-induced change directly reflects the

In this paper, we confine our considerations to the datgaiation of the spin-stifiness constabt(Ref. 24. In a field
gathered at temperatures above 2 K, where the contributiogf g T an energy gap of about 12 K is opened in the spin-

of the Schottky component of the Mn nucleus is negligible.,5ye dispersion so that the spin-wave excitation least con-
In the absence of the magnetic field and spin-wave gap, thgihtes to the specific heat at very low temperatures below 4
specific heat in the FM metallic state in the low-temperatureg Then, the extrapolate@/T-value 4 0 K in 9 T expresses
region is expressed as the coefficient of the intrinsid-linear term, i.e., the elec-
tronic specific heat coefficient (Ref. 8.
C=yT+BT3+aT'? (2) Figure 3b) shows thex dependence of the values for
LCMO and LSMO. They value for LCMO is zero atx
where vy is the electronic specific heat coefficient and the=0.22 but suddenly becomes finiteat= 0.225. This sud-
constantg relates to the Debye temperatudg, (<8~ *3). den appearance of mis in accord with the steep IM transi-
The third term expresses the contribution of spin wave in theion seen with increasing in LCMO, while a finite y for
ferromagnetic state. The coefficient is proportional to LSMO appears gradually by way of the intermediate state in
D~ 1% whereD is the spin-stiffness constant. Here, we ex-the vicinity of the IM transition where the zero-temperature
plain how these three terms can be decoupled, and we digonductivity o is small but finite. Thus the appearance of
cuss each term separately. the finite v value is concomitant with the appearance of the
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FIG. 6. Temperature dependence of the residual specific heat
6 (the specific heat from which the electronic specific hga@thas
5 been subtractedThe coefficient3 can be obtained from the slope
3 of the line and the coefficient from the extrapolate@’/T® value
NE 4 to 0 K (see texk
¥ 3
\_E: 2 Figure 7a) shows the coefficieng of the T2 term, which
= 1 usually represents the lattice contribution relating to the
0 Debye temperatur®p (B for x = 0.15 is estimated from the
data at high temperatunesThe O obtained from the coef-

. ! ficient B8 in LCMO and LSMO is plotted against in Fig.
X 7(b). The ®p for LCMO is 340-410 K and for LSMO is
360-440 K8° As argued in Ref. 8, the change ©f, with
FIG. 5. (a) Temperature dependence of the specific heat meachanges irx is too large to be ascribed to the change in the
sured under no magnetic fie(dolid symbol$ and measured under density. Namely, thg8 shows the anomalous decrease with
9T (open symbol}s (b) Thex dependence of the electronic specific the increase ok around the IM transitior[Fig. 7(a)]. In
heat coefficient y for La&_,CaMnO; (LCMO) and for  aqgition, a clear increase i@ is seen in the vicinity of the
La, _,SrMnO; (LSMO). For definitions of the hatched region and |\ transition in LCMO. (An irregularity in thex dependence
dashed line, see the caption of Fig. 4. of B is also discernible around the IM transition in LSMO.
Such anx dependence oT® component around the IM

conductivity in both LCMO and LSMO. In the metallic re- transition may come from the fluctuation of the orbital de-

gion with x above 0.225 in LCMO the estimatedvalue is 3
- 5 mJ/K? mol, which is comparable with that in the FM

metallic state ¥=0.18) of LSMO®? There is least differ- 250 Y7

y . | (a)
ence, even near the IM critical region, between thealues S |
for LCMO and LSMO, although they have quite a different E 200 r % .
Tc value(e.g., 230 K vs 370 K arounk=0.3). Remarkably ;3 é
in both the cases, the value does not show the clear critical 3 150 L
enhancement near the IM transition as seen in conventional «
strongly-correlated-electron systeth®® and changes little

100

with x in the metallic region.
If we subtract the electronic contribution from the specific 500
heat in an ideal FM metallic state, the residual specific heat

AN

i . ; S I é | LSMO ]
C’ consists of lattice and magnetic contributions as follows Z | 2

g 7 e
C'ITH=(C— yT)/ITH5= o+ TS @ o= T M
° 7

The residual specific heat data for LCMO is plotted in Fig. 6 I é ! ®) ]
as C'/T° versusT*®. Except wherx=0.15, the plots for 300 Y L
data obtained at temperatures below 10 K are linear, as pre- 0.1 0.2 0.3 0.4
dicted by Eq.(2). The deviation from the linearity fok X

=0.15 is perhaps due to an occurrence of the charge/orbital Fig, 7. For both in La,CaMnO; (LCMO) and
ordering, Whigh gives rise to the lower-power dependence ina, _ SrMnO, (LSMO), thex dependence df) the T component
specific heaf. ‘The coefficient3 can be obtained from the of the specific heat antb) the estimated Debye temperatug, .
slope of the lines in Fig. 6, and the coefficiemtcan be  For definitions of the hatched regions and dashed line, see the cap-
obtained by extrapolating th@’/T*° value to 0 K. tion of Fig. 4.
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0.008 T . related with change in charge dynamics of the ferromagnetic
é | @ 1 ground state around the IM transition.
T 0008 T 7 t I To clarify the spin dynamics, we show the estimafd
2 0.004 | Z | values in Fig. &). In the work reported here, we analyzed
< | LSMO Z 1 the data without assuming the spin-wave energy Jaks
s 0002 - Z | 1 seen in Fig. 6, the linearity of the plots of the residual spe-
Z et cific heat divided byT*® versusT® is good (except for
0 : 3 LCMO with x=0.15), so the analysis without the spin-wave
300 — " energy gap seems to be adequétdis is also the case for
é o LSMO.) The D values estimated from the specific heat by
¢ 200 | 7 ! using Eq.(3) (Dgp) are shown in Fig. ®) in comparison
> [ with the results D,) of LSMO estimated by the neutron
g scattering measureme%‘ftDSp reflects the dispersion of the
S 100 | . ) .
low-energy spin-wave that is thermally excited, whilg,
samples the high-energy feature. In the metallic region of
0 LSMO, Ds, becomes larger thaD,, and is rather indepen-
400 dent ofx, while in the insulating regiod, almost coincides
with D, .
300 | The D, value for LCMO, also shown in Fig.(B), in-
% 200 - é creases steeply at the IM transition, while g, for LSMO
= | /e seems to increase gradually in the intermediate state (0.16
100 F g ! _ <x<0.18). Dy, is apparently related to the actual IM tran-
Z | (c) sition and itsx-dependent change is much sharper at the IM
23 o5 : 03 04 boundary in LCMO than in LSMO. The dependence of ¢
x is shown for comparision in Fig.(§). Although the overall

. _ behavior ofD, is in accord with that off ¢ as expected from
FIG. 8. Thex dependence ofa) the coefficient, (b) the esti- e gimplest model, for both LCMO and LSMO the change
mated spin-wave stiffness con_steﬁhtand(c) _the Curie temperature of Dsp at the IM transition is much steeper than thafTef.
Tc. The values shown by diamondso( in (b) are the values 4o raqits indicate a clear difference in low-energy spin

determined from the spin-wave dispersion measured in neutroa namics in the presence and absence of the gap in the
scattering studies. For definitions of the hatched regions and dashe(% P . gap
arge sector. In other words, the origin of the ferromag-

. ; ; C
line, see the caption of Fig. 4. . . ) : . .
P g netism appears to basically differ in the insulating and me-

allic states: perhaps it is the superexchange interaction in the
rbital-ordered insulating state and is the double-exchange
interaction in the metallic state.

gree of freedom coupled with the lattice, since there woul
be no other candidate, such as the 3D antiferromag(&i¢
spin correlation, that gives rise to tAé component in spe-
cific heat. In a relatively wide region of between 0.1 and
0.4 around the IM transition both in LCMO and LSMO, the V. SUMMARY AND DISCUSSION
critical orbital fluctuation seems to cause the phonon soften- In the course of the IM transition there appear two critical
ing through the Jahn-Teller channel. Such a phonon softer}é

) o . R atures both in LCMO and LSMO. One is the critical en-
ing can cause the additional lattice contribution in the SPe}ancement of the maandi-3 components and the lattice or
cific heat, which is proportional ta3. Especially in the 9 P

S g . . orbital T3 components in the specific heat. It manifests the
vicinity of the IM transition, the orbital fluctuation may be . . , .

" . critical softening of the spin-wave and the lattice mdde
critically enhanced as manifested by the clear anomal

aroundx = 0.22 in LCMO, which bears analogy to the Spin)f)rbltal-wave), respectively. The latter is perhaps related to

fluctuation at the quantum critical point between the AF me_the occurrence of the orbital ordering in the insulating region

tallic state and the paramagnetic metallic ST adjacent to the IM phase boundary as demonstrated for

o ) .LSMO 2418 The other critical feature is the remnant of the
In the absence of a magnetic field the spin-wave contri-

S 15 . orbital ordering in the FM metallic region. The resistivity
bution in the FM state show the following~~ dependence: upturn observed for pressurized LCM&=0.22) on the

verge of the IM transition is likely attributed to the transition
Copin=aT"*~0.113/kg(kgT/D)**, (3)  to the orbital-ordered state as in the case of ambient-pressure
LSMO crystal*® Even in the fully metallic region where the
whereV is the molar volume anB is the spin-wave stiffness  resistivity (p,) shows roughlyT?-temperature dependence at
constant. Figure 8 shows) the coefficientw estimated from  low temperatures, the orbital correlation is thought to persist
the C’/T'® value 4 0 K in Fig. 6 and(b) the spin stiffness in the form of dynamical or short-range ordering. Evidence
constanD derived froma. As seen in Fig. &), the FM spin  for this is the persistence of the additioff&d component in
wave contribution is smaller in the insulating state than inthe specific heat after the IM transition, as is the anomalously
the metallic state. Especially in LCM®@ suddenly decreases large residual resistivityd,=10"4Qcm) correlated with the
at the IM transition, while in LSMO it gradually decreases T? coefficient ofp. These seem to give rise to the additional
through the IM transitional region. Such a low-energy spinscattering channel as discussed below.
dynamics as probed by the specific heat is thus clearly cor- As shown in Fig. 4, th@? coefficientA is much enhanced
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near the IM transition and th& for LCMO is a few times as  ponent in the specific heat as mentioned above, it is natural
large as that for LSMQFig. 4), whereas they values for that one should think the largk coefficient and the relevant
LCMO and LSMO are almost the same after the transitionslecrease op, are profoundly related to the exceBs com-

and depend little ox (Fig. 5. Although theT? dependence ponent. In the metallic region, the both quantities are criti-
of the resistivity and the larga coefficient seem to suggest cally enhanced in the vicinity of the IM transition and gradu-
the strong electron correlation, the rafidy? is too large to  ally changes with increasing As discussed in Sec. IV, these
be fit with the conventional feature of Fermi liquid such asbehaviors strongly suggest the existence of the quantum fluc-
the Kadowaki-Wood's la#f and this tendency is much more tuation of the orbital. Such orbital fluctuation may qualita-
pronounced in LCMO than that in LSMO. Given the ngar tively explain the excess lattice specific heat through the
independence of, the breakdown of the Kadowaki-Wood’s Jahn-Teller channel and the excess scattering channel in the
law in this system seems to be due to the extra scatterintyansport at low temperatures, which can lead to the change
process of carriers. The residual resistiyitytends to gradu- of A andp,. However, it is left to be theoretically elucidated
ally decrease with the decrease of thAecoefficient[Fig.  that such a specific mechanism can lead to the obséfved
4(b)]. The py is in general proportional to the inverse of the dependence of the resistivity.

Fermi surface area or the mean free path of the carriers. In

the present case, the mean free_ path eff_ect is essential, since VI. CONCLUSION
the Hall coefficient depends little om in the metallic
region>? We have studied the features of the insulator-méhdl)

The ground state in these manganites is 100%ransition and the unconventional metallic ground state near
spin-polarized? so the spin fluctuation should be minimal the IM transition for La_,CaMnO5; (LCMO) single crystals
and unable to give rise to aA value as large as the one and have compared them with those for;LgSr,MnO;
observed in the half-metallic state. Then what gives rise tdLSMO) crystals. The overall feature of transport and ther-
the anomalously largé coefficient? Possible contributions mal properties seems to be qualitatively similar in LCMO
to the temperature dependence of resistivity are electrorand LSMO, although the anomalous features in LCMO ob-
magnon and electron-phonon scattering in addition to theerved with the variation of, temperature, and hydrostatic
electron-electron scattering. While for a truly half-metallic pressure are more conspicuous than those in LSMO. The IM
system the double magnon processes can leadltt’éem-  transition in LCMO can be caused not only by carrier doping
perature dependend@the lower power off (i.e., 1.5-2.5is  but also by applying hydrostatic pressure. The intermediate
theoretically predicted at the low temperatures fanearly  state with the resistivity up-turn, which is realized by pres-
half-metallic ferromagnet systéthwhere the minority spin  suring the LCMO &=0.22) crystal, is due to the proximity
channel has a finite density of state at the Fermi level buof the insulating phase where for LSMO the novel orbital
does not conduct current because of the Anderson localizardering has been confirmed to océtir'® Around the IM
tion. We should, however, note again that thevalues for  transition the additional magnon aidd components in the
both LCMO and LSMO vary largely withx, whereas the specific heat are enhanced perhaps by the critical fluctuation
Dsp, Hall coefficientt! and y values for these compounds of the orbital degree of freedom coupled with the spin and
change little with the variation of in the FM metallic re- lattice dynamics. The additiondl® component of the spe-
gion. This small variation indicates that the density of statecific heat as well as the enhancement of TRecoefficientA
of electrons, the area of the Fermi surface, and the excitatioof the resistivity and the residual resistivity is observed in
of magnons change little with changesxinThus, the simple the metallic region close to the IM boundary with the mini-
electron-magnon scattering cannot explain the 1aigeoef-  mal mass-renormalization effect, signaling the subsistence of
ficient A and itsx dependence, unless one assumes a drastibe short-range correlation of the orbital order.
change of the minority-spin density of state with the varia-
tion of x. On the other hand, the electron-phonon scattering
gives aT® dependence of the resistivity at low temperatures,
as in the case of the conventional metal, since it does not We would like to thank H. Kuwahara, T. Kimura, Y.
accompany spin-flip processes. Then the known frameworaguchi, Y. Okimoto, and S. Miyasaka for their technical
of the electron-magnon and electron-lattice scattering cannatssistance and enlightening discussions. This work was sup-
coherently explain all the observed experimental results. ported in part by the New Energy and Industrial Technology

Taking into account the critical behavior of ti€ com-  Development Organization of Japa@4EDO).
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