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Enhanced electron-lattice coupling in La12xSrxMnO3 near the metal-insulator phase boundary
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Effects of hydrostatic pressure on the magnetic and transport properties have been investigated for melt-
grown crystals of La12xSrxMnO3 with a finely-controlled doping levelx near the metal-insulator phase bound-
ary. Application of pressure affects the critical temperatures for the orthorhombic-rhombohedral structural
transition (Ts) as well as for the metal-insulator transition (TMI) that has been interpreted in terms of an
ordering of the Jahn-Teller polarons. Reflecting that the kinetic energy of theeg carriers sensitively depends on
the degree of the lattice distortion,Ts shows an abrupt decrease under pressure when it crosses the magnetic
phase boundary. On the other hand,TMI is significantly suppressed under pressure via enhancedeg-electron
hopping. These pressure effects are compared with those of an external magnetic field.
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I. INTRODUCTION

Discovery of high-temperature superconductivity in ho
doped copper-oxide compounds has aroused renewed
extended interest in the correlated dynamics of spins
charges in the barely metallic state near the Mott transitio
3d-transition-metal oxide systems. During the study, el
tronic properties of hole-doped manganites with perovsk
type structure,R12xAxMnO3, whereR and A are trivalent
rare-earth and divalent alkaline-earth ions, have been re
ited to unveil their large magnetoresistance~MR! phenomena
near the Curie temperatureTc .1–5 Recent extensive studie
have revealed that the doped manganites show a varie
phenomena besides the large MR effect, such as magn
structural phase transition,6,7 magnetovolume effect,8 charge-
ordering transition,9–14 magnetic-field-induced insulator-to
metal transition,15–18and pressure-induced insulator-to-me
transition.12,19 These phenomena are ascribed not only to
strong coupling between the itineranteg electrons and loca
t2g spins mediated by a strong on-site exchange interac
~Hund’s rule coupling,JH!,20,21 but to the other instabilities
such as the Jahn-Teller~JT! instability22 inherent to the
MnO6 octahedra, charge- and/or orbital-ordering instabil
antiferromagnetic spin-fluctuation,23 and so on. In this paper
we have investigated effects of hydrostatic pressure on
magnetic and transport properties for crystals
La12xSrxMnO3 (0.15<x<0.18) with a fine interval of dop-
ing level x near the metal-insulator phase boundary. W
use of an external pressure, we can control the carrier
eracy without changing the doping level.24–26 The results
suggest that the electron-lattice coupling plays an impor
role in the insulator-metal phenomena even
560163-1829/97/56~19!/12190~6!/$10.00
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La12xSrxMnO3 with a relatively large bandwidthW of theeg
band.

Crystals of La12xSrxMnO3 (x>0.17) are known to be
conducting ferromagnets mediated by the double-excha
~DE! interaction.20,21The nominal Mn31 ion in the insulating
LaMnO3 has the electron configuration oft2g

3 eg
1. The t2g

3

electrons can be viewed as a local spin (S5 3
2 ), while theeg

state strongly hybridized with the O 2p states and has a
itinerant character when an appropriate number of vacan
~holes! is introduced. A distinct feature of doped manganit
is that there exists a strong on-site exchange interactionJH
between the itineranteg carriers and localt2g spins. As a
result, transfer integralt of an eg carrier is significantly af-
fected by spin alignment as

t5t0 cos~Du/2!, ~1!

where t0 is the bare-transfer integral andDu is the relative
angle of the neighboringt2g spins.20 With hole-doping be-
yondxc50.17 ~Ref. 5! by substitution of the La31 ions with
the Sr21 ions, the system turns into ferromagnetic me
~FM!. In addition, change in the average ionic radiusr A of
the perovskiteA site alters the lattice structure from ortho
rhombic ~Pbnm, Z54; O! to rhombohedral~R3̄c, Z52;
R!.5 Resultant increase of the Mn-O-Mn bond angle towa
180° enhances the itineracy of theeg carriers, which is mani-
fested by reduction of resistivity at the structural transitio
Thus, the kinetic energy of theeg carriers correlates not only
with the spin arrangement but with the lattice distortion.

Overall magnetic and transport properties
La12xSrxMnO3 with maximal W are well reproduced by a
dynamical mean-field approximation of the DE model,4,27

which takes account of onlyt0 andJH . The MR phenomena
12 190 © 1997 The American Physical Society
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are explained in terms of reduction of the spin scattering
theeg carriers by the forcibly alignedt2g spins (Du→0). To
explain the ‘‘colossal’’ value of the MR for the systems wi
smaller W, e.g., La12xSrxCaxMnO3 ~Ref. 8! and
~Nd,Sm!1/2Sr1/2MnO3,

28 however, we need additional mech
nisms for carrier localization aboveTc . Millis, Littlewood,
and Shraiman22 have argued that effect of the JT interacti
inherent to the MnO6 octahedra is essential for understandi
the transport properties of doped manganites, in particul
large resistivity value aboveTc . This idea is supported by
some neutron diffraction measurements,29,30 which indicates
release of the distortion of the MnO6 octahedra in the FM
phase. Another candidate may be the charge- and/or orb
ordering instability, especially whenx approaches a com
mensurate value. In several manganite compounds,
Nd1/2Sr1/2MnO3, the instability causes a charge-orderi
transition,9 that is, real-space ordering of the doped carrie
The charge-ordering transition is no more present
La12xSrxMnO3 than with maximalW.12 Recently, Yamada
et al.31 proposed that ordering of the JT polarons takes pl
aroundx5 1

8 at low temperature on the basis of their neutr
diffraction results.

The format of the present paper is as follows. In Sec.
we describe crystal-growth procedure for La12xSrxMnO3 as
well as details of the high-pressure experiment. Electro
and structural phase diagrams are presented in Sec. II
part of the results on the phase diagram and the effect o
external magnetic field on the transport properties has b
published in separate papers.5–7 Here, we describe details o
pressure effects on the magnetic and transport properties
the metal-insulator phase boundary. In Sec. IV, we disc
effects of pressure on the structural transition. The criti
temperatureTs shows an abrupt decrease when it crosses
magnetic phase boundary, suggesting a strong coupling
tween the spin arrangement and lattice distortion. In a pr
ous paper,6,7 we have reported the effect of an external ma
netic field on this transition. We will compare the prese
pressure effect with the magnetic-field effect. Section V
devoted to pressure effects on the ferromagnetic but insu
ing ~FI! state, which can be viewed as an ordered state o
polarons. Application of pressure promotes the FI-to-F
transition and eventually, the FI state disappears. A summ
is given in Sec. VI.

II. EXPERIMENT

Crystals of La12xSrxMnO3 (0.12<x<0.18) were grown
by the floating-zone method at a feeding speed of 5–
mm/h.5,24 A stoichiometric mixture of La2O3, SrCO3, and
Mn3O4 was ground and calcined three times at 1050 °C
24 h with an intermittent grinding procedure. Then resulti
powder was pressed into a rod with a size
5 mmf360 mm and sintered at 1350 °C for 24 h. Over t
whole concentration range, the ingredient could be me
congruently in a flow of air. To characterize the crysta
powder x-ray diffraction measurements as well as electr
probe microanalysis~EPMA! was carried out. The result
indicated that the obtained crystals are single phase and s
a nearly identical composition with the prescribed one. W
increasingx, the room-temperature structure changes fr
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orthorhombic to rhombohedral at a critical concentration
xs'0.17.

A hydrostatic pressure was obtained with clamp-type p
ton cylinder cells. The pressures quoted in the paper w
those measured at room temperature~Figs. 4 and 7!. For
low-pressure experiments~Figs. 4 and 5!, a pressure cell,
whose sample room size is 6 mm in diameter, was used.
have calibrated the pressure cell with the use of a ferrom
netic transition temperature of KH2PO4 crystal,32 and found
that relaxation of the pressure is less than22%/100 K be-
low ;1 GPa. The sample temperature was monitored wit
copper-Constantan thermocouple placed in the sample ro
and was slowly increased or decreased at a rate of'10 K/
h near the structural transition. To lower the sample tempe
ture down to;4 K ~Figs. 7 and 8!, a smaller-size pressur
cell, whose piston size is 4 mm in diameter, was used w
an AuFe~0.07%!-Chromel thermocouple attached near t
sample room.TC of lead33 was used for calibration of the
cell; it is inferred that the applied pressure relaxes at a rat
27%/100 K. Resistivityr was measured with the four
probe method using heat-treatment-type silver paint as e
trodes. A small piece of crystal (;0.53132 mm3) was
placed in the sample room, which was filled with silicone
as a pressure-transmitting medium. We also measured
susceptibilityx under pressures to determineTC .24 A small
piece of crystal (;10 mg) was placed in a coil~2 mm in
diameter and'10 mm in length! and inductance of the coi
was monitored with a LCR meter at a frequency of 1 MH
Pressure-induced changes in ther-T and x-T curves were
reproducible in repeated pressure cycles.

III. ELECTRONIC AND STRUCTURAL PHASE DIAGRAM

Before presenting details of experimental results, let
survey thex dependence of resistivityr for La12xSrxMnO3.
Figure 1 shows ther-T curves for La12xSrxMnO3 with a fine
interval of x (0.12<x<0.18). An arrow indicatesTC ,
which was determined from thex-T curve. Forx>0.14, the
r-T curve shows a jump~indicated by a triangle! due to the
R-O structural transition.6,7 The critical temperatureTs for
the structural transition rapidly decreases withx from
'430 K for x50.14 to'150 K for x50.18, and eventually
disappears forx50.25~not shown!. On the other hand, in the
concentration range of 0.14<x<0.17, ther-T curve shows a
broad upturn in the ferromagnetic phase. We have confirm
that the magnetization curve (M -T) at 5 K is that of a pro-
totypical ferromagnet, and steeply increases up to'4 mB
above m0H'0.3 T. Hereafter, we call the nonmetalli
(dr/dT,0) region the ferromagnetic insulator~FI! phase
and define the critical temperatureTMI as the local minimum
of ther-T curve. Recently, Yamadaet al.31 performed a neu-
tron scattering experiment for La0.85Sr0.15MnO3 (x50.15)
and have observed growth of superlattice reflections be
TMI'200 K. They have ascribed the reflections to regu
ordering of the JT polarons. Beyondx50.18, metallic con-
duction survives down to the lowest temperature. We su
marize in Fig. 2 thex-T phase diagram for La12xSrxMnO3.
The eye-guiding solid and broken curves represent electr
and structural, phase boundaries, respectively.

One may notice another set of anomalies~filled triangles!
in the r-T curves forx50.12. These anomalies seem to
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related to distortion of the MnO6 octahedra as well as chang
in the spin structure. Argyriouet al.30 have investigated tem
perature variation of the Mn-O bond length fo
La0.185Sr0.125MnO3 (x50.125) and found an anomalous di
tortion of the MnO6 octahedra in the temperature range
150–280 K, which the two filled triangles in Fig. 1 bracke
On the other hand, Kawanoet al.34 have observed a mag
netic transition into a canted antiferromagnetic state be
TCA'150 K for x50.125, which coincides with the lower
lying anomaly observed in ther-T curve forx50.12 crystal.

IV. EFFECT OF PRESSURE ON THE STRUCTURAL
TRANSITION

In the doped manganites, applications of pressure
hances carrier itineracy, and hence strengthens the
interaction.19,24 Such a pressure-enhanced carrier itinerac
expected to also affect the structural transition near
metal-insulator phase boundary. First, let us scrutinize thx-
T and r-T curves forx50.17 at ambient pressure~Fig. 3!.
With decreasing temperature, thex value steeply rises a
TC(5265 K) accompanying a decrease of ther value. Value
of TC can be determined precisely from the inflection po
of the x-T curve with an error of60.3 K. In the paramag-
netic phase, a distinct hysteretic change is observed in thr-
T curve around'283 K. This anomaly is originated in th
O-R structural transition, because the orthorhombic~022!
peak in the powder x-ray diffraction pattern forx50.17 dis-
appears above'285 K.7 Thus, we can use the inflectio
point in thex-T curve and the resistivity jump as sensitiv
monitors forTC andTs , respectively.

Figure 4 shows pressure dependence of~a! ac susceptibil-

FIG. 1. Temperature dependence of resistivity for crystals
La12xSrxMnO3 (x50.12– 0.18) in the warming run.Tc , Ts , and
TMI represent the Curie temperature, the critical temperature for
orthorhombic-rhombohedral structural transition, and that for
metal-insulator transition, respectively.
f

w

n-
E

is
e

t

ity and ~b! resistivity for thex50.17 crystal. Reflecting the
pressure-enhanced carrier itineracy,TC increases from 265 K
at ambient pressure to 282 K under pressure of 0.32 GPa
contrast,Ts decreases from'280 K (>TC) at ambient pres-
sure to '230 K (<TC) at 0.24 GPa. In the intermediat
pressure region, the structural transition takes places be
TC in the cooling run, but aboveTC in the warming run.
Accordingly, thex-T curve shows an apparent hysteretic b
havior @see, for example, the 0.12 GPa run in Fig. 4~a!# due
to different Curie temperatures in both theO andR phases.

Thus obtainedTC and Ts are plotted in Fig. 5 agains
calibrated pressure.TC and Ts are nearly pressure indepen
dent below 0.1 GPa. With further increase of pressure,Ts
drops by'50 K from '250 to '230 K accompanying a
jump of TC by '10 K. Such a strong coupling between th
lattice and spin system is perhaps mediated by the kin
energy of theeg carriers. In the doped manganites, trans
integral t of eg carriers significantly increases in the spi
polarized FM phase (t→t0). Then, the energy gain in me
tallic state stabilizes theR structure with largert0 even at the
cost of the elastic energy, which causes the discontinu
drop of Ts as observed. This argument is consistent w
much smaller pressure effect forx50.175~see inset of Fig.
5!, in which Ts locates in the FM phase (Ts,TC).

The suppression ofTs under pressures is quite analogo
to that induced by an external magnetic fieldH. Asamitsu
et al.6,7 have investigated effects of magnetic field onTs ,
and derived the structural phase diagram in theH-T plane:

f

e
e

FIG. 2. Electronic and structural phase diagram
La12xSrxMnO3. Circles and triangles stand for the Curie tempe
ture Tc and the critical temperatureTs for the orthorhombic-
rhombohedral structural transition, respectively~cited from Refs. 5
and 7!. Squares stand for the critical temperatureTMI for the metal-
insulator transition. A broken curve is the guide to the eye for
structural-phase boundary, while solid curves are for the electro
boundaries. PI, FI, and FM stand for paramagnetic insulator, fe
magnetic insulator, and ferromagnetic metal, respectively.
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56 12 193ENHANCED ELECTRON-LATTICE COUPLING IN . . .
Ts discontinuously decreases by'40 K from '280 to
'240 K at a field of'2 T. The magnetic field aligns th
local t2g spins@Du→0 in Eq. ~1!#, and hence increases th
carrier itineracy. Thus, the application of an external m
netic field has qualitatively the same effect as the press
application, and hence stabilizes theR phase as observed
However, effects of the magnetic field on the transport pr
erties are restricted nearTC and become negligible far below
TC .6,7 This makes a sharp contrast with the pressure ef
that induces a nearly uniform reduction of resistivity ind
pendent of temperature@see Fig. 4~b!#.

V. EFFECT OF PRESSURE ON THE METAL-INSULATOR
TRANSITION

Near the metal-insulator phase boundary, a ferromagn
but insulating~FI! phase appears~see Fig. 2!. As a prototypi-
cal example, we show in Fig. 6 temperature variation or
and M for x50.16 at ambient pressure. With decreas
temperature, the r value gradually increases belo
TMI'170 K accompanying a small anomaly in theM -T
curve. It is plausible that the JT polarons are thermally a
vated and barely mobile in the temperature range ofTMI
<T<TC , but are weakly localized when forming a polaro
lattice at lower temperature (<TMI). The weakly localized
eg carriers can mediate the DE interaction between
neighboringt2g spins and cause the ferromagnetic state.
cently, Yamadaet al.31 have proposed that such a polar
lattice is induced belowTMI on the basis of their neutro
diffraction results. Nominal hole concentration correspon
ing to the proposed polaron lattice periodicity isx5 1

8 .
The external pressure has significant effects on the

FIG. 3. Temperature-variation of ac susceptibility~upper panel!
and resistivity~lower panel! for a crystal of La0.83Sr0.17MnO3 (x
50.17). Tc andTs represent the Curie temperature and the criti
temperature for the orthorhombic-rhombohedral structural tra
tion, respectively.
-
re

-

ct
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e
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-

I

transition. In Fig. 7 are shown ther-T curves under pres
sures. With increase of pressure, enhanced carrier itine
~or polaron hopping! converts the FI phase to the FM pha
and eventually the FI phase disappears above;0.14 GPa.
Incidentally, an abrupt change ofTC betweenP50.4 and 0.7
GPa is due to the intersection of the magnetic phase bou
ary and the structural one. In Fig. 8, we plotTMI against
calibrated pressure: a solid curve is forx50.16 and a broken
curve for x50.15. With an increase in pressure, the M
phase boundary shifts toward the low-temperature side

l
i-

FIG. 4. Pressure dependence of~a! ac susceptibility and~b!
resistivity for a crystal of La0.83Sr0.17MnO3 (x50.17). Filled tri-
angles and arrows representTs andTc , respectively.
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stronglyx-dependent manner. The FI state completely dis
pears above'0.11 GPa forx50.16, while the phase re
mains even at'1.6 GPa forx50.15. Robustness of the F
phase forx50.15 is perhaps ascribed to proximity ofx to the
commensurate value (x5 1

8 ) as well as to the reduced tota
kinetic energy of the carriers.

It should be noted that an external magnetic field ha
negligible effect on this MI transition. As seen in the inset
Fig. 7, a magnetic field scarcely affects the transport prop
ties below 200 K apart from the conventional MR effe
aroundTc . This is because the MI transition takes place

FIG. 5. Pressure-temperature phase diagram
La0.83Sr0.17MnO3 (x50.17). Triangles and circles representTs and
Tc , respectively. The hatching regions represent the thermal
teresis. Inset shows comparison of the structural phase bound
~in the warming run! for x50.17 and 0.175. Note that the horizont
axis is the calibrated pressure.

FIG. 6. Temperature-variation of resistivity and magnetizat
~measured under a field of 10 mT! for a crystal of La0.84Sr0.16MnO3

(x50.16). Magnetization was measured after cooling down to 5
in zero field~ZFC!. TC andTMI represent the Curie temperature a
the critical temperature for the metal-insulator transition, resp
tively.
-

a
f
r-

r

s-
ies

c-

FIG. 7. Pressure dependence of resistivity for a crystal
La0.84Sr0.16MnO3 (x50.16). Squares, triangles, and arrows rep
sentTMI , Ts , andTc , respectively. Inset shows effect of an exte
nal magnetic field on the resistivity.

FIG. 8. Pressure dependence ofTMI for x50.16 and 0.17. Note
that the horizontal axis is the calibrated pressure. FI and FM re
sent ferromagnetic insulator and ferromagnetic metal, respectiv
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56 12 195ENHANCED ELECTRON-LATTICE COUPLING IN . . .
the FM phase with sufficient spin polarization, and hence
coupling between the conduction electrons and local sp
plays a minor role. This makes a sharp contrast with the c
of the structural transition atTs ~see Sec. IV! as well as the
resistive change aroundTC .24

VI. SUMMARY

We have investigated the effects of pressure on the m
netic and transport properties for La12xSrxMnO3 with a fine
interval ofx near the metal-insulator phase boundary. App
cation of pressure significantly affects~1! the orthorombic-
rhombohedral structural transition atTs and ~2! the metal-
insulator transition atTMI that has been interpreted in term
of the ordering of the JT polarons. Reflecting the strong c
relation of the kinetic energy of theeg carriers with the lat-
tice distortion,Ts shows an abrupt reduction under press
when it crosses the magnetic phase boundary. An exte
magnetic field also increases the carrier itineracy, and he
tt
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has similar effect onTs . On the other hand, an application o
pressure destabilizes the ordered state of the JT polaron
low TMI via enhancedeg-electron hopping. In this case, how
ever, magnetic field has negligible effect onTMI , suggesting
that the electron-spin interaction plays a minor role on t
transition. These observations indicate that electron-lat
coupling plays significant roles in the transport propert
even for La12xSrxMnO3 with maximal bandwidth near the
metal-insulator phase boundary.
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