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Enhanced electron-lattice coupling in La_,Sr,MnO ; 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 La_,Sr,MnO; with a finely-controlled doping leved near the metal-insulator phase bound-
ary. Application of pressure affects the critical temperatures for the orthorhombic-rhombohedral structural
transition (Tg) as well as for the metal-insulator transitiof,{) that has been interpreted in terms of an
ordering of the Jahn-Teller polarons. Reflecting that the kinetic energy &fjtbarriers sensitively depends on
the degree of the lattice distortioliy shows an abrupt decrease under pressure when it crosses the magnetic
phase boundary. On the other haiig, is significantly suppressed under pressure via enhaegetectron
hopping. These pressure effects are compared with those of an external magnetic field.
[S0163-18297)03243-9

. INTRODUCTION Lay - Sr,MnO; with a relatively large bandwidti/ of the e
band.

Discovery of high-temperature superconductivity in hole-  Crystals of La_,SrMnO; (x=0.17) are known to be
doped copper-oxide compounds has aroused renewed asdnducting ferromagnets mediated by the double-exchange
extended interest in the correlated dynamics of spins an(DE) interaction?’?! The nominal MA" ion in the insulating
charges in the barely metallic state near the Mott transition ih.aMnO; has the electron configuration tbfgeé. The tgg
3d-transition-metal oxide systems. During the study, elecelectrons can be viewed as a local sp8+¢), while theey
tronic properties of hole-doped manganites with perovskitestate strongly hybridized with the Op2states and has an
type structureR;_,A,MnO;, whereR and A are trivalent itinerant character when an appropriate number of vacancies
rare-earth and divalent alkaline-earth ions, have been revigholes is introduced. A distinct feature of doped manganites
ited to unveil their large magnetoresistaribR) phenomena i that there exists a strong on-site exchange interadion
near the Curie temperatuf, .>> Recent extensive studies between the itinerang, carriers and locat,q spins. As a
have revealed that the doped manganites show a variety 6Sult, transfer integral of an e carrier is significantly af-
phenomena besides thg{large MR effect, sucrétas magnetfcted by spin alignment as
structural phase transition, magnetovolume effectcharge-
ordering transitiort; * magnetic-field-induced insulator-to- t=1, COSA0/2), @)
metal transitiont>~**and pressure-induced insulator-to-metal wheret, is the bare-transfer integral an¥ is the relative
transition’>° These phenomena are ascribed not only to theingle of the neighboring, spins?® With hole-doping be-
strong coupling between the itineragy electrons and local yondx,=0.17 (Ref. 5 by substitution of the L% ions with
t,q Spins mediated by a strong on-site exchange interactiothe Sf* ions, the system turns into ferromagnetic metal
(Hund’s rule coupling,),;),2*?*but to the other instabilities, (FM). In addition, change in the average ionic radiysof
such as the Jahn-TellgdT) instability’? inherent to the the perovskiteA site alters the lattice structure from ortho-
MnOg octahedra, charge- and/or orbital-ordering instability,rhombic (Pbnm Z=4; O) to rhombohedralR3c, Z=2;
antiferromagnetic spin-fluctuatidtiand so on. In this paper, R).> Resultant increase of the Mn-O-Mn bond angle toward
we have investigated effects of hydrostatic pressure on th&80° enhances the itineracy of thgcarriers, which is mani-
magnetic and transport properties for crystals offested by reduction of resistivity at the structural transition.
La; —,Sr,MnO; (0.15<x=0.18) with a fine interval of dop- Thus, the kinetic energy of the, carriers correlates not only
ing level x near the metal-insulator phase boundary. Withwith the spin arrangement but with the lattice distortion.
use of an external pressure, we can control the carrier itin- Overall magnetic and transport properties of
eracy without changing the doping levé2° The results  La; _,SrMnO; with maximal W are well reproduced by a
suggest that the electron-lattice coupling plays an importandynamical mean-field approximation of the DE motiéd,
role in the insulator-metal phenomena even forwhich takes account of only, andJy . The MR phenomena
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are explained in terms of reduction of the spin scattering obrthorhombic to rhombohedral at a critical concentration of
theey carriers by the forcibly alignethy spins @ 6—0). To  Xs~0.17.

explain the “colossal” value of the MR for the systems with A hydrostatic pressure was obtained with clamp-type pis-
smaller W, e.g., La_,SrCaMnO; (Ref. 8§ and ton cylinder cells. The pressures quoted in the paper were
(Nd,Sm),Sr,,,MnO5, %8 however, we need additional mecha- those measured at room temperat(fégs. 4 and . For
nisms for carrier localization abovE;. Millis, Littlewood, ~ low-pressure experimeni§igs. 4 and % a pressure cell,
and Shraimaf have argued that effect of the JT interaction Whose sample room size is 6 mm in diameter, was used. We
inherent to the Mn@octahedra is essential for understandingN@ve calibrated the pressure cell with the use of a ferromag-
the transport properties of doped manganites, in particular 4€1C ransition temperature of KRG, crystal,™ and found
large resistivity value abové&.. This idea is supported by that relaxation of the pressure is less thaﬁ%/lQO K be-.
some neutron diffraction measuremef&which indicates 0% ~1 GPa. The sample temperature was monitored with a

release of the distortion of the Mpctahedra in the FM copper-Constantan thermocouple placed in the sample room,
nd was slowly increased or decreased at a rate 1 K/

phase. Another candidate may be the charge- and/or orbita;'i:- "

ordering instability, especially wher approaches a com- near the structural transition. To lower the sa}mple tempera-

mensurate value. In several manganite compounds, e.g}C.Lfre down t°_~4 K (l_:|gs_. 7 and 8 a _smaller-S|ze pressure
ell, whose piston size is 4 mm in diameter, was used with

Nd;,Sr,MNnO;, the instability causes a charge-ordering
transition® that is, real-space ordering of the doped carriers2" AuFQO.O?%-ChromeISthermocouple attgchgd near the
ample roomT. of lead® was used for calibration of the

The charge-ordering transition is no more present for v ;
La, ,S,MnO; than with maximalw.2 Recently, Yamada cell; it is inferred th_at.the applied pressure relgxes at a rate of
et al>! proposed that ordering of the JT polarons takes place 7%/100 K. Re.S'St'V'typ was measured. with the four-
aroundx=  at low temperature on the basis of their neutronprObe method using heat-treatment-type silver paint as elec-
diffraction results trodes. A small piece of crystal~0.5x1Xx2 mnt) was

The format of the present paper is as follows. In Sec. Il placed in the sample room, which was filled with silicone oil

we describe crystal-growth procedure for,LaSr,MnO; as as a pressure-transmitting medium. We also measured ac

il i 24
well as details of the high-pressure experiment. Electroniégscept'b'“tyx under pressures to determifig.”’ A small

and structural phase diagrams are presented in Sec. Ill. Ri€ce of crystal 10 mg) was placed in a col2 mm in

part of the results on the phase diagram and the effect of awameter_andw 10_mm in length and inductance of the coil
external magnetic field on the transport properties has beeffaS monitored with a LCR meter at a frequency of 1 MHz.
published in separate pap&ré.Here, we describe details of Fressure-induced changes in thd and x-T curves were
pressure effects on the magnetic and transport properties négProducible in repeated pressure cycles.

the metal-insulator phase boundary. In Sec. IV, we discuss

effects of pressure on the structural transition. The criticalll. ELECTRONIC AND STRUCTURAL PHASE DIAGRAM
temperaturd ¢ shows an abrupt decrease when it crosses the . . .
magnetic phase boundary, suggesting a strong coupling be- Before presenting details of_ gxperlmental results, let us
tween the spin arrangement and lattice distortion. In a previ-SL.m/ey thex dependence of resistivily for Lal‘XS.rXMnQ3'

ous papef;” we have reported the effect of an external mag_F|gure 1 shows the-T curves for La_StMnO; with a fine

netic field on this transition. We will compare the present'nﬁ?r\r’;’"I Of(;( (0.1_2$>(;$f0.18). ?n arrovxI/: ind>icathTch,
pressure effect with the magnetic-field effect. Section V js/vnich was eterm|r!e rom the curve. orx=0.14, the
-T curve shows a jumgindicated by a triangledue to the

devoted to pressure effects on the ferromagnetic but insula 0 | 0B The critical f
ing (FI) state, which can be viewed as an ordered state of J7-O Structural transitiort.” The critical temperaturd for

polarons. Application of pressure promotes the Fl-to-Fmthe structural transition rapidly decreases with from
5430 K forx=0.14 to~150 K for x=0.18, and eventually

transition and eventually, the Fl state disappears. A summarg_ )
is given in Sec. VI. isappears fox=0.25(not shown. On the other hand, in the
concentration range of 0.&x=<0.17, thep-T curve shows a
broad upturn in the ferromagnetic phase. We have confirmed
that the magnetization curva/(-T) at 5 K isthat of a pro-
totypical ferromagnet, and steeply increases up~té ug
Crystals of La_,Sr,MnO; (0.12<x=<0.18) were grown above uoH~0.3T. Hereafter, we call the nonmetallic
by the floating-zone method at a feeding speed of 5-1@dp/dT<0) region the ferromagnetic insulatgFl) phase
mm/h52* A stoichiometric mixture of LgOs;, SrCQ;, and  and define the critical temperatufg, as the local minimum
Mn;O, was ground and calcined three times at 1050 °C foiof the p-T curve. Recently, Yamadsat al3! performed a neu-
24 h with an intermittent grinding procedure. Then resultingtron scattering experiment for hgsSry1gMnO; (x=0.15)
powder was pressed into a rod with a size ofand have observed growth of superlattice reflections below
5 mmgx60 mm and sintered at 1350 °C for 24 h. Over theT,;~200 K. They have ascribed the reflections to regular
whole concentration range, the ingredient could be meltedrdering of the JT polarons. Beyong=0.18, metallic con-
congruently in a flow of air. To characterize the crystals,duction survives down to the lowest temperature. We sum-
powder x-ray diffraction measurements as well as electronmarize in Fig. 2 thex-T phase diagram for La ,Sr,MnOs.
probe microanalysiSEPMA) was carried out. The results The eye-guiding solid and broken curves represent electronic
indicated that the obtained crystals are single phase and shamd structural, phase boundaries, respectively.
a nearly identical composition with the prescribed one. With  One may notice another set of anomalied triangles
increasingx, the room-temperature structure changes fromn the p-T curves forx=0.12. These anomalies seem to be

Il. EXPERIMENT
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FIG. 1. Temperature dependence of resistivity for crystals of . )
La, ,SEMNnO; (x=0.12—0.18) in the warming ru,, T, and FIG. 2. Ele.ctronlc anc_i structural phase dl._agram for
Tw represent the Curie temperature, the critical temperature for thL!aPXS&MnO? Clrcl_e_s and triangles stand for the Curie tem_pera-
orthorhombic-rhombohedral structural transition, and that for theture T. and the critical temp_eraturé’s for the orthorhombic-
metal-insulator transition, respectively. rhombohedral structural transition, respectiv@dited from Refs. 5
and 7. Squares stand for the critical temperatUigg for the metal-

. ) insulator transition. A broken curve is the guide to the eye for the
related to distortion of the Mngoctahedra as well as change gy ctyral-phase boundary, while solid curves are for the electronic

. . . 30 . .
in the spin structure. Argyrioat al.™ have investigated tem-  poyndaries. PI, FI, and FM stand for paramagnetic insulator, ferro-

perature variation of the Mn-O bond length for magnetic insulator, and ferromagnetic metal, respectively.
Lag 18550 12MNO; (x=0.125) and found an anomalous dis-

tortion of the MnQ octahedra in the temperature range ofity and (b) resistivity for thex=0.17 crystal. Reflecting the
150-280 K, which the two filled triangles in Fig. 1 bracket. pressure-enhanced carrier itinera€y,increases from 265 K

On the other hand, Kawanet al>* have observed a mag- at ambient pressure to 282 K under pressure of 0.32 GPa. By
netic transition into a canted antiferromagnetic state belowcontrast,T¢ decreases frony 280 K (=T.) at ambient pres-
Tca~150 K for x=0.125, which coincides with the lower- sure to~230K (=T¢) at 0.24 GPa. In the intermediate
lying anomaly observed in the T curve forx=0.12 crystal. =~ pressure region, the structural transition takes places below
T¢ in the cooling run, but abové&; in the warming run.
Accordingly, thex-T curve shows an apparent hysteretic be-
havior[see, for example, the 0.12 GPa run in Figg)4due

to different Curie temperatures in both tlleandR phases.

In the doped manganites, applications of pressure en- Thus obtainedT. and T are plotted in Fig. 5 against
hances carrier itineracy, and hence strengthens the De&alibrated pressurd.c and T4 are nearly pressure indepen-
interaction'®?* Such a pressure-enhanced carrier itineracy islent below 0.1 GPa. With further increase of pressilig,
expected to also affect the structural transition near thelrops by~50 K from ~250 to ~230 K accompanying a
metal-insulator phase boundary. First, let us scrutinizeythe jump of T by ~10 K. Such a strong coupling between the
T and p-T curves forx=0.17 at ambient pressuk€ig. 3).  lattice and spin system is perhaps mediated by the kinetic
With decreasing temperature, thevalue steeply rises at energy of theey carriers. In the doped manganites, transfer
Tc(=265 K) accompanying a decrease of thealue. Value integralt of ey carriers significantly increases in the spin-
of T can be determined precisely from the inflection pointpolarized FM phaset{~ty). Then, the energy gain in me-
of the x-T curve with an error of=0.3 K. In the paramag- tallic state stabilizes thR structure with larget, even at the
netic phase, a distinct hysteretic change is observed ip-the cost of the elastic energy, which causes the discontinuous
T curve around~=283 K. This anomaly is originated in the drop of Tg as observed. This argument is consistent with
O-R structural transition, because the orthorhom{@22  much smaller pressure effect far=0.175(see inset of Fig.
peak in the powder x-ray diffraction pattern for=0.17 dis-  5), in which T locates in the FM phaseT(<T¢).
appears above=285K.” Thus, we can use the inflection  The suppression of under pressures is quite analogous
point in the y-T curve and the resistivity jump as sensitive to that induced by an external magnetic fiedd Asamitsu
monitors forT. andTg, respectively. et al®’ have investigated effects of magnetic field ®pg,

Figure 4 shows pressure dependencépfc susceptibil-  and derived the structural phase diagram inkh& plane:

IV. EFFECT OF PRESSURE ON THE STRUCTURAL
TRANSITION
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FIG. 3. Temperature-variation of ac susceptibilitypper panel 107!

and resistivity(lower panel for a crystal of LggSl ;MnO5 (X La;_,Sr,MnO; (x=0.17)
=0.17). T, andT represent the Curie temperature and the critical
temperature for the orthorhombic-rhombohedral structural transi-

tion, respectively.

P=0.0GPa

T, discontinuously decreases by 40 K from ~280 to
~240K at a field of~=2 T. The magnetic field aligns the
local t,q spins[A6—0 in Eq.(1)], and hence increases the
carrier itineracy. Thus, the application of an external mag-
netic field has qualitatively the same effect as the pressure
application, and hence stabilizes tRephase as observed.
However, effects of the magnetic field on the transport prop-
erties are restricted ne@ig and become negligible far below
Tc.%’ This makes a sharp contrast with the pressure effect
that induces a nearly uniform reduction of resistivity inde-
pendent of temperatufsee Fig. 4b)].

0.14GPa

Resistivity ($¢cm)
—_
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o

V. EFFECT OF PRESSURE ON THE METAL-INSULATOR ~Z
TRANSITION

_ 1 | 1 L 2 L ! L 2 L 1 [
Near the metal-insulator phase boundary, a ferromagnetic 10° 200 250 300
but insulating(FI) phase appealsee Fig. 2. As a prototypi- Temperature (K)
cal example, we show in Fig. 6 temperature variatiorp of
and M for x=0.16 at ambient pressure. With decreasing
temperature, thep value gradually increases below
Tw=~170 K accompanying a small anomaly in ti-T
curve. It is plausible that the JT polarons are thermally acti-
vated and barely mobile in the temperature rangeTgf  transition. In Fig. 7 are shown theT curves under pres-
<T<T, but are weakly localized when forming a polaron sures. With increase of pressure, enhanced carrier itineracy
lattice at lower temperature<(T,,). The weakly localized (or polaron hoppingconverts the Fl phase to the FM phase
ey carriers can mediate the DE interaction between thend eventually the FI phase disappears abe®el14 GPa.
neighboringt,, spins and cause the ferromagnetic state. Relncidentally, an abrupt change ot betweenP=0.4 and 0.7
cently, Yamadaet al®* have proposed that such a polaron GPa is due to the intersection of the magnetic phase bound-
lattice is induced belowl, on the basis of their neutron ary and the structural one. In Fig. 8, we pldf; against
diffraction results. Nominal hole concentration correspond-calibrated pressure: a solid curve is fo£ 0.16 and a broken
ing to the proposed polaron lattice periodicityxis- 5. curve for x=0.15. With an increase in pressure, the Ml
The external pressure has significant effects on the Mphase boundary shifts toward the low-temperature side in a

FIG. 4. Pressure dependence (@ ac susceptibility andb)
resistivity for a crystal of LggsSr1MnO; (x=0.17). Filled tri-
angles and arrows representandT,, respectively.
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axis is the calibrated pressure.

stronglyx-dependent manner. The FI state completely disap-
pears above~0.11 GPa forx=0.16, while the phase re-
mains even at=1.6 GPa forx=0.15. Robustness of the FI
phase foix=0.15 is perhaps ascribed to proximitysofo the
commensurate valuexE ) as well as to the reduced total
kinetic energy of the carriers.

It should be noted that an external magnetic field has a
negligible effect on this Ml transition. As seen in the inset of
Fig. 7, a magnetic field scarcely affects the transport proper-
ties below 200 K apart from the conventional MR effect
aroundT.. This is because the MI transition takes place in
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FIG. 6. Temperature-variation of resistivity and magnetization
(measured under a field of 10 mfor a crystal of Lg g.Sry 16MNO;
(x=0.16). Magnetization was measured after cooling down to 5 K
in zero field(ZFC). T¢ andT), represent the Curie temperature and

tively.
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FIG. 8. Pressure dependencelgf; for x=0.16 and 0.17. Note
the critical temperature for the metal-insulator transition, respecthat the horizontal axis is the calibrated pressure. FI and FM repre-

sent ferromagnetic insulator and ferromagnetic metal, respectively.
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the FM phase with sufficient spin polarization, and hence théas similar effect off. On the other hand, an application of
coupling between the conduction electrons and local spinpressure destabilizes the ordered state of the JT polarons be-

plays a minor role. This makes a sharp contrast with the casew Ty, via enhance@;-electron hopping. In this case, how-
of the structural transition &g (see Sec. Y as well as the ever, magnetic field has negligible effect ®,, suggesting

resistive change arourit. .2* that the electron-spin interaction plays a minor role on this
transition. These observations indicate that electron-lattice
VI. SUMMARY coupling plays significant roles in the transport properties

) . even for La_,Sr,MnO; with maximal bandwidth near the
We have investigated the effects of pressure on the magyetal-insulator phase boundary.

netic and transport properties for L. Sr,MnO; with a fine
interval ofx near the metal-insulator phase boundary. Appli-
cation of pressure significantly affect$) the orthorombic-
rhombohedral structural transition @t and (2) the metal- This work was supported by the New Energy and Indus-
insulator transition at), that has been interpreted in terms trial Technology Development OrganizatigNEDO) of Ja-

of the ordering of the JT polarons. Reflecting the strong corpan and by a Grant-In-Aid for Scientific Research from the
relation of the kinetic energy of the, carriers with the lat-  Ministry of Education, Science, and Culture, Japan. The au-
tice distortion,Ts shows an abrupt reduction under pressurethors are grateful to K. Hirota, H. Kawano, H. Yoshizawa, T.
when it crosses the magnetic phase boundary. An externéthami, and Y. Yamada for fruitful discussions, and also to T.
magnetic field also increases the carrier itineracy, and hend€imura for his help in calibration of the pressure cells.
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