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Pressure effects on charge-ordering transitions in Perovskite manganites
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Effects of chemical and external pressures have been investigated on the two types of charge{@@&ring
systems of perovskite manganites with the use of single-crystal specimens: Ong _igSN#nO5 with
moderate CO instability occurring only neea+ 1/2 and the other is Rr,Ca,MnO; with stronger CO insta-
bility extending over a widex region 0.3xx<0.7. We have partially substituted the Nd ions of
Nd,,,Sr1,MnO5 with larger La ions or applied external pressure on them with the aim of destabilizing the CO
state via an increase of thel-&lectron hopping interaction. An electronic phase diagram relevant to the CO
transition was derived fo(Nd;_,La,) 1,Sr;,MnO5 by such a control of the one-electron bandwid)(

With an increase ofV, the enhanced ferromagnetic double-exchange interaction increases the Curie tempera-
ture (T¢) and suppresses the charge-ordered state with a concomitant antiferromagnetic charge-exchange-type
spin ordering(AF-CE). In a narrow window of (0.4<z=<0.6) or in the pressurized state for 0.4, another

type of antiferromagneti(perhaps thé type) phase replaces the AF-CE state. Application of external pressure

and resultant enhanced carrier itineracy suppresses the CO transitions alsg fgE&RMnO,. For the

x=0.30 crystal, application of pressure induces a metallic phase from the low-temperature side in the charge-
ordered insulating phase. The pressure-temperature phase diagrams relating to the CO transition or the con-
current insulator-to-metal transition were shown to scale well with the magnetic-field—temperature phase
diagrams[S0163-182807)06511-9

l. INTRODUCTION these compounds is mediated by the itinergptarriers!®
which magnetically couple with the locaj, spins via the

Electronic properties of correlated electron systems, espen-site exchange interactighlund’s-rule couplingl,). The
cially near the insulator-met&lM) phase boundary, are sen- doped manganites show a large negative magnetoresistance
sitive to the magnitude of the one-electron bandwidtf) ( (MR) around the Curie temperatur& ), which has been
In transition-metal oxides with an orthorhombically distorted ascribed to alignment of the locgly spins and reduction of
perovskite structureRMO3, whereR and M are, respec- the spin scattering of the, carriers by a magnetic field. The
tively, the rare-earth and transition-metal ions, Wevalue MR behavior of the manganites with a relatively largé
can be controlled by varying thd-O-M bond angle through value(e.g., Lg _,Sr,MnO3,) is well reproduced by a simpli-
change of the average ionic radius Rf? Torranceet al!  fied DE modeP® which considers merely the transfer inter-
derived an electronic phase diagram ®RNiO; (M=Ni) action of the itinerangy carriers and the on-site ferromag-
with systematic variation of the ionic radius Bf The criti-  netic interactionJ,; between thee,; electron and locat,,
cal temperatureTy,) for the metal-to-insulator transition in spinl! On the other hand, Milliet al'? have argued that the
RNiO; decreases with an increase of the ionic radius or arffect of the Jahn-Teller interaction inherent to the MnO
increase of thaV value and eventually the insulating phase octahedron is essential to reproduce the temperature varia-
disappears foR=La. Similarly to the chemical control of tion of the resistivity neaf ¢ (in particular, the semiconduct-
the M-O-M bond angle(chemical pressure effegt the W  ing behavior abovd ) as well as the “colossal” value of
value can be increased by the application of an external pre$4R in the low-doped region or for the smaN-system such
sure through contradiction of th&-O bond length or as La_,CaMnOs.
straightening of thé1-O-M bond angleé’~® Compared to the In addition to the ferromagnetic transition, the doped
chemical pressure, the external pressure is a clean perturbaanganites often undergo a phase transition to a charge-
tion and is free from the randomness of the potential intro-ordered state, in which the nominally Mh and Mn** spe-
duced by chemical substitution. However, the controllablecies show a real-space ordering in the crystal, in the case
range ofW by the external pressure is narrower than that bywhere the doping levelx) is near a commensurate value
the chemical substitution. Then, a combination study of the =1/2) :*-6 The charge-orderingCO) transition accompa-
chemical and external pressures will give us important infornies an appreciable change in the lattice paramétéfs’
mation on the electronic nature of correlated electron systenThese CO transitions can be classified into two tyfres

Perovskite-type manganit@ _ ,A,MnO; become a con- ferred to hereafter as type | and type.lIn type I, the
ducting ferromagnet with hole doping). The ferromag- charge-ordered state emerges with the concomitant antiferro-
netic interaction or the double-exchan@gE) interaction in  magnetic spin ordering in the metallic ferromagnetic phase
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perature(virtually exceedingl' ) and the ferromagnetic me-

(Tco<Tc, Tco being the critical temperature for the CO 4 40

transition in the case where the CO instability is not so ) L SEMnOsy T (0) Nar-cSeMnO3

strong. Nd,;,Sr;,MnO3 (Ref. 13 is classified into this type T T

(type 1), which becomes a conducting ferromagnet below 300 - 300~ 1

Tc=250 K and then an antiferromagnefitharge-exchange & < 1 Tc/\.@

(CE)-type] charge-ordered insulator beloWco~158 K. £ g1 {5

When the CO instability is further enhanced in a narrower- 2 15290 g

W system, the charge-ordered phase emerges at higher tem§ E [ // “ 5
100 1 108 CoL

tallic (FM) phase is no longer preseftype Il). In this case, F 1

the antiferromagnetic transition temperatufig) is usually (CLEL - FM a EM

lower thanTco. Pr;_«CaMnOs is a prototypical example 0102030405 0 0102030485 0 0102030405
for type Il. The CO phase extends over a wide range of hole x X x

concentration (0&8x=<0.7) in Pr,_,Ca,MnO; and no FM

phase appears in anyregion at zero f'?_|d§’18'19 FIG. 1. Electronic phase diagrams for perovskite manganites:
An external magn_etlc flel_d_ has significant effects not or_lly(a) La,_,Sr,MnOs (cited from Ref. 10, (b) Nd,_,Sr,MnO; (cited

on the ferromagnetic transition but on the charge-orderingrom Ref. 21 and present workand (c) Pr,_,Ca,MnO; (cited

transition. This is because the effective transfer integial ( from Refs. 16 and 19 The abbreviations represent spin-canted in-

of the e, carriers strongly depends on alignment of thg  sulating(Cl), ferromagnetic insulatingFl), ferromagnetic metallic

Spins7 (FM), and charge-ordered insulatingCOl) states, respectively.
Te, Tn, Teo, and Tea stand ferromagnetic, antiferromagnetic,

t=tocogA6/2), (D) charge-ordering and spin-canting transition temperatures, respec-

tively.

wheret, is the bare transfer integral without spin scattering

Z‘Qfle?nl:;s .t~:§ rﬁéat‘;[(':veﬁae?dgIioiighaebre'%nbﬁgm%kép'n:' ;:]‘2 induced phenomena observed for single crystals of
9 y alg g SP Pr,_«Ca,MnO; (0.3=x=<0.5) with the effects of an exter-

(46—0), enhances the carrier itineracy, and modifies the al magnetic field from a unified viewpoint of the CO insta-

CO state. In an extreme case, the application of a magnetic. . - : :
field destroys the CO state and induces a FM stat llity and present an empirical scaling relation between the

from the low-temperature side, as exemplified in€T€CS Of pressure and magnetic field.
Pr;_,Ca,Mn0;.*81° Similarly to the magnetic field that di-

rectly acts on the spin state, external or chemical pressure is

expected to enhance the ferromagnetic DE interattion Il. ELECTRONIC PHASE DIAGRAM
through an increase of the bare transfer integtg) @nd
hence modifies the charge-ordered state. First, let us survey the electronic phase diagrams

In this paper, we report on the effects of chemical andfor perovskite manganites as shown in Fig.(a)l
external pressure on the two types of CO systemsta, ,Sr,MnO5:'° Fig. 1(b), Nd;_,Sr,MnO3;?* and Fig.
Nd;_,SrMnO; (x=1/2) with moderate CO instability 1(c), Pr,_,Ca,Mn03.28° As the averaged ionic radius of
(type ) and Pr_,CaMnO; (0.30<x=<0.50) with strong the perovskiteA site decreases fronfLa,Sn to (Pr,Ca
CO instability(type II). In the former system, we can control through (Nd,Sn, the orthorhombic distortion of the
the W value by partially replacing the Nd ions with larger  GdreQ, type increaseAs a result, the reduced Mn-O-Mn
La®" ions as ‘well as by applying external pressure.pong angle suppresses the itineracy of egecarriers. This
We have derived an electronic phase diagram fofheans that other electronic instabilities, such as the CO and
(Nd; —,La,) 1/25r1,MnO3 as a function of the averaged ionic ,iterromagnetic superexchange interactions, which com-

[)adl:js(_g:hz), Wh'fc,['h IS atg)]oo((jj rcvgta;]sgre of the d;)vne-el_ectronpete with the ferromagnetic DE interaction, may become
andwidth W) of the e, band. With increase (or in- dominant in specifix and temperature regions.

crease of), the enhanced ferromagnetic DE interaction sup- The phase diagram for La,Sr,MnO; [Fig. 1a)] is a
X2 x 3 '

presses the charge-ordered state with antiferromagfetic . i :
CE-type spin ordering and eventually the charge-ordere&"’Inonlcal one for the DE systethThe ‘]a.h.n Teller dlgtorted
state k<0.1) undergoes a phase transition to a spin-canted

state disappears abowe=0.6. In a narrow window ofz ) , .
(0.4<7=<0.6), another type of antiferromagnetiperhaps insulating phase. With further doping, the FM phase appears

the A type, AFA) phase replaces the AF-CE state as a posP€/0WTc . Tc steeply increases withup tox=0.3 and then
sible consequence of the subtle balance between the comp&gturates. A ferromagnetic insulatitgl) phase is present in

ing interactions. In the case of Pr,Ca,MnO,, pressure- & fairly narrowx region =0.10-0.17 in which the e,
enhanced carrier itineracy also suppresses the CO transiti@@'tiers are subject to localization but can still mediate the
and enlarges the high-temperature low-resistive state. For tfélromagnetic interaction between the neighboring sites and
x=0.30 crystal, we observed an IM transition under prestealize the ferromagnetic state in a bond-percolation manner.
sures, which can be interpreted in terms of collapse of th&uch a Fl phase expands as the averaged ionic radius de-
CO. Similar pressure-induced IM transition was recently recreases: The low-temperature ferromagnetic phase is insulat-
ported by Hwanget al® for a polycrystalline sample of ing up tox=0.3 for Pr;_,Ca,MnO3, as seen in Fig. ().
Pr,_,CaiMnO; (x=0.3). We compare these pressure- Inthe case of Ng_,Sr,MnO;[Fig. 1(b)] with a narrower
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one-electroney band, T¢ is suppressed as compared with i
La,_,Sr,MnO3 and begins to drop with hole doping beyond (Nd1L2:)281,2MnO5

x~0.4. In the immediate vicinity of= 0.5, a charge-ordered Loab g 206 H=?655T ]
insulating (COI) phase sets in beloWco (<Tc). The CO S0 4L
transition at x=0.5 (T¢p=158 K) accompanies a = / ]
ferromagnetic-antiferromagnetic transittdnand the low- =T C
temperature spin structure is known to be of the CE type as oL Teo 0 200 400 1
in La;_,Ca,Mn0 ;.2 The transition also accompanies a sig- i l, Temperature (K) 7%

nificant change in the lattice parameters: In the orthorhombic
(Pbnm) setting,a andb lengthen by~0.5-0.9 % and the
c shrinks by~1.5%%2 The charge-ordered state is observed
only in a limited x region and disappears belox= 0.48.
Recently, Kawanet al?2 performed neutron scattering mea-
surement and found that the low-temperature spin structure
at x=0.55 is not of the CE type but of the layered typ® ( C
type) along thg0 0 1] direction in thePbnmsetting and that 107 E
no sign of CO is observed. N T T .
For Pr,_,Ca,MnO; [Fig. 1(c)] with a further reduced 0 10 Tempi‘i‘j,m(m 0 00
W, the charge-ordered phase extends over a wide range of
hole concentrationX=0.3) below 220-240 K and no FM FIG. 2. Temperature dependence of resistivity for

phase shows up in any region® In the charge-ordered (Nd;_,La,) 1,Sr;,MnO3 crystals with varyingz value. T¢ and
phase of this compound, there are successive magnetic trafz, represent ferromagnetic temperature and charge-ordering tran-
sitions to a spin-collinear antiferromagnetic phdag Ty) sition temperatures, respectively. The inset shows the temperature
and to a spin-canted antiferromagnetic phésel ). The  dependence of the magnetizati¢nnder a field of 0.5 T for
observed variation of the transition temperatufigg and z=0.4, 0.5, and 0.6, which was measured after cooling down to 5 K
Tca With x may be interpreted in terms of the partial revival in @ zero field. A broken curve represents the datazfe0.5.

of the DE carriers in the charge-ordered phase: The CO pat-

tern is always(1/2, 1/2, 0 in the pseudocubic setting irre- B. High-pressure experiment

spective ofx and hence the deviation @&ffrom x=1/2 pro- A hydrostatic pressure was obtained with a clamp-type
duces extra carriers that modify the spin structure agpiston cylinder cell. Resistivity ) was measured by the
observed® This is in sharp contrast to the case of four-probe method using heat-treatment-type silver paint as
Nd,_,Sr,MnO,, in which a small number of extra carriers electrodes. A small piece of crystat0.5x 1X2 mm?®) was
(0.02-0.05 per Mn siteappear to destroy the charge-orderedplaced in a sample room, which was filled with silicone oll
state atx=~0.5. as a pressure-transmitting medium. The sample temperature
was monitored with a copper-constantan thermocouple
placed in the sample room and an AUB67%-chromel

Resistivity (£2cm)

1072

. EXPERIMENT theromocouple attached near the sample room. The pressure
values quoted in this paper are those measured at room tem-
A. Crystal growth perature. We also measured ac susceptibilty nder pres-

Crystals of the doped manganites were grown by theUres fpr the purpose of precise determir}ationT(‘_gf.20 A
floating-zone method at a feeding speed of 7-9 mm/h fopMall piece of crystalt 10 mg was placed in a coil2 mm
(Nd,_,La,) 15Sr1,MnO; (0<z<1) and Nd,_,Sr,MnO; N diameter and~10 mm in length, of which inductance
(0.3=x<05) and 3-5 mm/h for Rr,CaMnO was monitored with & CR meter at a frequency of 1 MHz.
(0.3=x=0.5)1°1% A  stoichiometric mixture Xof XNQO: Pressure-induced changes in {hd and y-T curves were

La,03, SICOs, Mn30,, PreO;;, and SICQ was ground reproducible in repeated pressure cycles.
and calcined three times at 1050 °C for 24 h. Then the re-

sulting powder was pressed into a rod with a size of 5 mm IV. CHARGE-ORDERING TRANSITIONS
¢>60 mm and sintered at 1350 °C for 48Md-based crys- FOR Nd;_,Sr,MnO,

tals) or 1200 °C-1300 °C for 48 kPr-based crystalsThe
ingredient could be melted congruently in a flow of air or
O, using a floating-zone furnace with two incandenscent From a comparison between the phase diagrams for
halogen lamps. Results of powder x-ray-diffraction measureta,_,Sr,MnO5; and Nd,_,Sr,MnO; (Fig. 1), we may ex-
ment and electron probe microanalysis indicatedpect to investigate the bandwidth dependence of the charge-
that the crystals are single phase and show nearly identicakdered statdat x=1/2) by using theA-site solid solution
compositions to the prescribed ones. In the case o$ystems (Nd;_,La,);,Sr;,MnO; (0<z<1). Figure 2
(Nd;_,La,) 15Sr1,MnO3, the crystal structure is ortho- shows thep-T curves for (Nd,_,La,) 1,Sr;,,MnO5 with
rhombic (Pbnm Z=4) for 0<z=<0.5 and rhomobohedral variousz values. With an increase &% (or an increase of
(R3c, Z=2) for z=0.6. In the respective phases, the room-z), the enhanced DE interaction suppresses the CO transi-
temperature lattice constants monotonically vary vrith tion: To decreases fronf =158 K atz=0 to 120 K at

A. Pressure control of the CO transition
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TABLE |. Space group and lattice parameters did, _,La,) 1,Sr1,MnO3. Teo and Ty are charge-
ordering and Nel temperatures, respectively.

z Space group 300 KA) 200 K (A) 100 K (A) 30 K (A)

a=5.4779(2) 5.474@®) 5.5171193 5.518Q13)
0.4 Pbnm b=5.4283(2) 5.432(2) 5.459618) 5.460420)
Teo=120 K c=7.6539(3) 7.652@) 7.545515) 7.545616)

a=5.4846(6) 5.4799) 5.50814) 5.50934)
0.5 Pbnm b=5.4417(7) 5.437d&) 5.45954) 5.46064)
Ty=195 K c=7.6580(8) 7.644(D) 7.55165) 7.54925)

a=5.4503(3) 5.4486) 5.44766) 5.44707)
0.6 R3c

B=60.3673)° 60.2286)° 60.23%7)° 60.2538)°

z=0.4 and the charge-ordered state disappears abowgeases with pressure accompanying a steep reduction of the
z=0.6. In Table | we show the lattice parameters forp value. Thep-T curves atP=1.1 and 1.4 GPa for=0.4
(Nd;_,La,),,,Sr;,MnO5 (z=0.4, 0.5, and 0)6at several show a close resemblance to that fer0.5 at ambient pres-
temperatures. The lattice constants4er0.4 (Tco=120 K) ~ sure (broken curvep suggesting that the high-pressure
show a large change between 200 KTco) and 100 K (=1 GPa phase is essentially the same as theA\Btate.
(<Tco): a andb expand by~0.5-0.8 % and: shrinks by Thus obtainedlc, Tco, and Ty are plotted with open
~1.3% perhaps upon the CO transition as observed i§YMbols in Fig. 4 as a function af The hatched area in the
Nd,Sr1,MnO5 (z=0) 23 By contrast, no prominent change figure represents the thermal hysteresisTef and Ty.
of the lattice constants is observed for 0.6 apart from the Among them,TC'under préssure was detgrynmed from the
slight thermal shrinkage. temperature variation of the ac susgeptlblhtx_)_( In the
One may notice that the=0.5 sample(indicated by a same figure we also plot the respective transition tempera-

broken curve in Fig. 2shows a curious behavior. As seen in tures obtained under pressurésolid symbol$ using the

the inset of Fig. 2, the ferromagnetic-antiferromagnetic tran~ommon scaling relation thakz=0.04, whereAz is an

i h bruot di fthe f effective increment o andP is in units of GPa. Using the
sftion Shows up as an abrupt disappearance ot the feromagp, ,,q scaling relation, the obtained pressure data can be pre-

netic magnetization ally . Ty rather increases in going from genieq consistently with the ambient pressure data as a func-
z=0.4 to 0.5. Furthermore, the-T curve forz=0.5 shows o of z, as shown by eye-guiding curves. With an increase
an anomaly atTy, but the p value remains fairly low of 7 the enhanced DE interaction increasgs and sup-
(~4x10"° O cm) even at sufficiently low temperatures be- pressesTo. In the region of 0.42z<0.6, the AFA state

low Ty. These imply that the low-temperature magneticreplaces the AF-CE state afi¢: shows an anomalous de-

structure forz=0.5 is different from that foz=0 (CE typ®  crease withz. In the rhombohedral phase*0.6), no anti-
because the transport property is significantly affected by the

spin structure. A good reference may be;8r;,,MnO4
with the nearly corresponding tolerance fact@r the I (Nd;_La,),/2511,2MnO3
A-site averaged ionic radiyswhose low-temperature spin I Fe 2204
structure is of the layered typeA(type) along the[1 1 (]
direction in the Pbmn setting?® The resistivity for
Pry,Sri,MnO5 remains rather lo® (~102 Qcm) at
~5 K, in sharp contrast to the transport properties for
Nd4/5Sr1,MNO 5, whose low-temperature spin structure is of
the CE type. From this analogy, we speculate that the spin
structure forz=0.5 is different from the CE type and per-
haps theA type. Hereafter, we will refer to this antiferromag-
netic phase tentatively as the A&-phase. The magnetic
phase transition foz=0.5 accompanies a lattice anomaly
similar to the case af=0.4, i.e., elongation o andb and
shrinkage ofc (see Table)l

The application of pressure, which also increases\the
value, appears to induce a transition from the charge-ordered

Resistivity (£2cm)

AF-CE state to the AFA state. We show in Fig. 3 the pres- T

sure dependence of resistivity far= 0.4 that shows the CO Temperature (K)

transition at ambient pressuréThe respective two curves

correspond to the cooling and warming ryn#&/e adopted FIG. 3. Pressure dependence of resistivity for

the minimum position of the-T curve as the phase transi- (Nd, ¢ ag.4) 1,5rH,MNO; (z=0.4) crystal. A broken curve repre-
tion temperature. The transition temperature gradually insents the data far=0.5 at ambient pressure.
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1071 5
(Nd; .La)12511,2Mn0;3 1 F (2)z=04 ] (®)2=0.5
400+ Orthorhombic = Rhombohedral | 10721 =
I : Tc 107 E
[ : ] I 1%
&}
300 Te - — ; ;
Z 7 - 2 i
S ot : 4103 1%
5 ¢ z & ] 2107
2 e ]
5 : FM
z 1074k E
- I BTNV W BRI RS P NU S S S N R S S N
- 100 200 300 00 200 300
- 7 Temperature (K) Temperature (K)
: FIG. 5. Temperature dependence of resistivity for
~ (Nd;_,La,)1,Sr1,MnO3 crystals under external magnetic fields:

(@) z=0.4 and(b) z=0.5.

FIG. 4. Electronic phase diagram foNd; _,La,);,Sr;,,MnO5 circles for the Pr;_,CaMnO; (x=0.40) crystal[see also
as a function of compositiorz. Tc (open circley Tco (open the phas_e diagram shown in FIQCﬂ_. Ar_' Increase op and
squarg, and Ty, (open squardsrepresent ferromagnetic, charge- & reduction ofy upon the CO transition indicates that the DE
ordering, and antiferromagnetic transition temperatures, respednteraction is suppressed beldw,, due to localization of the
tively. FM, AF-CE, and AFA stand for ferromagnetic metallic, carriers. (A thermal hysteresis upon the CO transition is
charge-ordered antiferromagnetic insulatijog the CE typg, and  shown for the resistivity curveWith a further decrease of
antiferromagnetic state@erhaps of the\ type), respectively. The temperature, an antiferromagnetic spin orderi@f type
hatched area represents the thermal hysteresi$cgfand Ty . occurs afTy=170 K (see Fig. 1
Tc, Teo, andTy determined under pressuresolid symbols are The application of pressure and the resultant enhancement
also presented using a common scaling relation #&t0.04°,  of the carrier itineracy suppress the CO transition also for
P being in units of GPa. Pr,_,CaMnO; with stronger CO instability. Figure 7

ferromagnetic transition occurs and the system remains feghows thep-T curves(in the heating rupunder various pres-

romagnetic metallic down to zero temperature. sures for(a) x=0.50, (b) 0.40, and(c) 0.35. Thep-T curve
shifts nearly rigidly toward the low-temperature side with
B. Effect of an external magnetic field external pressure. We adopted the inflection point ofghe
on antiferromagnetic states T curve asT o (downward arrows in Fig.)7and plotted in

An external magnetic field significantly affects these an-Fig. 8 values of ATco/Te, against pressure, where
tiferromagnetic transitions via alignment of the lodal ATco=Teo— Teo and T3y is the transition temperature at
spins? 13141819234 example, Tco for Nd;,Sry,MNO4
(z=0) decreases with an increase of magnetic field and
eventually the antiferromagnetic phase disappears above

uoH=8 T (in the field-cooling condition'® The antiferro-

3 Pr;.,Ca,MnO;  x=0.40 A

magnetic phase is expected to become more amenable to the L Teo 1015

magnetic field with an increase @f. We show in Fig. 5 the 10 F =
p-T curves(in both cooling and warming rupsinder various z i E
magnetic fields foNd;_,La,);/,Sr,,MnO3: (a) z=0.4 and 3 L Jog B
(b) z=0.5. Forz=0.4, the CO transition is suppressed by the S 1 =
field more effectively compared to Ng@Sr,,MnO5 (z=0) 2t =
and extinguished readily above,H=6 T. On the other EIO";— ?;
hand, the AFA phase forz=0.5 is more robust against the 0.05 &

field than the AF-CE state far=0.4: The AFA phase sur- L

vives even aboveugH=7 T. This again implies that the :

magnetic structure of the AR-phase is different in nature . .

from that of the CE type. 1070200300 ©
Temperature (K)

V. CHARGE-ORDERING TRANSITIONS
FOR Pr,_,Ca,MnO , FIG. 6. Temperature dependence of resistivigy and suscep-
tibility ( x) for Pr,_,Ca,MnO5; (x=0.40) crystalM was measured
after cooling downd 5 K in thefield of 3 T. Tcg and Ty stand for
We exemplify in Fig. 6 the temperature dependence otharge-ordering and antiferromagnetic transition temperatures, re-
resistivity (p, solid lineg and susceptibility g=M/H, filled  spectively.

A. Pressure control of CO transition
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s
Pr;_,Ca,MnO; 10 T

,gl.z (a)x=0.50 « 0 GPa
% E —a—0.5 E
08 F ——06
Z 10* & —s—0.8 E
2 E
204 £ —e—1.5 ]
~ = x —— 1.5 (warming) E
0 El ) ]
S 12
2 0.6 a 10
g =
<} Fa
2 04 i
> . =
b 2
2 02f & 10
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0 ]
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FIG. 9. Temperature dependence of resistivity for a
for Pro.7Cay MnO3 (x=0.30) crystal under various pressures. Thermal

FIG. 7. Temperature dependence of resistivity S -
hysteresis is exemplified for the runs at 1.5 GPa.

Pr,_,Ca,MnO; crystals under pressures= 0.50, 0.40, and 0.35

The resistivity was measured in the heating run. Arrows indicate the
charge-ordering transitions. (=~0.02 GPa'l) for x=0.35, but increases up to 0.04—0.06

GPa ! for x=0.50. The pressure-induced increase of the
ambient pressure. Open and filled symbols indid&tg for  carrier itineracy, which tends to suppress the CO instability,
the heating and cooling runs, respectively. Solid lines are theeems to become more effectivexasicreases. We summa-
results of a least-square fitting and hatched areas represeie in Table Il the thusly obtained pressure coefficients to-
the thermal hysteresis. The absolute value of the pressugether withT2,.
coefficient (d InTco/dP|, slope of the lingis fairly small An even more drastic change of the transport property
was found for the Ry.CagMnO; (x=0.3) crystal under
pressures. Figure 9 shows the pressure dependence of the
p-T curve forx=0.3. At ambient pressure, theT curve
shows an insulating behavior and increases monotonically
with a decrease of temperature. The compound shows the
CO transition at~200 K (Ref. 17 (see Fig. 1, though the
corresponding anomaly is rather blurred in i@ curve®*
Under a pressure of 0.5 GPa, a steep drop bf more than
eight orders of magnitude is observed=ab0 K. A similar
pressure-induced IM transition was previously reported for
Pry-Cag ;MnO; (x=0.3) by Hwanget al2 This IM transi-
tion, which can be ascribed to the transition from a COI to a
FM,'81° accompanies thermal hysteregis exemplified for
the 1.5-GPa data in Fig.)@nd hence perhaps some struc-
tural change. We tentatively adopted the maximum position
of the p-T curve as the critical temperatur& () for the IM
transition and plotted,,, in Fig. 10 against pressure. Open
circles and squares are the values for the heating and cooling
runs, respectivelyT,, suddenly emerges &~0.5 GPa and
then gradually increases with pressure.

-0.02

DTeolTed®

~0.04

~0.06

Pressure (GPa)

FIG. 8. Relative change of the charge-ordering temperature B. Comparison between the effects of pressure
(Tco) against pressure for Pr,CaMnO; crystals; x=0.35 and magnetic field

(circles, 0.40(squarey and 0.50(triangles. Open and filled sym- ) ) o
bols are the values for the heating and cooling runs, respectively. In perovskite manganites, an external magnetic field has

Solid lines are the results of least-squares fitting and hatched are@® effect similar to the application of pressure on the charge
represent the thermal hysteresis. dynamics?® According to the DE theorythe effective trans-
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TABLE II. Pressure and magnetic-field coefficients of the critical temperafligg) (for charge-ordering
transition in Pg_,Ca,MnOg crystals.Tgo is the transition temperature at ambient pressure.

X Process 25 (K) d InTeo/dP (GPa 1) d InTeo/dH(T 12 Ratio
0.35 225 —0.018 —0.0022 8.2
0.4 heating 238 —0.035 —0.00% 12
cooling 235 —0.026 —0.004 6
average —0.032 —0.003 9
0.5 heating 237 —0.059 —0.006 9
cooling 231 —0.041 —0.00% 5
average —0.050 —0.00% 7

%Reference 19.

er interaction {) of thee, carrier is expressed by E(L). An  values in Table [}, indicating that the effects of pressure and
external pressure is considered to mainly affect the barenagnetic field on the CO transition are almost equivalent.
transfer interactiontg) via the volume contraction. By con- PryCag sMnO5 (x=0.3) is known as a “colossal” MR
trast, an external field forceably aligns the local spinscompound and shows an IM transition at low temperatures
(A6—0) and increasesvia a reduction of the spin scatter- under a magnetic fiel#i*®°*We include in Fig. 10 values of
ing, which is also the major origin of the negative MR phe-T . under magnetic field8 with filled circles (heating rum
nomena. The enhancédinder a magnetic field is expected gng squareg¢cooling run. A scaling relation holds between
to affect the CO Fransition as well. This was in fact demon-ine field- and pressure-induced shiftsTgf, : The effect of
strated for a series of IfLXCaXM?QO3 (x=0.5, 0.4, 0.35, o magnetic field &6 T is almost equivalent to that of the
I pressure of 1 GPa. Such a scaling relation suggests that the
basic mechanisms for the pressure- and field-induced IM
Sransitions are similar to each other. For the crystals with
x=0.35, no IM transition was observed under pressures up
x=0.50. Nevertheless, the ratio of the pressure-to-fiel 0 1.6 GPa. This is perhaps because the charge-ordered state
coefficient appears to be nearlyx independent eclomes more robugF aapproaches a commensurate value
[(dInTeo/dP)/(dInTco/dH)~7 -9 T/GPa; see the averaged (=5).. .In fact, the grltlcal field H¢), which causes the IM

transition at 5 K, increases fromc~4 T for x=0.30 to

~9 T for x=0.401°

and 0.4 crystals by Tomiokeet al.”” Magnetic-field coeffi-
cients d InTco/dH) estimated from the data presented in
Ref. 19 are listed in Table Il. The absolute magnitude of th
coefficient (d InTco/dH|) is x dependent and increases
from ~0.002 T ! for x=0.35 to ~0.007-0.008 T? for

1504 VI. CONCLUSION

el We have investigated effects of chemical and external

I pressures, which both increase the one-electron bandwidth

L ‘ (W) of the g4 carriers, on the two types of charge-ordering
100k A ‘ transition. In the case of Nd ,Sr,MnO; (x=1/2, type ),

Y Y |l which shows a narrower one-electrog; band than
La;_,Sr,MnO3, an insulating charge-ordered phase with
antiferromagnetic CE-type spin structure sets in at

. Tco=158 K below the Curie temperaturé-=250 K.
O  Pressure (heating) 1 . . . +
O Pressure (cooling) With an increase ofW by partially replacing of Nd
ions with larger L&" ions, the charge-ordered state is
! suppressed and finally disappears aboxe-0.6 for
f ¢ Magnetic Field (heating) (Nd;_,La,)1/5Sr1,MnO5. We have found that in a narrow
| " Mag“e“"TF jeld iio:tljlg) window of z (0.4<z=<0.6) another type of antiferromagnetic
N N ,olmllol o (perhaps theA type) phase replaces the AF-CE state, as a
0 0.5 1.0 L5 possible consequence of the subtle balance between the com-
P(GPa) peting interactions. For Rr,Ca,MnO3; (0.3<x=<0.5) with
a further reduction oV, on the other hand, the CO state
persists up to a relatively high temperature and no ferromag-
netic metallic phase appedtsgpe Il). Similarly to the case of
field (filled symbols: cited from Ref. 18for Pro-CaoMnOs the type-I compound, the application of pressure suppresses

(x=0.3). Circles and squares represent the values for the heatin%‘e CO transition via pressure-enhanced carrier itineracy. For

and cooling runs, respectively, and the hatched area represents t él_XCaXI_\/InO3 (x=0.30), however, the application of
thermal hysteresis. pressure induces the collapse of the charge-ordered state and

Ty (K)

FIG. 10. Critical temperatureT(y) for the insulator-to-metal
transition as a function of pressufepen symbolsand magnetic
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