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We have synthesized N&Sr, sMnOg3 polycrystalline bulk samples by solid state reaction, which
show ferromagneti¢FM), A-type antiferromagneti¢AF) and charge ordering charge exchange
(CE)-type AF transitions on cooling from room temperature to 78 K. We consider that the abundant
magnetic structures are caused by phase segregation. We have investigated and conjectured the
orbital ordering behavior under hydrostatic pressures up to 7.5 GPa and found that low pressure
favors theA-type AF phase wittd(x?—y?) orbital ordering and the CE-type AF phase wit{8x?
-r?)/d(3y?-r?) orbital ordering, while suppressing the FM phase with disordered orbital ordering;
however, high pressure favors tihetype phase and suppresses the CE-type AF phase. Transport
property enhancement and large resistance changes under high pressures are obs2dd&d. ©
American Institute of PhysicfDOI: 10.1063/1.1866481

I. INTRODUCTION transitions and belongs to the type | CO state=0.5° For
0.3<x<0.48, the compounds show a FM metallic state as
The colossal magnetoresistan@MR) effect, simulta-  the ground state, and in the region of 058<0.60, they
neously including a ferromagnetfEM) and metallic state in  are in a metallic antiferromagnetiéF) phase with a layered
the vicinity of the FM transition of manganites, is generally A-type spin structur&® With further increase oX, they are
explained by the double-exchange motieHowever, many  in another AF phase with &-type spin structur@.n a very
findings in the transport, magnetic, and structural propertiedarrow composition range of aroumd- 0.5, on cooling from
have revealed that orbital degree of freedom, Coulomb rergom temperature, the compound shows a transition from a
pulsive interaction, Jahn-Teller effect, and superexchange irparamagnetic state to a FM state at about 250 K and then a
teraction also play very important roles in the CMR efféCt. transition from FM state to a CO insulator with charge ex-
In doped manganites, the FM metallic state is realized by thehange(CE)-type AF spin structure below 160 &*° The
coupling of mobileey orbital carriers with Iocat2g orbital  crystal structures of the CE-type amdtype AF states are
spins. As the transfer interaction or the one-electron bandcharacterized by apically compressed M@tahedra, while
width (W) of the ey carriers decreases, which depends on thehat of theC-type AF state is characterized by apically elon-
Mn-O-Mn bond angle in the perovskites, the FM state willgated octahedra, reflecting their respective layered-type or
suffer from the competing instabilities such as charge orderrod-type orbital ordering patterisMoritomo et al** deter-
ing, orbital ordering, or collective Jahn—Teller distortifs. mined the space group of NeSr, sMnO5 to be Pbmn which
The one-electron bandwidth can be changed by the meg8 much more common in perovskites, and this symmetry has
radius ofA site cations, resulting in lattice distortions. There heen assumed in several subsequent arficies”! On the
are two types of the charge orderiiGO) transition. One  other hand, recently, Woodwaret al° reported that two
(type ) is the CO state emerging in the FM phase, where thgamples with the same composition of JN8r;,MnO5 pre-
CO instability is not stron§,and the otheftype 1) is the CO pared in a similar manner but using different starting mate-
state occuring at a higher temperature, where the FM phasgys show different phase transitions during cooling of the
is no longer preserftNd;_,SrMNnO; shows complex phase samples. According to the analyses of high-resolution syn-
chrotron x-ray diffraction and neutron diffraction, they found
dElectronic mail: rcyu@aphy.iphy.ac.cn that one of the samples undergoes a phase transition from an
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orthorhombic phaséFM) with Imma symmetry to another 1.0

orthorhombic ongA-type AP with the same symmetry at 0.8}

about 225 K, and then a transition from theype AF ortho- C) 06l

rhombic to a monoclinic CO phas€CE-type AF with g

P2,/m symmetry at about 150 K. But these three phases can D o4r

coexist even at a temperature as low as 15 K. However, the = o2

other sample only shows a transition from orthorhombic FM ool

to CE-type AF monoclinic phase at about 150 K without 0.040

observation of thé\-type AF phase. They explained the dif- 0.035]

ferent behaviors between the two samples by the slight ex- 0.030]

cess of MA* and a wider compositional range for the first :E: 0.025]

sample than for the second one. There are three ground states S oozl

aroundx=0.5, indicating that the three phases have approxi- o015l

mately same energies. Thus, small energy disturbance, for o0tol

example, caused by temperature, magnetic fieff, S T
strain:”*®and high pressurjeg,‘ “Letc., can give rise to phase 0% 100 150 200 250 300
transitions among them. T (K)

High pressure, as one of thermodynamic parameters, in-

fluences the charge, spin, and/or orbital ordering of a samplé&!C: 1. (&) Temperature dependence of: magnetizatiopper panél and
! ’ resistivity (lower panel of Nd, sSr, sMnO; at ambient pressure. The nota-

. 19 .
Moritomo . et al. reported that hyd.rosFatlc pressure qns I, 11, 1, and 1V represent the PM, FMA-type AF, and CO CE-type AF
(<1 GPa increased¢ and decreasebe in single crystal  regions, respectively. The decrease of resistivity in region V indicates the
Nd, sSip sMnO3, while Arima and Nakamaf3 reported  coexistence of the FM and CO CE-type AF phases at low temperailjjes.
that uniaxial pressure along theaxis decreaseic and and T denote theA-type AF and CO CE-type AF transition temperatures,

. . . respectively.

increasedp in the same crystal, and stabilizes thaype P y

AF state with increasing Ty in single crystal , .
Nd, 1St sMnO5. Recently, Cui et at! have investigated was a Teflon inner cell used to contain the sample tested.

the transport and structural properties of pressure-induce@uerinert liquid was used as the pressure medium. Low tem-
magnetic states in polycrystalline Ngbr, MnO; and peratures down to 78 K were attained by a continuous flow

found that theTco increases first with increasing pressure ©f liquid nitrogen.
and appears to decrease at pressures ab®/8 GPa.
In this article, we report the transport and magnetic propJ!l- RESULTS AND DISCUSSION
erties of the polycrystalline bulk NdSr, sMnO5 at amb|gnt The phase structure of the prepared polycrystaliine
pressure and the transport property under hydrostatic Pré8ample NgsSrsMnO; was checked by x-ray powder dif-

sures up to 7.5 GPa generated by a large cubic anvil apparg, tion and determined to be an orthorhombic structure with
tus. Possible orbital ordering behavior in the sample undef,ma symmetry. The refined unit cell parameters are

high pressure has been conjectured. =0.5432 nmb=0.5470 nm, and¢=0.7685 nm, in agreement
with the results reported in Ref. 10. No impurity was de-
Il. EXPERIMENTS tected within the measuring accuracy of the detector.

Temperature dependences of magnetization and resistiv-

The polycrystalline bulk NglsSr, gMnO5 was prepared ity are shown in Figs. () and Xb), respectively. Both mea-
using a traditional solid state reaction technique. Stoichiosurements were performed in the warming course. Rkh&
metric amounts of NgD;, SrCQO;, MnO,, and MnO; pow-  curve plotted in Fig. (b) can be divided into five regions, as
ders were mixed, ground, pelletized, and calcined three timesarked in the figure. It shows a transition from a paramag-
at 1050 °C in air for 24 h with intermediate grindings. The netic (PM) state in region | to a FM state in region | &g
pellets thus obtained were reground, pelletized, and sinteregbout 258 K. In region I, the resistance decreases with in-
at 1350 °C in air for 48 h, and then cooled to room temperacreasing temperature, showing a semiconducting behavior,
ture in a furnace. Transport and magnetic properties of thevhile in region Il, on the contrary, the resistance increases
samples were measured using a Mag Lab Syd@rford,  with increasing temperature, showing a metallic behavior.
U.K., 2000, and the electrical resistivity of Nd.S,MnO;  This transition is in agreement with that reported by other
(x~0.5) under high pressures was measured as a function sesearchef?*though theT in this article is a little higher.
temperature by means of the dc four-probe method using thevith decreasing temperature, there is a FMAdype AF
cubic anvil apparatus operated up to 7.5 GPa. The cubic arransition at about 236 KTy), going from region Il to region
vil high pressure device was compressed evenly from sill. A similar transition was also observed in
directions with six anvil tops, thereby producing a hydro- Ndg 45515 5sMNnO5 at around 225 110234 Ndp 49515.5:MNO4
static high pressure for a sample sealed in the gasket. Two @t about 200 K, and in N@ 40510 51MNO3 below 200 K
the six anvil tops were fixed to metal molds placed at uppeiVith further decreasing temperature, a CO CE-type AF state
and lower sections. The anvil top was made of tungsten caleccurs below about 150 K and the resistivity increases more
bide, and the gasket material was a mixture of amorphousteeply in region IV with decreasing temperature. In region
boron and epoxy resin in 4:1 weight ratio. In the gasket ther&/ where the temperature is below about 91 K, the resistivity
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decreases with decreasing temperature, showing metallic be-
havior. As determined by neutron diffraction
experiement$*®%the A-type AF has a layered spin struc-
ture with d(x?—y?) orbital ordering, where the spins couple
with each other ferromagnetically in theb plane and anti-
ferromagnetically along the axis. It is also predicted theo-
retically that this spin ordering should be accompanied by
thed(x2-y?) type FM orbital ordering”?°However, the CE-
type AF state has an AF spin structure witth(3x? , , ) X
-r?)/d(3y?-r?) orbital ordering accompanying the CO state. 100 150 200 250 300

The behavior of our sample is markedly different from that T (K)

reported for single crystal NdSr, sMnO5 by Kuwuharaet _ _ _

al.® and Kawancet al? in which a sharp transition from the slg Gzﬁaeeif‘;argg Vég_rte);zurﬁ;:;fﬂﬁggg;gﬁgrf’:ﬁ:;f;?flv“i;ﬁs up to
FM to the CE-type AF phase was observed-dt60 K with-  grrows.

out observation of thé\-type AF phase, but our result is
consistent with the phase segregation results reported i

R(Q)
O =2 N W A OO N ®

ﬁ&/drostatic pressures up to 7.5 GPa. Only the CO transition

. 16 —_
Refs. 10 and 16. Ritteet al.” reported that aH=0 and g seen in the data obtained at 1.5 GPa without the appear-
125 K, Nty 551 sMnO; would segregate into two different ;e of the FM state. The CO transition temperature at

crystallographic structures with three magnetic phases: i.6q 5 Gpa is a little higher than that at ambient pressure. With
orthorhombic (Imma FM (19%), orthorhombic (IMma  j,creasing pressure up to 3.0 GPa, the CO transition tem-
A-type AF (21.699, and mO”OC“”'C(E)lem) CO CE-type  perature also increases while the resistance decreases in the
AF (59.49% phases. WOOdW‘é‘iét al.~ reported that very hole temperature range, showing an increased transport
small changes in the Mfi:Mn®" ratio caused by either cat- o561y under high pressure. With further increasing pres-
ion vacancies or oxygen off st0|ch|omet_ry could stabilize theg e to and above 4.5 GPa, it is impossible to determine the
FM state when+Mf‘f’ 33'\+/|”3+<_ 1, and stabilize thév-type AF 1 _ " \hich distinguishes tha-type and CE-type AF regions,
state when Mfi":Mn®*>1 in the CO phase, which would 5. the resistance is further reduced in the whole tempera-
give rise to phase segregation. Due to the ferromagnetic coyyre range. The temperature dependence of the resistance dis-
pling of spin and orbital in theb plane in theA-type AF  53v5 anA-type AF character at and above 4.5 GPa. Accord-
structure, the transport property is anisotropic. Kuwalera g 'tq the results shown in Fig. 2, we conjecture and propose
al.”" reported on the metallic transport property in @ 5 yossible scenario of phase transition under high pressure
plane and insulating behavior along th@xis in theAtype ¢4 the sample studied, as shown in Fig. 3. As mentioned
AF N 45510.5Mno, crystal. The metallic behavior is also ahove there exist very close correlations among the FM,
reported in Ref. 23. But in our experiments, the transporiatype AF, and CE-type AF states. With increasing pressure,
property shows semiconducting behavior in théype AF 4t the beginning stage both the CO CE-type AF &atype
phase, which might be due to the polycrystalline bulk samplexF states are favored simultaneously at lower pressures,
used in our case. Such behavior was also observedgb_y MoRghile the FM phase is suppressed. But later at higher pres-
tomo et al.™ in Ndy 4551 52MnO3 and Kajimotoet al” in  gyres; theA-type AF phase grows at the expense of the CE-
Ndp 465105:MnOs. But it can be seen from Fig. 1 that the type ordered region. In our experiments, the FM phase is
change of the resistivity versus temperature is slower in th%uppressed at below 1.5 GPa, accompanied by the vanishing
A-type AF state than that in the CE-type state. Due to thg the metallic transport behavior in the temperature range of

emergence of the FM order that coexists with the CE-typ&35_258 K as well as below 91 K. In the normal case, high
AF spin order, the increase of the resistivity is suppressed

below ~91 K in region V. Such a behavior was also ob-

served by Kajimotoet al’in Nd0_518r0,49|\/ln03. The phase Pt
segregation in our sample may be caused by either the [ Atlow pressure range J

: ; S (0~ 3-4.5GPa)
slightly inhomogeneous composition in the sample or the
intrinsic nature due to approximately the same free energies Shrink ¢ axis [ ;”;Zﬂ'g,ﬂ:ﬂ:“
of the three phases. Correspondingly, the temperature depen- ML disordered orbital
dence of the magnetizatiofM—T) curve presented in Fig. COCE-AF T d(3x?r) / d(3y*+)
1(a) shows different features with the variation of tempera- A-AFT d(xy’)
ture. With decreasing temperature, the magnetizgtibnin- i1
creases al. (258 K) due to the transition from PM to FM Al high pressure range
state, and appears a little fluctuantTgt (236 K). At T¢q [ (> 3-4.5GPa) J
(153 K), the M value starts to decrease and then keeps al- i i
most the same value below 91 K, thus verifying the coexist- { COCEAFL i)/ ¢(3y242)]
ence of the FM and CO phases at low temperatures. The AAF T %)

behavior of the measurdd—T curve can be well explained

with t_he viewpoint of phase_ segregation. FIG. 3. Schematic view of the changes of different magnetic structures in
Figure 2 shows the resistance versus temperature undst, sSr, sMnO; under high pressures.
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pressure increases the one-electron bandwidth and enhances 0.02

the itineracy ofg, electrons through changing the Mn—O-Mn zz; :7 sopa 150K

bond angle and Mn-O bond length, and suppresses the CO 001 _eioepﬁgs—_
state and favors the FM pha%geThe suppression of CO 5 002 _4-56Pf
states under high pressure was also observed in many other @€ -0.03300p Teo

perovskites. For example, Moritomet altt reported that © oo}

high pressure suppresses the CO state of thg@xMnO4 0051

compounds(x=0.35,0.4,0.5 which have a narrow one- 00614 s6p.

electron bandwidth, and it also induces a metallic transition :z:

from a CO insulator to a FM metallic phase. In contrast to 100 750 200 280 300
the normal case, there are also some examples in which high T(K)

pressure increasd$. and decreasek., thus the CO state is

favored while the FM state is suppressed. For exampIeF'G'4' The curve;_offirst-orderderivgtive of resisFancevstemperature.The
Arima and Nakamurat al?° reported that the uniaxial pres- €O CE-type transition temperatufe is marked with arrows.

sure along the axis raises the charge and orbital ordering

temperature in the NgSrp sMnO; compound. Moritomaet  AF states to the FM state at the initial stage, and finally
al.™ reported that with increasing pressure, the resistivity igavors theA-type AF and suppresses the CE-type AF state.
suppressed andco gradually increases in the compound Also high pressure can widen the one-electron bandwidth,
(Ndg gLag 4) St sMnO; with increased bandwidth and they and this is also a possible factor to favor théype AF phase
suggested a transition from the CO CE-type AF toAligpe  with d(x?—y?) orbital ordering under high pressure at the
AF state. The phenomenon of pressure-enhafiggdransi-  final stage® In both the CE-type ané-type states, resistivity
tion was also observed iiNdy sSm, 5)St sMnO3." Recently,  is reduced due to the enhancabkplane transfer integral by
Cui et al* found that in polycrystalline NgkSt, gMnO; the  the reduction ofab-plane distortiorf so the decrease of re-
Tco would increase with pressure below 3.8 GPa but desistance under high pressure is always observed in the whole
crease above this pressure. Consistent with the results in Reheasuring range of temperature.

21, theTp also increases with pressure below 3—4.5 GPain  In order to see clearly the changeTf,, we present the

our experiment, but we have not observed the decrease dkrivative of resistance versus temperature in Fig. 4 and
Tco at higher pressures due to the suppression of the CEmark theT.q with arrows. The increase @f-q is obviously

type AF state. There are some differences between the twseen. As described above, the curve for 4.5 GPa changes
experiments. For example, their sample only shows FM anglacidly, implying the suppression of the CO CE-type AF
CO CE-type transitions with decreasing temperature, whilestate and the domination of tifetype AF phase at this pres-
ours show FMA-type AF and CE-type AF transitions. Be- sure. The curves corresponding to 6.0 and 7.5 GPa are more
sides, theT g is defined as the transition point of the FM and complanate, indicating an enhanced charge transfer under
CE-type AF states in their resistivity curve, while it is de- higher pressures.

fined as the transition point of the CE-type AF akdype AF As mentioned above, there are several magnetic struc-
phases in our case. Similar to the uniaxial case, in our extures with different orbital ordering. Such phase segregation
periment the hydrostatic pressure may increasectagis  looks more complicated, but it is more meaningful to study
distortion and decrease the distortion in #ieplane. Since the effect of high pressure, for example, more clear sequence
the CO state corresponds to a higher orthorhombic distortionf the change of the different magnetic structures when they
stat€ and has a CE-type AF spin structure wit{3x2  coexist.

-r?)/d(3y?>-r?) orbital ordering, it is favored under high Generally magnetic field reduces the resistance of many
pressures due to the shrinkage of thexis, whereas the FM doped perovskite manganites due to the enhanced double
state with disordered orbital ordering is suppressed. Thexchange interaction, and magnetoresistafMB) can be
shrinkage of the axis also favors thé-type AF state due to defined as MR £p(T,0)—p(T,H))/p(T,0), whereH denotes

its d(x?—y?) orbital ordering. The increase of tleaxis dis-  the external field ang(T,0) andp(T,H) represent the resis-
tortion and decrease of the distortion in thé plane in tivities at zero andH fields, respectively. Due to the change
Ndp sS1,.sMnO5 with variation of pressure have also been of charge, spin, and orbital ordering under high pressures, the
observed by Cuket al?t through structural measurements. transport property will also be changed with pressure. In a
Kawanoet al® reported that thee parameter of the ortho- similar way, we also can define the pressure-induced resis-
rhombic cell shrinks about 1% at the CO transition temperatance changéPR) as PR=p(T,0)-p(T,P))/p(T,0), where

ture accompanied by the cooperative Jahn—Teller distortiof denotes the external pressure aitd,0) and p(T,P) rep-

in Ndy 5SIp sMNnO3 and 2.7% at thé\-type AF transitionTy resent the resistivities at ambient aRdpressures, respec-
~230 K in Nd 45565 sgMInO3. Woodward et all® analyzed tively. Since the measurements at ambient pressure and high
the cell volumes at 100 K and below, and found that the celpressures in our experiment are carried out using two pieces
volume is systematically larger than the weighted averagef the same sample, we replge@,0) with p(T,1.5 GPato
volume, which is essentially the same as that of CE-type AFalculate PR in this article. The curves of calculated PR
phase, while the cell volume of thetype AF phase is sig- value versus temperature at different pressures are shown in
nificantly smaller than the average volume. So it is reasonFig. 5. Large PR values are observed in the whole tempera-
able that high pressure prefers the CE-type AF Arigpe  ture range and the PR increases with pressure at a constant
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