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Hydrostatic-pressure-induced magnetic structure transformation in polycrystalline
La0.5Ca0.5MnO32d „d%0.01…

Ruiping Wang, Rajappan Mahesh, and Mitsuru Itoh*
Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori, Yokohama 226-8503, Japan

~Received 25 January 1999; revised manuscript received 7 July 1999!

Electrical and magnetic properties of La0.5Ca0.5MnO32d (d%0.01) samples~I, II, III ! prepared under dif-
ferent conditions are investigated under varying magnetic fields~0–13 T! and hydrostatic pressures~0 and 13
kbar!. All the samples show thermal hysteresis in resistivity. Sample I prepared in oxygen shows antiferro-
magnetism and insulator behavior at temperatures below the hysteretic region, while sample III prepared in air
shows ferromagnetism and metal-like conductivity behavior. Sample II, which is also made in air, shows an
intermediate behavior with an unusual insulator-metal transition in the ferromagnetic state. On applying hy-
drostatic pressure resistivity jumps at low temperatures during cooling and the thermal hysteresis in resistivity
increases dramatically on warming for both samples II and III. The origin of anomalous behavior of sample II
and III is discussed in terms of coexistence of two magnetic structures and the transformation of the magnetic
structure by the application of hydrostatic pressure.@S0163-1829~99!02945-8#
re

te

a
le
-
x-
io
t
ng
em
n
e

e

n
an

tic
e

-
hi
ro
io
in

wa
n.
it

een

ag-
y

for
ar-

ase
lds.
re

ht
w-

lid-

d
d-
ed.
he
by
at

f 5
d

c-

d
ard

e
e-
I. INTRODUCTION

Mixed-valent perovskitesLn12xDxMnO3, whereLn and
D are trivalent rare-earth and divalent-alkaline-earth ions,
spectively, show interesting physical properties.1–5 These
properties can be tuned by controlling several parame
such as doping level~x!, A-site average ionic radius (^r A&),
and so on. For example, in the composition range 0.15,x
,0.5, La12xCaxMnO3 exhibits paramagnetic~PM! to ferro-
magnetic ~FM! transition on cooling, accompanied by
sharp drop in the resistivity due to the dominant doub
exchange interaction.6 Whenx.0.5, the ground state is an
tiferromagnetic~AFM! and insulating due to the supere
change interaction between the Mn ions. The behav
corresponding tox50.5 composition is of particular interes
because of the competition between FM double-excha
and AFM superexchange interactions. With decreasing t
perature, La0.5Ca0.5MnO3 first undergoes a PM-FM transitio
around 220 K followed by a simultaneous AFM and charg
ordering ~CO! transition near 150 K. The AFM-CO stat
disappears at 180 K while warming.7 The large difference in
the AFM-CO transition temperatures between warming a
cooling cycles symbols the first-order nature of the CO tr
sition.

It is determined by neutron diffraction that the magne
structure of La0.5Ca0.5MnO3 is of the charge-exchang
~CE!-type.8 Along the ac plane ~Pnma setting!
the Mn31 and Mn41 ions alternate forming
-Mn31-O-Mn41-O-Mn31-O-Mn41- zigzag chains. The intra
chain magnetic spins are ordered ferromagnetically, w
the interchain magnetic spins antiferromagnetically. Elect
hopping along a chain is impeded by the Coulomb repuls
from the neighboring electrons. This makes the material
sulating in the CO state. Recently, Gonget al.9 have reported
unusually high magnetoresistance in La0.5Ca0.5MnO3 in the
AFM-CO state. The large value of magnetoresistance
attributed to the field-induced first-order AFM-FM transitio
As the canting angle is changed from the AFM phase w
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increasing magnetic field, new metastable states have b
detected by Xiaoet al.10

We have noticed that the low-temperature effective m
netic moments of the La0.5Ca0.5MnO3 samples prepared b
them and other groups are much larger than is expected
the AFM phase. Also, the moments at low temperature v
ied significantly between the reports.9,11,12In certain case the
magnetic moment at low temperatures was found to incre
with decreasing temperatures at low applied magnetic fie
We considered it worth investigating the low-temperatu
transport properties of La0.5Ca0.5MnO3 by preparing the
samples in different conditions. We found that even slig
oxygen nonstoichiometry could dramatically change the lo
temperature properties in this system.

II. EXPERIMENT

The samples were prepared by the conventional so
state reaction method. The raw materials La2O3, CaCO3, and
MnO2 were mixed in stoichiometric proportion and calcine
at 1273 and 1473 K for over 50 h with intermediate grin
ings. The resultant powder was pelletized and sinter
Sample I was sintered at 1673 K in flowing oxygen. T
sintering temperature for sample II was 1573 K, followed
annealing at 1273 K for 12 h. Sample III was sintered
1673 K and cooled to room temperature at the rate o
K min21. Calcination and sintering for both samples II an
III were carried out in air.

The final product was examined by powder x-ray diffra
tion using a Mac Science MXP~Ref. 18! x-ray diffracto-
meter with CuKa radiation. Oxygen content was determine
by redox titration. Resistivity was measured by the stand
four-probe technique under varying magnetic fields~0–13 T!
and hydrostatic pressures~0 and 13 kbar!. The hydrostatic
pressure~P! was generated with a self-clamp–type Cu-B
piston cylinder13 and monitored by a manganese resistor. R
sistivity under external magnetic field~H! was measured in
the following sequence:~1! Cooling the sample to 5 K under
zero field.~2! Applying field to the selected value.~3! Field
14 513 ©1999 The American Physical Society
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warming to 280 K.~4! Field cooling to 5 K.~5! Field warm-
ing to 280 K again. Magnetic measurements were carried
using a Quantum Design magnetic property measurem
system~MPMS! superconducting quantum interference d
vice ~SQUID! magnetometer. Both zero-field-cooling~ZFC!
and field-cooling~FC! data were recorded during warmin
run.

III. RESULTS AND DISCUSSION

X-ray-diffraction profiles show that all the three sampl
are single-phase orthorhombic perovskites with space gr
Pnma. Oxygen deficiencies~d! of all the three samples ar
determined by redox titration method to be less than 1%.
the gross ratio of Mn31/Mn41 is 1:1. The resistivity behavio
of sample I agrees well with the earlier reports7 on
La0.5Ca0.5MnO3. Sample II as well as sample III also exhib
its a thermal hysteresis in resistivity indicative of first-ord
transition arising from charge ordering. However, several
usual features are obvious.

Temperature variation of magnetic moment~M! and resis-
tivity ~r! for sample II is shown in Fig. 1. On cooling
sample II undergoes PM-FM transition atTC5220 K and
FM-AFM transition at TN5185 K @Fig. 1~a!#. The AFM
transition is shifted to lower temperature by external m
netic field@Figs. 1~a! and 1~b!#. r exhibits semiconductorlike
behavior at both high-temperature range (T.170 K) and

FIG. 1. The temperature variation of~a! magnetic moment un-
der 5 and 150 G,~b! magnetic moment under 2 T, 5 T~ZFC and
FC!, and~c! resistivity of sample II under varying magnetic field
Inset shows the resistivity data recorded on warming after zero-
cooling. Open and filled arrows in~a! and~b! indicateTC andTN ,
respectively.
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low-temperature range (T,140 K). Whereas, on cooling
and within temperature range 140–170 K, unusual metal-
variation is observed. Hysteresis in resistivity vanishes un
the 13-T field on ZFC and under 9-T field on FC, implyin
the complete suppression of the CO state. As a result of
gradual suppression of the CO state, resistivity decrea
drastically with increasing field. Magnetoresistance†defined
as @r(0)-r(H)#/r(0)‡ reaches;90% around 175 K just
with 2-T field.

Under magnetic fields lower than 150 G, sample III sho
PM-FM transition only@Fig. 2~a!#. No FM-AFM transition is
observed. However, when fields higher than 2 T are applied,
the FM-AFM transition appears@Fig. 2~b!#. The transition
shifts to low temperatures with increasing fields and is co
pletely suppressed by a 5-T magnetic field on FC. Contr
to sample II, sample III shows higher magnetic moment a
metal-like resistivity behavior at low temperatures.

The effects of hydrostatic pressure on the resistivity
sample II and III are shown in Figs. 3~a! and 3~b!, respec-
tively. The data obtained under 0 kbar and 0 T are given in
broken line for comparison and the ZFC data for sample I
given in the inset of Fig. 3~a!. For sample II, on applying
13-kbar hydrostatic pressure, a sharper AFM-CO transit
an enhanced hysteresis and a resistivity jump around 8
during cooling is observed. Like under ambient pressu
magnetic fields suppress the hysteresis and shift AFM-
transition to low temperatures. For sample III, under 13-k
pressure and 0-T field,r increases with decreasing temper
ture first, and then a jump around 50 K appears while co

ld

FIG. 2. The temperature variation of~a! magnetic moment un-
der 5 and 150 G,~b! magnetic moment under 2 T, 5 T~ZFC and
FC!, and~c! resistivity of sample III under varying magnetic field
Open and filled arrows in~a! and ~b! indicateTC andTN , respec-
tively.
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ing. During warming,r increases steeply at 50 K, reaches
maximum around 115 K, and decreases with a chang
slope around 180 K. Compared to the result under amb
pressure, the hysteresis is drastically enhanced. The
hanced hysteresis is suppressed by external magnetic fi
progressively, but remains visible to the maximum appl
magnetic field of 9 T.

It is noticed that the low-temperature magnetic momen
three samples varies in the order ofM I,M II,M III . The
lower the oxygen partial pressure when sintering and/or
shorter the annealing time after sintering is, the higher theM
is. As both low-oxygen partial pressure and short annea
time tend to make oxygen nonstoichiometric, the lo
temperature magnetic moment is evidently related to oxy
off stoichiometry. We have annealed sample III in flowin
oxygen for 24 h and found that the oxygenated sample
showed similar properties as that of stoichiomet
La0.5Ca0.5MnO3. The low-melting field of CO for sample III
~5 T, FC! and the high magnetoresistance under low m
netic field for sample II~;90% around 175 K with 2-T field!
also favor the oxygen off stoichiometry (d%0.01) in the
samples.14

According to the double-exchange model, the effecti
transfer integralt of the eg carrier is expressed as

t5t0 cos~Du/2!,

wheret0 is the bare transfer integral without spin scatteri
andDu is the relative angle of the neighboringt2g spins. The

FIG. 3. The temperature variation of resistivities of~a! sample
II, ~b! sample III under 13-kbar hydrostatic pressure and vary
magnetic fields. Resistivity data obtained under ambient pres
and 0 T are shown by broken lines for comparison. Inset shows
resistivity data recorded on warming after zero-field cooling.
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external pressure increasest0 via volume contraction. CO is
suppressed by the pressure-enhanced carrier itinerancy.
effects of pressure on the CO transition are reported alm
equivalent to that due to magnetic field: shiftingTCO to low-
temperature and depressing hysteresis.15 However, in the
present study, magnetic field and hydrostatic pressure
found to have opposite effects on CO. Rather than be
suppressed, hysteresis is enhanced by hydrostatic pres
The fact suggests that, other than the double-exchange i
action, there must be additional mechanisms that are res
sible for the unusual behavior of samples II and III und
hydrostatic pressure.

Earlier research reveals that transport properties of m
ganates are closely related to the magnetic structure
samples. Pr0.5Sr0.5MnO3, resembling to La0.5Ca0.5MnO3, un-
dergoes a PM-FM transition at high temperature and a F
AFM transition at low temperature, too.4 The magnetic struc-
ture for Pr0.5Sr0.5MnO3 sample prepared in oxygen i
reported to be of CE-type and the CO occurs simultaneou
with the FM-AFM transition.16 Whereas the magnetic struc
ture for the Pr0.5Sr0.5MnO3 sample prepared in air is reporte
to be ofA type, the CO is absent and resistivity is fairly lo
(;1022 V cm! even around 5 K. The different magnet
structure is attributed to a slight off-stoichiometry~different
x and/or oxygen content! between the samples.17

Neutron-diffraction experiment reveals that for th
La12xCaxMnO3 (0%x%1) system, magnetic structure varie
according to the doping region. In some doping regions, t
magnetic structures could coexist.8 Careful synchrotron
x-ray-diffraction found that in Nd0.5Sr0.5MnO3, the FM state,
the CO state, and probably the orbitally ordered state coe
aroundTCO5150 K. At low temperatures (T!TCO), a small
fraction of the FM state persists along with the CO and
bitally ordered phases.20 Since three samples have the sam
charge-carrier density, stimulated by the above-mentio
experiment results on half-doped (x50.5) manganates, we
consider the anomalous behavior of the samples II and II
low temperatures to have relation with magnetic inhomo
neity. The fairly low-resistivity value (;731022 V cm) and
the relative high-magnetic moment~;0.07mB /per Mn under
150 G! of sample III at low temperatures suggest that t
dominant low-temperature magnetic structure for it is diffe
ent from that for stoichiometric La0.5Ca0.5MnO3 ~CE type!. It
is a magnetic structure with stronger ferromagnetic inter
tion. Noticing the preparation atmosphere, we speculate t
similar to the Pr0.5Sr0.5MnO3 sample prepared in air, th
dominant phase for sample III is ofA-type magnetic struc-
ture and charge disordered.18 The high resistivity of sample
II around 5 K suggests that the dominant magnetic struct
for it is still of CE type. But the intermediate resistivity be
havior hints the existence of another magnetic structure~may
be of A type! to some extent.

According to the discussions above, we suggest the
lowing explanations for our experiment results. Samples
and III are subtle oxygen nonstoichiometric. Slight oxyg
nonstoichiometry causes the coexistence of two phases in
samples. One phase is ofA-type magnetic structure an
charge disordered~phase I! and the second phase is of CE
type magnetic structure and charge ordered~phase II!. Physi-
cal properties are governed by the dominant phase. In sam
III, phase I dominates. So, it shows metal-like resistivity b
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havior and high-magnetic moment at low temperatu
Sample II, which is dominated by phase II, shows sim
behavior like that of stoichiometric La0.5Ca0.5MnO3. How-
ever, phase I manifests itself via the anomalousdr/dT.0
range while cooling and the almost constantr below 60 K.
On applying hydrostatic pressure, theA-type magnetic struc
ture is transformed to CE type. The resistivity jump arou
50 K for sample III during cooling corresponds to the tra
formation of magnetic structure. The lowr after the trans-
formation (T,50 K) implies that charges still remain in th
disordered state, probably because the temperature is to
and carriers do not have enough energy to move. On w
ing to above 50 K, thermal energy helps carriers to move
CO occurs. Consequently,r increases dramatically and a
enhanced hysteresis is observed. The slope change at 1
during warming evidences the disappearance of the
state.19 The same is true for sample II. The resistivity jum
around 80 K during cooling under 13-kbar pressure and
hanced hysteresis are evidences of the transformation o
A-type magnetic structure to CE-type magnetic structure
in the case of other manganates,20 magnetic field melts the
CO state and the hysteresis in resistivity is suppressed~Fig.
3!.

For half-doped manganates, the layeredA-type AFM
structure is favored by a wide one-electron bandwidth~W!.17

On increasingW via the application of hydrostatic pressu
a transformation of the CE-type magnetic structure toA-type
magnetic structure was reported in polycrystall
(Nd12yLay)1/2Sr1/2MnO3 (y50.4).15 On the contrary to the
above results, in the present study, a pressure-inducedA-type
s.
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to CE-type magnetic structure transformation was observ
The apparent contradiction could mean that, for a half-do
manganate, the balance between the ferromagnetic dou
exchange and the antiferromagnetic superexchange inte
tions is very sensitive to even extremely low-oxygen de
ciencies (d%0.01). To describe the half-doped mangana
fully, it is necessary to taked as one of the independen
parameters.

IV. CONCLUSIONS

We have examined the electrical and magnetic proper
of three La0.5Ca0.5MnO32d samples prepared under differe
conditions. It is found that two phases, which are due
slight oxygen off stoichiometry, coexist in samples II and I
A hydrostatic-pressure-induced CO and magnetic struc
transformation~A type to CE type! are observed. The presen
study suggests that the competition between the ferrom
netic double-exchange and the antiferromagnetic supe
change interactions is sensitive to even slight oxygen
stoichiometry.
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