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Effect of uniaxial pressure on orbital ordering in Nd12xSrxMnO3

Taka-hisa Arima and Kenji Nakamura
Institute of Materials Science, University of Tsukuba, Tsukuba 305-8573, Japan

~Received 3 September 1999!

We have investigated the uniaxial-pressure dependence of transition temperatures in perovskite-like man-
ganese oxides Nd12xSrxMnO3 (x50.50,0.55) by means of electrical resistivity measurements. The uniaxial
pressure along thec axis raises the charge- and orbital-ordering temperature in thex50.50 compound at a rate
of 0.19 K/MPa, in contrast to the case of hydrostatic pressure. The transition temperature from an orbitally
disordered paramagnet to an orbital-ordered antiferromagnet in thex50.55 compound also increases at a rate
of 0.066 K/MPa. The changes in entropy at the phase transitions obtained from the modified Clausius-
Clapeyron relation are found to be significantly smaller than expected by a simple estimation.
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Perovskite-like manganese oxide compounds have
tracted considerable attention owing to large negative m
netoresistance and other novel properties.1–4 Many research-
ers have pointed out that such physical properties can
attributed to interplay among degrees of freedom of cha
spin, orbital, and lattice. The simultaneous ordering of
charge, spin, and orbital in Nd1/2Sr1/2MnO3 ~Refs. 5–7! is
one of the typical phenomena originating from the stro
coupling among them. With cooling from room temperatu
the compound first undergoes a ferromagnetic transition
TC;250 K. In the ferromagnetic phase it shows a meta
conduction. As further cooling beyondTCO;150 K, the or-
dering of Mn31 and Mn41 suddenly appears. The charg
ordering is accompanied by complicated antiferromagn
~AF! spin ordering which originates from orbital orderin
Mn31eg electrons regularly occupy 3d3x22r 2 and 3d3y22r 2

orbitals. Here thex, y, andz axes are nearly parallel to th

@110#, @ 1̄10#, and c directions, respectively, in thePbnm
orthorhombically distorted perovskite witha;A2ap , b
;A2ap , and c;2ap (ap denotes the lattice constant of
cubic perovskite!. Making good use of the interaction amon
the charge, spin, and orbital degrees of freedom, one c
control electrical resistivity in the Nd1/2Sr1/2MnO3 compound
through a change of the spin or orbital state. In fact, a m
netic field strong enough to align all the spins ferromagn
cally melts the charge ordering away and makes the c
pound much more conductive, because the charge orde
and ferromagnetism cannot coexist in the perovskite man
nite. This is a scenario for the giant negative magnetore
tance in Nd1/2Sr1/2MnO3.8

The charge-ordering phase in the Nd12xSrxMnO3 com-
pound vanishes when the Sr content deviates a few per
from 1/2.9 Nd0.45Sr0.55MnO3 is fairly conductive even at low
temperatures.10,11 It is suggested that the itinerant nature
Mn 3d electrons are closely related to spin and orbital ord
ing of another type. A neutron study has clearly shown l
ered antiferromagnetism.6 A model calculation has suggeste
that 3dx22y2 orbitals are selectively occupied in the layer
antiferromagnetic phase.12

In this paper we report a uniaxial-pressure study in
Nd12xSrxMnO3 compounds withx50.50 and 0.55. Thec
PRB 600163-1829/99/60~22!/15013~4!/$15.00
t-
g-

be
e,
e

g

at
c

ic

ld

-
i-

-
ng
a-
s-

nt

r-
-

e

parameter of the orthorhombicPbnm cell in the x50.50
compound shrinks about 1% at the charge-ordering temp
ture TCO on account of the 3d3x22r 2/3d3y22r 2-type orbital
ordering accompanied by the cooperative Jahn-Te
distortion.5 Also in the x50.55 compound thec parameter
suddenly shrinks about 2.7% at the Ne´el temperatureTN
(;230 K) owing to the 3dx22y2-type orbital ordering.
Therefore, one can expect that the application of uniax
pressure along thec axis would significantly affect the tran
sition temperatures in these compounds. In this connectio
large effect of anisotropic strain on the phase stability in
epitaxial film of a perovskite-like manganese oxide has
ready been pointed out.13 A film sample usually shows dif-
ferent electrical and magnetic properties from bulk samp
with the same composition. For example, the ferromagn
transition temperatureTC significantly depends on the lattic
parameters of a substrate. The present study of the unia
pressure effect on manganese perovskites should provid
important information for the film fabrication.

Crystals of Nd12xSrxMnO3 with x50.50 and 0.55 were
melt grown by using a floating zone furnace. No trace
impurities was found in x-ray powder-diffraction pattern
Thin samples with a rectangular surface perpendicular t
pseudofourfold axis~typically 23130.5 mm3) were cut
out from the crystal bars. Because of twin mosaics in
orthorhombically distorted perovskite structure, the@001#
axis was perpendicular to the sample surface in some
mains and the@110# axis in the others. We roughly estimate
the ratio of thec-axis-oriented domains from the intensitie
of the x-ray (002) and (110) reflections. Wellc-axis-
oriented samples were selected for a uniaxial-pressure
periment.

Resistivity under uniaxial stress was measured by us
an apparatus shown in Fig. 1. A KS steel coil spring with
spring constant of 6.2 kgf/mm was used to load pressure
a sample surface. The load was calculated from shrinkag
the spring at room temperature~typically a few millimeters!.
The pressure apparatus was set in a copper cylinder used
heat sink. The cylinder was first slowly cooled to 77 K a
then warmed to measure a resistivity-temperature curve
der constant pressure. The change of pressure with temp
ture was estimated to be within 10%. Resistivity was m
R15 013 ©1999 The American Physical Society
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sured by a conventional four-probe method. The curr
direction was perpendicular to the uniaxial stress. Temp
ture was monitored with a silicon diode thermometer
tached to the pressure apparatus.

Large effects of uniaxial pressure are observed in thx
50.50 compound as shown in Fig. 2. In this sample press
was loaded on a 78%c-axis-oriented surface. The charg
ordering transition can be clearly detected as a critical p
of a resistivity curve at around 160 K. A kink at around 2
K is caused by the ferromagnetic transition. The applicat
of uniaxial pressure clearly raises the charge-ordering t
peratureTCO and lowers the Curie temperatureTC. The tran-
sition temperatures are plotted against uniaxial press
shown by solid lines in Fig. 3. In this pressure range,TCO
andTC change linearly with uniaxial pressure at rates of 0
K/MPa and20.06 K/MPa, respectively. While there is
large hysteresis in the charge-ordering transition,TCO’s on
cooling and warming increase almost at the same rate.

The large effect onTCO can be interpreted in terms of th
interplay among charge, orbital, and lattice. The compress
along thec axis should assist the cooperative Jahn-Te
distortion and stabilize the orbital-ordering phase, but not
orbitally disordered ferromagnetic metallic phase. Theref

FIG. 1. Schematic drawing of a cell for resistivity measureme
under uniaxial pressure.

FIG. 2. Semilog plot of the resistivity of Nd1/2Sr1/2MnO3 as a
function of temperature under various uniaxial pressures meas
on warming. Uniaxial pressure was loaded on the sample sur
78% c axis oriented.
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it raisesTCO. The reason for the decrease inTC is not yet
clear on the other hand. The application of anisotropic pr
sure along thec axis would affect the electron transfer in th
a-b plane and along thec axis in the opposite way. The
decrease inTC with uniaxial pressure may be related to th
variation of the transfer energies. Studies of the crystal str
ture under uniaxial pressure are necessary for a further
cussion. Next let us compare the effect of uniaxial press
with the case of hydrostatic pressure, given by the dot
lines in Fig. 3. It is clearly shown that the variation of th
transition temperatures with hydrostatic pressure is m
less drastic than with uniaxial pressure. Moreover hyd
static pressure affects the transition temperature in the op
site way to the uniaxial pressure along thec axis: it raisesTC
and lowersTCO.17 Here the small difference inTC andTCO
under ambient pressure between the previous report and
present study may be due to a small difference of the co
position or oxygen nonstoichiometry. Isotropic pressure u
ally increases the electron transfer between 3d orbitals in
perovskite-like transition-metal oxide compounds.14,15As the
transfer increases, the double-exchange interaction is
hanced and hence the itinerant ferromagnetic phase
stabilized.16

Figure 4 shows the resistivity in anx50.55 sample under
constant uniaxial pressures measured on warming.
sample was estimated to be 96%c axis oriented from x-ray
data. A kink at around 220–240 K in each resistivity cur
corresponds to the antiferromagnetic transition.10,11Here it is
noteworthy that the resistivity data are dominated by
electrical conduction in thea-b plane which is reported to be
metallic.11 The gradual increase of the resistivity value
room temperature with pressure may be due to some cr
since the sample did not show the initial resistivity val
even after the uniaxial pressure was released. The chan
the transition temperature with uniaxial pressure, howeve
intrinsic because the value ofTN at ambient pressure befor

s
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FIG. 3. Squares and solid lines: the ferromagnetic transit
temperature,TC , and charge-ordering temperature,TCO, as a func-
tion of applied uniaxial pressure for Nd1/2Sr1/2MnO3 measured on
warming. Triangles and dotted lines: dependence ofTC andTCO on
hydrostatic pressure from Ref. 17. The difference inTC and TCO

under ambient pressure between the uniaxial-pressure study an
hydrostatic-pressure study may be due to a small difference of
composition or oxygen nonstoichiometry.
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and after the experiment was identical. Uniaxial pressure
early raisesTN at a rate of 0.066 K/MPa. The rate of chan
of TN on cooling is the same within an error. The compre
sion along thec axis should stabilize thedx22y2 orbital con-
figuration associated with the layered antiferromagne
phase of Nd0.45Sr0.55MnO3.

The pressure dependence of the temperature of a
order transition between two phases is related to differen
in entropy and volume. Let us first focus on thex50.50 case.
The Clausius-Clapeyron relation can be modified as,

dTCO

dP
5

abDc

Ds
, ~1!

for the present measurements. Heres denotes entropy pe
unit cell, i.e., four manganese ions, anda, b, andc are the
cell parameters. Using the observed rate of 0.19 K/MPa
the reportedDc of 0.065 Å, the entropy differenceDs at
TCO is calculated to be;1.1kB . Here one should note tha
the order parameters just belowTCO are reported to reach
80–100% of the low-temperature value.7 Assuming that the
ferromagnetic phase aboveTCO would be the disordered
polaron phase, the contribution of the charge distribution

FIG. 4. Resistivity curves of Nd0.45Sr0.55MnO3 under various
uniaxial pressures measured on warming. Uniaxial pressure
loaded on the sample surface 96%c axis oriented. The shift of the
resistivity well aboveTN with pressure would not be intrinsic~see
text!.
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Ds would be ;4kBln 252.8kB per unit cell. One should
also take account of the orbital degree of freedom in
ferromagnetic phase (;2kBln 251.4kB). The total of 4.2kB
is nearly four times as large as the above-mentioned exp
mental value. In our opinion, the smallDs demonstrates tha
the electronic state in the ferromagnetic phase should ra
be considered as a band metal, in which the contribution
the charge and orbital degrees of freedom to entropy sho
roughly be reduced by the factor ofkBT/EF . If we adopt a
realistic value,EF;0.05 eV, the result could be explained

In the case of thex50.55 sample,Ds at TN is calculated
to be;4kB from the modified Clausius-Clapeyron relatio
Assuming the perfect ordering of spin and orbital just bel
TN , the loss of the spin entropy atTN would be 2kB(ln 4
1ln 5)56.0kB . The orbital contribution toDs, 2kBln 2
51.4kB , should also be taken into account. As a result, o
can expectDs;7.4kB , which is nearly twice as large as th
experimental value. This discrepancy is probably due to
gradual growing of the antiferromagnetic order parame
below TN .6 A short-range correlation of spin and orbital
the paramagnetic phase is another possible reason.

In summary, the effects of uniaxial pressure on pha
transitions in Nd12xSrxMnO3 (x50.50 and 0.55) were stud
ied. The charge- and orbital-ordering phase in thex51/2
compound is stabilized under uniaxial pressure along thc
axis. The rate of change in the charge-ordering tempera
is much larger than the hydrostatic-pressure case. Fox
50.55, uniaxial pressure along thec axis raises the antifer
romagnetic transition temperature. These results demons
that the orbital state can be well controlled by anisotro
pressure. The loss of entropy at the orbital-ordering temp
ture is obtained based on the Clausius-Clapeyron relat
The value is significantly lower than a simple estimati
predicts.
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