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Measurements of the thermal expansion of a single crystal of La0.835Sr0.165MnO3 were performed under
hydrostatic pressure of up to 9 kbar. TheP-T phase diagram is established for the structural and magnetic
phase transitions. Pressure is found to enhance the ferromagnetic coupling and to weaken the stability of the
low-temperature orthorhombic phase by reducing the bending of the Mn-O-Mn bond. The decrease in the
temperatureTS of the structural phase transition and the increase in the Curie temperature with increasing
pressure leads to the two phase boundaries crossing at a pressure of about 3 kbar. The peculiar behavior of the
TS andTC in the vicinity of the crossing point demonstrates a strong coupling between structural distortion and
magnetic ordering in the La0.835Sr0.165MnO3 compound.@S0163-1829~97!03629-1#
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The series of La12xSrxMnO3 perovskites exhibit a rich
variety in the magnetic, structural, and electronic proper
as the Sr content increases. The parent compound LaM3
is an antiferromagnetic insulator below 140 K. The ele
tronic configuration of the Mn atoms ist2geg ~spin quantum
number isS52). The electrons of thet2g bands are localized
near the Mn ion sites, but theeg electrons are hybridized
with the oxygen 2p states creating chemical Mn-O-M
bonds. Chemical substitution of La31 by divalent Sr intro-
duces Mn41 ions into the lattice and holes into theeg band.

The ‘‘double-exchange’’ interaction between the Mn31 and
the Mn41 ions causes a ferromagnetic metallic~FMM!
ground state to appear forx.0.15.1,2 The Mott transition
between the paramagnetic insulating~PMI! and conducting
FM phases is accompanied by a thousandfold decreas
resistivity as a magnetic field is applied. This effect is cal
‘‘colossal’’ magnetoresistance~CMR! and has a considerabl
potential for certain sensor applications. CMR has rece
attracted considerable experimental and theoretical inte
in the perovskite manganites.

The doping of Sr also results in a change in the structu
ordering from the orthorhombic (Pbnm; Z54) space group
560163-1829/97/56~5!/2285~3!/$10.00
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to the rhombohedral (R3̄c;Z52) one. With increasingx,

the room-temperature structure changes toR3̄c at x of about
0.17.1 The x-T phase diagram shows that the magnetic a
structural properties are extremely sensitive to the Sr dop
in this region. The Curie temperatureTC of the paramagnetic
to ferromagnetic phase transition increases from 238 K
x50.15 to 283 K forx50.175, whereas the temperatu

TS of the Pbnm-R3̄c structural transition decreases fro
380 to 190 K.3

The fact that forx;0.17 the temperaturesTS andTC are
close to each other has made it possible to induce the s
tural phase transition to an orthorhombic state by an app
magnetic field.4 In the present study we apply hydrostat
pressure to a single crystal of La0.835Sr0.165MnO3 in order to
investigate the influence of pressure on the stability of
magnetic and structural phases.

Single crystals of La0.835Sr0.165MnO3 were grown from
polycrystalline rods in an infra-red image furnace using
floating-zone method. The precursor materials were prepa
by mixing appropriate quantities of La2O3, SrCO3, and
MnO2. The powder was ground and calcined three times
1300 °C for 12 h and then pressed into rods which w
2285 © 1997 The American Physical Society
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sintered at 1400 ° C for 12 h. Laue x-ray photograp
showed that the samples were high-quality single crysta

The thermal expansion and compressibility were m
sured by microstrain gauges~Micro-Measurements Inc., SK
350! glued on bar-shaped samples. The strain gauges w
calibrated using data for the thermal expansion and c
pressibility of silica, Cu, and Fe as references. The pres
measurements were performed in a CuBe pressure cell w
fixed hydrostatic pressure up to 9 kbar. A mixture of mine
oils was used as a pressure transmitting medium. Pres
and temperature were measuredin situ using a calibrated
manganin pressure sensor and a Thermocoax thermoco
respectively.

The thermal expansion was measured along the three
c axis of a La0.835Sr0.165MnO3 single crystal. The set of the
curves representing the temperature dependence ofDc/c0 for
heating runs at several pressures is shown in Fig. 1. It sh
be noted that because of differences in the thermal-expan
coefficients of the pressure transmitting medium and
pressure cell, the pressure inside the cell decreased a
temperature lowered. The actual values of pressure atTC and
TS for cooling and heating runs are presented in Table I.

There are two anomalies on each of the curves co
sponding to the magnetic phase transition from paramagn

FIG. 1. The thermal expansionDc/c0 vs temperatureT for heat-
ing runs at starting pressure of 0, 1, 4, 5, 9 kbar. Thec0 values are
taken atT5293 K. The Curie temperatureTC and TS are marked
with arrows for the runs at 0 and 9 kbar.

TABLE I. The starting pressures at room temperature; the v
ues ofTC andTS for different pressure cycles measured during
cooling and heating runs;PC andPS are the actual values of pres
sure atTC andTS , respectively.

Starting Cooling Heating
pressure TC PC TS PS TC PC TS PS

kbar K kbar K kbar K kbar K kbar

0 262 0.0 292 0.0 263 0.0 296 0.0
1 263 0.7 286 1.0 263 0.0 289 1.1
4 279 4.0 212 2.9 278 4.0 220 3.0
5 280 4.9 203 3.8 281 5.0 213 3.8
9 287 8.9 170 7.0 286 8.9 180 7.2
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to ferromagnetic phase (TC) and to the structural phase tran
sition from rhomobohedral to orthorhombic phase (TS), re-
spectively. For ambient pressure,TC5263 K andTS5296
K, which is in a good agreement with the results of the dir
observations of these transitions by means of neut
diffraction.5 The first-order transition to the orthorhomb
phase is accompanied by a lattice shrinkage of about 0.1
along the threefold axis. TheDc/c0 for the magnetic phase
transition is small. The absolute value of this change
Dc/c0 is rather difficult to estimate because the phase tr
sition is second order and thus is spread to the higher t
perature region (T.300 K!.

As pressure increases, the magnitude of theDc/c0
changes remains the same but the positions of the anom
shift in temperature as the Curie temperatureTC increases,
while TS rapidly decreases. The results of the pressure st
are summarized in theP-T phase diagram presented in Fi

2. The crossing point of the PM-FM andR3̄c-Pbnmphase
transition can be reached at 270 K by applying a pressur
about 3 kbar. As a result of the strong coupling of the ma
netic and structural properties in this material, the press
dependence of the Curie temperature and the temperatu
structural phase transition are remarkably nonlinear in
vicinity of the crossing point. As pressure increases from 1
3 kbar, the temperatureTS decreases from 290 to 220 K
whereasTC increases from 263 to 278 K.

Above P53 kbar the structural and magnetic phase tra
sitions are well separated in temperature and the pres
dependences ofTS and TC become linear. The slope o
dTc /dP can be estimated as 1.7 K/kbar, which is in a go
agreement with the value reported in Ref. 6. The gradient
TS on theP-T phase diagram is210.0 K/kbar. The struc-
tural phase transition becomes extremely hysteretic at lo
temperatures with the width of the hysteresis loop increas
from 4 to 10° asTS decreases from 292 to 170 K~Table I
and Fig. 2!. The sharp decrease ofTs near the crossing poin
makes it difficult to study this part of the phase boundary
a pressure cell using oil as a transmitting medium. Su
equipment only allows us to perform temperature variatio

l-

FIG. 2. Magnetic and structuralP-T phase diagram of
La0.835Sr0.165MnO3; the phases are marked according to the typ
of magnetic and structural ordering: I-PMI1Pbnm; II-PMI1

R3̄c; III-FMM 1R3̄c; IV-FMM 1Pbnm. The lines are guides for
eyes.
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at constant pressure, due to the fact that oil becomes s
below its freezing temperature and cannot be compres
hydrostatically. More careful investigation of the critic
temperatures in the vicinity of the crossing point should
made in a cell utilizing gasesious helium as a pressu
transmitting medium which would make it possible to va
pressure at constant temperature.

Figure 2 shows that there are four distinct regions to
P-T phase diagram due to the existence of the crossing po
Each of these phases is a combination of different types
magnetic and structural ordering: I-PMI1Pbnm; II-PMI1

R3̄c; III-FMM 1R3̄c; IV-FMM 1Pbnm. Our recent
neutron-diffraction measurements in the Institut Lau
Langevin ~Grenoble, France! have confirmed that the high
pressure structural and magnetic phases have the same
metry as those at ambient pressure,7 i.e., there are no
additional or intermediate structural or magnetic phase tr
sitions produced by the application of pressure. T
La12xSrxMnO3 series of compounds provides a unique o
portunity to study on one compound the magnetic transf
mations in two different structural phases andvice versa, the
same structural change in both a magnetically ordered FM
and a disordered PMI state.

Interestingly, for La12xSrxMnO3 (x;0.165) the cross-
ing point can be reached not only by the application of e
ternal pressure but also by application of magnetic field4,8

and by an increase of Sr content.8–10 Comparing thex-T,8,9

H-T,4 and P-T ~present study! phase diagrams reveals
common tendency in behavior, i.e., an increase ofx, H, or
P leads toincreaseof TC anddecreaseof TS . A qualitative
explanation of this fact may be given in terms of the inte
play between structural distortion and the kinetic energy
the eg charge carriers.

There have been quite a few reports on the key role wh
the value of the tolerance factort plays in determining the
properties of the Mn system. Thet factor provides a measur
of the mismatch which occurs on doping of divalent ions~Sr,
in the present case! and consequent bending of the Mn-O-M
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bond.10–12 The deviation of the Mn-O-Mn bond angle from
180 ° weakens the transfer interaction and,vice versa, the
decrease in the transfer interaction tends to increase
bending of the Mn-O-Mn bond. In the perovskite-like stru
tures the Mn-O-Mn angle in the orthorhombic phase is lar
than in the rhombohedral one.10

The applied magnetic field directly influences thet2g local
spins tending to align them. This enhances the ferromagn
coupling and leads to anincreaseof the Curie temperature
TC . Then, as follows from the Kondo calculations,13,14 the
spin-polarizedeg electrons are scattered less by the electr
of the t2g band. As a consequence, the conduction electr
become more itinerant as their transfer energy increa
This favors the rhombohedral structure and thusreducesthe
temperatureTS .

The application of pressure~either external or ‘‘chemi-
cal’’ ! decreases the bending of the Mn-O-Mn bond favor
the rhombohedral structural ordering and thusdecreasing
TS . As regards the magnetic sublattice, such an increas
the Mn-O-Mn angle reduces the effective mass of the cha
carriers increasing their transfer interaction. The enhan
ferromagnetic coupling leads to anincreasein TC .

In summary, we have performed the measureme
of the thermal expansion on a single crystal
La0.835Sr0.165MnO3 at different pressures, and have esta
lished theP-T phase diagram for this material. Applied pre
sure enhances the ferromagnetic coupling increasing the
rie temperature and weakens the stability of t
orthorhombic phase decreasingTS . The boundaries delineat
ing the structural and magnetic phase transitions cros
about 270 K, under a pressure of about 3 kbar. The nonlin
shape of both structural and magnetic phase boundarie
the vicinity of the crossing point demonstrates a strong c
pling between structural distortion and magnetic ordering
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