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Pressure-Induced Polaronic to Itinerant Electronic Transition in La12xSrxMnO3 Crystals
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Measurements of the temperature dependence of the resistivityrsT d and thermoelectric powerasTd
under several hydrostatic pressures were made on single crystals of La12xSrxMnO3 with x  0.12
and 0.15 in which charge ordering takes place belowTco. We report a transition from the polaronic
to an itinerant electronic state in the pressure range5 , P , 6 kbar in thex  0.15 sample. The
polaronic state is modeled as a mobile three-manganese cluster within a matrix of dynamic Jahn-Teller
deformations at Mn(III ) ions. [S0031-9007(97)04350-0]

PACS numbers: 72.15.Jf, 71.30.+h, 75.30.Kz
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In the perovskite system La12xSrxMnO3, the evolution
with x of the character of the conduction electrons
controlled by three transitions: (1) from static to dynam
cooperative Jahn-Teller deformations of the MnO6 octahe-
dra occupied by high-spin Mn(III ) ions, (2) from localized
to itinerant behavior of the conduction electrons, and (
from ordered to disordered arrangements of the cha
carriers [1,2]. We report measurements of the transp
properties under different hydrostatic pressures that w
taken on two single-crystal samples,x  0.12 and 0.15;
they demonstrate a transition from nonmetallic to metal
behavior in a narrow temperature intervalTco , T , Tc

between a charge-ordered state forT , Tco and a
paramagnetic state forT . Tc. We interpret the transport
data belowTc with a mobile-cluster model.

The perovskite system La12xSrxMnO3 contains high-
spin Mn atoms in octahedral sites of a MnO3 array
having s180± 2 fd Mn-O-Mn bonds. Bending of the
Mn-O-Mn bonds from 180± by a cooperative rotation
of the MnO6 octahedra reduces the mismatch betwe
the Mn-O and the mean La,Sr-O equilibrium bon
lengths; rotations about a cubicf110g axis reduce the
space-group symmetry to orthorhombic, about af111g
axis to rhombohedral. A cooperative, static Jahn-Tel
deformation reduces the axial ratio of the orthorhomb
phase fromcya .

p
2 to cya ,

p
2; we distinguish,

in Fig. 1, O orthorhombic structures (withcya .
p

2)
from O0 orthorhombic structures (withcya ,

p
2).

The rhombohedral structureR is not compatible with a
static, cooperative Jahn-Teller deformation, but dynam
deformations may occur in theO phase.

The threefold-degeneratep-bonding3d orbitals at the
Mn atoms are half-filled and, for allx, form localized
t3
2 configurations with a spinS  3

2 ; the t3
2-O:2pp-t3

2 su-
perexchange interactions are isotropic and antiferrom
netic. A singlee electron per Mn(III ) ion occupies the
twofold-degenerates-bonding orbitals; a strong Hund’s
intra-atomic–exchange coupling to thet3

2 electron spin re-
moves the intra-atomic spin degeneracy, and thee-orbital
degeneracy is removed by a local Jahn-Teller deformat
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of the Mn(III ) sites to tetragonal or orthorhombic symm
try. Cooperativity among the local deformations, whic
may be static or dynamic, greatly reduces the cost in e
tic energy of the deformations.

In a perovskite MnO3 array, Jahn-Teller deformation
are achieved by displacements of the oxygen ato
from one near neighbor toward the other to create asy
metric s180± 2 fd Mn · · · O-Mn bonds. The resulting
e1-O:2ps-e0 superexchange interactions are ferroma
netic and stronger than the antiferromagnetict3

2-O:2pp-t3
2 ,

but they are anisotropic. In LaMnO3, for example, static
Jahn-Teller deformations order thee1-O:2ps-e0 interac-
tions into (001) planes to give anO0 orthorhombic struc-
ture with cya ,

p
2; consequently, the (001) planes a

ferromagnetically coupled, but these planes a
coupled antiferromagnetically along thec axis, where the
t3
2-O:2pp -t3

2 superexchange interactions are dominant
give type-A antiferromagnetic order [1,2]. A Dzialoshin
skii antisymmetric superexchange component cants a

FIG. 1. Modified phase diagram for La12xSrxMnO3. The
vertical line is the estimated boundary of transition from t
FMP to FMM state. FMI (ferromagnetic insulator), FM
(ferromagnetic polaron), FMM (ferromagnetic metal).
© 1997 The American Physical Society
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degrees the spins on the two sublattices to give a we
ferromagnetism [3].

With increasingx in the system La12xSrxMnO3, a
change fromO0 to O orthorhombic occurs nearx  0.1
at a temperatureTt . Tc (see Fig. 1). The Mn(IV) ions
introduced by Sr substitution create ferromagnetic doubl
exchange interactions via fast electron transfer with
Mn(III )-O-Mn(IV) clusters and suppress the static Jah
Teller deformation. In the interval0.1 , x , 0.3, dy-
namic deformations remain at the Mn(III ) centers and
the magnetic order changes from antiferromagnetic (wi
a weak ferromagnetic component) to ferromagnetic; th
long-range magnetic-ordering temperatureTc increases by
over 200 K [4]. The temperature dependence of the r
sistance aboveTc is semiconductive; belowTc it changes
from semiconductive to metallic nearx  0.11 [4]; but in
the range0.11 # x , 0.15 a jump inrsT d atTco marks the
onset of semiconductive behavior belowTco (see Fig. 1).
Yamadaet al. [5] have identified a charge-ordered phas
belowTco. Charge ordering in theO orthorhombic phase
represents a segregation belowTco into hole-rich (001)
planes containing dynamic Jahn-Teller deformations a
ternating with Mn(III )O2 planes containing a static Jahn
Teller ordering of the oxygen displacements as in the (00
planes of LaMnO3. In ths Letter, we present evidence fo
a polaronic state in the rangeTco , T , Tc; an extensive
literature has provided evidence for polaronic conductio
aboveTc, e.g., [6,7]. We have chosen for study the single
crystal samplesx  0.12 and x  0.15 that were used
to reveal the charge-ordered phase with neutron diffra
tion and had been characterized with chemical analys
ambient-pressure resistivity, and magnetic-susceptibili
measurements [4].

The two single crystals, grown by the floating-zon
method [4], were cut into rectangular barss1.5 3

1 3 0.5 mm3d with a diamond saw. Resistivity mea-
surements under high pressure were carried out with
four-probe method. Thin Cu wires were pressed onto th
sample surface with pieces of indium foil. Details of ou
thermoelectric-power (TEP) measurements under hi
pressure have been described elsewhere [8]. The cool
rate was controlled at 0.2 Kymin in order to maintain
hydrostatic pressure.

Figures 2 and 3, show respectively, the resistivity v
temperature under several pressures forx  0.12 andx 
0.15. The ambient-pressure curves for the two samples a
identical with the independent earlier results [4], excep
for the jump in resistivity nearTs ø 278 K found with
thex  0.12 sample. (A similar weak feature was found
near 290 K with x  0.10, Fig. 2 of Ref. [4].) This
jump, which exhibits a thermal hysteresis (see inset
Fig. 2), cannot be attributed to theO-R transition at
Tt since Tt ø 500 K for x  0.12. Under hydrostatic
pressure, the temperature interval over which the jum
occurs becomes larger, but the transition temperature do
not change. The neutron data [5] identified a first-orde
transition atTco  148 K and a second-order transition a
ak
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FIG. 2. ResistivityrsT d under several hydrostatic pressure
for La0.88Sr0.12MnO3. Insets show thermal hysteresis atTco
andTs.

Tco  192 K, respectively, for thex  0.10 andx  0.15
samples. We can therefore identify the minimum in t
resistivity vs temperature curves withTco; the thermal
hysteresis (inset of Fig. 2) is consistent with a first-ord
transition atTco in thex  0.12 sample.

According to the neutron-diffraction data [5], the hole
in the Mn(IV)yMn(III ) redox couple are ordered into ever
other (001) MnO2 plane belowTco. A cooperative Jahn-
Teller deformation orders ferromagnetice1-O:2ps-e0 in-
teractions within the Mn(III )O2 sheets just as in LaMnO3;
the Mn(IV) ions are ordered on one-quarter of the M
sites in the alternate (001) planes. However, a dynam
segregation into hole-rich and hole-poor regions below
Ts . Tco would remain undetected by a diffraction ex
periment, and we believe that such a dynamic phase s
regation is occurring belowTs ø 278 K in the x  0.12
sample. In thex  0.15 sample, on the other hand, it ap
pears thatTs ø Tc.

FIG. 3. ResistivityrsT d under several hydrostatic pressure
for La0.85Sr0.15MnO3. Inset showsTco vs P at Tco. LargeDT
below Tc for P , 5 kbar is to be distinguished from smallDT
for P . 6 kbar.
3235



VOLUME 79, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 27 OCTOBER 1997

ty,
g

d

of
e

d
rs
From Fig. 2, it is apparent that, in thex  0.12 sample,
high pressure both raisesTco and converts the transition a
Tco from first order to second order; the thermal hysteres
is barely resolvable at 11 kbar. On the other hand,Tco
decreases under pressure for thex  0.15 sample. In the
phase diagram of Fig. 1,Tco vsx is a maximum within the
range 0.12 , x , 0.15, so pressure influencesTco in
the same way as an increase inx.

The maximum in the resistivity vs temperature curves
Figs. 2 and 3 occurs near the Curie temperatureTc as deter-
mined by neutron diffraction [5]. Pressure increasesTc for
both samples, which again parallels the effect of increas
x. The dramatic change with temperature in the resist
ity in a DT below Tc is typical of that found [9,10] in
the Ln0.7A0.3MnO3 compositions (Ln rare earth, A
alkaline earth) having aTc , 250 K; it occurs in an in-
terval DT  sTc 2 Tcod in the x  0.12 samples and in
the x  0.15 samples under pressuresP , 5 kbar. Un-
der a pressureP . 6 kbar, on the other hand, thex 
0.15 crystal shows a sharply reducedDT and a range of
temperatureTco , T , Tc 2 DT in which the resistivity
falls less steeply with decreasing temperature. Figure
shows that this temperature range increases with press
P . 6.4 kbar and, see inset, that there is a discontinuity
dTcoydP in the pressure range5 , P , 6.4 kbar. In or-
der to determine whether this discontinuity and the chan
in DT mark a transition from polaronic to metallic behavio
belowTc, we investigated the thermoelectric power (TEP
under pressure.

The temperature dependence of the TEP,asTd, taken
under several pressures is shown in Figs. 4 and 5
x  0.12 andx  0.15, respectively. Forx  0.12, the
asTd . 0 curve shows, on cooling, a marked increas
setting in belowTs  278 K, a sharp decrease occurring
in the intervalTco , T , Tc, and an abrupt increase on
crossingTco that is followed by a continued, more gradua
increase to a maximum value at lower temperatures. H
drostatic pressure increases the rise inasTd belowTs and
shifts the changes associated withTco andTc to higher tem-
peratures with the same pressure dependence as that d
mined from Fig. 2. The pressure dependence ofas300 Kd
passes through a maximum, which is unusual.

In the x  0.15 sample, the resistivity data of Fig. 3
show aTc that increases sensitively with pressure, aTco
that decreases with increasing pressure. The arrows
Fig. 5 mark theTco obtained from Fig. 3. With no visible
Ts far removed from room temperature,as300 Kd shows
a monatonic decrease with increasing pressure that is q
steep. On cooling, theasT d curves of Fig. 5 drop abruptly
at Tc, but they increase on cooling throughTco as in the
x  0.12 crystal only for pressuresP # 4.1 kbar. For
P # 4.1 kbar, asT d is pressure dependent in the interva
Tco , T , Tc. For P $ 6.7 kbar, asT d decreases on
cooling throughTco and theasTd curves are pressure
independent in the rangeTco , T , Tc. Thus the data
of Fig. 5 clearly confirm a change in the character
the conduction electrons of thex  0.15 sample between
3236
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FIG. 4. Thermoelectric powerasT d under several hydrostatic
pressures for La0.88Sr0.12MnO3. Inset showsTco vs P at Tco.

5 and 6 kbar as was made evident in Fig. 3. At lower
pressures, the TEP is sensitive to the charge-carrier densi
as is made evident by the abrupt increase of TEP on coolin
throughTco. Therefore the TEP of the low-pressure phase
appears to be dominated by the statistical contribution
as in a polaron conductor, whereas forP . 6 kbar it is
dominated by the transport contribution as in a metal.

Zener [11] proposed the first model to make a con-
nection between ferromagnetic order and an enhance
electrical conductivity with a metalliclike temperature
dependence. His double-exchange model consisted
clusters of two manganese atoms in which fast, real charg
transfer occurs within the equilibrium reaction Mn(III )-
O-Mn(IV)  Mn(IV)-O-Mn(III ); he postulated that these
two-manganese clusters would move diffusively with no
motional enthalpy belowTc, so their mobility mc 
eD0ykT would give a linear variation ofr  spemcd21

vs T . A second double-exchange model was propose
by de Gennes [12], who assumed that the charge carrie
are itinerant belowTc. Although the de Gennes model

FIG. 5. Thermoelectric powerasTd under several hydrostatic
pressures for La0.85Sr0.15MnO3.



VOLUME 79, NUMBER 17 P H Y S I C A L R E V I E W L E T T E R S 27 OCTOBER 1997

o
nic
al

g

the
)

o-
e

d in

oor
ge-

A.
al

,

d

.

,

re

H.

.

has been widely accepted, it appears to be applica
only for samples withTc . 250 K; in these samples, the
resistivity drops abruptly on cooling throughTc and varies
nearly linearly withT from a few degrees belowTc [13].
The TEP also drops abruptly to a small, temperatur
dependent value on cooling throughTc [10,14]. However,
the de Gennes model is quite misleading in the ran
of carrier concentrationsp and/or geometrical tolerance
factor t whereTc changes sensitively withp and t, e.g.,
0.10 , x , 0.15 in Fig. 1. The changes withp and/or
t in Mn-O-Mn bond angle, which is related to the width
of the conduction band, are too small for the de Genn
model to account for a change of over 200 K in the Cur
temperatureTc, and the temperature dependence of t
resistivity in the rangeTco , T , Tc does not appear to
signal itinerant-electron conduction at ambient pressure
thex  0.12 andx  0.15 samples. In all the manganes
oxides having60 , Tc , 250 K, the resistivity change
below Tc is not typical of a metal-nonmetal transition
On the other hand, the resistivity does not behave bel
Tc as predicted from the Zener model; rather it increas
more sharply than exponentially over a considerab
temperature range asTc is approached from below [10].
Moreover, the pressure dependence ofTc is anomalously
high for a conventional order-disorder magnetic transitio
[15]. What is missing from these models is a stron
electron interaction with cooperative, dynamic oxyge
atom displacements; and the observation [16] of a gia
isotope effect onTc with the exchange of18O for 16O has
demonstrated that such an interaction must be introduc
We shall therefore refer to this unusual electronic sta
belowTc as a polaronic state.

If our conclusion is valid, i.e., ifasTd for a polaronic
state is dominated by the statistical contribution, then t
TEP is given by

a ø 2skyed lnfs1 2 cdycg (1)

for a magnetically ordered state. In sample
Ln0.7Ca0.3MnO3 having 60 , Tc , 250 K, charge
ordering is avoided and thereforeasT d drops to a small,
temperature-independent value belowTc, whereasrsT d
decreases monotonically withT , Tc over a wide
temperature range [10]. According to Eq. (1), ana ø 0
requires that the effective fractionc of manganese sites
that are occupied by a charge carrier isc ø 0.5. This con-
dition would be satisfied forx  0.33 if the charge carrier
consisted of Mn(III )-O-Mn(IV)-O-Mn(III ) three-manganese
clusters in which the hole was alternately at one of th
two Mn(III ) ions and was made mobile by a dynami
Jahn-Teller coupling to the oxygen vibrations betwee
manganese atoms. Identification of three-mangan
clusters at 18 K in La12xSrxMnO3 has recently been made
by Loucaet al. [17]. The nonadiabatic polaron containing
ble
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three Mn centers and an internal vibration between tw
degenerate orbital configurations represents a vibro
state that should be distinguished from a convention
polaronic state.

In summary, the data of Fig. 2–5 lead to the followin
four principal conclusions: (1) WhereTc increases
sharply with x in the system La12xSrxMnO3, i.e., for
0.1 , x # 0.15, the electrons are not itinerant belowTc

as assumed by de Gennes. (2) We have identified in
x  0.15 crystal a transition from the polaronic (vibronic
to an itinerant-electron state in the pressure range5 ,

P , 6 kbar. (3) In the polaronic regime belowTc, we
can account for ana ø 0 in the Ln0.7Ca0.3MnO3 samples
with mobile three-manganese clusters instead of the tw
manganese clusters postulated by Zener [11]. (4) W
have suggested that a first-order phase change foun
the x  0.12 crystal atTs  278 K . Tc may represent
a dynamic phase segregation into hole-rich and hole-p
electronic phases above the transition to a static char
ordered phase belowTco , Tc.
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