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Pressure-Induced Polaronic to Itinerant Electronic Transition in La{—,Sr,MnOj3 Crystals
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Measurements of the temperature dependence of the resisgtidityand thermoelectric powex(T')
under several hydrostatic pressures were made on single crystals, ofSkaMnO; with x = 0.12
and 0.15 in which charge ordering takes place belgyw We report a transition from the polaronic
to an itinerant electronic state in the pressure rafige 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 Mnif) ions. [S0031-9007(97)04350-0]

PACS numbers: 72.15.Jf, 71.30.+h, 75.30.Kz

In the perovskite system La, Sr,MnQOs, the evolution of the Mn(Il) sites to tetragonal or orthorhombic symme-
with x of the character of the conduction electrons istry. Cooperativity among the local deformations, which
controlled by three transitions: (1) from static to dynamicmay be static or dynamic, greatly reduces the cost in elas-
cooperative Jahn-Teller deformations of the Mr@@tahe- tic energy of the deformations.
dra occupied by high-spin Mni) ions, (2) from localized In a perovskite Mn@ array, Jahn-Teller deformations
to itinerant behavior of the conduction electrons, and (3are achieved by displacements of the oxygen atoms
from ordered to disordered arrangements of the chargiom one near neighbor toward the other to create asym-
carriers [1,2]. We report measurements of the transpormnetric (180° — ¢) Mn---O-Mn bonds. The resulting
properties under different hydrostatic pressures that were'-O:2p,-¢® superexchange interactions are ferromag-
taken on two single-crystal samples= 0.12 and 0.15; netic and stronger than the antiferromagneti©:2p ,-13,
they demonstrate a transition from nonmetallic to metallidout they are anisotropic. In LaMnQfor example, static
behavior in a narrow temperature intenfal, < T < T.  Jahn-Teller deformations order tlé-O:2p,-¢° interac-
between a charge-ordered state for< 7., and a tions into (001) planes to give af’ orthorhombic struc-
paramagnetic state f@ > T.. We interpret the transport ture with ¢/a < +/2; consequently, the (001) planes are
data belowl', with a mobile-cluster model. ferromagnetically coupled, but these planes are

The perovskite system La,Sr,MnOs contains high- coupled antiferromagnetically along theaxis, where the
spin Mn atoms in octahedral sites of a MpQrray 13-O:2p,-13 superexchange interactions are dominant to
having (180° — ¢) Mn-O-Mn bonds. Bending of the give typeA antiferromagnetic order [1,2]. A Dzialoshin-
Mn-O-Mn bonds from 180 by a cooperative rotation skii antisymmetric superexchange component cants a few
of the MnQ, octahedra reduces the mismatch between
the Mn-O and the mean La,Sr-O equilibrium bond
lengths; rotations about a cub[d10] axis reduce the 500
space-group symmetry to orthorhombic, abouflal]
axis to rhombohedral. A cooperative, static Jahn-Teller
deformation reduces the axial ratio of the orthorhombic
phase fromc/a > V2 to c¢/a < +/2; we distinguish,
in Fig. 1, O orthorhombic structures (witle/a > +/2) 300
from O’ orthorhombic structures (withc/a < +/2).
The rhombohedral structurR is not compatible with a
static, cooperative Jahn-Teller deformation, but dynamic
deformations may occur in th@ phase.

The threefold-degenerate-bonding3d orbitals at the 100
Mn atoms are half-filled and, for alt, form localized
73 configurations with a spis = %; the 13-O:2p 13 SU-
perexchange interactions are isotropic and antiferromag-
netic. A singlee electron per Mn() ion occupies the

.IV\f[ofoIctl-de.general:ier-bondlngl_orb;tzi:rsi;eialt Sttrong Hund’s FIG. 1. Modified phase diagram for LaSr,MnO;. The
Intra-atomic—exchange coupling to ectron spinre-  yertical line is the estimated boundary of transition from the

moves the intra-atomic spin degeneracy, andetiogbital  FMP to FMM state. FMI (ferromagnetic insulator), FMP
degeneracy is removed by a local Jahn-Teller deformatio(ferromagnetic polaron), FMM (ferromagnetic metal).
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degrees the spins on the two sublattices to give a weak  10*+ p
ferromagnetism [3]. 1° o 1 bar 103_ 1 bar

With increasingx in the system La ,Sr,MnO;, a P §10 U/ 11xoa] B o \
change fromO’ to O orthorhombic occurs near = 0.1 - R \\N
at a temperaturd, > T. (see Fig. 1). The Mny) ions 150 % %, ] ‘ IS
introduced by Sr substitution create ferromagnetic double- _ 1074 . % % 150 200 260 280 300
exchange interactions via fast electron transfer within & 1 o " e, T® T
Mn(i1)-O-Mn(iv) clusters and suppress the static Jahn- o | o, P, 000"0%%%0
Teller deformation. In the intervad.l1 < x < 0.3, dy- 107 P, D:;fj“%%%%%
namic deformations remain at the Mn( centers and ““\:E%DDD A,AA o
the magnetic order changes from antiferromagnetic (with 10° o lbar geee P .0
a weak ferromagnetic component) to ferromagnetic; the o T " -
long-range magnetic-ordering temperatifirgncreases by ot O 14 kbar
over 200 K [4]. The temperature dependence of the re- 50 100 150 200 250 300

sistance abové&, is semiconductive; below. it changes T K)

from semiconductive to metallic near= 0.11 [4]; but in G 2 o q | hvd )

h ©.11 = x < 0.15ajumpinp(T) atT., marks the FIG. 2. Resistivity p(T) under several hydrostatic pressures
therangé).11 = -1>ajump inp co _ for LaygsSl.1oMnO;. Insets show thermal hysteresis &t
onset of semiconductive behavior beldy, (see Fig. 1). andT,.

Yamadaet al. [5] have identified a charge-ordered phase
belowT.,. Charge ordering in th@ orthorhombic phase T, = 192 K, respectively, for the = 0.10 andx = 0.15
represents a segregation beldy, into hole-rich (001) samples. We can therefore identify the minimum in the
planes containing dynamic Jahn-Teller deformations alresistivity vs temperature curves with.,; the thermal
ternating with Mn(i1)O, planes containing a static Jahn- hysteresis (inset of Fig. 2) is consistent with a first-order
Teller ordering of the oxygen displacements as in the (00ljransition atT,, in thex = 0.12 sample.
planes of LaMn@. In ths Letter, we present evidence for ~ According to the neutron-diffraction data [5], the holes
a polaronic state in the rande, < T < T,; an extensive in the Mn(v)/Mn(ii1) redox couple are ordered into every
literature has provided evidence for polaronic conductiorother (001) MnQ plane belowrl.,. A cooperative Jahn-
abover., e.g., [6,7]. We have chosen for study the single-Teller deformation orders ferromagnetié-O:2p,-¢° in-
crystal sampless = 0.12 and x = 0.15 that were used teractions within the Mn(()O, sheets just as in LaMnQ
to reveal the charge-ordered phase with neutron diffracthe Mn(v) ions are ordered on one-quarter of the Mn
tion and had been characterized with chemical analysissites in the alternate (001) planes. However, a dynamic
ambient-pressure resistivity, and magnetic-susceptibilitgegregation into hole-rich and hole-poor regions below a
measurements [4]. T, > T., would remain undetected by a diffraction ex-
The two single crystals, grown by the floating-zoneperiment, and we believe that such a dynamic phase seg-
method [4], were cut into rectangular barfd.5 X  regation is occurring below, = 278 K in the x = 0.12

1 X 0.5 mn?) with a diamond saw. Resistivity mea- sample. Inthe: = 0.15 sample, on the other hand, it ap-
surements under high pressure were carried out with pears thafly = 7.

four-probe method. Thin Cu wires were pressed onto the
sample surface with pieces of indium foil. Details of our

thermoelectric-power (TEP) measurements under high 1 o 1bar ig “‘\\

pressure have been descrlbed_elsewhere [8]. The c_oolmg 10°4 o sl 2 170 i

rate was controlled at 0.2 nin in order to maintain o & SOkbar(285K) & ]

hydrostatic pressure. 10°] o S 53 ibar o8 K) 150
Figures 2 and 3, show respectively, the resistivity vs L g 7 126K A1 a3 o

temperature under several pressuresifer 0.12 andx = B 10 %

0.15. The ambient-pressure curves for the two samples are %

identical with the independent earlier results [4], except

for the jump in resistivity neaf’; =~ 278 K found with 1074

thex = 0.12 sample. (A similar weak feature was found —

near 290 K withx = 0.10, Fig. 2 of Ref.[4].) This 10° 1

jump, which exhibits a thermal hysteresis (see inset of .
Fig. 2), cannot be attributed to thé-R transition at ‘ ' x w w

T, sinceT, = 500 K for x = 0.12. Under hydrostatic 0 % 1% %32) 20 20 0

pressure, the temperature interval over which the jum IG. 3. Resistivityp(T) under several hydrostatic pressures
occurs becomes larger, but the transition temperature dogs; Lao5sSh 1sMNO;.  Inset ShowsTs, VS P at Toy. LargeAT
not Ch_ange. The neutron data [5] identified a f'r'S't'OVdebelow T, for P < 5 kbar is to be distinguished from smallT
transition atT,, = 148 K and a second-order transition at for P > 6 kbar.
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From Fig. 2, it is apparent that, in the= 0.12 sample, 200 1751
high pressure both rais&s, and converts the transition at = _ 1701
T., from first order to second order; the thermal hysteresis f 1654 9
is barely resolvable at 11 kbar. On the other haRgd, 150 | 160+
decreases under pressure for the- 0.15 sample. In the ‘

e 0 10
phase diagram of Fig. T, vsx is a maximum within the g e Purr, (cbar)
range 0.12 < x < 0.15, so pressure influenceg., in 2 100 /
the same way as an increasexin 3 | 3

The maximum in the resistivity vs temperature curves in /
Figs. 2 and 3 occurs near the Curie temperafuras deter- 50 /

mined by neutron diffraction [5]. Pressure increaggfor

both samples, which again parallels the effect of increasing o 132 Kbor

x. The dramatic change with temperature in the resistiv- 0 : . ‘ . ‘ :
ity in a AT below T, is typical of that found [9,10] in 0 50 100 150 200 250 300
the Ln;A¢3MnO; compositions (Ln= rare earth, A= T®)

alkaline earth) having d&. < 250 K; it occurs in an in-  FIG. 4. Thermoelectric powes(T) under several hydrostatic
terval AT = (T. — T.,) in thex = 0.12 samples and in pressures for LgsSr 2MnO;. Inset shows, vs P at T,.

the x = 0.15 samples under pressurgs< 5 kbar. Un-

der a pressuré® > 6 kbar, on the other hand, the= 5 and 6 kbar as was made evident in Fig. 3. At lower
0.15 crystal shows a sharply reducéd” and a range of pressures, the TEP is sensitive to the charge-carrier density,
temperaturd,, < 7 < T. — AT in which the resistivity  as is made evident by the abruptincrease of TEP on cooling
falls less steeply with decreasing temperature. Figure ghroughT,,. Therefore the TEP of the low-pressure phase
shows that this temperature range increases with pressug@pears to be dominated by the statistical contribution
P > 6.4 kbar and, see inset, that there is a discontinuity irgs in a polaron conductor, whereas #®r> 6 kbar it is
dT.,/dP in the pressure range< P < 6.4 kbar. Inor-  dominated by the transport contribution as in a metal.
der to determine whether this discontinuity and the change Zener [11] proposed the first model to make a con-
in AT mark a transition from polaronic to metallic behavior nection between ferromagnetic order and an enhanced
belowT., we investigated the thermoelectric power (TEP)electrical conductivity with a metalliclike temperature
under pressure. dependence. His double-exchange model consisted of
The temperature dependence of the TeRT), taken  clusters of two manganese atoms in which fast, real charge
under several pressures is shown in Figs. 4 and 5 fafansfer occurs within the equilibrium reaction NIR¢
x = 0.12 andx = 0.15, respectively. Fox = 0.12,the  O-Mn(v) = Mn(iv)-O-Mn(i1); he postulated that these
a(T) > 0 curve shows, on cooling, a marked increasetwo-manganese clusters would move diffusively with no
setting in belowZ; = 278 K, a sharp decrease occurring motional enthalpy belowr,, so their mobility u. =
in the intervalT,, < T < T, and an abrupt increase on ¢p,/kT would give a linear variation 0p = (peu.)”"
crossingT, that is followed by a continued, more gradualys 7. A second double-exchange model was proposed
increase to a maximum value at lower temperatures. Hyby de Gennes [12], who assumed that the charge carriers

drostatic pressure increases the rise () belowT; and  are itinerant belowr.. Although the de Gennes model
shifts the changes associated wiith andT. to higher tem-

peratures with the same pressure dependence as that deter-
mined from Fig. 2. The pressure dependence G00 K)

passes through a maximum, which is unusual. 40 o
In the x = 0.15 sample, the resistivity data of Fig. 3 = 67 kbar
show aT, that increases sensitively with pressurel.a 304 e 130kbur f’““‘\

that decreases with increasing pressure. The arrows in
Fig. 5 mark thef,, obtained from Fig. 3. With no visible

T, far removed from room temperature(300 K) shows

a monatonic decrease with increasing pressure that is quite
steep. On cooling, the(T") curves of Fig. 5 drop abruptly

at T., but they increase on cooling throu@h, as in the

o s
7 A
20 & “x
¢ ®
S

10 4

OuV/K)

x = 0.12 crystal only for pressure® = 4.1 kbar. For 0+

P = 4.1 kbar, «(T) is pressure dependent in the interval

Teo < T <T.. For P =6.7kbar, a(T) decreases on 10l 4

cooling throughT,, and the «(T) curves are pressure 0 50 100 150 200 250 300
independent in the rangE, < T < T.. Thus the data T®)

of Fig. 5 clearly confirm a change in the character offiG. 5. Thermoelectric powe(T) under several hydrostatic
the conduction electrons of the= 0.15 sample between pressures for LgsSr ;sMNnOs.
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has been widely accepted, it appears to be applicabldlaree Mn centers and an internal vibration between two
only for samples withl', > 250 K; in these samples, the degenerate orbital configurations represents a vibronic
resistivity drops abruptly on cooling throu@h and varies state that should be distinguished from a conventional
nearly linearly withT from a few degrees belo®. [13].  polaronic state.
The TEP also drops abruptly to a small, temperature- In summary, the data of Fig. 2-5 lead to the following
dependent value on cooling through[10,14]. However, four principal conclusions: (1) Wherd. increases
the de Gennes model is quite misleading in the rangsharply with x in the system La ,Sr,MnQO;, i.e., for
of carrier concentrationp and/or geometrical tolerance 0.1 < x = 0.15, the electrons are not itinerant beldly
factor + whereT, changes sensitively witlpp and¢, e.g., as assumed by de Gennes. (2) We have identified in the
0.10 < x < 0.15 in Fig. 1. The changes witlp and/or x = 0.15 crystal a transition from the polaronic (vibronic)
¢t in Mn-O-Mn bond angle, which is related to the width to an itinerant-electron state in the pressure rafige
of the conduction band, are too small for the de Genne® < 6 kbar. (3) In the polaronic regime belo®,., we
model to account for a change of over 200 K in the Curiecan account for aa = 0 in the Lny;Ca3MnO; samples
temperatureT,., and the temperature dependence of thevith mobile three-manganese clusters instead of the two-
resistivity in the rangd.,, < T < T, does not appear to manganese clusters postulated by Zener [11]. (4) We
signal itinerant-electron conduction at ambient pressure ihave suggested that a first-order phase change found in
thex = 0.12 andx = 0.15 samples. In all the manganese the x = 0.12 crystal at7, = 278 K > T, may represent
oxides having60 < T. < 250 K, the resistivity change a dynamic phase segregation into hole-rich and hole-poor
below T, is not typical of a metal-nonmetal transition. electronic phases above the transition to a static charge-
On the other hand, the resistivity does not behave belowrdered phase belo®,, < T..
T. as predicted from the Zener model; rather it increases The authors (J.S.Z. and J.B.G.) thank the Robert A.
more sharply than exponentially over a considerabléVelch Foundation, Houston, TX, and NSF for financial
temperature range d&. is approached from below [10]. support.
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