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Transport, magnetic, and structural properties of La1ÀxM xMnO3 „MÄBa, Sr, Ca…
for 0ÏxÏ0.20

P. Mandal and B. Ghosh
Saha Institute of Nuclear Physics, 1/AF Bidhannagar, Calcutta 700 064, India

~Received 1 November 2002; revised manuscript received 27 March 2003; published 21 July 2003!

At high temperatures both the resistivity (r) and thermopower of La12xMxMnO3 (M5Ba, Sr, Ca! single
crystals can be described well by a small-polaron hopping model. The polaron binding energy decreases while
the orbital ordering transition (TJT) to a state with a static Jahn-Teller distortion increases as the ionic size of
M reduces from Ba to Ca. With doping (x), TJT decreases and Curie temperatureTC increases. Orthorhombic
to rhombohedral transition (TOR) decreases almost linearly withx up to 0.125 and 0.20 for Ba- and Sr-doped
samples, respectively. For Ca-doped system,TOR decreases at a much slower rate withx. Unlike Sr-doped
sample, both Ca- and Ba-doped systems do not show large drop inr at TC followed by an abrupt increase
belowTC for x51/8 doping. Both distortion and disorder due to the difference in size between La andM affect
transport, magnetic, and structural properties of manganites. A phase diagram has been constructed from this
study.

DOI: 10.1103/PhysRevB.68.014422 PACS number~s!: 72.80.Ga, 75.30.2m
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I. INTRODUCTION

In perovskite manganites, the orbital, charge, and spin
grees of freedom are considered to be key factors becaus
huge decrease of resistivity (r) is observed in the vicinity of
the transition from an insulating charge or orbital order
phase to a ferromagnetic~FM! metallic state. Parent com
pounds RMnO3 (R5 rare-earth ions! are insulators and
show C-type orbital ordering due to static Jahn-Teller~JT!
interaction below a transition temperatureTJT whered3x22r 2

and d3y22r 2 eg orbitals are alternately aligned in theab
plane and the planes are stacked along thec axis. This par-
ticular orbital arrangement is responsible for strong in-pla
FM coupling and weak antiferromagnetic~AFM! coupling
between the planes, and prevents electron hopping betw
Mn31 sites. As the concentration of Mn41 in R12xMxMnO3

increases by replacingR with divalent ionsM, the electron
transfer with spin memory between Mn31 and Mn41 sites
becomes prevalent. This coherent hopping of carriers c
petes with the cooperative interaction responsible for orb
or charge ordering and as a consequence, a rich phase
gram has been observed.

Prototype La12xSrxMnO3 ~LSMO! is well studied over a
narrow range of doping aroundx50.125, where a sequenc
of transitions occur as a function of temperature. In
lightly doped region, transport, magnetic, and structu
properties revealed many interesting features and a
phase diagram.1–16 In contrast, there are no detail analyses
transport and magnetic properties as function of doping
temperature, particularly in the vicinity of structural an
magnetic phase transitions on single crystals of lightly do
La12xBaxMnO3 ~LBMO! and La12xCaxMnO3 ~LCMO!.
Dabrowskiet al.17 have made a careful study of the stru
tural, magnetic, and electronic properties of LBMO po
crystalline samples for 0.10<x<0.24. However, this study
could not reveal all the finer details of the several transitio
and crossovers that occur at low temperatures with the va
tion of composition. For example, they observed that
orthorhombic to rhombohedral structural transitionTOR de-
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creases faster withx in LBMO as compared to LSMO. How-
ever, forx.0.125 we observe thatTOR decreases at a faste
rate in LSMO than in LBMO. One needs structural data
low temperature to observe this difference between the
systems. Also, there are some discrepancies in reported
sults on polycrystalline samples, possibly due to the variat
of oxygen content and the presence of grain boundaries.17,18

In the case of single crystals, oxygen content is very clos
3 and the effect due to grain boundaries is absent. G
quality single crystals are also required to observe
anomaly in the transport and magnetic properties in the
cinity of structural transition temperature. If the anomaly
very weak then it may not be seen in polycrystalline samp
For Ca-doped system most of the reported studies are
centrated for dopingx>0.125.19 It is also important to in-
vestigate how the transport and other properties evolve
La12xCaxMnO3 when the doping is changed by small ste
(Dx) aroundx50 and beyond.

In this work, we present the transport, magnetic, a
structural properties of La12xMxMnO3 (M5Ba, Sr, Ca!
single crystals for 0<x<0.20. Resistivity has been mea
sured both above and below the structural phase-trans
temperature. The temperature dependence of magnetiz
and x-ray diffraction have been studied only for some
lected samples. For LSMO we have also used data from
earlier report.20

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUE

Single crystals were grown by floating-zone method20

Both x-ray and neutron powder diffraction were used to d
termine the structure and verify the crystal quality. All th
samples are single phase. The lattice parameters for LB
system were determined, by powder x-ray diffraction, do
to 80 K. The high-temperature resistivity was measured
vacuum in order to prevent oxidation. Magnetic propert
were measured in the temperature range 2–300 K usin
superconducting quantum interference device magnetom
~Quantum Designs!.
©2003 The American Physical Society22-1
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III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Transport properties

In manganites, the formation of small lattice polarons d
to strong electron-phonon coupling and their properties
the vicinity of ferromagnetic transition and beyond ha
been reported from different measurements.8,9,20–25 In the
case of small-polaronic conduction, the transport mechan
at high temperatures is the thermally activated hopping
carriers, with the conductivity (s) and mobility (m) given
by24–27

s~T!5s0e(2Er/kBT)

5
c~12c!e2

\a

3S T0

T D n

expS 2
E01WH2J322n

kBT D , ~1!

m~T!5
c~12c!ea2

\ S T0

T D n

expS 2
WH2J322n

kBT D , ~2!

where a is the hopping distance of polaron,J the transfer
integral, c the polaron concentration,E0 the energy differ-
ence between two sites of identical lattice distortions w
and without the charge carrier, andWH is one half of polaron
formation energyEp . When the polaron hops rapidly be
tween two sites with identical configuration, it is termed
adiabatic hopping. In this regime,n is equal to 1 andkBT0
5hn, wheren is the longitudinal optical-phonon frequenc
of the system. In the case of nonadiabatic limit,n53/2 and
kBT05(pJ4/4WH)1/3.

To elucidate the nature of charge transport, we have p
ted log10(r/T) versus 1/T in Fig. 1~a! for Ba-, Sr-, and Ca-
doped samples withx50.05. r shows a semiconductinglik
behavior for all the three samples. With increasing tempe
ture, a sharp decrease inr is observed atTJT where the
system undergoes a structural phase transition fromO8- to
O-orthorhombic. The values ofTJT are 552, 607, and 618 K
for Ba-, Sr-, and Ca-doped samples, respectively. Sequ
TJT~Ba! ,TJT~Sr! ,TJT~Ca! suggests that the dopant wit
larger ionic size affects the orbital ordering temperat
strongly. For a givenx, the Ba-doped sample has larger to
erance factor~t! as compared to Sr- and Ca-doped co
pounds due to the larger ionic radius of Ba. At high tempe
ture, well aboveTJT , there is another anomaly atTOR due to
O-orthorhombic to rhombohedral phase transition but t
anomaly is much weaker than that atTJT . Similar to TJT ,
TOR also increases from LBMO to LSMO to LCMO.

All curves in Fig. 1~a! are linear over a wide range o
temperature belowTJT . But the slope of the curves, i.e., th
activation energy (Er) decreases from Ba to Sr to Ca dopin
Similar behavior has also been observed for samples
other doping levels.Er for Sr-doped sample is;260 meV,
which is about 7%–9% lower and 11%–13% higher thanEr

for Ba- and Ca-doped samples, respectively. Similar to
Sr-doped samples,20 Er for Ca- and Ba-doped samples
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almost doping independent up to 0.10 and then decreases
with further increase ofx. The resistivity data can also b
fitted well with nonadiabatic hopping of polarons. Howev
due to the presence of the exponential temperatu
dependent factor with largeEr , the fit is insensitive to the
small difference in theT dependence of prefactors0 in Eq.
~1!. Nevertheless, the small value ofs0 for x<0.05 samples
suggests that the hopping is nonadiabatic in this low dop
range and adiabatic forx.0.05. The nonadiabatic value o
Er is 6% to 8% higher than the adiabatic one.

In order to know howWH depends on the type of dopan
it is important to determineE0 in Eq. ~1!. Measurements of
thermopower~S! will provide E0. As the carrier hops from
one locally distorted site to another that has been therm
activated, thermopower of small-polaronic system is de
mined by barrier energyE0 similar to band semiconductor24

S5~kB /e!
E0

kBT
1S0 , ~3!

whereS0 is a constant. In Fig. 1~b!, S has been plotted as
function of 1000/T for x50.05 doping. Above 200 K,S is

FIG. 1. ~a! Temperature dependence of resistivity data in
adiabatic limit. Inset: Resistivity anomaly in the vicinity of ortho
rhombic to rhombohedral structural phase transition for 5% C
doped sample.~b! S vs 1000/T plot for the above three samples
Inset:T dependence ofSdown to 100 K.S for Ba-doped sample ha
been shifted upward by 100mV/K. The solid lines in Figs. 1~a,b!
are fits in the high-temperature regime for polaronic conduct
@Eqs.~1! and ~3! in the text#.
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TRANSPORT, MAGNETIC, AND STRUCTURAL . . . PHYSICAL REVIEW B 68, 014422 ~2003!
approximately linear for all the three samples. The values
E0 determined from the high-temperature linear part are
61, and 49 meV for LBMO, LSMO, and LCMO, respe
tively. Thus, similar toEr , E0 also decreases from LBMO t
LSMO to LCMO. Using these values ofE0 and neglectingJ,
we can calculate that polaron binding energyEP5420, 399,
and 370 meV for LBMO, LSMO, and LCMO samples, r
spectively, for 0.05 doping. So, the polaron binding energ
slightly higher for LBMO system. At this moment we do n
know why EP is higher for LBMO. One possible reason fo
this small discrepancy is the contribution from the hopp
due to disorder. In the presence of small disorder the act
tion energyEr contains an additional term 1/2WD other than
E0 andJ.27 Due to the large difference in ionic radii betwee
Ba and La the effect due to disorder is expected to be slig
larger in the case of LBMO.

Thoughr(T) for all the samples (0<x<0.20) have been
studied, here we present the results of some selected sam
close tox50.125~Fig. 2!. We have chosen these concent
tions because the electrical resistivity is strongly influenc
by several successive structural and magnetic phase tr
tions close to this doping. It has already been mentioned
there are several reports on transport properties of Sr-do
samples close tox50.125. However, we have included th
resistivity and thermopower data for 0.125 and 0.15
doped samples in the present study to compare and con
these results with those of Ca- and Ba-doped systems
the corresponding value of doping. It is clear from Fig. 2~a!
that for x50.125, the effect of structural and magnetic tra
sitions onr(T) for LCMO and LBMO are slightly different
from that observed in LSMO. TheT dependence ofr for
0.125 LSMO is consistent with the earlier reports.1,5 r de-
creases by about 60% betweenTC and TCO and then in-
creases sharply just belowTCO . On the other hand, only 1%
to 2% resistivity drop has been observed belowTC for both
LCMO and LBMO. Although LCMO undergoes a structur
transition to pseudocubic phase belowTCO , similar to
LSMO, no abrupt increase ofr has been observed i
LCMO.28 In LSMO, a long-range polaron ordering has be
reported belowTCO

9 and this transition is of first order in
nature.3,10,16However, LCMO does not show any long-rang
ordering of polarons but short-range correlation has been
tected for 0.15<x<0.20 ~Ref. 9!. For LBMO there is no
such study on polaron formation and polaron-polaron co
lation close to 1/8 doping. Nevertheless, the nature of re
tivity increase belowTCO in LBMO is quite similar to that of
LCMO system. This phenomenon indicates that ionic s
plays an important role in the nature of resistivity increa
below TCO , i.e., at an optimum ionic size,r shows a sharp
jump. Also, the anomaly atTJT is much weaker for LBMO
and LCMO than that observed in LSMO.

r for LBMO, LSMO, and LCMO samples withx50.15
first decreases belowTC but, on further cooling, shows
smooth upturn with a low-temperature insulating behav
@Fig. 2~b!#. r does not increase abruptly at low temperatu
below TCO in these samples. A weak feature or a change
slope has been observed atTOR5370 and 265 K for LSMO
and LBMO samples, respectively. No anomaly due to
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static JT distortion has been observed in these samples
the other hand,TJT is as high as 300 K for LCMO.TOR for
both 0.125 and 0.15 LCMO samples are 806 and 777
respectively.

For LBMO system, the behavior ofr(T) for x50.175
and 0.20 samples are shown in Fig. 2~c!. r for x50.175
sample decreases belowTC and then increases at low tem
peratures. However, at low temperatures, the nature of
crease ofr is very different from that forx50.15 sample.
The ln(r) versus 1/T plot ~not shown! shows a saturationlike
behavior at low temperatures. Thus, this sample is clos
the critical doping (xMI) at which metal to insulator~MI !
transition occurs. Atx50.20, theT dependence ofr changes
dramatically. In the FM regionr decreases with decreasin

FIG. 2. Temperature dependence ofr for La12xAxMnO3

samples with differentx: ~a! x50.125, ~b! x50.15, and~c! for
Ba-doped samples withx50.175 and 0.20.
2-3
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T. The small upturn at low temperatures may be due to
weak localization. Thus, for LBMO system, the MI transitio
occurs at aroundxMI50.20. This value forxMI is slightly
higher than that reported for polycrystalline samples.17 A
small thermal hysteresis between heating and cooling cy
has been observed at aroundTOR5170 K for x50.20
sample. For LCMO system we have not seen MI transit
up to x50.20. Neutron diffraction and other studies sho
that TJT is very close toTC at x50.15 and 0.20 for LSMO
and LCMO, respectively, and slightly above these values
dopingTJT disappears and the systems become metallic6,28

Thus, MI transition in both LSMO and LCMO may b
driven by the suppression of static JT ordering. However
the case of LBMO, thoughTJT decreases at a faster rate
compared to LSMO andTJT is much lower thanTC for x
>0.125, the MI transition occurs at a higher value ofxMI .
Other localization phenomena, such as dynamic JT distor
in theO-orthorhombic phase and the disorder due to the s
mismatch between La and Ba ions, may play important r
in shifting the xMI to higher value in LBMO. It has been
shown in a later section that this disorder increases with
doping and acts like a JT distortion.

Figure 3 shows theT dependence ofS for LBMO, LSMO,
and LCMO withx50.125 and 0.15.S(T) for 0.125 LSMO
is consistent with the previous report.10 Unlike LSMO, theT
dependence ofS for 0.125 LCMO sample is quite simple. I
the paramagnetic~PM! phase, on cooling,S increases, down
to TC , and then decreases very rapidly in the FM state. T
behavior ofS(T) for 0.125 LBMO is somewhat in betwee
LCMO and LSMO.S increases slowly with decreasingT in

FIG. 3. Temperature dependence of thermopower
La12xAxMnO3 with different x: ~a! x50.125, and~b! x50.15.
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the PM state and then starts to decrease belowTC . Below
TC , closer inspection reveals different temperature regim
depending on the nature ofS(T). For this sample,S neither
decreases very rapidly belowTC , like LCMO, nor increases
abruptly belowTCO as in the case of LSMO.S is positive for
all the three samples in the measured temperature ra
Samples withx50.15 show an overall decrease ofS due to
the increase of carrier density. For this concentration a
one can see that at low temperatures the nature ofT depen-
dence ofS for LBMO and LCMO are different from that of
LSMO. At low temperature,S is large and negative fo
LCMO while S is small and negative for LBMO. For LSMO
S remains positive over the whole temperature range and
overall magnitude is smaller than that for other two system
S(T) shows weak anomalies atTJT for LCMO and atTOR
for LBMO. As in the case of resistivity, we have not seen a
anomaly inS(T) due to JT transition for LBMO abovex
50.125. For bothx50.125 and 0.15 LCMO, the nature ofT
dependence ofS is quite similar and the large value ofS is
consistent with the high resistivity.

B. Magnetic properties

Magnetic properties of some selected LBMO samples w
be discussed here. MagnetizationM (T) for x50.125, 0.15,
and 0.20 samples at low field~20 Oe! are shown in Fig. 4~a!.
With decreasing temperature all the samples show a s
transition from PM to FM state atTC . The sharp transition
indicates that the samples are of good quality with homo
neous distribution of Ba ion. Forx50.125, 0.15, and 0.20
the values ofTC are 200, 218, and 268 K, respectively. F
x50.20 sample, on cooling,M shows a small steplike de
crease at aroundTOR . TC for x50.125 and 0.15 samples ar
slightly lower but sharper than that observed in polycryst
line samples.17 This discrepancy may be due to the slight
higher oxygen content than the stoichiometric value 3
polycrystalline samples.M (H) for these samples increase
sharply at low fields and shows almost saturationlike beh
ior above 0.3–0.5 T@Fig. 4~b!#. The value of the spin only
moments (mS) calculated at 5 T for 0.125, 0.15, and 0.2
samples are 3.88, 3.77, and 3.60mB , respectively. The
theoretical values ofmS , calculated using the spin only mo
ments of Mn31 (4mB) and Mn41 (3mB) ions, are 3.88, 3.85
and 3.80mB , respectively, forx50.125, 0.15, and 0.20. Thi
shows an excellent agreement between experimental and
oretical values, particularly for 0.125 and 0.15 sampl
Though the FM transition is sharp and the spin only mom
is very close to the theoretical value for 0.125 sample, o
cannot completely rule out the presence of a weak can
AFM state at low temperatures belowTC , which becomes
fully spin polarized when a small magnetic field 0.10–0.30
is applied. In contrast to LSMO, no abrupt change has b
observed inM (T) just belowTCO for 0.125 LBMO.11,16

We have measured the ac susceptibility forx50.125
sample to see any effect of structural transition on magn
properties@Figs. 4~c!, 4~d!#. Both real (x8) and imaginary
(x9) parts of the ac susceptibility increase sharply atTC and
show a peak just belowTC . However, x9 exhibits some
additional features well belowTC . x9 shows a sharp peak a

r
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FIG. 4. ~a! Temperature de-
pendence of low-field dc magneti
zation for La12xBaxMnO3

samples withx50.125, 0.15, and
0.20.~b! Magnetization as a func-
tion of magnetic field for x
50.125, 0.15, and 0.20 sample
~c! Temperature dependence o
real part of ac susceptibility (x8)
for 0.125 Ba-doped sample.~d!
Temperature dependence o
imaginary part of ac susceptibility
(x9) for 0.125 Ba-doped sample.
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the structural transitionTJT5150 K and a shoulderlike fea
ture at around 100 K. Thoughx8(T) and the dcM do not
show any noticeable feature around 100 K butdx8/dT and
dM/dT show respectively, a broad maximum and a shall
minimum around 150 K. The peak at 150 K shifts towar
higher temperature and becomes sharper with freque
However, the peak just belowTC does not shift with fre-
quency.

The dependence ofTC on doping has been shown in Fig
5 for 0.10<x<0.20. Figure 5 shows thatTC increases withx
for all the three systems but at a given doping,TC also de-
pends on the type of dopant. It has been shown tha

FIG. 5. The dependence of ferromagnetic Curie temperatureTC

on doping (0.10<x<0.20) for Ba-, Sr-, and Ca-doped systems.
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AMnO3 perovskiteTC is mainly affected by the average siz
of theA-site cations,̂ r A& (5Syir i) and by theA-site cation
size variances2 (5Syir i

22^r A&2), whereyi is the fractional
occupancy of the atom with ionic radiusr i .29 To quantify the
effect of these two phenomena onTC , Rodriguez-Martinez
and Attfield29 proposed an empirical relation betweenTC and
Q0@5(r A

02^r A&)# ands:

TC~^r A&,s!5TC~r A
0,0!2p1Q0

22p2s2, ~4!

where r A
0 is the idealA-site radius for an undistorted cubi

perovskite witht51 and is a function ofx, TC(^r A&,s) is
the observed FM transition,TC(r A

0,0) is the ideal temperature
of FM transition of the cubic perovskite, andp1 and p2 are
constants. Equation~4! describes approximately the variatio
of TC with the increase of ionic size, as the dopant chan
from Ca to Sr to Ba for a givenx. To calculatê r A& the ionic
radii for 12-coordinated La~1.36 Å!, Ca ~1.34 Å!, Sr ~1.44
Å!, and Ba~1.61 Å! are used.30 We have estimatedp1;7
3103 KÅ22, p2;103 KÅ22, andTC(r A

0,0)5235610 K for
x50.10 and the corresponding values forx50.20 are 2
3104 KÅ22, 104 KÅ22, and 425620 K. As the ionic size
of Ca is very close to La, the effect of disorder (s2) on TC
suppression is negligible over the whole range of doping
LCMO. However, due to the smaller size of Ca as compa
to r A

0 , the second term in Eq.~4! is quite large and increase
rapidly with x and as a consequence,TC in this system is
much lower thanTC(r A

0,0). For LSMO too,TC suppression
2-5
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P. MANDAL AND B. GHOSH PHYSICAL REVIEW B68, 014422 ~2003!
is mainly due to the smaller average size of theA-site cations
thanr A

0 . However, the effect due to both the smaller avera
size and the size variance of theA-site ion onTC are com-
parable in LBMO. Forx.0.125, the last term in Eq.~4! is
larger than the second term and increases rapidly withx and
as a consequence,TC in LBMO does not increase as fast a
in LSMO above this doping. This explains whyTC is higher
for LSMO than for LBMO abovex50.125 in Fig. 5.

C. Structural analysis

Figure 6 shows the x-ray diffraction patterns at 200 a
350 K for 0.15 LBMO. All the peaks can be indexed wi
orthorhombic unit cell at 200 K and with rhombohedral u
cell at 350 K. With increasing temperature,O-orthorhombic
~space groupPbnm) to rhombohedral~space groupRc̄3)
phase transition occurs at around 265 and 315 K fox
50.15 and 0.125, respectively. The insets in the figures d
onstrate the evolution of peaks at around 2u547° as the
system undergoes phase transition from orthorhombic
rhombohedral. In the rhombohedral phase there is only
intense and symmetrical peak~220! whereas in the ortho
rhombic phase it splits into two~004,220! relatively weaker
peaks. Similar behavior has also been observed for 0
sample.

The T dependence of the lattice parameters calcula
from the diffraction patterns are shown in Fig. 7. To comp
with a andb we have actually plottedc/A2. Lattice param-
etersa andc/A2 of the orthorhombic phase can be extrap
late to the equivalent lattice parametersa and ceq of the

FIG. 6. X-ray diffraction patterns forx50.15 Ba-doped sample
at: ~a! 200 K and~b! 350 K. The insets in the figures demonstra
the evolution of~220! peak with temperature.
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rhombohedral phase at higher temperature. The equiva
c/A2 for the rhombohedral phase,ceq5cO /A2, is obtained
from: aH5aO , bH51/2(aO2bO2cO), andcH52aO1cO ,
so that 18ceq

2 5cH
2 112aH

2 ~subscriptsH andO stand for hex-
agonal and orthorhombic, respectively!.31,32 For x50.125,
the lattice parameters in theO-orthorhombic phase decreas
slowly with T, down to 150 K and then display a small b
abrupt increase at 150 K due toO- to O8-orthorhombic tran-
sition. Unlike LSMO and LCMO, we have not seen an
O8-orthorhombic to pseudocubic phase transition belowTCO
for 0.125 LBMO sample.5,28 This suggests that the transitio
to pseudocubic phase either takes place below 80 K or b
O- to O8-orthorhombic andO8-orthorhombic to pseudocubi

FIG. 7. The temperature variation of lattice parametersa, b, and
c for Ba-doped samples:~a! x50.125, ~b! x50.15, and~c! x
50.20. Structural phase transition temperaturesTJT and TOR are
marked by the arrows.
2-6
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TRANSPORT, MAGNETIC, AND STRUCTURAL . . . PHYSICAL REVIEW B 68, 014422 ~2003!
transitions occur so close to each other that we are unab
separate these two transitions. TheT dependence of lattice
parameters of LBMO in theO8 phase are also different from
that of Ca- and Sr-doped samples withx50.125. In the latter
systemsa increases andc decreases sharply while for th
0.125 LBMO sample botha andc increase belowTJT .5,6,28

TheT dependence of lattice parameters forx50.15 in the
O-orthorhombic phase is similar to that of 0.125 sample. T
lattice parameters of this sample show a small but sharp
crease just aboveTOR . However, forx50.20 sample,c in-
creases whereasa decreases atTOR . We have not seen an
O- to O8-orthorhombic transition down to 80 K forx
>0.15. Both T dependence of lattice parameters and
small difference betweenb and c/A2 for Ba-doped 0.125
sample are comparable to that of Sr-doped 0.165 sam
Also, TOR for these two samples are almost sam
(;315 K). It has been suggested that the structural ph
transition is governed by the tolerance factor.17 The same
TOR for 0.125 LBMO and 0.165 LSMO is due to the sam
value of t50.97 for both the samples. Thought increases
faster with x for LBMO as compared to LSMO,TOR de-
creases at a much slower rate withx above 0.125 in the
former system than the latter. As in the case of magn
property, the disorder due to the larger ionic size of Ba m
be responsible for the slower decrease ofTOR in LBMO. Due
to theA-site cation disorder there is a random displacem
of oxide ions from their mean crystallographic position w
mean random displacementQr5s(5As2). This Qr is re-
lated through the lattice strain term in the JT part of t
Hamiltonian, K(Qr

21Q0
2); here Q05(r A

02^r A&) is the
change in Mn-O bond length due to the static JT effect.29 For
Ba-doped samples abovex50.125, Qr.Q0 ~at x50.20,
Qr.2Q0). Thus the local deformations of the MnO6 octa-
hedra due to theA-site disorder acts as ‘‘preformed JT di
tortions,’’ ~as described in Ref. 29! that favor both carrier
localization and orthorhombic structure.

D. Phase diagram

Based on transport, magnetic, and structural proper
discussed above, a structural phase diagram for Ba-, Sr-,

FIG. 8. Temperatures,TOR ~open symbol!, TJT ~filled symbol!
andTCO ~star!, determined from transport, magnetic, and structu
properties~see text! are plotted as a function of dopingx. The lines
through the symbols are the guide to the eyes.
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Ca-doped systems has been constructed~Fig. 8!. The mag-
netic phase diagramTC versusx for 0.10<x<0.20 has al-
ready been presented in Fig. 5. For LBMO,TOR decreases
almost linearly withx up to ;0.125. Abovex50.125TOR
decreases at a slower rate than linear. However, for LS
TOR decreases approximately linearly up to as high asx
50.20. In the linear region,TOR decreases at a faster rate
LBMO than in LSMO andTOR extrapolated to 0 occurs a
x50.175 and 0.225 for the former and the latter system
respectively. Due to the slower decrease ofTOR for LBMO
abovex50.125, the orthorhombic to rhombohedral tran
tion is higher for LBMO than LSMO abovex50.175. For
LCMO, TOR decreases slowly withx and develops a satura
tionlike behavior at higher Ca concentration. In the dopi
range 0–0.20,TOR did not decrease below 745 K. This be
havior is consistent with the orthorhombic structure
CaMnO3 well above the room temperature.33 Over the whole
doping range,TJT decreases faster for LBMO as compar
to LSMO and LCMO. We have not seen any indication
static JT effect for LBMO forx>0.15. Detailed structura
analysis, down to low temperatures, is important to s
whether JT effect vanishes atx50.15 or not. For LBMO, the
dependence ofTCO on carrier density is also shown in th
figure. We define the temperature wherer(T) shows a mini-
mum slightly belowTC , asTCO . BelowTCO , the ferromag-
netic phase is insulating. For LBMOTCO is almost flat over
the doping 0.125<x<0.175.

IV. CONCLUSIONS

Analysis of resistivity and thermopower suggests that
transport is governed by the thermally activated hopping
small polarons. Irrespective of the size ofA-site ion, Er is
almost independent ofx up to 0.10 and then decreases abo
this value ofx. Both Er andEP decrease slightly as divalen
ion M changes from Ba to Sr to Ca. In contrast to Sr-dop
sample, on cooling, both Ca- and Ba-doped samples do
show large drop inr below TC followed by an abrupt in-
crease atTCO for x51/8 doping.TJT decreases more rapidl
with x for LBMO as compared to LSMO and LCMO.TOR
shows linear behavior up tox50.125 and 0.20 for LBMO
and LSMO systems, respectively. The decrease ofTOR in
LBMO is slower than linear forx.0.125. For LCMO sys-
temTOR does not decrease monotonically withx. The differ-
ences in transport, magnetic, and structural properties
tween Ba- and Sr-doped samples abovex50.125 are
strongly coupled with the distortion~t! and disorder (s) due
to the A-site lattice mismatch. The higher value ofxMI in
LBMO as compared to LSMO may also be due to this d
order. A phase diagram has been constructed to show
variation ofTOR , TJT , TC , andTCO with dopingx.
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