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Cation disorder and the metal-insulator transition temperature in manganese oxide perovskites
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Structural changes in a series of 30% hole-dopedAMnO3 perovskites have been studied by powder neutron
diffraction. Large local changes, consistent with the freezing of Jahn-Teller distortions of the MnO6 octahedra,
occur at the metal-insulator transition atTm5363 K in ~La0.70Ca0.11Sr0.19)MnO3. The 4 K structures of four
compositions with the sameA-cation radius but increasing amounts ofA-site disorder, show an increasing
radial distortion of the MnO6 octahedra. The decrease inTm across this series may reflect these increasing
distortions which lower the local strain contribution to the transition enthalpy.@S0163-1829~98!05030-9#
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A variety of electronic and magnetic states are obser
in dopedAMnO3 perovskites where theA sites are occupied
by a mixture of trivalent lanthanide (L) and divalent Ca, Sr
or Ba (M ) cations. The transition from a low-temperatu
ferromagnetic metallic state to a high-temperature param
netic insulating phase has been of particular interest a
gives rise to colossal negative magnetoresistances at
metal-insulator transition temperatureTm.1,2

We have previously shown3 that in a series of
(L0.7M0.3)MnO3 perovskites with a constant meanA-site cat-
ion radius^r A& Tm shows a strong linear dependence up
the variance~second moment! of the A-cation radius distri-
bution s25^r A

2&2^r A&2.4 For this series of samples wit
^r A&51.23 Å, the experimental value ofdTm /ds2 is
220 6006500 K Å22. This effect was attributed to displace
ments of the oxygen atoms due to theA site disorder, as
shown by the simple model in Fig. 1. This shows thats
provides a measure of the oxygen displacementsQ due toA
cation size disorder and that (r A

02^r A&) is the complemen-
tary measure of displacements due to^r A& being less than the
ideal valuer A

0. This is defined as giving a tolerance fact
t51 @ t5(^r A&1r O)/A2(r Mn1r O); r O and r Mn are the radii
of the oxide and manganese ions#.

To investigate the structural changes inAMnO3 perovs-
kites as a function ofs2 and at the metal-insulator transition
four of the previously reported compositions3 have been
studied by time-of-flight~TOF! powder neutron diffraction a
4 K on the POLARIS diffractometer at the ISIS sourc
Rutherford-Appleton Laboratory, U.K. The four sampl
~Table I! have the samex50.3 doping level and̂r A&51.23
Å, and show a linear decrease ofTm with s2. A variable
temperature study of the sample with the small
s2 (La0.70Ca0.11Sr0.19)MnO3 was also carried out using
cryostat and furnace to access temperatures between 4
550 K.

TOF data from detector banks at 2u535° and 145° were
Rietveld-fitted simultaneously5 providing data down to
0.4 Å d spacings which enabled the atomic displacem
factors to be refined accurately. The profiles f
(La0.70Ca0.11Sr0.19)MnO3 show that a transition from the
high-temperature rhombohedral structure (R3̄c symmetry! to
a low-temperature orthorhombic (Pnma) phase occurs be
PRB 580163-1829/98/58~5!/2426~4!/$15.00
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low 200 K. Fits to the TOF data show that the two phas
coexist in this region, as found elsewhere,6 and at 4 K the
sample consists of 82% orthorhombic and 18% rhombo
dral phases. The 4 K patterns of the other three samples we
fitted by the orthorhombicPnma structure and no evidenc
for a rhombohedral component was found. The combin
Rwp residuals for the refinements were 1.5–1.6% and
reducedx2 values were between 2.9 and 3.7.

A structural discontinuity is observed in rhombohed
(La0.70Ca0.11Sr0.19)MnO3 at Tm ~Fig. 2!, as found in many
other manganites.7–11 Although the average 3¯ crystallo-
graphic symmetry of the MnO6 octahedra is unchanged at th
transition, small anomalies in the Mn-O bond distance a
Mn-O-Mn angle are observed. To measure changes in lo
structure atTm , the displacement parameter for the oxyg
atom around the mean position was refined anisotropic
for data between 150 and 550 K. The principal mean squ
displacements perpendicular to the Mn¯Mn vectorsu2 and
u3 vary smoothly@Fig. 2~b!# whereas a clear discontinuity i
the u1 data atTm shows that significant local changes in th

FIG. 1. Model for local oxygen displacements inAMnO3 per-
ovskites. A fragment of ideal cubic structure withA cations of radii
r A

0 is shown schematically in~a! and as spherical ions in~b!. Cation
size disorder in~c! gives rise to random oxygen displacemen
Q5s and a reduction in theA site radius in~d! leads to ordered
oxygen displacementsQ5r A

02r A .
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TABLE I. A site compositions and theirs2 values,Tm’s ~Ref. 3!, and selected parameters from the 4 K powder neutron refinements~cell
parameters and volume, Mn andA site magnetic moments and Mn-O-Mn angles, with estimated standard deviations in parenthese!.

A site composition s2 (Å2) Tm ~K! a ~Å! b ~Å! c ~Å! V (Å3) mMn(mB) mA (mB)
Mn-O~1!-
Mn ~deg.!

Mn-O~2!-
Mn ~deg.!

La0.70Ca0.11Sr0.19 0.0016 363 5.4586~1! 7.7146~2! 5.5005~1! 231.63~1! 3.55~1! 0 161.24~6! 165.29~4!

La0.32Pr0.38Sr0.30 0.0029 336 5.4544~1! 7.7067~2! 5.4953~1! 231.00~1! 3.61~1! 0.14~2! 161.12~4! 164.27~3!

Pr0.70Sr0.23Ba0.07 0.0074 247 5.4602~2! 7.7102~2! 5.4852~2! 230.92~2! 3.55~1! 0.29~1! 159.96~7! 162.72~5!

Nd0.70Sr0.16Ba0.14 0.0123 146 5.4680~2! 7.7263~3! 5.4800~2! 231.52~1! 3.56~1! 0.37~2! 159.19~9! 162.14~6!
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Mn-O bond lengths occur at the transition. This has pre
ously been observed in the orthorhombic perovsk
La0.75Ca0.25MnO3.7,8 By extrapolating the thermal variation
of u1 from above and belowTm to zero temperature, th
increase due to static displacements is estimated to beDu1
'0.004 Å2, equivalent to a root mean square deviation
60.06 Å about the mean Mn-O bond length of 1.96 Å. Th
is consistent with a change from dynamic Jahn-Teller dis
tions ~mobile polarons! belowTm to static, disordered distor
tions ~trapped Jahn-Teller polarons! above the transition.8,9,12

Only 70% of the Mn sites contain Jahn-Teller distort
Mn31 and the other 30% Mn41 sites prevent the formation o
a long-range cooperatively distorted structure such as
found in undoped LaMnO3.

13 The enthalpy difference be
tween the dynamic and static Jahn-Teller states atT50 may
be estimated asDHS56KDu1/2 per Mn atom~bonded to six
oxygen atoms!. Taking the force constant for the Mn-O bon
to beK'100 Nm21 ~Ref. 14! givesDHS /kB'900 K (kB is
the Boltzmann constant!, which is a significant energy in
comparison toTm5363 K.

The four 4 KAMnO3 refinements~Table I! give the mean
ferromagnetically ordered moments at the Mn site and thA
site for samples containing magnetic lanthanides. The
moments are close to the ideal value of 3.7mB and show no

FIG. 2. Thermal variation of~a! mean Mn-O distance and Mn
O-Mn angles, and~b! mean squared oxygen displacements in
directions shown for rhombohedral (La0.70Ca0.11Sr0.19)MnO3.
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significant variation withs2, which rules out an increasing
spin disorder as the cause of the decrease ofTm across the
series. Although the cell parameters of these phases sh
decreasing orthorhombicity with increasingA cation size
variances2, the local distortions of the MnO6 octahedra in-
crease withs2. This is evidenced both by the ordered orth
rhombic distortion of the octahedra@Fig. 3~a!# and from the
increasing oxygen atomic displacement factors@Figs. 3~b!
and 3~c!#. The increasing dispersion in the three pairs
inequivalent Mn-O distances is reflected by a small incre
in the average Mn-O distance and slight decreases in

e

FIG. 3. Variation of the orthorhombic 4 K structures withA-site
disorder;~a! Mn-O distances with the average shown as connec
open points, and principal mean squared oxygen displacemen
the directions shown in Fig. 2~b! for the crystallographically distinct
O~1! site at~0.49, 1

4 , 0.05! ~b! and O~2! at ~0.27, 0.03,20.27! ~c!.
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Mn-O-Mn angles~Table I!. Much larger changes in loca
structure with increasings2 are evidenced by theui values
in Fig. 3~b!, which show an approximately linear increa
with s2 due to increasing static disorder as the change in
phonon contribution at 4 K is minimal.

In the idealAMnO3 perovskite structure, each O atom
coordinated octahedrally by fourA and two Mn cations. The
simple model in Fig. 1 shows that in an ideal cubic pero
skite with meanA cation radiusr A

0, cation disorder only
gives rise to oxygen displacements perpendicular to the
O-Mn axis @i.e., Q1

250 and Q2
25Q3

25s2, giving ^Q2&
50.67s2, with the displacement directions as shown in F
2~b!#. The slopesDui /s2 of the plots in Figs. 3~b! and 3~c!
give experimental measurements of the dependences oQi

2

upon s2 in our series of 4 K orthorhombic structures with
^r A&51.23 Å. These show that all three displacements
crease withs2, as these structures are orthorhombic w
^r A&51.23 Å significantly less thanr A

051.30 Å so that the
environment around oxygen is less symmetric than in Fig
Nevertheless, it is notable that the mean values ofDu/s2 are
0.68 for the O~1! oxygen site and 0.63 for O~2!, giving an
overall mean of 0.65, in excellent agreement with the p
dicted^Q2&/s250.67 value for the increase in mean-squar
oxygen displacement withA site disorder. This verifies the
use ofs2 as a functional for displacive disorder of the ox
gen atoms due toA site cation size disorder in perovskites

The increase ofu1 with s2 in Figs. 3~b! and 3~c! is par-
ticularly significant as it demonstrates an increasing ra
distortion resulting in an increasing dispersion in Mn-O bo
lengths due toA cation disorder, which can affect the chan
in u1 at the metal-insulator transition. Across the series
four samples, the average increase of 0.004 Å2 in u1 is equal
to the extrapolatedT50 difference inu1 between the metal
lic and insulating states of (La0.70Ca0.11Sr0.19)MnO3 esti-
mated above.

A simultaneous electronic~metal to insulator!, magnetic
~ferromagnetic to paramagnetic!, and structural~dynamic to
static Jahn-Teller distortions! second-order phase transitio
occurs in theseAMnO3 perovskites atTm . Variations inTm
due to lattice effects at a fixed doping level have been
cribed to changes in the double exchange interaction thro
reduction of the bandwidth. However, the changes in ba
width are very small, for example, an estimated 3% cha
was found for a series of (L0.7M0.3)MnO3 samples in which
Tm ranges from 350 to 100 K.8 Bandwidth is calculated from
average bond distances and angles, but it is clear that
small changes in average structure atTm or as a function of
changings2 result from much larger changes in disorder
structure, which provide an alternative explanation for
strong lattice dependence ofTm through changes in the struc
tural contribution to the energy for polaron localization. T
above results show that the large linear decrease inTm across
the series of four samples with increasings2 is accompanied
by a large, approximately linear increase in the radial dis
tions (u1) of the MnO6 octahedra. Althoughu1 is averaged
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over many deformations, it will contain components of t
Jahn-Teller active orthorhombic and tetragonal distortio9

which lower the energy for polaron trapping atTm .
A full treatment of the competition between dynamic a

static displacements is beyond the scope of this study, bu
note that the linear dependence ofTm upon s2, is rational-
ized by a strain term which may describe the reduction
polaron localization energy at the transition:

Tm'Tm
0 2

(K^QJ
2&

2DSm

, ~1!

where the mean square static oxygen displacements of J
Teller symmetry due toA cation disorder̂ QJ

2& are summed
over the all the Jahn-Teller modes,Tm

0 is the transition tem-
perature ats250, andDSm is the transition entropy. This
enables dTm /ds2 to be estimated asdTm /ds2'
23K^QJ

2&/DSm for the summation over six Mn-O bonds pe
Mn cation. ApproximatingDSm by the dominant magnetic
entropy changeDSm'kBln(2^S&11)'1.5kB for ^S&51.85
and taking ^QJ

2&/s25Du1 /s250.4 from Figs. 3~b! and
3~c! and K'100 Nm21 as before givesdTm /ds2'
260 000 K Å22. This compares well with the observe
value of 220 600 K Å22 given the uncertain values of th
above parameters and the assumption that all the radial
placements induced byA site disorder are Jahn-Teller activ
~i.e., that^QJ

2&5Du1),which overestimates the magnitude
dTm /ds2.

The analogous effects of increasings2 and (r A
02^r A&! in

Fig. 1 suggests that decreasing^r A& should also lead to in-
creasing distortions of the MnO6 octahedra. Evidence for thi
is contained in the study by Radaelliet al. who carried out
low-temperature neutron structure refinements on a serie
L0.7M0.3MnO3 compounds with widely varyinĝ r A& and
variables2.8 They found an inverse correlation betweenTm
and the mean Mn-O distance which, as observed in Fig. 3~a!,
is a measure of the degree of radial distortion of the Mn6
octahedra. It has recently been shown that the supercond
ing critical temperature (Tc) in L1.85M0.15CuO4 supercon-
ductors also decreases linearly withs2,15 demonstrating a
general sensitivity of electronic transitions in perovskite-li
transition metal oxides to this lattice effect. The large qu
dratic dependence upon atomic displacements suggests
changing strain contributions to the transition enthalpy
responsible for variations inTm or Tc at a constant doping
level through equations such as Eq.~1!. Furthermore change
of transition temperature through changing hole doping
chemical substitutions~e.g., changingx in La12xSrxMnO3 or
La22xSrxCuO4) reflect both changing lattice and electron
effects, so that maximum transition temperatures do not n
essarily coincide with electronically optimum hole dopin
levels.
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