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Symmetry origin of the phase transitions and phase separation in manganites at low doping
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Department of Physics, University of Hong Kong, Hong Kong, People’s Republic of China

~Received 16 February 1999!

We analyze the symmetry changes of paramagnetic toA-type antiferromagnetic and to ferromagnetic phase
transitions in undoped and moderately doped LaMnO3, respectively. We show that in orthorhombic-distorted
perovskite manganites the phase separation at low doping is associated with the noncollinear nature of the
magnetic orders permitted by symmetry. A simple model for the competition between the two phase transitions
is put forward within the framework of the Landau theory of phase transitions.@S0163-1829~99!03038-6#
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The discovery of ‘‘colossal’’ magnetoresistance~CMR!
has stimulated a renaissance of interest in doped rare-e
manganese oxides because of their promising practical a
cations and their similarity to cuprate superconductors.1,2 Al-
though great efforts have been devoted to this system,
various phase transitions occurring under doping are still
fully understood as a result of the complex interplay amo
magnetic, charge, orbital, and structural orders. The pre
lack of a precise command of strong correlations makes
ficult discriminating models based on, for example, pu
double-exchange, Jahn-Teller, and doping variants.3 There-
fore, it is desirable to investigate general properties such
the symmetry of the system that are feasible and meanw
informative enough both to impose rigorous general rest
tions and to shed light on microscopic theories.

Perovskite-structured LaMnO3 is believed to be a Jahn
Teller distorted orthorhombic structure with a crystall
graphic space groupPnma(D2h

16) at room temperature.4 Be-
low TN;140 K, it undergoes a magnetic transition from
paramagnetic~PM! to an A-type antiferromagnetic~AFM!
phase in which ferromagnetic~FM! layers are coupled anti
ferromagnetically, different from the usual AFM coupling
along all nearest neighbors~G type!, while its lattice remains
unaltered.1 The Mn31(d4) ion is believed to be in thet2g

3 eg
1

high-spin state, and strong on-site correlations render
compound insulating in both magnetic phases. Upon dop
of divalent ions, some Mn ions lose their Jahn-Teller act
eg

1 electrons, leaving much smaller Mn41 ions with mobile
holes, a sufficient amount of which may make the lo
temperature phase metallic and ferromagnetic via a do
exchange,5 a superexchange interaction between localiz
t2g spins which is facilitated by an external magnetic fie
and hence follows the so-called colossal magnetoresista
In addition to this magnetotransport behavior, many unus
phenomena show up such as the magnetostructural tr
tion, charge and orbital orders, and their stability to exter
influences such as magnetic field, pressure, x-ray, ele
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field, and light irradiations.6 A particular issue that poses
great challenge to theorists,7 besides the mechanism of CM
itself, is the tendency of the system to phase separate
only at high doping through a first-order FM to charg
ordered AFM transition,8 but also at low doping.1,9,10 We
shall show below by symmetry analysis that both the PM
AFM and the PM to FM transitions are induced by the sa
irreducible corepresentation, which, among others, permi
common FM component for both the AFM and FM phas
The competition between these two phases upon dop
leads to an electronic phase separation at low doping w
combined with the microscopic mechanism of double e
change.

First we analyze the symmetry change of the PM to AF
phase transition in undoped LaMnO3. Since the crystallo-
graphic space group remains unaltered during the magn
phase transition, this transition must be associated wit
one-dimensional irreducible corepresentation of the magn
group at the center (k50) of the orthorhombic Brillouin
zone. As a result, the PM to AFM transition is governed
a single order parameter that acquires a nonzero value
resenting the staggered magnetization belowTN .

The magnetic group of the PM phase contains the tim
reversal operationR itself as one of its elements and so
the gray groupPnma18, a direct product group ofPnma,
and the group$E,R% with E being the identity operation.11

All its irreducible corepresentations~ICR’s! are thus multi-
plied into a doubled set of even and odd groups. Only
odd representations are relevant asR reverses the direction
of a spin, and so the transition from a PM state can be
scribed simply by the axial vector basis functions of the
reducible representations of the space groupPnma.12 Des-
ignating a space group element by$RutR1t%, where R
represents a proper or improper rotation,tR a nonprimitive
~fractional! translation associated withR, and t a primitive
translation, the eight coset representatives ofPnmawith re-
spect to the subgroup of pure translations$Eut% are13
h1 h2 h3 h4 h25 h26 h27 h28

$Eu000% $Uxu
1
2

1
2

1
2 % $Uyu0

1
2 0% $Uzu

1
2 0 1

2 % $I u000% $sxu
1
2

1
2

1
2 % $syu0

1
2 0% $szu

1
2 0 1

2 %,
11 883 ©1999 The American Physical Society



s:

11 884 PRB 60BRIEF REPORTS
whereI denotes an inversion,Ux a rotation byp about thex axis,sx a reflection about the plane perpendicular tox, etc., and
the hi ’s are Kovalev’s symbols. Then according to the character table of the point groupD2h , Table I, the magnetic
symmetries of the phases that arise from the corresponding irreducible representations can be determined as follow

t1 t2 t3 t4 t5 t6 t7 t8

Pnma Pn8m8a8 Pnm8a8 Pn8ma Pn8ma8 Pnm8a Pn8m8a Pnma8.
~1!
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Here the primes indicate the symmetry elements that are
sociated withR in the respective magnetic groups; for e
ample, all the reflection planes oft2 must combine withR to
give Pn8m8a8 since all their corresponding characters a
21.14

Next we determine the nature of the magnetic order be
TN . The elementary unit cell of LaMnO3 contains four for-
mula units with Mn31 ions located at the 4a sites 1~000!,

2( 1
2 0 1

2 ), 3(01
2 0), and 4(12

1
2

1
2 ) ~see Fig. 1!.15 Associating

each ion with a magnetic momentm, one can find their trans
formations byhi ’s as shown in Table II. Let

M5m11m21m31m4 ,

L15m12m21m32m4 ,

L25m11m22m32m4 ,

L35m12m22m31m4 , ~2!

which represent, respectively, the total magnetization
three possible AFM collinear orders ofC, A, and G
types.2,14,12 Then, according to Table II, the transformatio
properties ofM andL i ’s can be derived. Noting that bothUx
andsx change the sign of they andz components of an axia
vector, one deduces further the transformation propertie
their respective components, from which those compone
that form the bases of the ICR’s ofPnma18 at k50 can be
found to be

ICR Bases

t1 L3x ,L1y ,L2z

t3 Mx ,L2y ,L1z ~3!
t5 L2x ,M y ,L3z

t7 L1x ,L3y ,Mz .

TABLE I. Characters of the irreducible representations
Pnmaat k50.

h1 h2 h3 h4 h25 h26 h27 h28

t1 1 1 1 1 1 1 1 1
t2 1 1 1 1 21 21 21 21
t3 1 1 21 21 1 1 21 21
t4 1 1 21 21 21 21 1 1
t5 1 21 1 21 1 21 1 21
t6 1 21 1 21 21 1 21 1
t7 1 21 21 1 1 21 21 1
t8 1 21 21 1 21 1 1 21
s-

w

d

of
ts

That is,L2x , for instance, transforms according to the rep
sentationt5, and so doM y and L1z . Accordingly, it is
straightforward to construct the Landau free energy that is
invariant:

F5F01(
i 51

3
ai

2
L i

21
c

2
M21(

i 51

3
bi

4
L i

41
d

4
M4

1
1

2 (
a5x,y,z

S (
i 51

3

n iaLia
2 1baMa

2 D 1g1L3xL1y

1g2L3xL2z1g3L1yL2z1g4MxL2y1g5MxL1z

1g6L2yL1z1g7L2xM y1g8L2xL3z1g9M yL3z

1g10L1xL3y1g11L1xMz1g12L3yMz . ~4!

We have expanded the exchange contributions~first line! to
the fourth order and the magnetic anisotropic energies~last
four lines! to the second order because of their relative
smaller magnitude. Among all the coefficients,bi andd are
positive for stability, andg i , n ia , and ba are small con-
stants from relativistic effects.12,16 By ignoring the aniso-
tropic contributions, it is readily seen that Eq.~4! may yield
a FM or AFM phase ofG, A, or C type depending on the
coefficientsai andc.

Experimentally, it has been observed that the magn
structure of LaMnO3 is A-type AFM order with the magnetic
moments directing primarily alongx axis.1,17 As a result, the
magnetic transition is described by a nonzeroL2x belowTN .
So a2 should become negative first amongai and c upon
cooling. Retaining only those terms in Eq.~4! that contain
the components pertinent toL2x , we have

FIG. 1. Elementary unit cell containing four Mn ions with ma
netic moments shown schematically by arrows.
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F85
a2

2
L2x

2 1
a3

2
L3z

2 1
b2

4
L2x

4 1
n2x

2
L2x

2 1
c

2
M y

2

1
1

2
byM y

21g7L2xM y1g8L2xL3z , ~5!

with the solution

L2x
2 52

1

b2
S a21n2x2

g7
2

c1by
2

g8
2

a3
D'2

a2

b2
, ~6a!

M y52
g7

c1by
L2x'2

g7

c
A2

a2

b2
, ~6b!

L3z52
g8

a3
L2x'2

g8

a3
A2

a2

b2
, ~6c!

which minimizesF8, where the last approximate equalitie
in each line neglect those terms that are orders of magni
smaller.

Equations~6! correspond to anA-type AFM order with
the magnetic moments directing primarily along the6x axis
in alternative Mn-O layers perpendicular to they axis. Mean-
while, all the moments tilt slightly along both they and z
axes, giving rise to a weak FM and a weakG-type AFM
order, respectively, in those two directions. The solution
associated with the irreducible corepresentationst5, and the
magnetic group of the asymmetry phase is thusPn8ma8
from the lists Eqs.~3! and ~1!. Actually, the orientation of
the magnetic moments can also be obtained directly from
irreducible representation, except their relative magnitude
other words, all three types of order along their respec
directions are simultaneously allowed by the symmetry.
from the symmetry point of view, a canted phase is allow
A weak ferromagnetic component alongy has been inferred
and observed in experiments.17 The magnetic structure ob
tained also agrees with the results of local-spin-dens
approximation calculations.18 We note in passing that as th
magnetic anisotropic energies arise from the relativistic sp
orbit and spin-spin interactions, the special arrangemen
the magnetic moments implies a corresponding ordering
the orientations of the orbital moments and spins relative
the crystalline lattice.

We now move on to the effect of doping. An importa
feature of Eqs.~6! is the global ferromagnetism along they
axis. Weak as it is, the partial FM order in alternativexz
planes indicates that upon doping this weak FM compon
should be so enhanced that the FM phase arising at suffic
doping rates should also direct along thisy axis as observed
experimentally.1,17 In other words, the PM to FM phase tran
sition should also be associated witht5. Formally, this is

TABLE II. Transformation table of the magnetic moments.

h1 h2 h3 h4 h25 h26 h27 h28

m1 m1 m4 m3 m2 m1 m4 m3 m2

m2 m2 m3 m4 m1 m2 m3 m4 m1

m3 m3 m2 m1 m4 m3 m2 m1 m4

m4 m4 m1 m2 m3 m4 m1 m2 m3
de
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induced by the coupling ofL2x with M y in Eq. ~4!. Micro-
scopically, the doped holes promote the mobility of theeg
electrons that mediate the FM coupling. Accordingly, as
doping increases, the FM coupling is enhanced and he
Tc , the FM transition temperature, increases. On the ot
hand, doping suppresses the antiferromagnetism. There
when the doping leveld ~we used here instead ofx to avoid
confusion! is not too large, we may assume that

a2~d!5a0~T2TN1a08d!,

c~d!5c0~T2Tc2c08d!, ~7!

where TN and Tc denote the AFM and the FM transitio
temperatures atd50, respectively, anda0 , a08 , c0 , andc08
are positive constants. Then, onced.dc[(TN2Tc)/(a08
2c08), the coefficientc will become negative first upon cool
ing, and so the system exhibits a PM to FM instead of
AFM transition. In this case, a similar analysis yields
dominant magnetizationM'A2c/d with now a weak cant-
ing of L2x'2g7M /a2 and L3z'2g9M /a3 in contrast to
the AFM state. This simple approximation is in qualitativ
agreement with the magnetic phase diagram at low dopin
in Refs. 19 and 20; namely, the AFM transition temperat
decreases but the FM one increases with increasing dop

More importantly, this simple model for the competitio
between the two phase transitions exhibits phase separa
at low doping. It is possible to extend the present theory t
generalized Ginzburg-Landau theory by including Coulom
repulsion and Boltzmann entropy terms for the holes as w
as gradient contributions from spatial inhomogeneities
give a quantitative account. Here, to illustrate the essen
point, it is instructive to compare the bulk free energy o
doped, uniform AFM state with that of a state composed o
hole-depleted AFM and a hole-rich FM phase. To this e
note that a uniform ordered AFM state at a doping leveld0

has a bulk free energy of2a2
2/4b2 , neglecting the small

relativistic contribution. Accordingly, when it is separate
into, for instance, a pure AFM state withdL50 and another
weaker AFM state of a number fractionn (d0<n,1) with a
higher dopingdH5d0 /n due to the conservation of holes, i
bulk free energy alone is lowered by (12n)a0

2a08
2d0

2/4bn
.0. Meanwhile, the FM component also gains a bulk fr
energy ofnc2(dH)/4d or (12n)c0

2c08
2d0

2/4dn for separation
at high temperatures whenc(d0).0 butc(dH),0 or at low
temperatures whenc(dL),0, respectively, while at interme
diate temperatures, whether or not the FM component al
favors a separation depends on the system~via the param-
eters!. These energies gained may possibly overtake the C
lomb energy cost for hole aggregation, particularly for t
low doping levels at which the aggregated holes can still
distant enough to reduce their Coulomb repulsion. As a
sult, a doped system tends to separate into hole-rich reg
with FM order and hole-depleted regions with AFM order.
reality, these electronically separated regions may be bro
into microscopic pieces by the long-range Coulomb inter
tion in order to spread the charge uniformly. Furthermo
the FM and AFM orders may possess a certain varia
strength depending on the concentration of doped holes
ing to their common FM component. This accounts quali
tively for the coexistence of FM and AFM features1,9 and the
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liquidlike distribution of FM droplets observed in neutro
scattering experiments at low doping.10

Note that the symmetry relationship between the t
phases plays an essential role in the above analysis.
tendency to favor separation is caused by an instability
the inverse compressibility;]2F/]d252(]a2 /]d)2/2b2
2a2(]2a2 /]d2)/2b2,0 for an AFM state since doped hole
always raise its energy by frustrating the AFM order. Sim
larly, the FM state favors more holes to a certain extent
order to lower the kinetic energies through double exchan
Nevertheless, for asingleAFM or FM state, a phase separa
tion is hardly possible because of the Coulomb repulsion
charged particles. In general, this fact is taken into acco
within Landau-Ginzburg theory by including quadratic term
to assure stability. In the present case, however,both the
hole-depleted AFM phase and the hole-rich FM phase
energetically favored relative to a uniform state. An und
lying mechanism that makes this separation feasible is
close symmetry correlation that facilitates the transition fro
the AFM state to the FM state by the itinerant holes. Thus
the doped holes hop, they enhance the weak FM compo
of the AFM state via double-exchange interactions. Such
hanced FM regions can catch more holes which in turn
further strengthen the FM order. This avalanche effect du
d
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a common FM component could trigger the separation of
holes into hole-depleted and hole-rich regions.

In conclusion, we have shown that both the PM toA-type
AFM and the PM to FM transitions in undoped and mod
ately doped LaMnO3, respectively, correspond to the trans
tion from a magnetic groupPnma18 to Pn8ma8, and are
associated with the irreducible corepresentationt5 of the
parent phase. This irreducible representation allows
A-mode AFM, aG-mode AFM, and a FM order along th
respectivea, c, and b axes in thePnma setting. Accord-
ingly, theA-type AFM phase of undoped LaMnO3 also pos-
sesses a FM component, albeit weak, which is identica
the direction with the FM phase present at moderate dop
This symmetry relation may lead to a phase separation
hole-depleted AFM regions and hole-rich FM regions in o
der to take energetic advantage of both phases. Such a
petition of the two relevant phases may also work in oth
systems like La222xSr112xMn2O7 where phase separatio
was also observed,21 though their symmetry may be differ
ent. Nevertheless, further investigation is awaited.
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