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Symmetry origin of the phase transitions and phase separation in manganites at low doping
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We analyze the symmetry changes of paramagnetfctigpe antiferromagnetic and to ferromagnetic phase
transitions in undoped and moderately doped LaMn®spectively. 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 transit{@&163-18209)03038-9

The discovery of “colossal” magnetoresistan8MR)  field, and light irradiation§.A particular issue that poses a
has stimulated a renaissance of interest in doped rare-eargneat challenge to theoristdesides the mechanism of CMR
manganese oxides because of their promising practical applitself, is the tendency of the system to phase separate not
cations and their similarity to cuprate superconductdral- only at high doping through a first-order FM to charge-
though great efforts have been devoted to this system, therdered AFM transitioff, but also at low doping:®*° We
various phase transitions occurring under doping are still no§hall show below by symmetry analysis that both the PM to
fully understood as a result of the complex interplay amongaFM and the PM to FM transitions are induced by the same
magnetic, charge, orbital, and structural orders. The presefreducible corepresentation, which, among others, permits a
lack of a precise command of strong correlations makes diftommon FM component for both the AFM and FM phases.
ficult discriminating models based on, for example, pureThe competition between these two phases upon doping
double-exchange, Jahn-Teller, and doping varidriteere-  |eads to an electronic phase separation at low doping when
fore, it is desirable to investigate general properties such asombined with the microscopic mechanism of double ex-
the symmetry of the system that are feasible and meanwhilghange.
informative enough both to impose rigorous general restric-  First we analyze the symmetry change of the PM to AFM
tions and to shed light on microscopic theories. phase transition in undoped LaMgOSince the crystallo-

Perovskite-structured LaMnQs believed to be a Jahn- graphic space group remains unaltered during the magnetic
Teller distorted orthorhombic structure with a crystallo- phase transition, this transition must be associated with a
graphic space groupnma(D3;) at room temperaturéBe-  one-dimensional irreducible corepresentation of the magnetic
low Ty~140K, it undergoes a magnetic transition from agroup at the centerk(=0) of the orthorhombic Brillouin
paramagnetidPM) to an A-type antiferromagneti¢AFM)  zone. As a result, the PM to AFM transition is governed by
phase in which ferromagneti&M) layers are coupled anti- a single order parameter that acquires a nonzero value rep-
ferromagnetically, different from the usual AFM couplings resenting the staggered magnetization belgw
along all nearest neighbo(€ type), while its lattice remains The magnetic group of the PM phase contains the time-
unalteredt The Mr?*(d*) ion is believed to be in theﬁgeé reversal operatiorR itself as one of its elements and so is
high-spin state, and strong on-site correlations render ththe gray groupPnmal’, a direct product group oPnma,
compound insulating in both magnetic phases. Upon dopingnd the groug E, R} with E being the identity operatiot.
of divalent ions, some Mn ions lose their Jahn-Teller activeAll its irreducible corepresentatior$CR’s) are thus multi-
eé electrons, leaving much smaller Kfhions with mobile  plied into a doubled set of even and odd groups. Only the
holes, a sufficient amount of which may make the low-odd representations are relevant/ageverses the direction
temperature phase metallic and ferromagnetic via a doublef a spin, and so the transition from a PM state can be de-
exchang€, a superexchange interaction between localizedcribed simply by the axial vector basis functions of the ir-
t,y Spins which is facilitated by an external magnetic fieldreducible representations of the space gréupma’? Des-
and hence follows the so-called colossal magnetoresistancignating a space group element KR|tz+t}, where R
In addition to this magnetotransport behavior, many unusualepresents a proper or improper rotatidg,a nonprimitive
phenomena show up such as the magnetostructural trangfractiona) translation associated witR, andt a primitive
tion, charge and orbital orders, and their stability to externatranslation, the eight coset representative® nfmawith re-
influences such as magnetic field, pressure, x-ray, electrispect to the subgroup of pure translatigist! are™
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wherel denotes an inversiofy, a rotation by about thex axis, o, a reflection about the plane perpendiculaxtetc., and
the h;'s are Kovalev's symbols. Then according to the character table of the point ddgyp Table I, the magnetic
symmetries of the phases that arise from the corresponding irreducible representations can be determined as follows:

7_1 T2 7_3 T4 7_5 7_6 7'7 7_8

Pnma Prim’a’ Pnm'a’ Pn'ma Pima’ Pnm'a Pn'm’a Pnmd.

@

Here the primes indicate the symmetry elements that are a3hat is,L,,, for instance, transforms according to the repre-
sociated withR in the respective magnetic groups; for ex- sentationr°, and so doM, and L,,. Accordingly, it is
ample, all the reflection planes of must combine witfR to  straightforward to construct the Landau free energy that is an
give Pn'm’a’ since all their corresponding characters arejnvariant:

—q14
Next we determine the nature of the magnetic order below
Tn. The elementary unit cell of LaMn{ontains four for- 3 3 p d
la units with M ions located at the & si &2y Sye ey Gy
mula units with M™ ions located at the & sites 1000, F:FO+;1 ?Li + §M +i21 ZL‘ + ZM

2(303%), 3(0%0), and 4&31) (see Fig. 1'° Associating
each ion with a magnetic momept one can find their trans- 1
formations byh;’s as shown in Table Il. Let + > 2

=X,y,Z

3
z ViaLi2a+BaMi

+y1laxbay

M= gy + po+ pst+ g,
M1 Mo M3 My + volaxl ot vl iyl ot ¥aMyLoy+ vsMy Ly,

Li=m— pot ps— s, +yeloyLit y7LoxMy+ ygloyl 3, + ¥oMyL 3,
Lo=pit po— pa— Ma, + v1okaxbay T y1iL1xM 2+ vl 3yM;. (4)
La=pmy— po— pat py, )

We have expanded the exchange contributidinst line) to
which represent, respectively, the total magnetization anehe fourth order and the magnetic anisotropic ener¢aest
three possible AFM collinear orders of, A, and G  four lines to the second order because of their relatively
types®'*1?Then, according to Table Il, the transformation smaller magnitude. Among all the coefficients,andd are
properties oM andL;’s can be derived. Noting that both,  positive for stability, andy;, »;,, and 8, are small con-
ando, change the sign of theandz components of an axial stants from relativistic effects:*® By ignoring the aniso-
vector, one deduces further the transformation properties afopic contributions, it is readily seen that H¢) may yield
their respective components, from which those componenta FM or AFM phase ofG, A, or C type depending on the
that form the bases of the ICR’s ®fnmal’ atk=0 can be coefficientsa; andc.

found to be Experimentally, it has been observed that the magnetic

structure of LaMnQis A-type AFM order with the magnetic

ICR Bases moments directing primarily along axis>'” As a result, the
magnetic transition is described by a nonzepg below Ty .

7 Lay,L1y,L Ve fi

3 3x» =1y =2z So a, should become negative first amoag and c upon

7'5 My Loy La, 3) cooling. Retaining only those terms in E@) that contain

T Lox:My,L3; the components pertinent to,,, we have

7’ L1y,Lgy,M

Ix =3y Viz-

TABLE |. Characters of the irreducible representations of "T(Y)

Pnmaatk=0.

hy  hy hs hy  has  hyp  hyy  hy i
A1 tr 1 1 1 1 1 1 26, =3
2 1 1 1 1 -1 -1 -1 -1 |
7 1 1 -1 -1 1 1 -1 -1
4
T 1 1 -1 -1 -1 -1 1 1 (Do,
™ 1 -1 1 -1 1 -1 1 -1 . ©F a(x)
® 1 -1 1 -1 -1 1 -1 1 o)
7’ 1 -1 -1 1 1 -1 -1 1
78 1 -1 -1 1 -1 1 1 -1 FIG. 1. Elementary unit cell containing four Mn ions with mag-

netic moments shown schematically by arrows.
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TABLE Il. Transformation table of the magnetic moments. induced by the coupling of ,, with M, in Eqg. (4). Micro-
scopically, the doped holes promote the mobility of the

hy  h, hy hy hys hy hy hy electrons that mediate the FM coupling. Accordingly, as the
doping increases, the FM coupling is enhanced and hence
T., the FM transition temperature, increases. On the other
hand, doping suppresses the antiferromagnetism. Therefore,
when the doping leveb (we useé here instead of to avoid

M My My M3 M2 My My M3 M2
M2 M2 M3 22 My M2 M3 My M
M3 M3 M2 M My M3 M2 My My

Mo Ba P K2 M M M M2 M confusion is not too large, we may assume that
ay(d)=ag(T—Ty+ayd),
FroB2i2 (B2 D2y Pags Oy
o T o3z kT Ty kx5 Wy c(5)=co(T—Tc—C(’)5), (7
1 where Ty, and T, denote the AFM and the FM transition
+ = BM2+ - N c _
7 Pyt yilaMyt veladss, ® temperatures af=0, respectively, andy, a;, Co, andcy
with the solution are, positive cc_)n_stants_. Then, on&= 5.(:5(?'N—TC)/(::10
—cy), the coefficient will become negative first upon cool-
1 22 V2 a ing, and so the system exhibits a PM to FM instead of an
L2 =——|a,+ sz——7——8)~——2. (63  AFM transition. In this case, a similar analysis yields a
b, tBy a3 b, dominant magnetizatioM ~ v/—c/d with now a weak cant-
ing of Ly,~—vy,M/a, and Lg,~— ygM/az in contrast to
Moo= — V7 Lom Y | & 6b) the AFM state. This simple approximation is in qualitative
y c+pBy 2x c b,’ agreement with the magnetic phase diagram at low doping as
in Refs. 19 and 20; namely, the AFM transition temperature
a decreases but the FM one increases with increasing doping.
Vs Vs 2 ; o -
La,=— a—Lzﬁ "2 Vb, (60 More importantly, this simple model for the competition
3

between the two phase transitions exhibits phase separations

which minimizesF’, where the last approximate equalities at low doping. It is possible to extend the present theory to a
in each line neglect those terms that are orders of magnitudgeneralized Ginzburg-Landau theory by including Coulomb
smaller. repulsion and Boltzmann entropy terms for the holes as well
Equations(6) correspond to am-type AFM order with ~ as gradient contributions from spatial inhomogeneities to
the magnetic moments directing primarily along the axis give a quantitative account. Here, to illustrate the essential
in alternative Mn-O layers perpendicular to thexis. Mean- ~ Point, it is instructive to compare the bulk free energy of a
while, all the moments tilt slightly along both the and z doped, uniform AFM state with th_at of a state composgd of a
axes, giving rise to a weak FM and a we@ktype AFM hole-depleted AFM and a hole-rich FM phase. To this end,
order, respectively, in those two directions. The solution ishote that a uniform ordered AFM state at a doping le§g!
associated with the irreducible corepresentatishsand the ~has a bulk free energy ofa5/4b,, neglecting the small
magnetic group of the asymmetry phase is tius ma’ relativistic contribution. Accordingly, when it is separated
from the lists Eqs(3) and (1). Actually, the orientation of into, for instance, a pure AFM state with =0 and another
the magnetic moments can also be obtained directly from theeaker AFM state of a number fraction(do<n<1) with a
irreducible representation, except their relative magnitude. Ifigher dopings,; = 8,/n due to the conservation of holes, its
other words, all three types of order along their respectivdulk free energy alone is lowered by h)aZa,285/4bn
directions are simultaneously allowed by the symmetry. So>0. Meanwhile, the FM component also gains a bulk free
from the symmetry point of view, a canted phase is allowedenergy ofnc?(8y)/4d or (1—n)cicy?835/4dn for separation
A weak ferromagnetic component alogchas been inferred at high temperatures whes,) >0 butc(dy) <0 or at low
and observed in experimeritsThe magnetic structure ob- temperatures wheo( 5, ) <0, respectively, while at interme-
tained also agrees with the results of local-spin-densitydiate temperatures, whether or not the FM component alone
approximation calculation$. We note in passing that as the favors a separation depends on the systeia the param-
magnetic anisotropic energies arise from the relativistic spineters. These energies gained may possibly overtake the Cou-
orbit and spin-spin interactions, the special arrangement dbmb energy cost for hole aggregation, particularly for the
the magnetic moments implies a corresponding ordering ofow doping levels at which the aggregated holes can still be
the orientations of the orbital moments and spins relative talistant enough to reduce their Coulomb repulsion. As a re-
the crystalline lattice. sult, a doped system tends to separate into hole-rich regions
We now move on to the effect of doping. An important with FM order and hole-depleted regions with AFM order. In
feature of Eqs(6) is the global ferromagnetism along tiie  reality, these electronically separated regions may be broken
axis. Weak as it is, the partial FM order in alternative  into microscopic pieces by the long-range Coulomb interac-
planes indicates that upon doping this weak FM componention in order to spread the charge uniformly. Furthermore,
should be so enhanced that the FM phase arising at sufficietie FM and AFM orders may possess a certain variable
doping rates should also direct along thisixis as observed strength depending on the concentration of doped holes ow-
experimentally~*’ In other words, the PM to FM phase tran- ing to their common FM component. This accounts qualita-
sition should also be associated with. Formally, this is tively for the coexistence of FM and AFM featutésand the
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liquidlike distribution of FM droplets observed in neutron a common FM component could trigger the separation of the
scattering experiments at low dopiffy. holes into hole-depleted and hole-rich regions.

Note that the symmetry relationship between the two In conclusion, we have shown that both the PNAttype
phases plays an essential role in the above analysis. Th&FM and the PM to FM transitions in undoped and moder-
tendency to favor Separation is caused by an |nStab|l|ty |rate|y doped LaMn@ respective|y, Correspond to the transi-
the inverse compressibility~°F/d6%= —(da,/96)*/2b,  tion from a magnetic grouPnmal’ to Pn’ma’, and are
_32(52a2/075?)/2b2<0 for an AFM state since doped holes gssociated with the irreducible corepresentatiénof the
always raise its energy by frustrating the AFM order. Simi-parent phase. This irreducible representation allows an

larly, the FM state favors more holes to a certain extent inA-mode AFM, aG-mode AFM, and a FM order along the
order to lower the kinetic energies through double eXChanger'espectivea c andb axes in ,theanasetting Accord-

Nevertheless, for aingle AFM or FM state, a phase separa- . i i
tion is hardly possible because of the Coulomb repulsion fo}ngly, the A-type AFM phase of _undoped LgM@QI;o oS-
esses a FM component, albeit weak, which is identical in

charged particles. In general, this fact is taken into accoun S . .
within Landau-Ginzburg theory by including quadratic termsh€ direction with the FM phase present at moderate doping.
to assure stability. In the present case, howebeth the This symmetry relatlon.may lead to a'phase sepgrathn into
hole-depleted AFM phase and the hole-rich FM phase arBole-depleted AFM_reg|ons and hole-rich FM regions in or-
energetically favored relative to a uniform state. An under-der to take energetic advantage of both phases. Such a com-
lying mechanism that makes this separation feasible is thBetition of the two relevant phases may also work in other
close symmetry correlation that facilitates the transition fromsystems like La_»,Sr ;. »Mn,O; where phase separation
the AFM state to the FM state by the itinerant holes. Thus, awas also observetd, though their symmetry may be differ-
the doped holes hop, they enhance the weak FM componegnt. Nevertheless, further investigation is awaited.

of the AFM state via double-exchange interactions. Such en- ,

hanced FM regions can catch more holes which in turn can 1S work was supported by the URC fund and a CRCG
further strengthen the FM order. This avalanche effect due tgrant from the University of Hong Kong.
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