-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

Landau theory of the phase transitions in half-doped

it manganites: Interplay of magnetic, charge, and structural order

Author(s) Zhong, F; Wang, ZD

Citation Physical Review B - Condensed Matter And Materials Physics,
2000, v. 61 n. 5, p. 3192-3195

Issued Date | 2000

URL http://hdl.handle.net/10722/43291

Rights Creative Commons: Attribution 3.0 Hong Kong License



https://core.ac.uk/display/37882589?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW B VOLUME 61, NUMBER 5 1 FEBRUARY 2000-I

Landau theory of the phase transitions in half-doped manganites:
Interplay of magnetic, charge, and structural order
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The order parameters of the magnetic, charge, and structural orders at half-doped manganites are identified.
A corresponding Landau theory of the phase transitions is formulated. Many structural and thermodynamical
behaviors are accounted for and clarified within the framework. In particular, the theory provides a unified
picture for the scenario of the phase transitions and their nature with respect to the variation of the tolerance
factor of the manganites. It also accounts for the origin of the incommensurate nature of the orbital order and
its subsequently accompanying antiferromagnetic order.

The discovery of “colossal” magnetoresistance hasat Tco or Tapm- SO the boundary between the CO and
stimulated a renaissance of interest in doped rare-earth-type AFM states seems to be not so clear-cut: there may be
manganes&? Intensive investigation has revealed a diversitya transition from the CO state to ttetype AFM state. For
of phenomena due to the complex interplay among magneti¢he most distorted class IV such asy & sMnO; and
charge, orbital, and structural orders. A particular relevaniNdysCasMnO;, no FM order appeafs.The PM phase
issue is the competition between magnetic and charge ordeg§anges directly into a CO state beldwo and then global
in half-doped manganites. It poses a great challenge to thed\FM ordering shows up at a lower temperature {50 K).
rists upon how to deal with the strong correlation in modelsThe CO tendency in class IV even extends to lower doping,
with magnetic, orbital, and lattice degrees of freedom. Herélthough with a pseudo-CE-type structure due to the excess
we formulate a Landau theory of phase transitions based ofl€ctrons:

the symmetry of the system in an attempt to understand a The PM to FM transition is continuous. All the other tran-

variety of sometimes controversial structural and thermody—s'tIOnS s_h(_)wn in Fig. 1 are of first ord_er with _hystere5|s. The
ost striking feature of the CO state is that it can be melted

namical behaviors. Although it may be argued to be only y an external magnetic field,pressuré, or electric field*
mean-field theory, which is incorrect at critical points, '[heOr even by x-raf? or light irrédiationé:*” into a EM state
structural information, among others it affords is robust. Andindicating %/he competitign between them. The required rr,1ag-
itis th_e order parameters that exhibit singularity at the Criti'netic field to melt the CO state in class IV is almost twice as
cal points. _ . large as that in class I}+*°In this paper, we shall concen-
The most prominent charge order@lO) behavior in per-  yat6 on the peculiar phenomena associated with CO. The
ovskite manganites concerns with those doped at 0.5. Thesgiice structure of interest is orthorhombic with a space
systems exhibit several classes depending on the tolerang@oup Pnma (see Fig. 1 inset which is well characterized

factor of the resultant structure(see Fig. 1 For  and the most common in doped manganites. There are some
Lay 5S1h sMNnO5 with small distortions, which we classify as

class | hereafter though no charge order appéaeither 400 T —
does class Il beloy a paramagnetiPM) to ferromagnetic asol- e

(FM) transition occurs aT-~360 K. When La is replaced < -

by a smaller ion NdT . decreases with the tolerance factor. o 3001

At 40% of Nd or so, an intermediately distorted class Il £ 2501

shows up in which the FM phase transforms at a lower tem- 5

peratureT 5y to a metallicA-type antiferromagnetiCAFM) E‘ 200

state®>* As more La is replaced by NHa new class Il sets 2 150}

in that displays a CO CE-type AFM state beldwg . Simi- 1001

lar behavior has been reported in l&a MnO;.>°

. . . 100 089 098 097 096
Pry 5515 sMNnO5 is somehow special. It was initially reported

to be CO’ but later onlyA-type AFM order was found. Tolerance Factor

However, comparing the transport behavior of FiG. 1. Experimental phase diagram of half-doped manganites.
P15 sSlh sMnO3 with (La,Nd; _,)sSlhsMNO; of 0<z=<0.4, Lines are only a guide for eyes. Sources of the data are given in the
one finds similar behavior. Only the latter’s resistivity levelstext. The inset displays the elementary unit cellRsfmaand the

off to a presumed metallic state slightly slowly after a jump numbering of the four Mn ions.
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scatters in the reported structures. This is understandable be- 1 ) 1 .
cause of the small distortion of the perovskite structure, Fc=58,C"+ 7b,C%, ()
which is also sensitive to the preparation conditions. We de-

velop below a Landau theory of the phase transitions in thesgherea,=a,(T— T,), anda,, andb, are constants. Below
systems and show that many structural and thermodynamical, charge order appears and the symmetry of the structure is
behaviors are closely correlated within the framework. Injowered toP2, /m.*°

particular, besides the magnetic, charge, and structural/ opn the other hand, the structural modulation lat

orbital pattern, primary features are a simple picture that uni-_ . ; ;
fies the three classes along with the nature of the transition§(200) 's described by one of the two IR's of the wave

involved and the origin of the incommensurability of the vector, ”a'irﬁ;e'y' X, and X, which are both two
orbital order, CE-type AFM order and the melting of CO dimensional.” Accordingly, the structural transition is char-

state acterized by a two-dimensional order parametes ,(,).

We start with the magnetic transition. A FM phase tran—T_he physical meaningwﬁ; the order parameter may be the
sition is associated with a wave vectoikat O or thel” point. d|splac§ment of the O octahedra as modr—_zled by
On the other hand, the CE-type AFM structure is describe(!iqadae”' and co-workers to account for the dlﬁractlon

1 11 ) . patterng It can be shown that, may represent an arbitrary
by k=(003) andk=(303) for Mn ions at positions 1,2 and  jinear combination of thec and z components andy, the y
3,4, respectively. In LxCa sMnO;, the FM to AFM transi-  component of such displacements. Such a displacement pat-
tion is found to be accompanying the incommensuté®®  terp is consistent respectively with an orbital configuration of
to (nearly commensurate orbital ordering transitiorin dayz_r2 andd,z_y2, which, when propagated half a period to
class 1V, the CE-type AFM order can appear separate fronj(, switch tods,2 2 andd,> 2, respectively. It may be pos-
the charge and structural orders, which produce a naturdipje to choose alternatively an orbital basis sucligs. 2
configuration for the CE-type AFM structur@ee below.  angq, , and then represent the order parameter as the

Thus the AFM order is regarded as originating from thejng range order of a certain orbital, which assumes a certain
charge and orbital orders. For simplicity, we leave it towardang|e in the orbital space. We just note in passing that a

the end of the paper. L i certain displacement pattern corresponds to some orbital or-
The PM to FM transition is described by an order param-yo,

eterM representing the average magnetization over the sys- \otice that the frequently observé&®, /m symmetry can
tem. As pointed out in our previous wotkall the irreduc- only arise from the IRX,1° Therefore, the free energy for
ible representations(IR's) at k=0 of Pnma are one this structural transition is '

dimensional. So we choodd as a scalar representing the

component that carries the IR® responsible for the 1 1 1

transition:” Although it may couple to other magnetic con-  F,=>as( 75+ 73)+ 7 ba( 71+ 73)+ S d( 92+ 73)?
figurations such a8-type orC-type AFM orders of the same 2 4 4
IR, we can eliminate such modes if present and write the free

J J o

energy simply as i m = |+ LV )P+ (V)]

1 1 3

Fu==a;M?+ ~b;M*%, (1)
2 4 where againaz=azo(T—T3), andasg,bs,d, «, and o are
constants.

with a;=a;o(T—T;), and a;p and b; depending only A peculiar feature of Eq(3) is the appearance of the
weakly on the temperature. Equation(1) describes a con- | ifshitz invariant(the « term), which frequently leads to IC
tinuous phase transition at=T, with M= —a, /b;. modulations’®?* Many characteristic features of an IC tran-

Next we move on to the CO phase transition. A prominentsition has been observed in the CO and structural transition
feature that indicates the existence of the CO state is thi manganite§:?2 Therefore, the IC nature of the structural/
appearance of the superlattice diffraction spots characterizastbital (but not charge order has its origin in the Lifshitz
by a wave vectok=(300) or theX point in thePnmaset-  invariant of theX point. Nevertheless, we shall neglect this
ting, which is adhered to throughout this paper. However|C feature of the structural modulation below for simplicity
such spots associate more with lattice modulations than witAnd focus on its interplay with the charge and magnetic or-
the charge order that is characterizedksy(100) orT'. Di- ders. This is partly justified by the fact that commensurate
rect chargeand orbital orders are first detected by x-ray reso-Structure is also frequently observed in the same experiments
nant scattering techniques in dopecdb&8MnO,.18 So to de-  that display the reverseln this case, Eq(3) then exhibits
scribe the transition, we need two order parameters. two possible phases beloWs;. One has only one nonzero

On the one hand, the charge order is characterized by &Pmponent equal ta-y—az/(bs+d) and so its symmetry
order paramete€ =&, + &,— £;— &, with £ the occupancy IS P2,/m®if by+d>0 andby<0. The other satisfies,
possibility of sitei (Fig. 1 insel C is maximized if&, =&, == 7,=*—as/(bs+2d) and belongs t®m symmetry®
=—§3=—§&,, and so a nonzerG produces the observed CO whenbs;+2d>0 andb;>0.
pattern. By considering the permutations of the four sites Coupling of the charge to the structural degrees of free-
under the symmetry operations of tRemagroup, it can be dom can be readily found by noting that— 73 transforms
shown thatC transforms also as the IR® of PnmaatI'. as the same IR &8, and so the simplest coupling between
Accordingly, the free energy of the CO transition is given bythem is



3194 BRIEF REPORTS PRB 61

! ' ! 4 ! N ! 3.0 [ oeaa, T T T T
4 —g,,=1.2 T=3 ] ---..__.‘..~ Charge order
---g,=157T=3 Disordered 05 [ L Structural order
..... g,.=1.2, T =25 Phase T - »e=eeee=« Magnetic order

3 g 20
[ .
()
= 9c £ 9c,=1.3
= AL 04 08 12 o S lon
@ ® 15
g 2 FM Disordered o .
Q. [ S
5 . 2 8 1wl ] TR
= ‘ © — 5 -
1k Sy 8 (@] 20
v £ 05| 7
() =
I ,7 = 0.3 42
0 a 1 0.0 n L . 1 L ol
%0 02 04 06 0.0 1.5 20 25 3.0 35
de Temperature
n

FIG. 2. Theoretical phase diagram of the coupled magnetic, FIG. 3. Order parameter vs temperatdreThick lines corre-

charge, and structural transitions. The parameters agge a,q s;pond togc,7=_1.?, wf:}ile_thin arr']d meiiate lin@cf/:dl_ anfdgc,7
—ag=b,=b,=by=1, T,=3, T,=2.5, Ty;=2, and gy,=1.2 =0.3, respectively. The inset shows the corresponding free energy

(solid lines. The dashed line correspondsdg ,= 1.5, while the from bottom. The upper curve is for the puré FM.phé.Eq. @]
dotted lines toT,=2.5. Inset: phase diagram of the charge- Other parameters are the same as the solid lines in Fig. 2. Overlaps

structural transition. The dashed lines repredept 2, while the in gc,=0.3 imply metastable region.
dotted onesi=—0.3.

terials. To this end, we study of a simplified version of the
Fo g C( 12— 2 4 theory, in which we have taken,=0, i.e., disregarded the
cn=9c,Clm = 72), (4) possibility of thePm symmetry, relabelet; +d asbs, and
wheregc, is a measure of the coupling. Assume, andC neglected the biquadratic coupling between the charge and
are positive without loss of generality. It is transparent theri"@gnetism, since their coupling to the structural order results
that the coupling will favor the ordering ofy, once the in @ lower-ordeiCM?2-type coupling. This implies that long-
charge is ordered, since the transition point fgris now  fange charge order always accompanies with structural order.
elevated toaz—2gc,C, while that for 7, lowered toas Figure 2 displays a generic phase diagram for several sets
+2gc,C. This explains the reason for the often observeoOf_ the paragneters in arbitrary units. It_shows the strong cou-
P2,/m symmetry® Possibility for ordering of bothy; and ~ Pling casegy ,>b,bs between magnetism and lattice so that
7, still exists, which may account for the absence of the 2 N0 mix magnetic and charge orders appears. It can be seen
screw axis in SmCa, sMnOs, which should then be dPm  that asgc, increases, the sequence of phase transitions
symmetry, though it was preferred to B@mmor Pmmn?®  changes from a PM- FM to a PM— FM — CO then to a
This scenario is confirmed from the phase diagram illustrated’™ — CO phase directly a§ is lowered. The real situations
in the inset of Fig. 2. It is seen that 4 increases, the @s in Fig. 1 are, of course, not simply only a variation of
boundary of the®m phase moves to the right, reducing the 9c. but Fig. 2 exhibits in a simple way the relevance of the
region of theP2,/m phase. Ifb;<0, only the Pm phase theory. Figure 3 shows the variation of the order parameters
exists, while ford<0, thePmphase extends far to the right. for three differentgc,,. It is seen that the transition to CO
Note that a largé; or smalld means a large “lock-in” term  Phase is discontinuous. The variations®and 7 are simi-
[the b; term in Eg. (3)] that tends to suppress the lar, but their coupling is not necessarily liné4rNote that
incommensurability* This seems to be consistent with the the CO and the structural transitions are so strongly coupled
observation that more distorted systems such as Sm and dig@t they take place at a single transition temperature. Al-
tend to be more stoichiometric and so commensiiiawe  though the CO can still appear preceding the structural order
remark that the transition fronP2,/m to Pm phase may Whengdc,<1, the reverse is not true, namely=0 if C
accompany or be hidden by the IC to commensurate transi= 0- Therefore the _structural or orbital order is driven by the
tion and PM to CE-type AFM transition. charge order. The inset plots the corresponding free energy
SinceM changes sign by time reversal, the only possiblevs temperature, showing that the larger the,, the lower

couplings of the magnetic to the charge and structural tranthe free energy, and so the bigger the magnetic field that
sition are biquadratic, i.e., lowers the upper curviieg. (1)] by HM to melt the CO state,

being in agreement with experiments. This indicates that the
1 1 magnetic field acts in melting the CO state more than the
Fucy=59m,M%(75+ 75) + 5 gmcC?M?, (5)  AFM state. An evidence for this is that above the CE-type
2°Mm 2
AFM ordering temperature, no AFM for the field to melt.
where both coupling coefficients are positive due to the comThis also justifies the separate treatment of the AFM order.
peting orders. Finally we discuss briefly the transition to the CE-type
Equations(1)—(5) constitute our theory of the magnetic AFM order. Noting that in LgsCa, gMnO; with the standard
and charge and structural or orbital transitions. Instead o€E-type state, the magnetic moments lie in the plane®
going into detailed estimations of the various coefficients inwe may choose the andz components of the AFM vectors
the model, we are content here with global features that are,;=u;—u, and L,=pu;—u, as order parameters, since
believed to be relevant to the parameter regime of real mathey transform as the two components of the two-
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dimensional IR’sr* and r* combining with its complex con-  provides a unified picture for the scenario of the phase tran-

jugate 7° associated respectively with the wave vectorssitions and their nature with respect to the variation of the

(00%) and £03),*” wherep; is the magnetic moment of ion tolerance factor of the manganites via the symmetry-adapted
i. The two IR's rather than one makes the transitioncoupling among the degrees of freedom. Many peculiar phe-
discontinuoug? Both IR’s give a magnetic symmetry of nhomena of half-doped manganites result from the interplay
Pp2,/m and a structural one d¥2, /m that is identical with ~ between the FM oA-type AFM and CO states, the CE-type
the CO and structural transitioh$The compatibility of the AFM sets in only as a secondary factor. So an applied mag-
orbital and magnetic patterns implies an enhancement dietic field primarily melts the CO state. The theory also ac-
both transitions and can be described by a coupling ( counts for the origin of the IC nature of the orbital order and
+ ﬂ%)(LlaLllB-‘r L,,L2p) with anegativecoupling constant, its subsequently accompanying AFM order. As a phenom-
where a and 8 denotex or z. As a result, ordering of one enological theory, it can make direct contact with the experi-
kind of the orders enhances the other, leading, for instancenental results especially the symmetry of the involved struc-
to the accompanying of the AFM order with the IC to com- tures that sensitively influence the transport behavior in
mensurate orbital ordef? as the AFM order promotes the manganites. Experimental clarifications are desirable of the
contribution of the lock-in term, and to the increasing of symmetry of the CO state and its relation to the oxygen
resonant x-ray scattering intensity of charge and orbital orstoichiometry and commensurablity, possible structural tran-

ders as AFM ordering?

sition from P2,;/m to Pm, and the relation betweef+type

In conclusion, we have developed a Landau theory for thez\em and CO states.
coupled phase transitions in half-doped manganites through

the identification of the order parameters for the FM, CE-
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type AFM, CO and structural or orbital orders. The theorygrant at the University of Hong Kong.
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