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Elastic interactions and superstructures in manganites and other Jahn-Teller systems
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The role of elastic interactions between Jahn-Teller ions in formation of various orbital- and charge-ordered
structures in manganites and related compounds is analyzed. It is shown that such interactions alone are often
sufficient to reproduce the structures observed in different regions of the phase diagram. Special attention is
focused on stripe structures at high doping levels.
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[. INTRODUCTION corresponding lattice distortion. The second mechanism is
the electronidexchanggone®2which can give rise to both
As is well established now on many examples, an orbitathe spin and orbital orderings, and which was quite success-
degeneracy and Jahn-Teller effect play very important role irful in explaining the magnetic and orbital structures in a
various transition-metal and rare-earth compouhdsin number of materials, notably cuprafellost of the previous
concentrated systems, it leads typically to lowering of latticetheoretical considerations were confined to undoped systems
symmetry, often taking the form of a structural phase transicontaining integer number of electrons at the transition-metal
tion; it is associated witlior caused bythe orbital ordering.  sites:d® for Ci?*, d* for Mn®*. An important class of sys-
Correspondingly, also magnetic properties are largely detetems is represented by the doped oxides such as
mined by the type of occupied orbitals according to theLa,_,CaMnO;, where, as mentioned above, similar phe-
Goodenough-Kanamori-Anderson rules, see, e.g., Refs. 1,4domena of orbital ordering are also often observed. One
and 5. should generalize the models used for undoped systems to
Manganites La_,M,MnOz; (M =Ca, Sr, Bawith the co-  such cases, in particular, to be able to explain different su-
lossal magnetoresistan@@MR) form a very popular system, perstructures observed in these systems, e.g., stripes or
for which orbital effects often play very important role. paired stripegbistripes.
There may be other rare eartti®, Nd, Sm instead of La in Such treatment was recently initiated in Ref. (5ée also
these series; there exist also layered analogs of threer short review Ref. 15 where we considered the formation
dimensional perovskite manganites, often having similaf superstructures, including stripes, due to elastic interac-
properties. It is established that there exists an orbital ordetion, when we dope our system, i.e., substitute ions of one
ing of some kind in almost all parts of the phase diagram ofvalence(and one sizeby an “impurity” with the different
these systems. Thus, it exists inLaCaMnO; at x=0; valence and different atomic volume. It was shown there that
probably in the charge-ordered insulating phases at small due to a specific nature of these interactidimng-range
(x~0.1-0.2); in the checkerboardlike charge-ordered phaseharacter,~1/R3, and, most importantly, different sign—
at x=0.5 [so-called CE phadgin the overdoped regimes repulsion or attraction—in different directionthe structures
0.5<x=1, where charge and orbital strifésor bistripe§  of different kinds—one-dimensional(1D) stripes, 2D
were observed. The only exception may be the “optimally“sheets”—can be naturally formed in these cases.
doped” ferromagnetic metallic phase 02%<0.5, where When considering the case of Jahn-TelldF) systems,
the very phenomenon of the CMR is taking place: no apparene should modify this treatment by taking into account the
ent orbital ordering of a usual type is observed there at lowanisotropic nature of corresponding electronic states, i.e., an-
temperaturesalthough the possibility of an orbital ordering isotropic electronic charge distributidihaving quadrupolar
of a different type(with “complex orbitals”) was suggested character and, correspondingly, the shape of a JT ion in a
even for this phas¥ In the present paper, we will not respective orbital state. Thus, in contrast to the treatment of
discuss these more exotic possibilities and will limit our- Ref. 14, we have to consider not the interaction of spherical
selves to the conventional types of orbital ordering with reaimpurities (“sphere-in-the-hole” model but rather that of
orbitals. anisotropic impuritieg“ellipsoid-in-the-hole”). This gener-
There exist in principle two different mechanisms of or- alization was shortly mentioned at the end of Ref. 14; in the
bital ordering, or cooperative Jahn-Teller effect. First, it ispresent paper, we consider this situation in detail and discuss
the usual interaction of degenerate electrons with the crystahe applications to the superstructures observed in mangan-
lattice21*2which is usually considered as a source of theites in different regions of the phase diagram. As we shall
Jahn-Teller effect. In concentrated systems, this interactiosee, in many cases such interactions alone are sufficient to
provides the coupling of orbital occupation at different sitesreproduce the observed structures. In other situations, some
and can lead to an orbital ordering simultaneously with thesxtra factors have to be invoked, but in any case one can say
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that the elastic interactions considered in this paper are defiween such centers: one is the elastic anisotropy of the host
nitely very important in stabilizing the observed orbital and, lattice, and another, specific for the JT case, is the depen-
consequently, magnetic structures. dence of the interaction on a relative orientation of the cor-
responding orbitals. In general, one has to consider both fac-
tors, but in the weakly anisotropic crystals it is often the
second factor which plays the dominant role, whereas the
first one may differ from system to system.

First, we shortly summarize the results concerning the
ordering of “spherical” impurities due to elastic forc&s.

When we put into the host matrix an ion of different size, e consider below the situation with doubly degenerate
e.g., by substituting an ion with the atomic volumgby an e orbitals, with one electron on therfe.g., ions MA*
impurity with the volumev #v,, this creates a strain field, (tzgel), low spin NF™* (tggeé)] or with oneey hole, C#*
which decays rather slowly, asR¥, see, e.g., Ref. 16. An- (tg eg‘). As the basis orbitals one can tallg=|3z2—r2)
other such impurity interacts with this strain, which therefore, 2 ¢

lead . ina b ; ities. If both th andd,2_y2=|x?—y?). The electron occupation of these or-
eads to a certain coupling between impurities. It both the,;;,q corresponds to a quadrupolar distribution of electron
host and impurity ions are spherical, this is what is calle

“sphere-in-the-hole” del s K hat th X ensity: the elongated electron ellipsoid for an electron on
‘sphere-in-the-hole” model. It is known that the strain- g2 orbital, and the flattene@ompressecellipsoid for the
induced interaction vanishes for the isotropic mé&ti@x- x2—y2 orbital. One may expect also the corresponding dis-
cept the infinite-range interaction caused by the “mirror '

lacement of the ligandé.g., the distortion of @ octahe-
forces” related to the sample surfacéHowever, the real P gandée.g ®

al I sotrooic. This of ot o dra): local elongation forz? electron and?—y? hole orbit-
crystals are always anisotropic. 1nis gives rise o an in e_racéls’ and local compression in the opposite case. These local
tion, which has the following form for weakly anisotropic

bi |4 16 distortions will lead to a strain field in a crystal, which, as
cubic crysta discussed above, will provide the mechanism of coupling
44 4 3 between such ions. The latter can finally lead to the forma-
- CQuQd(ny+ny+n;—5) tion of one or another superstructure. This is the main
R3. (1)  mechanism considered in this paper.
There are, in principle, several aspects in the electron-
Here, Qi=v;— v are the “strengths” of the impuritiesR lattice interactions. The strain-induced interaction mentioned
=|r—r'| is the distance between them,, n,, andn, are  above is the interaction via long-wavelength phonons. This
the direction cosines of vectd®®. The important parameter elastic interaction depends on the type of impurity and also
entering Eq(1) is on the anisotropy of the crystal. For anisotropic impurities,
such as JT centers considered in this paper, this interaction
d=Cq11—C1o—2Cy4, (2 depends not only on the relative direction between sites in a
crystal, but also on the relative local distortions on each site.
wherec;; are elastic moduli of the crystal. This parameterags a result, this interaction becomes very complicdteld.
carries the information about anisotropy: the cese0 cor- In addition to long-range interactions mediated by the
responds to an isotropic medium. strain field in a crystal, there exists also the interaction me-
The most significant feature of the interactidn is thatit  diated by short-range, or optical, vibrations. The detailed
is always attractive in certain directionsidependent of the  form of these interactions was studied in Ref. 12, and below
impurity type (>vo or v<v,) and of the sign of the coef- we shall take these interactions into account. It turns out that
ficient d. Thus ford>0 the interaction is attractive along the general structure of both these contributions is rather
cubic axeq100], [010], and[001] and repulsive along face similar: the interactions between the nearest-neighbor sites
and body diagonals of the cubic cell10] and[111], and  along crystal axe$100], [010], and [001], which can be
vice versa ford<0. As argued in Ref. 14, this quite naturally obtained from Refs. 17 and 12, are exactly the same, and the
leads to the formation of superstructurékD stripes, 2D interactions of next-nearest neighbors along the diagonals
sheet in insulating systems: the second, third, etc. impuri-[110], [011], etc., have the same sign, although somewnhat
ties “migrate” toward the first one along certain directions, different ratios. Thus, there are two contributions, which we
e.g.,[001] for d>0, and finally form verticaldiagonal for  consider below: the contribution due to long-wavelength
d<0) stripes along this direction. Important is also that inphonons(strain interactiop and that due to the nearest-
our systems this motion of impurities is provided by theneighbor coupling via short-wavelength or optical phonons.
electron hopping and does not require real diffusion of at- Generally speaking, one has to include also the electronic
oms; thus, e.g., holes moving in nickelates transfor"Ni terms describing exchange contributions to orbital ordéring
ions into NF* impurities, which can form stripes due to this and also an electron hopping, which can lead to delocaliza-
mechanism. tion of electrons. We consider below only the insulating
When considering such processes in systems with JT ionstates with localized electrons; therefore, we ignore electron
e.g., in manganites, one has to generalize this treatment t@wpping here, although in principle the tendency to delocal-
the case of anisotropic impurities—instead of sphere in thézation and formation of metallic states can compete with the
hole we have to consider ellipsoid in the hole. In this casestates considered below.
there would be two factors determining the interaction be- There is one assumption that we make below. In general,

II. STRAIN MECHANISM
OF SUPERSTRUCTURE FORMATION

Ill. THE MODEL AND RELEVANT INTERACTIONS

V(r,r')=
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TABLE I. The interaction between different orbital®cal dis- Thus, we consider the case of elongated impuritiisp-
tortions for nearest and next-nearest neighbors in perovskitessoidg interacting with one another via short-wavelength and
These interactions are expressed through two independent cofeng-wavelength phonons. The corresponding situations are
stants\ and\’, characterizing centrtaseq1)—(4)] and noncen-  summarized in Table |. We can see that the resulting nearest-
tral [caseg5)—(8)] forces. The form and ratios of these interactions neighbor interaction§l)—(8) are expressed through two pa-
are taken from Ref. 12; the long-range elastic interacti@sgive  rametersh and\’, corresponding to the central and noncen-
essentially the same expressions, see text. Here the electron orbitatal forces, respectively. Note also that these interactions take
are shown, in which case the local distortions have the same forrinto account both the lattice structuilattice anisotropyand
(elongation along the electron cloudror the one-hole case, one the anisotropic character of orbital occupation and of the
should draw the orthogonal hole orbitdks.g., in the casél), the  on-site distortions.
x?>—y? hole orbital§. Oxygen ions are located between Mn ions i The second contribution, due to an interaction via long-
caseg1)—(4) or at the middle of the cube edges in cag®s-(8). wavelength phonons for the case of impurities in the isotro-
pic medium[i.e., for zero value of parameter defined by
Eqg. (2)] can be obtained from the general expression pre-
sented in Ref. 17; it has the form

+
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where c,; and cyy are elastic moduli, andr,, is a stress
6) tensor such that, e.g., for the center with the occupied orbital
3z22—r? we haveo,,= 1, oy,= oy,= — 1/2 (and correspond-
ing expressions foz—x,y).

The calculations show that the signs and the ratios of the
interaction constants for the nearest neighbors obtained from
Eq. (3), exactly coincide with those via short-wavelength
phonons presented in Table I. For the “diagonal” interactions
[cases(4)—(8) in Table [] the signs of the interactions ob-

y tained from Eq.(3) are the same as those given in Table I,

WA Y although the ratios of these constants differ somewhat. This
4 ‘ 12 is probably due to the assumption of the elastic isotropy

4 £ 8) made in Eq.(3) [constantd from Eq. (2) is put to zerd,

= which is apparently less satisfactory for the noncentral

forces.

For d#0, the corresponding expression becomes much
more complicatedsee Ref. 17 for detailsOften, for analy-
an arbitrary combination of the basic orbita® and x2  Sis of elastic interactions of impurities, further simplifica-
—v2 of the tvpe tions are introduced, namely, the longitudinal and transverse

y yp " )

sound velocities are taken to be equal. This leads to a rather
) simple explicit expression for the interaction between JT ions
| 6) =cos6/2|2°) +sin 6/2|x* — y?) with different occupied orbitals, situated at arbitrary posi-
tions with respect to crystal axé$For some problemee.g.,
is allowed, corresponding both to local elongation and confor the analysis of electron-spin resonance spgctach
traction of Q octahedra or to any combination of these de-simplifications work reasonably well. However, in our case
formations(which would give both prolate and oblate ellip- such approximation is definitely insufficient, leading to un-
soids or even biaxial ongs Experimentally it is well ~Physical degeneracy in energies of different orbital configu-
established, however, that only the local elongations are rdations. At the same time, formuleg), as it was already

alized in practice: out of hundreds known JT compoundgnentioned, qualitatively correctly reproduces the main fea-
there are virtually none with compressed octahea lo- tures of pair interactions even for nearest and diagonal neigh-

; ; bors in the cubic crystal.
calized electrons’ There are also physical reasons for that, 8 > . .
related to the lattice anharmopni)c/ity and higher-order  B€low. in calculating the energies of different ordered
interactions®?° In accordance to that, we will consider be- Stae: vt;/e would rt]ake Into accqurr]]tt) only two typeshof 'nt?r'
low only the situation with locally elongated impurities, but iﬁgic::n:\xeiwf ezn ;nz gfg;gsfggslgiag%%g?s‘r; (')c;r,;f" St pcl)Js;e Oasgng
the axes of local elongations in cubic crystals may be di T X '

4 ‘we will use the interaction constants presented in Tabfe I,
rected alongy, y, or z axes([100], [010], or [001]), i-€.,  pecause they take into account both the anisotropy of JT ions
anglesd may be equal to 0;+27/3 for the one-electron gng the elastic anisotropy of the lattice.

orbitals as iP MA*, and ==, = /3 for the one-hole or- As we can see from Table I, the interactions are deter-
bitals at C4*. mined by two independent constants: the first aneorre-
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(which was predicted earlier on different grouffils The
only difference is that for Cti such a packing of local dis-
tortions corresponds not to an alternation of electron orbitals
x? andy?, but to the corresponding pattern formed by the
hole orbitals §?—z? andx?—z?). The same ordering is also
observed in layered chromites RrCl,, see Refs. 3 and 23.
Due to a layered structure of corresponding systems there
@ ) may exist in them an initial splitting of the? and (x2
—y?) orbitals corresponding to local elongation alongli-
rection, and if this splitting is large enough, it can give the
ferro-orbital ordering such as the&®—y? ordering in

. . La,CuO,. For layered manganites (single layer
sponds to the directions along the cube gases1)—(4)] Lai—xsri+ano4 bilgyer LBg_ZXSrizanzE)ﬂ gwe wozld

and is determined by central forces between ions, and A, vect in this case the? occupation at each site. This is
other one \'— along diagonals of the elementary P P :

plaquettes—is caused by the noncentral foréeBor the apparently the situation in the undoped=0) layered

R4
elastic interactions, these constants are determined by diﬁepjangan|te§.
ent elastic moduli of the crystal: by the bulk and shear ) .
moduli, respectively. B. Cubic perovskites

In principle, one should include also longer-range interac- Let us now consider the case of the cubic perovskite
tions, but their due account would require rather extensivé aMnO; (we ignore at first the tilting of Mn@ octahedra
numerical calculations, which we postpone for future publi-leading to the orthorhombicity One immediately sees that
cations. Still, we will show below that even using only the the same factors, which acted in layered systems, would sta-
nearest-neighbor interactions, we can successfully descrilisiize the superstructure of Fig. 1 in the basal planes of
many superstructures observed, e.g., in manganites at differaMnO;. The complication arises, when one considers the
ent doping levels, and can analyze such questions as thgdering pattern in the thirz) direction. One can have two
relative stability of single vs paired stripes, compare the entypes of arrangement of such planes. They can form either
ergy of different types of orbital domain walls, etc. One maythe in-phase structurFig. 1(a)], or the out-of-phase struc-
hope that the longer-range interactions, which are still muchure [Fig. 1(b)]. These are usually referred to as iéype
weaker than those taken into account, would not modify ouand a-type structures, respectively. With the interactions of
main conclusions. Table I, their energies turn out to be the same:

FIG. 1. Two different kinds of orbital ordering in cubic manga-
nites: (a) in-phase andb) out-of-phase.

IV. LaMnO ;, UNDOPED LAYERED MANGANITES

3
Eim=Eq1y=——A—\". 4
AND OTHER SIMILAR MATERIALS L@ ™ =10) @

4

First, we consider the simplest case of undoped oxides, Experimentally, both types of ordering are observed in
which may be relevant for such systems as undoped perovgerovskites: ordering of thé-type [Fig. 1(a)] is found, e.g.,
kites LaMnGQ; or KCuF;, layered materials such as®uF,,  in LaVO;, and thea-type structure—in YTiQ. In KCuF;,
etc. These systems contain ions WMn(t3,e5) or C#*  both types of ordering may arise, and stacking faults are
(tggeg) at each lattice site, forming simple cubic lattice for formed very easily. For LaMng) only the ordering of thel
LaMnO; and square perovskitelike lattice in layered sys-type[Fig. 1(a)] is observed. Apparently, there are some other
tems. factors, not included in our model, which determine the or-

dering in the third direction.
A. Square lattice One such factor may be an interplay of the JT distortions

with the GdFe@-type distortion caused by the tilting of the

First, we consider the 2D square lattice fe'evag‘t for lay-\e0, octahedr¥—one can show that for strong enough tilt-
ered systems. One immediately sees that if @28 —r) and ing this interplay stabilizes thé-type ordering of Fig. ().

|X2'_y2) orbitals are exactly degenerate, then with the intery, any case, the main motive—packing of the distortions in
actions presented in Table | one would get the structure oo pasal planes shown in Fig. 1—is the first and the most
responding to that at the horizontal faces of cubes shown ify o ant ingredient in the orbital superstructures observed
Fig. 1. This structure is stabilized first of all by the attraction;, many perovskites with JT ions, and this directly follows
(—\/2) of orthogonal orbitals(deformations x*> and y? from our mechanism. '

along x andy directions. The diagonal coupling is that of — Tp5 \ve see that the electron-lattice coupling quite natu-

parallel orbitalscase(S) in Table I, i.e., it is also attractive 5y gives the correct lattice and orbital superstructure of
(—=\'/3) and gives extra stabilization of this configuration. undoped manganitesee also Refs. 12 and 25
Its energy(per sitg is E=—\N—2\"/3.

One can easily see that all the other possible orderings of
these local distortionglocally elongated octahedragive
higher energy. The structure described above coincides with There are several interesting systems, which show
the ordering observed in the layered cupfat&,CuF, rather puzzling properties at low-doping level. Thus,

V. LOW-DOPED MANGANITES

134401-4
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La; ,Sr,MnO; has an insulating ferromagnetic state at about PR | NP o O O™
x=1/8(~0.1=x=<0.14) >"?® Such a state appearing in ox- b !
ides is in general a rare occasion: most of the insulating

,
8
{
i
{
\.

systems are antiferromagnetic, and ferromagnetism usually Tt R i ff'@l‘
coexists with(and is explained bythe metallicity (double peoo—r—0 Beote f =)
exchangg Probably, the only way to stabilize a ferromag- D N PN P P (O S
netic insulating state is by forming a special orbital U

ordering? so as to give ferromagnetic exchange according to @ O]

the Goodenough-Kanamori-Anderson rules. The superstruc-
ture was indeed observed in L.3Sr,MnOs in this region?®

and it was interpreted in Ref. 29 as predominantly the charg
ordering—ordering of holes (Mﬁ ions) of more or less bce (x? orbitals. Empty circles denote M ions, the electron-density

. + . - .
type in the M matrlx.. The .remalnlng ,M?]_ |0n§, of distribution for the corresponding orbitals is shown for the3Nin
course, should have certain orbital occupation in an insulatogj;ee

which could in principle finally lead to ferromagnetism.
This problem was considered theoretically in Ref. 30

FIG. 2. Charge and orbital orderings in half-doped manganites:
@ actual orderingthe so-called CE structure(b) alternative or-
ital ordering with all occupied orbitals at Mh of the same type

where it was shown that if one assumes the charge—orderir{é]:vsee ;2 eFlgf'_f; (’:t?/ld gggii(;(pleings h|c_ho|r;)th;1s a\c/?nsge gvi?huelzcrj
eff— holes— VY-

29 ; ; ;
g?gtifarln ocr);;?r:naﬁigrl: Cazngevz?:;?egiesegnogﬁggiEerglr;r_s,tripelike structure or even the superstructure of the CE type,

) 193'2 . . : 9 O O aracteristic ofx=0.5, see belowstripes in underdoped
bital polarond®*? leading to a ferromagnetic spin ordering.

These orbital polarons are the objects, in which the Cemrarlnanganltes were also discussed recently " Ref. 40 . .
The detailed type of charge and orbital ordering in

= IR :
o o of s oo e aars - o SCANNO, n he ity o= i ot known yet
although the first measurements by the anomalous x-ray

4+ ; L ; ;
?c/l)?miﬁ Tg&ﬁ'g?&ggﬁj iir?h:eji?ﬂrgtsi,li)llalreaghrzrerl(rgpgr;?sn; Inscatteriné1 have shown that in this system there indeed ex-
9 ) P . 9e ists a superstructure, which can be consistent with that dis-

Ref. 33. However, the Hartree-Fock calculations carried out

in Ref. 30 have shown that the better structure with Iowercusse:;j a_bove for=1/8 l?jnglor W'th.the CE-type Suhperlftrﬁ'c—
energy is the one with staging of the holes, in which xlye ture ,0_!:'9' 2a). ,'t would be very Intergst|ng to check this
g ; possibility experimentally in more detail.

planes alternate as follows: one plane is a puré Mplane

with the superstructure of basal planes in Fig. 1; the next

plane contains all the holes (KIh ions) forming “vertical” VI. HALF-DOPED SYSTEMS:

stripes(stripes alongx or y directions. Such a state turned CHARGE AND ORBITAL ORDERING

out to be also ferromagnetic; this structure is consistent with

the lattice symmetry observed in Ref. 29. The actual struc-

ture of L, Sr,MnO; close tox= 1/8 still remains a subject In most of half-doped manganiteR; _,Me,MnO;, X

of controversy: a number of different structural models based=0.5 (R=La, Pr, .. .), there exist at low temperatures the

on x-ray-diffractiof*~3¢ and neutron-diffractiof experi- charge and orbital ordering accompanied by the antiferro-

ments were suggested. Note that experimental pipéfs magnetic ordering of the CE typ&;*?the latter usually ap-

disagree as to the detailed structure, but most of them havgearing at still lower temperatures. Nowadays, one often uses

one common element—staging of holes in different planesthe term “CE ordering” also to denote the corresponding

in agreement with Ref. 30. charge and orbital structures. This ordering is illustrated in
Although the numerical calculations of Ref. 30 were car-Fig. 2(@). It consists of the checkerboard arrangement of

ried out using different starting point, one can argue that it isMn®* and Mrf* ions with the corresponding orbital order-

the special stability of the orbital ordering in the horizontaling at Mr?*™ sites. Of course, one should not take notations

planes of Fig. 1 that helps to stabilizer is even a driving “3 +” and “4 +"” too literally: actual degree of charge dis-

force off such a superstructure in low-doped manganitesproportionalization can be much less, eg(3.5+0.2).%3

with segregation of pure undoped Rinplanes, all the holes As to the orbital ordering in the direction (for a given

being in other planes. A similar motif was discussed by Ya-charge ordering the problem here is the same as for un-

madaet al:*" the structure formed by the planes shown indoped LaMnQ, discussed in Sec. IV: in-phase and out-of-

Fig. 1, but with partial occupation of the corresponding or-phase orbital orderings alorgdirection would be degener-

bitals at some sites. ate. Most probably the observed in-phase ordering is
If the above arguments are true, one can expect similastabilized by the same mechan®m-the interplay of JT dis-

phenomena also in other systems, e.g., in low-dopedortions and the tilting of Mn@ octahedra.

Pr,_,CaMnO;, where the ferromagnetic insulating phase is There are two questions related to this superstructure. The

also known to exist at 0x=<0.3.3%t is possible in prin-  first one concerns the type of charge ordering. It is quite

ciple that the structure of this system, e.g., close+dl/4, is  natural to expect the checkerboard arrangement of'Mmd

also formed by the ordered array of orbital polardh&ut  Mn*" ions, or of extra electrons: such ordering is actually

the better alternative may be again the segregation of holeenalogous to a Wigner crystal, i.e., it is favored by the Cou-

in every second plane, undoped planes being indeed liklomb forces. These considerations, however, are definitely

A. Ground state
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not enough, because in this model one would expect chargeearest-neighbor interaction. In some aspects, this situation
(valence alternation also in the third direction, which is not is analogous to the frustrated two-dimensional Heisenberg
the case. The solution of this problem may again be conmodel®®
nected with the elastic interactions: it can be shtiffithat One has to stress that the assumption of the checkerboard
they typically favor the inclusion of one phageg., Mrf*) charge ordering is crucial for this conclusion; if we would
in another (MA™) in the form of infinitely thin slabs—2D not make this assumption and use only the JT-induced inter-
sheets, oriented in a crystal in a particular way, so as t@ctions of Table I, one should rather get in the model under
minimize total strain energy. These may be just’VMisheets  study the phase separation: all electrons {Mions) would
observed in the CE structure. This question, however, goeform a dense cluster with the superstructure of the basal
beyond the scope of the present treatment. planes in Fig. 1. This would minimize the interaction energy

Another question concerns the type of orbitals occupied aof the JT-distorted sites. Thus, one has to add some extra
Mn3" sites. If we assume the checkerboard charge orderindactors to this model, e.g., the Coulomb interaction prevent-
we may still have different types of occupied orbitals, e.g.,ing such phase separation. However, assuming the checker-
one can in principle get the ordering shown in Fi¢h)awith board charge ordering, we can explain the concomitant or-
all orbitals of the same typénere,x? orbitals instead of bital ordering of Fig. 2a) in our model.[Nevertheless, the
alternation ofx? andy? diagonal rows(“stripes”) of Fig.  possibility of phase separation cannot be completely dis-
2(a). carded even in this case—and all the more s070.5 (Ref.

The type of orbital ordering in the checkerboard charge46)].
structure can be again analyzed using the interactions listed
in Table I. Here we also include the interaction of two types B. Orbital domains
of nearest neighbors: the first neighbors in the’Msublat- ) . o
tice are here the diagonal interactia®—(8) of Table I, and It is also of mte‘fest, :amd of pr_actlcal importance, to study
the second neighbors are those alongndy directions in 1N our model the “cost” of creation of defects, notably or-
Fig. 2. The only difference is that these interactions are novpit@l domain walls. As argued in Ref. 47 and especially in
at twice the distance of the nearest neighbors®Mmand Ref. 48, such domain walls are easily formed in CE states,

Mn** in these directions, so that according to the generaf9- IN L&:C&MnO; and in P{_,CaMnOs.
nature of elastic interactions, which decay a&%/these One can easily calculate in our model the energy of such

couplings with parametex [cases1)—(4) in Table [] should defgcts. The simplest one is t2he Iogal d_efect—_rotation_ of the
be now multiplied by factor 12=1/8. orbital on one site, e.g., from* to y<. With our interaction

From Table | one sees that the diagonal interactions argonStants it would cost USE=(9/16)\ [diagonal interac-
attractive for the same orbitals, e.g2 and x? [case(5) in tions remain the same for the real CE structure correspond-

Table 1, but repulsive forx? andy? [case(6)]. From this ing to_ Fig. 2a)]. More interesting is the situation vv_it_h the
point of view, one should rather expect that the orbital struc—domam. wa]ls. There are four types of thgm, classified and
ture in this case would correspond to FigbR and not to drawn_ in Figs. go)—S(e) of Ref. 48. Domains separated. by
Fig. 2(a). However, the interactions alongandy directions ~domain walls Figs. &) and 3c) of Ref. 48 are those with
tend to stabilize the structure of Fig(é2 One can easily the same propagation vector, i.e., the same orientation of

calculate the energies of these two competing stépes orbital stripes, and in Flgs.(B)_and 3e), there are domain
walls between two domains with the propagation vectors ro-

site):
) tated by 90° (orbital twing. Straightforward calculations
/ / show that the energies of domain wali®r unit length, i.e.,
A 2h o Mrf* site at th ter of domain wak
Ez(a):l—z— 5 Eam)=— TJF VR (50  per site at the center of domain wpkre
. . o 3 9
Thus, if the central force interaction is strong enough, AEgp=— Z)\,Jr 3_2)\, @)
N'/N<3/8=0.375, (6)
3 9
the CE structure of Fig.(2) would be stable; for the oppo- ABg=7 M+ 35N (8)

site inequality one would get the structure of Figh)2 Since

actually the CE structure is observed in experiment, one

should conclude that inequalit) is fulfilled in manganites AEq = AEq =30 _ 1 { 3008,

(within the approximations magleOne can also show that @ @2 "2 4 32

all other feasible types of orbital orderings have higher

energy. As we see from Eqg7)—(9), domain wall(c) is the most
Note that this situation can be expressed in terms of théexpensive” one, it always has positive creation energy. The

orbital Ising model with the nearest-neighbor ferromagneticsituation with other three types of domain walls), (d), and

interaction(for x?> andy? orbitals, and with the next-nearest- (e) in the notation of Ref. 48, is different: they cost us some

neighbor antiferromagnetic interactions. The structuresnergy for small\’/\, but they can be created spontaneously

shown in Fig. 2 are the most natural solutions of this orbital( AE<0) if diagonal coupling\’ is sufficiently strong. It is

Ising model in the limiting cases of small and large next-clear from Eq.(7) that the critical value for this coincides

)
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third, most burning question is which state, single or paired

€} @ ©
| stripes, is better?
One can try to approach these problems using our model
P R P ) with the interactions of Table |, adding to it a restriction
4 4 forbidding the formation of dense Mh clusters. Similar to
A Sec. VI, we calculate now the energies of the single stripes of
o b Fig. 3(a), paired stripes of Fig. ®), and also the possible
= @ (b) competing type of bistripes shown in FigcB with all or-
bitals of the same type, e.gcz,. Using the interaction param-
& 5 eters of Table | and keeping again the interaction of the first
(diagona) and of the second “direct” neighbors at a distance
of two lattice constants i andy directions, we obtain
7
[¢ g E )\/ (10)
3@~ " 4
7l 3
© NOLBN 1/ A} N A
FIG. 3. Possible stripe structures in the basal plane of Esm)=— ?4' 2 §+ g\l 2/7 "8 16 (1)
La; ,CaMnOs at x=2/3: (a) single stripes(b) bistripes with dif-
ferent orbitals,(c) bistripes with similar orbitals. i _3( )\,) N 1/ N 1 )\) B N N 5\ 1
with the critical valuex’/\ =3/8 (6) obtained above, which @721 3) 28 84 2 64

confirms the consistency of our treatment. . . . )
An important conclusion is that, at least in our model, in EXPression(10) is quite clear. In Eq(11), the first term de-

the range of existence of the CE structuxé/\< (\'/)) scribes the diagonal interaction along the stripe, the second
—3/8, the domain walls of type&) and (€) of Ref. 48 a?e one describes the diagonal interactions between stripes in the
easie,st to form, and they have the same creation energ air (each such bond belongs to two sites, therefore we have

Thus, it will be presumably orbital twingl) and(e) that will actor 1/2 in iy, and the third term is the next-nearest-

appear in real systems. The driving force for their formationne'ghbor m?eraﬂctlon ?f( _or_bltal of one stripe with they
is apparently the same as in ordinary martensiticorb'tals of its “mate.” Similarly, one can understand the
eaning of different terms in Eq12).

transitions!, i.e., they are elastic domains caused by strairl" . . .
Comparing the energies of these three states, one obtains

in crystals (this is suggested also by Millis, as cited in ; S
Ref. 18- ( 99 y that there exist two critical values of parametes '/

VII. STRIPES AND BISTRIPES vgY=38/10=03, v(9=16/32=047. (13

IN OVERDOPED MANGANITES For \'/\<v@ | the paired stripes of Fig.(8) are stable.

Finally, we turn to the most controversial problem—that For v?<\'/\<»@% | the single-stripe phase of Fig(e3
of the type and the origin of superstructures in overdopedvould have the lowest energy among the three states, which
manganites, e.g., stripes and bistripes in L&aMnO; at  we compare. And finally, fox’/\ < vé?c), the paired stripes
x=2/3; 3/4°-8 First of all, there exists an experimental con- of Fig. 3(c)would have the lowest energy. We again discard
troversy: different experiments give for the same system antlere the possibility of phase separation, where all electrons
even for the same samples different results. Thus,xfor are assembled in the bulk CE-like phase of Fi@)2which
=2/3 the high-resolution electron microscopy gave the recan arise at smaN’/\, and into the phase of the type shown
sults taken as a signature of paired stripes or bistfipesijn Fig. 2b)for large\’/\, assuming that such phase separa-
whereas the neutron-scattering results were interpreted ifion into electron-enriched and electron-depleted regions

terms of single stripegcalled “Wigner crystal” in Ref. 6. would be prevented, e.g., by the long-range Coulomb inter-
These two situations, with the corresponding orbital or-action.
dering, are illustrated in Figs.(8b for the case ok=2/3. Comparing these results with those of Sec. V(kalf-

The orbitals at each stripe are parallel, e.g., one stripe idoped systems we can see that for realistic values of
formed byx? orbitals and another stripe lyf orbitals. Inthe  \’/\<0.375(6), which are needed to stabilize the experi-
paired stripe pictur¢Fig. 3(b)], these two diagonal stripes, mentally observed CE phase, we may have either the paired
with x? andy? orbitals, come close together being separatedtripes[Fig. 3b)], or single-stripe phase of Fig.(8, see
by one Mrit* diagonal row. phase diagram in Fig. 4. Unfortunately, within this treatment
Again, we have here several questions: why stripes herere cannot make a unique choice between these two possi-
are better than any other type of charge orderifeg@., for  bilities. Nevertheless, we can say that at least the sometimes
x=23/4, one can arrange the real Wigner crystal structureised argumenfsyhich ascribe the pairing of stripes to strain
with the Mr* sites forming a face-centered 2D latticand  interactions, are not very convincing: we see that the same
why do stripes have a particular orbital structure? And thestrain interactions for different ranges of parameters may

134401-7



D. I. KHOMSKII AND K. I. KUGEL PHYSICAL REVIEW B 67, 134401 (2003

at x=2/3; 3/4 is also determined by the elastic forces, al-

though we were not able to determine uniquely which of

i \ these alternatives, single or paired stripes, is more favorable.
703 0375, 047//// /////// 7 In our approach, the result depends on the ratio of two con-

I;;// 0
e /// A \smg / pé/m/p// /Z stants related to the noncentral and central forces, respec-
X =2/3; 7 stripes SHIPEs wnhX orbitals H H i~ri 49 i
7 y /////// , t|vely_, which we do not knova priori.™ But in any case, the
0000 7444 elastic forces largely determine the very tendency to the

stripe formation in insulating overdoped manganites, as well
as their orbital structure.

As mentioned in the Introduction, there exist also other
‘possible mechanisms of orbital ordering, in particular, the

3
rather favor single stripes. Apparently, a more detailed treatsuperexchange interactidn” Typically both these mecha-
isms, the exchange interaction and the interaction via lat-

ment, including also long-range interactions, is needed tQ. | lead to th me orbital structures in when w
answer theoretically the question, which state, single o (z::/e \?Zhn EIJ'eIIeer ;Soanseatoeaci SteucltL:se(jU|tecd6:?f:3csult toefmde
paired stripes, would be preferred for real systéathough the cases in which the outcomes of these two models would

it is, of course, primarily an experimental problem
AS an indirecﬁ argun){ent wepmay only ﬁse t);e results o€ dualitatively different? Note, however, that we consid-
the study of domain walls at the end of Sec. VI. As shown ered the limit of localized electrons neglecting the electron
there, the energy cost of domain-wall formation goes to zeré;'Oppmg’ whereas the kinetic energy plays an important role
at the critical point\’/A=0.375(6). As follows from the especially in the doped cases and it is believed fo be the
experimental dat& orbital domains are formed very easily driving force destabilizing, for example, the CO statexat
in half-doped manganites. It may be a signature that reaT 1/2, see Ref. 51. Another important factor neglected here
systems are not far from this critical point. If true, this would ' h reCI:aEtedt to torbltal fllgc]fuggons dWh]!Ch can atlﬁo d;;tablhze
mean that, according to E¢L3) and to Fig. 4, single stripes € struc u.:eé.see t? " ,tr?nt re ere.ncels eje id ’ mt'
may be preferable, although the energy of paired stipes mefPPc? TUS8, | 2 BECER (1L I SO T e
not very far from it, hat they m m I )
be not very far fro so that they may become stable, e. gfures for the cases such as LaMnor K,CuF,, whereas

at the surface of the crystal. This could resolve the experi-
mental controversy between the results of Refs. 6 and 8. rather hard work is required to get these structures with the
electronic (exchange mechanism. Thus, apparently both
these mechanisms are operational in real systems, and the
Viil. CONCLUSIONS relative importance of each is still an open problem, at least
In this paper, we considered the contribution of elasticfor the cases of dense systefsse also Ref. 53 in this con-
interactions to the formation of different superstructures int€xd.
insulating systems with Jahn-Teller ions such as some cu- But when we turn to dilute systems, such as doped man-
prates, chromites, and especially manganites at different doganites, especially in the overdoped regix¥0.5, then ap-
ing levels. We saw that even keeping only the interactiongarently the elastic interactions play the most important role,
between a few nearest neighbors, we can successfully dérst of aII providing the essential mechanism of stripe
scribe the formation of different orbital superstructures. Information’* and also determining their orbital structure: one
particular, using only the elastic interactions one can immecan expect that the exchange interactions, being essentially
diately obtain the observed ordering pattern of undoped marshort range, are less efficient in these cases. It is mainly in
ganites. By assuming the checkerboard charge ordering, wifese systems, where we believe that our approach may be
can easily explain by this mechanism the type of orbital or-most fruitful (see additional details in Ref. 4
dering (CE structurg observed in half-doped manganites (
=0.5). Using the same physical arguments, we suggested ACKNOWLEDGMENTS
that the superstructures observed in the low-doped mangan-
ites (ferromagnetic insulating phasesxat 0.1-0.3) involve The work was supported by INTA&rant No. 01-2008
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FIG. 4. Regions of stability of different phases for 0.5 (upper
half plane and for overdoped manganites= 2/3; 3/4, lower half
plane. Note that we do not consider fully phase-separated states.
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