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Theoretical and computational results are presented clarifying the role of long-ranged strain interactions in
determining the charge and orbital ordering in colossal magnetoresistance manganites. The strain energy
contribution is found to be of order 2030 meV/Mn and in particular stabilizes the anomalous “zigzag chain”
order observed in many half-doped manganites.
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Perovskite  manganites of chemical formula Despite the considerable experimental evidence that long-
Ln;_,Ak,MnO; (Ln is a lanthanide rare earth such as La orranged strain is important, strain physics has not received
Pr; Ak is a divalent alkali such as Sr or Cpresent a com- much theoretical attention. The original analysés and
plex phase diagram associated with the interplay of chargenany subsequent works!* focused on local interactions,
spin, orbital, and lattice degrees of freedbr@harge and including magnetic, Coulomb, and Jahn-Teller electron-
orbitally ordered phases appear in wide parameter ranges, fphonon coupling. In this paper we study long-ranged strain
example, in La ,CaMnO; for x=0.5, and in effects theoretically, and in particular show that they play a
Pr,_,CaMnO; for 0.3<x=<0.7. The physical mechanism crucial role in stabilizing the particular ordered state charac-
underlying the ordering remains the subject of debate. Pateristic of many of the half-doped materials.
ticular attention has been focused on the half-doped ( The Ln_,Ak,MnO; materials have approximately the
=0.5) materials, including LgCa sMnO3, cubic perovskite crystal structure, in which the Mn ions sit
PrysCasMnO;, and Ng sSrhsMnO;, which possess a on the vertices of a simple cubic lattice. The important low-
strongly insulating ground state with a particularly interest-energy electronic degrees of freedom may be thought of as
ing (“zigzag chain”) spin, charge, and orbital ordering pat- Mn ey electrons. There are tway orbitals per Mn. These are
tern shown in the inset to Fig.(d). Stabilizing this state degenerate in cubic symmetry. The<{%) e, electrons are
requires “second-neighbor” interactions, which as noted byrelatively mobile at room temperature but in many mangan-
Khomskii and Kuged and by Ahn and Milli€ may reason- ite materials, including the half-doped compounds of present
ably be expected to arise from electron-lattice interactionsinterest, they become strongly localized at low temperatures.
However, experiments have also indicated tloag-ranged The x#0 insulating states have a charge density which var-
strain plays an important role. Insulating ordered phases apies from Mn to Mn; the pattern of charge density is referred
pearing in bulk Lg sCa, sMnO; are suppressed in thin filnfs; to as “charge order.? In many of the half-doped materials,
it is argued that the difference arises from the lattice misperiodic charge order is observed, with wave vector
match with the substrate, which prevents the occurrence dfwr,#,0): in other words, in a given plari@hich we take to
lattice distortions necessary to accommodate orbital ordetbe thex-y plane of the ideal cubic perovskite structure, the
ing. Similar conclusions have been drawn from recent workcharge alternates from site to site in a simple two-sublattice
on Pp¢Ca sMnO; films subjected both to compressive and fashion, but the charge ordering simply stacks uniformly in
tensile strairr. Other sets of experiments in polycrystalline the perpendicular direction. The observation af, £,0) is
Lag sCa sMNnO5 show that the charge/orbital ordering transi- surprising: charge ordering typically occurs because elec-
tion temperature is progressively suppressed as grain size tions repel each other, and a fully alternating, fr,7) or-
decreased; the interpretation again is that boundary effecttering is typically preferred because it allows the greatest
inhibit the formation, in small grains, of the strains imposeddistance between charges.
by the orbital orderin§.Perhaps most significantly, polarized  If charges are localized, then one expects that on a given
optical _ microscopy studies on BiCagMnO; single  site one linear combination of the tvey orbitals will have a
crystalg reveal that as temperature is decreased to just belowigher occupancy than the orthogonal linear combination.
the charge/orbital ordering transition, lenticular shaped doThe pattern of this preferential occupancy is referred to as
mains appear and grow slowly with time. This behavior is“orbital ordering.” It was first inferred from the magnetic
well known in martensitic systenfswhere it is attributed to  ordering patterridiscussed beloyby Wollan and Koehler in
the interplay between a tendency of the system to favor 4950s 15 using rules determined by Goodendughd
state with large strain, and a boundary condition which preKanamoril® and has now been studied in numerous samples
vents the existence of a truly uniform strain. by resonant x-ray scatteriff§which is sensitive both to the
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021 - 021 7 =c0s6|ds2_2)+sinf|de_y2). (Note that |d32_,2),

. & KK ; Bs |day2_,2), |day2_,2) correspond tod;=0,7/3,27/3, respec-
Disordered o« e Disordered U3xe—r IH8ye—r [
015~ W, N 0.15~ tively, while [d,2_,2), |dy2_y2), |d,2_y2), correspond tof;
c o c* =1/6,7/2,51/6.)

0.1 vl __f Vil 0.1 The electron-lattice coupling is taken to have the form
S given in Ref. 13: a site containing an electron is Jahn-Teller
CO(m,mt,m) CO(m,m,m) H

0.0515 0.05— coupled to the surrounding oxygen octahedron and an empty
00(m/4.31/4) - CO(,m,0) 00(/4,37/4) o . . .

00: 'zig-zag’ site induces a breathing distortion of the octahedron. In an
0'05 0'1 0'15 o 0'05 0'1 0']5 " isolated MnQ octahedron the Jahn-Teller effect would lead
’ 644 ’ ’ ’ é44 ’ ’ to an energy gaifE ;7=A2%/2K,, with A the Jahn-Teller cou-

pling andK; the Mn-O bond-stretching force constdsee

FIG. 1. Main panels: ground-state phase diagrams calculated bjie inset to Fig. (b)]. Optical measurements on LaMgpO
Monte-Carlo annealing on>88x 8 lattices, with(a) and without ~ suggestK,;~7.36 eV/& and both band-structure calcula-
(b) the inclusion of the long-range energy. The wave vector of thetions and fitting to the observed structure suggast
charge ordeXCO) and the patterrd; of the orbital orderingO0)  ~1.38 eV/A so thaE,;1~0.26 eV. We adopt this as the ba-
are indicated. “Disordered” corresponds to phases which show ngic energy scale of the theory. We write the energy gain due
obvious periodicity or symmetry on the lattices studied. Calcula-tg a breathing distortion aBg=BE;r. We expect that the
tions are performed foB=0.8 for various force constants consis- energy costs of the two distortions are similar,&e 1.
tent with bulk moduluCg=0.3%; and are presented as functions In the actual perovskite lattice, each O ion is bonded
of the shealC,, and Jahn-TelleC* elastic moduli implied by the  gongly to two Mn, so a breathing or Jahn-Teller distortion
force constants and expressed in unitKef The insetto Fig. @ 54t one site is coupled to distortions at neighboring sites.
shows the zigzag pattern. Black dots represent the sites with Iov‘LO incorporate this physics we follow Refs. 13,17 and write

charge occupancyb) The zigzag pattern is absent when uniform . o .
strain energy is neglected. The inset to Fith)hows three of the & Model whose variables are the deviationsf the Mn ions

force constant model couplings. Additional non-central force couffom thfir ideal cubic perov§ki'ae positionsA and the displace-
pling to Mn-Mn-Mn bond angles not shown. ments u; of the O ion ati+a/2 along a direction @

. L . =X,Y,2). These variables are coupled harmonically by near
Orb'.t"?‘l occupancy 'and to the change_s |t_|nduces IN OXyG€Reighbor force constants. The inset to Figb)lshows the
positions. The orbital orde_rlng oceurnng In t_he strong;l_y IN" hlanar force constants. We parametrize these force constants
sulating half doped materials may be visualized as “zigza y the bulk Cg), cubic-tetragonal €*), and shear C,y)

chains” on thex-y plane stacked uniformly in thedirection. — ,q,i which they imply. We then integrate out the variables
The zigzag 2'5 pgoduced 2by t?e al'_[ernatlon of preferred OCCUZescribing the O positions and obtain an energy of the form
pancy of X“—r< and 3y“—r< orbitals on the sublattice of
sites with high charge occupantsee inset to Fig.(®]. The Ew{Ni,6:,8}) = Epagicd {8}) + Esrpreatk{Ni » 0; , 5}).-
magnetic ordering pattern corresponds to ferromagnetism (1)
along the zigzag chains but with spin direction alternating

from chain to chain, and follows from the application of the This model and the minimization process are identical to
Goodenough/Kanamori rules to the zigzag pattern of states.those described in Ref. 17. More details will be given in a
We note, however, that strain physics should also be imporseparate communicqti&ﬁ. . .

tant because the, orbitals have a noncubic shape. Thus, in  For each electronic configuratiofl ,6;}) we may now

the case of zigzag ordering, the occupied orbitals hav@btain the total energy by minimizing E(L) with respect to
charge density lying mainly in thg-y plane, leading to a the lattice variablesgi. We have used a classical Monte
compression in the perpendicular direction. Carlo simulation process onx4 x4 and 8<8xX8 Mn lat-

We now turn to the theory. A general model would includetices to find the ground state by annealing the system starting
electronic dynamicghopping and electron-electron interac- from a random high-temperature configuration. However, an
tion), electron-lattice coupling, and the energetics associateidsue arises in the evaluation of the energy. To describe this,
with the lattice degrees of freedom. Because we wish to fonote that the ternE;rpeammay be conveniently written in
cus on the new physics associated with strain effects, anshomentum space as a linear coupling between the Fourier

because the main application we have in mind is to strongly,ansform of the displacements,, and a vectorg, con-

insulating half-doped manganites, for simplicity we adopt agtrcted from theh;,6;, and the parameteB: Ejrprean

cIaSS|ca!, insulating quel in which the electrons are taken to é,kA(k) 3k- The purely lattice term may similarly be
be localized on Mn sites, but our approach may easily be 1o S
tten asE aice= 3 210 kKK (K) 6 with K a force-constant

extended to an itinerant electron model. In the insulatingVMt€ kI K) ¢
model thee, orbitals of a Mn site can be either empty or Matnx, so that after minimization over thewe have
occupied by one electron which resides in a linear combina-

ti_on .of the two.eg orbitals: We parametrize the c_harg«_a state of Eor= — l Z e k[A(k)Kfl(k)A(k)]ék. )
site i by a variableh;, with h;=0 for an occupied site and 2%

h;=1 for an empty site, so doping=(Z;h;)/N, and we

focus here orx=0.5. The orbital state of an occupied site is  On a finite lattice the sum is over a discrete sek pbints
described by an angle 99,<m so that |¢;(6)) andthe terms withk#0 may straightforwardly be evaluated.
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TABLE I. Energies for different orbitalOO) and charge orderingCO) patterns as indicated, calculated for paramef+s0.8, Cg
=135 GPa (0.38,), C*=17.35 GPa (0.04%,), andC,,=30.85 GPa (0.08,) chosen within the range in which the zigzag ordering is
the ground statésee Fig. 1a)].

Uniform strain energymeV/Mn) Short-range energgmeV/Mn) Total energy(meV/Mn)

CO(m,,0), OO zigzag -33.2 —278.4 -3116
CO(m,m,m), 00 zigzag -33.2 —270.9 —304.2
CO(m,,0), OO@r/2,7/2) -65.0 —218.0 -283.0
CO(r, ), OO(r/4,3m/4) -15.9 —290.8 —306.7

However, ak—0 we find A(k)~k andK (k) ~k?, so that results of computations for the same parameters, but with the
the IinHHO[A(k)K‘l(k)A(k)]~8. The limit, and therefore uniform strain k=0) co_ntribution to the energy neglecte_d.
We see that the experimentally observed phase is entirely
absent. This conclusion remains true in the range<@®6
=<1.2. Details on the role oB will be given in a separate

the value of th&k=0 term in Eq.(2), depends on thdirec-
tion from which k approaches 0. These different limits cor-
respond to different uniform strain states of the mategab icatiort®
therefore to different changes to shape of the whole Iatticecommunl_catlo o . _
and require special attention. We find that for almost every 1€ difference in phase diagrams computed with and
configuration ofh; , 6, there is one particular strain sta- ywthout the strain contribution _to the energy suggests th_e
rection along which thé&—0 limit is taken) which mini- |mportgnce of Iong—_ranged strain effects. To understand this
mizesE,,,. We use two annealing procedures. In one, we uséesult in more detail we have evaluated both the long-range
the E,, corresponding to this “optimum” strain state, (k=0) and short-rangek(#0) contributions toE, for
thereby updating the strain every time the electronic configumany different orbital orders, andm(w,0) and @, ,m)
ration is changed and allowing the system to minimize itscharge order. Typical results are presented in Table I. One
energy with respect to straffl.In the other, we neglect the sees that the differences in strain energy between different
k=0 term in Eq.(2) entirely. One could also constrain the orbitally ordered phases~20 meV/Mn) are of the same
k=0 Fourier components o6, to take particular values, order as magnetic energy differences computed by other
thereby forcing the system to accommodate to a definitavorkers'* Observe that the uniform strain energy only de-
strain(to simulate, e.g., a film grown on a lattice-mismatchedpends on the orbital configuration, and is optimized for or-
substratg but we do not explore this physics here. bitals which correspond to mainly planar charge densities.
We have conducted extensive simulations of Bg.for  The zigzag pattern of orbitals is consistent with this result.
different parameters. The bulk modulus has been estimatethe “uniform clover” pattern (all orbitals 6=/2 i.e.
to be 135 GPa (0.35 in units &f,), Ref. 20, and we con- d,2_,2) has an even lower strain energy, but in the insulating
sider only choices ofK; consistent with this value. We model considered here its short-range energy is never large
present our resultéobtained by varying th&; in a manner enough to stabilize this phase. We note, however, that elec-
consistent with the experimental bulk modyluis terms of  tron banding effects are found theoretically to favor this
the value of the other elastic moduli. Different values gor phasé?! and that it is observed in metallic 4§55 MnO;.
have been explored, but here we only show resultsgor On the contrary, the #/4,37/4) orbital state is the least
=0.8. strained configuration of all the ordered ones, the reason for
Figure 1 shows typical ground-state phase diagrams arighis being its isotropic charge distribution. Note also that the
ing from our simulations. The main panel in Figalshows strain term does not distinguish between differedirection
the phase diagram following from optimizing the full model orderings: it is the short-range part of the energy which
over strain. Three states are observed: op€O  chooses the stacking of charge in thairection[ (r,,0) vs
=(m,m,7);00=(m/4,3m/4)] corresponds to the arrange- (,,m)].
ment of charges and orbitals which implies the lowest uni- We now comment on possible extensions of our model.
form strain; another, labeled “disordered” in the figure, cor- Magnetic interactions have been neglected, but could be eas-
responds to states which have no obvious ordering patterly included. Thet,y localized spins are antiferromagneti-
within the 8xX 8 8 unit cells we can access numerically, andcally coupled via superexchange. There is also a ferromag-
which presumably either have some extremely long-rangedetic superexchange interaction betweenefspins, which
periodicity or are glassy. We note that in this parameter redepends on the occupied orbitals in two neighboring ttes.
gime these disordered states are found by the annealing prt- applied to our zigzag orbital configuration, charge-
cedure to have energies lower than those of any simple pexchange-typéCE-type antiferromagnetism is found. Mag-
riodic structure we have devised. netic energy differences per site between CE-type antiferro-
In the lower right region of the phase diagram in Figg)ll magnetism and ferromagnetic ordering are20 meV,
the preferred state corresponds to the one found in expertherefore of the same order than the uniform strain energies.
ments. Because it involves quite substantial anisotropic latYunoki and co-workerd have shown how the magnetic in-
tice distortions it is stabilized only in particular regions of teraction may help to stabilizen(,0) ordering relative to
the phase diagram. The main panel of Figo)ishows the (,7r,7) ordering; the energetics found in their work are

100401-3



RAPID COMMUNICATIONS

M. J. CALDERCN, A. J. MILLIS, AND K. H. AHN PHYSICAL REVIEW B 68, 100401R) (2003

sufficiently similar to those found by us that it is not clear In summary, a classical model for charge and orbital or-
which mechanism is dominant. Similarly, we have adopted alering has been formulated and analyzed. The important new
strictly classical, insulating model for the electronic degreedeature is that elastic energies as well as the cooperative
of freedom, but our electron-lattice coupling and lattice in-Jahn-Teller coupling are included. Our main finding is that
teraction could be easily carried over to an itinerant e|eCtr0@nergetics associated with long-ranged strain are at least as
model(at least within the conventional adiabatic approxima-important as those from othde.g., magnetic sources in

tion for electron-lattice coupling Use of such a model 1o getermining the ground state of the system. We find in par-

e“xplore strain effects“ on a second-order weak amplitud@cyar that uniform strain is of vital importance in stabilizing
(“charge-density wave” instabilityelectronic charge and or- e zigzag chain orbital ordering pattern observed in many
bital ordering transition would be very interesting. Finally, manganite systems.

our calculation involves only relatively small length scales,
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