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Role of cooperative lattice distortion in the charge, orbital, and spin ordering in doped manganites
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The role of lattice distortion in the charge, orbital, and spin ordering in half-doped manganites has been
investigated. For fixed magnetic ordering, we show that the cooperative lattice distortion stabilize the experi-
mentally observed ordering even when the strong onsite electronic correlation is taken into account. Further-
more, without invoking the magnetic interactions, the cooperative lattice distortion alone may lead to the
correct charge and orbital ordering including the charge stacking effect, and the magnetic ordering can be the
consequence of such a charge and orbital ordering. We propose that the cooperative nature of the lattice
distortion is essential to understand the complicated charge, orbital, and spin ordering observed in doped
manganites.
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The unusual charge, orbital, and spin ordefi@®SQ in  two parts:Hj,;=Hc,+Heja. Hep is the coupling between
manganites have recently attracted much atterttishin lattice distortion ancg, electrons, given by
some of these materials such as ;@a,Mn0O;*
Lay,Sr,MNn0,,%% and Lg;CasMn0;,* below a certain 3

A A ,
temperaturel ¢, electronic carriers become localized onto  Hep=— —= ci”(\/f,BQlilJr Q204+ Q3i07,) ,,C
specific sites, which display long-range order throughout the V6 iyy'
crystal structure(charge ordering Meanwhile, the filled @

Mn3* ey Orbitals also develop long-range orderbital or-
dering. When the temperature is further decreased to a much — X,y
lower temperaturdy, the so-called CE-type antiferromag- O™Pital v (z=dsz22,2=d,2_2), and Qui=(1N3) (v} +v]
netic (AF) ordering with a zigzag pattern sets[ifig. 1@]. 1) Qz=(1N2)(v!~v}),Qs=(1\6)(2v]—v~vY) are
In some others like LgCa,MnOz° and Nd,,Sr,MnO,,”  the breathing Q4;) and Jahn-Teller@»;, Qz;) modes of the
the system first undergoes a ferromagné®i) transiton at  LD. Here vi=u’ .—u'., with u’ ~ being the
the Curie temperaturd ¢, then enters into the CE-type «-component of the displacements from the equilibrium po-
COSO state at a lower temperatdigo=Ty . Theoretically,  sition of the neighboring oxygen ion in the « direction.

it has been proposed that the charge and orbital orderinghe parameteg is expected close to 12.The index of spin
(COO in half-doped manganites has a magnetic spirhas been omitted, which is always parallel to the local spin
origin.®® However, such a theory cannot be applied to thosejue to the strong Hund’s coupling. Throughout the paper, we
materials withTco>Ty, where the COO is established be- usea=x,y or z to denote either the direction or the orbital
fore the spin ordering._ Even for those V\_IhO'E§O=TN, it _state, in the latter case it refers to the orbitgl> 2, whose
has been shown thfat in a pure electronic model, the Ons'tgrthogonal state is denoted as There are relationships
repulsionU destabilizes the CE structure towards the rOd_ci"y=ciZ/21 J3CH2 and Y=+ \3cY2+ cU2. Hyy, is the

type (C-type) AF state[Fig. 1(b)] in realistic parameter re- . : .
g)?lpne(of L)I/.Fl)s)Yunoki et Eﬂ_l% C](J)(n)s]idered the efFf)ects of lattice elastic energy and depends on the relative displacements of

distortions(LD), and found that both the noncooperative LD
(NLD) and cooperative LOCLD) can lead to the CE-type
COSO. In their worklJ is neglected and the calculation was 8 dy s o
performed on a X4X2 lattice where the size effect is /8' v
d

here o, ,0, are Pauli matrices;/ is electron operator of

prominent. Since in the absence dfthe CE state can be

o M
. . o d 2
obtained without LE¥® the role of LD seems not very clear & 347

r

b
there. It is desirable to clarify what the LD results for the CE C?é .8/
state would be destabilized hy.
In this work, we investigate the role of LD and largein /8' P?b}j
the COSO in half-doped manganites. For fixed magnetic or- }3?6}3
dering, by studying the competition between the CE @sd ‘8/ d qé
states, we found that only CLD can stabilize the CE state in d C?é
the presence of large. Furthermore, without invoking the '
magnetic interactions, the CLD alone can lead to the experi-"?é:"""‘"";fj /8’ (a) (b)
mentally observed COO, including the charge stacking ef-
fect. The magnetic ordering is the consequence of such a FIG. 1. View of the(a) CE and(b) C phase in the-y plane. The
COO0. arrows refers to the spin.Along thedirection neighboring sites
The interaction concerning the lattice freedom includeshave the same charge and orbital states but opposite spins.
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neighboring atoms with respect to the ideal perovskite latimade; however, this energy should be important, as without
tice. In a unit cell of the perovskitd, ,A,MnO;, there are it the Z atoms can have arbitrary displacement instead of
three kinds of atoms: Mn, O, arnd(=A or A’). The main sitting in the center of the cubic cell cornered by eight Mn
contribution toH; may include the elastic energies of the ions, and experimental observations indicate thaZthtgoms
neighboring Mn-O, OZ, and MnZ atoms. Up to now no also participate in the LD.In harmonic approximation, the
study concerning the elastic energy Bfatoms has been elastic energy of the CLD may be written as

K K K
Heow=5 2 [(A-ui) e+ 5 2 [(A—u g e+ 5 3 [(A=a,)-e,]% 2

where &, u, and A are the dimensionless displacements of+4K3)SY/(3K,S-+4K3), Dy=h,C, Dyy=—SyhxC,, Wiy
the Mn, O, andZ ions with reference to the ideal perovskite = 3K,h,C, W,y= _3Kls><S§Cyz: Ry =4K3(1—C?H,
lattice, e, , €;, ande, are unit vectors along the directions of _ c2's2 |y — C2S2 H,) + 3K, (2—C2, — S, — C2
neighboring Mn-O, Z-O, and-Mn, respectively, withx,£, S)Z(ZZ) "R_c ySX [Z4K3(C2H +C2H iyng )y+ 6K:]Z
and » the indices of neighbors. In principle, the spring con- « oy Y TRl TR ’
stants betwee@-O andZ-Mn depend on whetheZ=A or /€€ Sa=SIN(@,/2) andC.=C056:/2), Suar=S,S.+ and
P Cow=C,Cqi, C=C,C,C,, H,=4Ks/(3K,S2+4Ks)

A’, here to simplify our study we replace them by the aver -~
agedK , andK. Since the distance between these neighbor@ndNa=HaS.C, . The other elements @, R andW can
ing atoms areLy, o<Los<L,un, ONe expects that the D€ obtained by exchanging the indices, ely,,=h,C and

spring constant&; > K,> K. Dyx=—Syh,C,, etc.G(q) atq=0 is regarded as the limit
In the classical treatment of the L19!*the displacements 0f dx=dy=0d,—~0. The displacements are connected to
of various sites are determined by minimizing the total en-G through ug ,= —i)\ECY,GWV(q)(fg")/SCk and 63=Uq ,
ergy of the systemjH,, /dw;’=0, wherew" (w=6,A oru)  —i\tan(q,/2)(f5)/K;, with ug , being the Fourier transform
is thea component of the displacement. For harmdiga,  of ;. ;, andA, is a function ofu,, and &,. It should be
such a calculation can be easily performed in the momentumointed out that the form of Eq3) is actually general for
space to get the optimizeq values of the_ displacements. TherqIat with any harmonicH,,, and different choice oF,
after substituting these displacements into Eas.and (2), leads to differentG. For example, theH,,, in Ref. 14 in-
Hiac reduces to cludesK; andK; (the spring constant between neighboring
off ot o Mn siteg terms, where thé tensor isG(ali,(q)zéaal(Kl
Hiat=—¢ % fa Gaa(afq 3 4+2K!S%)/(Ky+2K}). While in Refs. 10 and 15, NLD and
o o ¢ , N CLD yield G(azcz,z Ona’ ande’i,(q)szﬁm, , respectively.
where e =A"/Ky, fq is_the Fourier transform ofi*=gn; Here the difference between CLD and NLD is whether@e
+mf, with ni=nf+n{, and m*=nf-n?, and n®“  tansor depends og or not.
=cM@Tcx(@  The tensor G=P+DR W, where Equation(3) indicates that LD results in an effective elec-
P, D, R andW are 3x 3 matrices, withP,, = 5,,(3K;  tronic interaction. In real space, it is

H?JF—&(Z {gofiafia_glffyfﬁ,;_ngflfﬁg(;“‘gi 2 fia,fiaJr;y

la o' (#a)

+ > 'Gga,ffff’), (4)

ij,aa’

where the sunt’ includes all the other termg;, is foundto  the CLD cases o&") andG®), there are only thg, andg,
be smaller than the coupling coefficients of the first severaterms, while in the NLD case d&(®, there is only they,

fi“fi“m& terms, but larger than any other coefficieﬁiga, . term.
Figure 2 shows the calculated valuesgyf,g;,9,, andg; . Now let us investigate the effect of LD to the COSO at

From Eq.(4), the main effects of the CLD corresponds to anhalf doping. First we see the case with fixed CE-type spin
effective short-range orbital-dependent coupling between ocerdering. In the one-dimensional zigzag FM chéee Fig.
cupied Mn sites. I1G is replaced byG(") (i=1,2,3), thenin  1(a)), the double-exchange Hamiltonian reduces to
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Hpe= > [dgi(tlcc,i+1+t20c,i—1)
I=even

+H.c]+U(nging;+Nn¢& i 1NCi+1), ©)

0,1,2)

wheredg;=c{ andc{ for i=4j and 4 +2 (j is an integey,
cei=(c?,+c)T for i=4j+1 and 4+3, andi=even and
odd corresponds to the bridge (R and corner (MfA") 1
sites, respectivelyt; ,= —(t/2,* J3t/2), nBi=dgidBi, and 0.2+ 402
ng;=dgldg;, with dg; being the orthogonal state of orbital ] 9
dg;, andngi=c{{cgi . In realistic manganites, the parameter g - 0.0
regime of the onsite repulsidii=10-2Q, so that the system 00 02 04 08 08 10
is strongly correlated. In this regime double occupancy ol 2
(e the Gutzlr projectofGR) methog. valid o st i o 2, Caeulaledy
) » vl ’ with fixed K3 /K,=0.5.
to take into account such a strong correlation effect. In GP
we introduce constrained electrons at each site. Each electron
operator in Eq.(5) is replaced by the corresponding pro- Then we use a mean-field approximation by decoupling the
jected operator to eliminate the double occupamigy—(1  high-order terms such asgicZ;,n?,;—cSick , (n? ;)

—ng)dg; and cg—(1—-n?)c; [y=2(2) when y=2(z)].  +(chick,,,)n?, . After a Fourier transform, we have

g,(n=

g1.9,, andg; as a function ofk, /Ky,

MF _ T " T T 0
HDE_; (dpyticlyt+clitd™ dgyt eyctyjkcgk)"_Ek €'dgidpkt+ Epk, (6)
Y

where T)/=(1—nj)(1— né}t,{ with tZ=—tcosk and tg state there is only one effective orbital in each site so that
—t{3i sink e, = —2(1- n))ReS (dL47c2) o has no effect anthpe= —t=ci'c) in the x-orientated FM

’ = B Bk Gk chain. Such a property makes the competition betweeCthe
= —2ReZ (1-nEN(dpticgy), andEp

constant e IS the MF energy and CE states alone very interesting. In the absence of the
For H,,; of Eq. (3), in the case of CE-type spin ordering Elggo_nélaggge mtderélgtloE,OV\g;h_,toM Lhe (Ejngrgy bet Slgc 'S
the sum overq includes q=(0,0,0)* (7/2,#/2,0), and = D594 and £-=~ U054, When U Increases.=
. keeps unchanged while™* increases and becomes higher
(7r,7,0), and can be denoted gs=0,=#/2 and 7 in the than ES at aboutU =5t 22 indicating that the st lec-
one-dimensional FM chain. By decoupling the quartic term an at abou - Indicating that the strong elec
atea’ atvea’  catsea’ tronic correlation would destabilize the CE phase towards
fa fq H<fq >fq +1g <fq ) Eq. (3) reduces to the C state. When the electron-lattice interaction is taken into
account, Fig. 3 shows the energy per site and the charge
HMF=> (Cl—quCk"_ H.c)+EL,, (7)  disproportionatiord.=(n,;—nyj+1) as a function of /t in
k,q the CE andC states. Figures(a—d correspond to the tensor
— GM,G?), GB) and the preser, respectively. Ate; =0 the
wherec, is the Fourier transform o;=(cf,cf)" andDy  energy ECE>EC, the CE state is unstable. When the
= —e@aa,GM,(q)(fg'T)F“, with  F*=pB+cos¢,0, electron-lattice interaction increases, it is found that in the
+sin g0 and(F57) == (o, F ). NLD case ofG(?), the CE phase always has higher energy
The full HamiltonianH=HME +HMF can be solved by than C, while in all the CLD cases o6, G®), and G,
iteration. Below we will make a comparison of the magneticthere is a crossover frof@ to CE state with the increasing
CE andC states. These two states have the same magnetig. So here NLD is not enough to stabilize the observed CE
energy—Jag per site, wherel,r is the AF magnetic super- state, to obtain the CE state the cooperative nature of the LD
exchange between neighboring local spins, so that the relanust be taken into account. The different results in the NLD
tive stability of them is independent of the paramelgg . and CLD cases can be understood from &q. In the CLD
While other magnetic states, say, the FM and layeredases, when a pair of neighboring sites are both occupied, the
(A)-type AF states, have different magnetic energies so thaadditionalg; coupling favors different orbitals on the two
their stabilities depend od, -, and become less stable with sites. Since the orbitals on neighboring sites are the same in
respect to the CE an@ states wherd ¢ increases. In th€  the C state but are different in the CE state, the latter is more
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FIG. 3. Energy per site in CEsolid line) andC (dotted ling states as a function @f /t and the corresponding charge disproportionation
with (8 GW), (b) G2, (¢) G®, and(d) G, with 8=0.5. InG®) K;/K;=0.5, and inG K,=2K3=0.4K;.

favored. At large charge dispropornation, one of the neighand Eq.(3) are the same i€ and CE states. If we further
boring sites is almost empty and tlge coupling makes no take the Wigner crysta]lWC) state into account, which has
difference betwee and CE states, so in Figs@@and 3c)  the same COSO as that of CE in the plane, but along the

the energy differenceSE of the two states no longer in- z direction the charge density is altering instead of stacking,
creases with further increasing. On the other handgE and fa‘vWC:[fngE(1+ein)+fgLCQE(l_ein)]/z with Q,

keeps increasing in Fig.(8), which is related to thg, cou- .
s . . . =(0,0,7), then the energy difference between @E C) and
I Eq.(4 ts effect will later. In th

pling in Eq.(4), and its effect will be discussed later. In the WC states aree,(f— 122K I(2K,+4K)) —Jar, —Jdar

calculation withG, it is also found that with different values > NG 3 F
of K, andK;>0 we get qualitatively the same results. The @"d €1(8—1/2)%/4=J ¢ for G+, G andG™. So that in
calculated relative displacements of teO, and Mn sites the cases o6l (i=1,2,3), without) ,r WC should be more
|A4l/| 8| and |&|/|u},| is independent of;: the former stable than CE state, and f6r=1/2 a finiteJ 5 would yield
actually depends only ok ;/K,, and the latter decreases Stable degenerate CE- a stacking states. On the other
with increasingK ,/K, or decreasingK;/K,. In Ref. 5 the ~hand, Fig. 4a) shows the energy of th&, CE, WC and stripe
ratios | Ay|/| &/ ~0.56 and|&,|/|uf,|~0.93 were measured phase(SP states withG at = 1/2 andJar=0, in which CE
at q=(m/2,7/2,0). In the present calculation with, state has the lowest energy. A Monte Cai\tC) simulation

= 2K,=0.4K, the two ratios are 0.57 and 0.90, quite close®n 8X8X8 lattice with periodic boundary conditions, in
to thgse i'n Rlef 5 ’ o which we consider three possible electronic states on a Mn

At strong electron-phonon interactioe &t), the charge site including occupled . by elongate_d orbitaliz.e_r2, '
3y2—r2 and unoccupied, is performed in real space to find

disproportionation tends to 1, the electrons become localize h d orbital f' " ith the | ¢
and can be treated as classical objects. A classical treatme charge and orbital configuration wi € lowest energy.
he compressed orbitals such ég_,. are not taken into

of electrons can simplify the study considerably and clearly : {ft 6 .

show the effect of CLD, and in fact should be appropriate in2ccount due to the anha_rmaomc effects. For a given con-
some manganites in which the charge difference betweefiduration, we calculate it$ in momentum space and get
neighboring Mn sites is close to%lin the classical case, th€ energy through Eq3). Figure 4b) is the calculated
=840+ 93,q) N2 in both theC and CE states, where PIEZ5 DEBET U08 08 (08 BOsc® L oiit ot o
Q@(:(”’W’O)y andZN is the total number of Mnxsyltes, and giate here has the lowest energy among all the possible
Mg=Nq, My=My= —\/n_q/Z n the C state,me”=ng/4  charge and orbital configurations within the range of consid-
+3(8q,q2 8q,-q2) VN/BMy = —ny/2 in the CE state. For  eration. For close to 1/2, the obtained COO is the same as
GM(i=1,2,3), the energies obtained froff=pBny+mg  that under CE-type spin environment shown in Fig) 1The
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may be interpreted by the effective interaction shown in Eq.
(4). The COO in thex-y plane can be explained by tlg
andg, terms. Theg, term favors the charge ordering peaked
at (,7). In such an ordering, if sité is occupied, then

+a (a=x ory) is empty andi+2a is occupied. Thay,
coupling between the occupied sifeandi + 2« then prefers
the orbitals in the two sites to be different, thus the desired
in-plane COO is formed. The stacking in tkelirection is
related to theg; coupling which favors neighboring sites
occupied by the same orbitals. Whgris close to 1/2, along
the z direction theg; and g, coupling is effectively very
weak as at an occupied sitp= 8—1/2 is small, then the;
term is dominant. Note that here the COO is obtained with-
out invoking magnetic interactions, so that the COO transi-
tion temperaturd o can be higher than the magnetic tran-
sition temperaturdy, in agreement with the experiments in
some doped manganit&s’ Since the effect discussed above
exists beyond the classical limit, in more general cases the
CLD should also favor such a COO. Once this COO is built,

o] 0o x

&% ;. the CE-type zigzag magng'gic ordering beldyy can be un-
K K derstood from the competition between the anisotropic elec-
Z tronic hopping andl,r. For an occupied sité of orbital

FIG. 4. In the classical treatment of electrons and with fixedd3x’2\7r2 (93y2—r2): the electronic hopping between siteand
K3/K2=0.5,(a) energy per site in the CE, WG, and SP states at i +x (i +y) leads the spins of these two sites to be parallel.
B=0.5 as a function oK, /K3, (b) phase diagram from MC simu- On the other hand, the spins bfand its neighbors in the
lation.The 4<4X 2 unit cell of SP is shown irh), where the two  other two directions are antiparallel as the electronic hopping
4x4 lattices are in successivey planes, and, y, o represent integrals in these two directions are much smaller and not
orbitalsdsy2 2, d3y22 and a hole. enough to overcoma,g. In this way naturally the CE-type

zigzag magnetic ordering shown in Fig(d) is obtained. In
striking feature of charge stackif@S) along thez direction  this picture of the COSO, appropriate at least for those
is reproduced. Such a stacking is usually attributedio, ° whoseTco>Ty, COO comes from the cooperative nature
yet here our calculated results provides another possible exf the lattice distortion, and the spin ordering is the conse-
planation, that the CLD may also lead to the CS. It is worthquence of such a COO.
mentioning that the above simulation can be easily general- This work was supported by a grant from Texas ARP
ized to 2/3 doping, where the obtained COO frclose to  (ARP-003652-0241-1999the Robert A. Welch Foundation,
1/2 is a CS state same as that observed in Ref. 4, and suctaad the Texas Center for Superconductivity at the University
CS cannot be explained bj,r. The COO at half-doping of Houston.

0.0 0.2 0.4

[

1Y. Tomioka, A. Asamitsu, H. Kuwahara, Y. Moritomo, and Y. °J. van den Brink, G. Khaliullin, and D. Khomskii, Phys. Rev.

Tokura, Phys. Rev. B3, R1689(1996. . Lett. 83, 5118(1999.
2B.J. Sternlieb, J.P. Hill, U.C. Wildgruber, G.M. Luke, B. °S. Yunoki, T. Hotta, and E. Dagotto, Phys. Rev. L&4, 3714

Nachumi, Y. Moritomo, and Y. Tokura, Phys. Rev. L&t6, 2169 1 (2000.

(1996. P. Mahadevan, K. Terakura, and D.D. Sarma, Phys. Rev. &&tt.
3 . . 066404(2009).
Y- Murakami, H. Kawada, H. Kawata, M. Tanaka, T. Aima, Y. 1o~ coini 'y Feinberg, and M. Grilli, Eur. Phys. J. R, 157

Moritomo, and Y. Tokura, Phys. Rev. Le&0, 1932(1998. (2001,

4M.T. Fernadez-Daz, J.L. Martinez, J.M. Alonso, and E. Herrero, 135.Q. Shen, Phys. Rev. Lei6, 5842 (2001.
Phys. Rev. B59, 1277(1999; P.G. Radaelli, D.E. Cox, L. Ca- 144 3 Millis, Phys. Rev. B53, 8434 (1996; K.H. Ahn, and A.J.
pogna, S.-W. Cheong, and M. Marezibid. 59, 14 440(1999. Millis, ibid. 58, 3697(1998.

5p.G. Radaelli, D.E. Cox, M. Marezio, and S.-W. Cheong, Phys5T, Hotta, S. Yunoki, M. Mayr, and E. Dagotto, Phys. Rev6@
Rev. B55, 3015(1997. R15009(1999, where the form ofH,, is slightly different, it

6Y. Tomioka, A. Asamitsu, Y. Moritomo, H. Kuwahara, and Y. can be reduced to the present form by setting the spring constant
Tokura, Phys. Rev. Letf74, 5108(1995. of the Q7 and Q2 terms to be the same in itsly, (Q;

"H. Kawano, R. Kajimoto, H. Yoshizawa, Y. Tomioka, H. —pB7Y2Q,).
Kuwahara, and Y. Tokura, Phys. Rev. Let8, 4253(1997). 18D, Khomskii and J. van den Brink, Phys. Rev. Le86, 3329
81.V. Solovyev and K. Terakura, Phys. Rev. Lé38, 2825(1999. (2000.

214426-5



