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Orbital polarization in manganese oxides
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We study the role of orbital degrees of freedom in perovskite manganites, which are well known as colossal-
magnetoresistand€MR) compounds. The double degeneracy oféperbitals is treated with isospin. Orbital
polarization is essential to explain the variety of phases in these compounds and their physical properties.
Especially important is the fact that the orbital is alignedigs 2 in the metallic layered antiferromagnetic
state, which explains the experimentally observed quasi-two-dimensional transport and absence of spin cant-
ing. A large orbital fluctuation in the ferromagnetic state is also predi¢&@il63-18298)52122-4

The discovery of colossal magnetoresistafi€®R) in  estimated by considering the oxygep @rbitals between the

manganese oxide®, ,A,MnO; (R: rare-earth metal io\:  nearest Mn-Mn pair. It is represented @¥ 't,, wherec};”
divalent metal ioh has revived the interest in these js the numerical factor depending on the orbitals &gds
materials In these compounds the most important interac-estimated to be 0.72 eV which we choose as the unit of
tion is the double exchange interaction, which gives a clos@nergy below {,=1).° The second line is the electron-
interplay between the spin and charge dymafiésHow-  glectron interactions, whete, U’, andl are the intraorbital,
ever, the other degrees of freedom, i.e., the orbital, play iMiyterorbital Coulomb interactions, and interorbital exchange

p_ortalnt ro('jeT' W?i%h we addrgfé's_sén;his pa:‘p(ladrién the convenpteraction, respectively. These interactions can be rewritten
tional models of these materias; the twofold degeneracy — a%(§ + (Inf2a) §20)2— BS,T21 Here the spin

of the g4 orbitals has been often neglected assuming that the _ _ -
basic physics remain unchanged from the single orbital cas@perator Si_) and the isospin  operator T,
However, due to recent intensive studies, several importani:%Ew/,,d;r(,yow,di(,yr for the orbital degrees of freedom
features have been revealed which cannot be understood &me introduced, and the two positive coefficieatsand g,
terms of these simplified models. Especially the phase diawhich are defined by a=2U/3+U'/3—1/6 and
grams are rich including various antiferromagnetic structuregg=U’'—1/2, represent the interaction to induce the spin and
in addition to the ferromagnetic one as shown in Fig. 1. Inisospin moments, respectively. The last line in Ek.is the
Nd; _,Sr,MNnO; the metallic spinA state[layered antiferro- sum of the Hund couplingJy) and the antiferromagnetic
magnetic(AF)] is found in the region 05x<0.6.® There  (AF) interaction 0s) between the nearest-neighboriig,

is no spin canting observed in the neutron experimentsspins.

which is in disagreement with de Gennes’s thebryor We adopt the mean-field approximation with the order

x>0.6 the C-typerod-type AR magnetic structure appedrs. parameterg$), (S%), and(T;). These order parameters
We found that this rich phase diagram and some physical;e getermined to optimize the mean-field energy at zero

properties can be understood only when the orbital polarizagmperature. Here it is noted that both the super exchange

tion is taken into account.. . , and the double exchange interactions are taken into account
_ Because the Coulomb interaction is the strongest interagy, 5 pjfied fashion in this mean-field theory. The energy
tion and also the Jahn-Tell¢dT) distortion disappears for

x>0.158 we first study the model with only electron- 400 T A Aaaannan
electron interactions: 350 [ Nd;,S,MnO, o| o
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diTW is the operator which creates an electron with spin FIG. 1. The experimental phase diagram for;Ng5r,MnOs,.

o(=1,|) in orbital y(=a,b) at sitei, and §I is the spin  (Ref. § Clis the insulator with canted spin structure. It is basically

2 0.6<x<0.7. PI(Fl) is the paramagneti(ferromagnetig insulator,

_1 T - d: "tzg . .
Si 22""’7d“’70"" di i Si is the spin operato,r for and FM is the ferromagnetic metal. COl is the charge ordered in-
tog Spin with S=3/2. The electron transfer integrg]” is  sulator with CE-type AF order.
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FIG. 2. (Color) The calculated phase diagram in the plane of the carrier concentratjoanfl the antiferromagnetic interactidn
between the,g spins. The strength of the interactions are setras8.1t, and 8=6.67,. With these parameters both the spin and orbital
moments are almost fully polarized. The schematic orbital structure in each phase is also shown.

gain due to the former interaction corresponds to change ipx=1.0), which suggestd,=T,/7.5=0.8 me\=0.00%, in
the center of mass for the occupied states due to the hybrighe mean-field approximatioh. The fluctuations will lower
ization with the unoccupied states, while the latter to theTN, and hence increase the estimateXar Another estimate
energy of the doped hole at the top of the occupied states. Ag optained from the numerical calculations for LaMnO
X increases the relative importance of these two interaction =0.0), which suggestd,;=8 meV=0.011,.° From these
is changed gradually, i.e., the double exchange interactiof,q estimateJ, roughly of the order of-0.01J;. AlthoughJ
becomes more important. For both spin and orbital, the fo“Fnight depend orx in real materials, we tentatively fi¥ to

types of the ordering are considered, that is, the ferromagse’g 00, represented by the broken line in Fig. 2. Then the
netic (F-type ordering, where the order parameters are uni-

form, and the three AF orderings, i.e., the layer-ty@e

type), the rod-type(C-typg), and the NaCl-typéG-type AF T a=8.1, =0
orderings. Hereafter, types of the orderings are termed as, for 500 Lﬁ\ UL ]
example, spin:C, and so on. 0.08 | \fn\ ]
In Fig. 2, the calculated phase diagram is shown in the [ N N G
plane ofx (the concentration of the holeandJ (the super - A \c“\ 7
exchange interaction between thg sping for the set of 0.04 N ]
parametergyr=8.1t,, B=6.67%,. This corresponds to the re- N 1
alistic values olJ=8.7%,, U'=7.3%,, andl =1.4t,. With a F S ]
these values of interactions both the spin and orbital mo- 0 u\”\\e‘*n

ments are fully polarized. The orbital structure is shown in
each region of the phase diagram. The phase boundary
Js(FA) between the A and F spin structures is nonmono-
tonic. A|thOUgh the value Oﬂs cannot be estimated accu- FIG. 3. The calculated mean-field phase diagram with
rately at the moment, there are two rough estimates. One ig=8.1t, and 8=0.0. The orbital moment is not polarized in this
from the Nel transition temperatureTy for CaMnQ;  case.
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spin structure is changed as—A—A—C—G, asXx in- lar metallic phase accompanied with spin:A is also found in
creases, which is in good agreement with the experimentBr;—xSMnO; (x>0.48) (Refs. 6 and Yand Lg _,SrMnO;
shown in Fig. 1. This seems more remarkable when we comx>0.5).** Since we neglected the long-range Coulomb in-
pare it with the phase diagram wih=0, i.e., in the case of teraction in the model, the charge ordered phase does not
no orbital polarization, in Fig. 3. In this case the ferromag-appear in the calculated phase diagram. In the metallic states,
netic state is dominating for the reasonable valugoand ~ Nowever, the screening is effective to make it short ranged
nonmonotonic behavior does not appear. Then we conclug@nd similar to the on-site interactions. Actually the global

that the the orbital polarization due to the large interorbital!Dhase change from the metallic spin:F to the metallic spin:A

: L . in Fig. 1 is semiquantitatively in agreement with the calcu-
gr?:;znéti)algr}taer;actlon is essential to reproduce the observef?\ted phase diagram in Fig. 2 except for the CE-type AF

Now let us discuss the phase diagram in Fig. 2 in moré:)hase with charge ordering. It is worth noting that in spin:A

ol 2_\2 ; i i
detail. The spin:A phase for=0 is stabilized by the super with orbital:F ("~y") the conduction along the axis is

. . : forbidden in two ways, i.e., by spin and orbital structures.
exchange interaction. The most stable orbital structure thersne important consequence is that the spin canting is absent
is orbital:G (y2— z%)/(z>—x?) as shown in Fig. 2. The ex- b q b 9

. o . because the kinetic energy gain is forbidden alongcthais
_ .2 2_.2
Eenmeptally supposed orbltaI.Q x8-1%)/(3y>~r?) is even when the spin has the parallel component. This is actu-
igher in energy due to the following reason. There are thre%lly observed experimentally and we regard this as the evi-
possibilities for the intermediate states of the super exchang&ence for the X2~ y2)-orbital polarization and the manifes-
process, 1.e., occupancy 9f tvey orbitals (a)_ with the Par  iation of the dimensionality control by the orbital degrees of
allel spins (the energyU’—1), or (b) antiparallel spins

(U’ +1), and(c) the double occupancies of the same Orbitalfreedom. The fact that the lattice constant alongateis is

(U).%12'Let us compare the energy gains due to the supe?ma”er compared with those along theandb axes is also

. . >“F=Consistent with the x?—y?) orbital in spin:A® We again
exchange processes in orbital:& ¢ z2)/(z>— x?) and orbi- ) I
tal:G (3x2—r2)/(3y2—r?). For the processes using Statesstress that this phase does not appear when the orbital is not

(@ and (b), magnitudes of the transfer integrals and hencéaolanzed, as in Fig. 2. Furthermore, the effective AF inter-

the ener ain are the same, while for the process U} action along thec axis is expected to be larger than that in
gy gain g ' 2 pz 5 "9 the insulating phase with spin:A&x€0.0), because the fer-
the energy gain is always larger foya— z%)/(z>— x?) com-

; 2 2 2 2 . . romagnetic interactions due to the double exchange and su-
pared W'.th (X"=r)/(3y”"—r ). because of the anisotropic per exchange interactions are prohibited along this axis.
transfer integrals along the axis. Hence the JT coupling is

. . o, . . As X is further incr in Fig. 2, we hav in:C wher
important in addition to the electron-electron interactions a&h S X is further increased g. 2, we have spin:C where

o ) X ; e electronic conduction is limited along tlweaxis. The
x=0. We then introduce the JT distortion observed experiy., .. energy gain is optimized by the one-dimensional
mentally and its coupling to they electrons. The energy

litino o betweer twee. orbitals 1 infroduced o band of orbital:F (22-r?). Since this one-dimensional
Spiiting g betwee g OrbItalS IS INroduced as a param- 4 should be very sensitive to disorder, we expect the
eter. It is shown that the wave functions become almos

(3x°—12)/(3y—1?) when g is about half of the transfer sulating state as observed experimentafiyNear the end

. . . =1, the spin:G state appears where the energy gain due to
energyty. This value is much smaller than what is expecteqfhe double exchange interaction is absent because the elec-

in the absence (_)f the electforT-eIectron intera.ctions. This i%on motion is blocked in all directions. The electronic en-
because the orbital momefi;| is already fully induced by  ergy does not depend on the orbital structures in the limit of
the electron-electron interactions, and the role of the JT COUstrong electron-electron interaction.
pling is to change the direction ('ﬁ, which is much easier. We now turn to the ferromagnetic state in Fig. 2. The
Now let us turn to the doped cas@#0). The phase minimum of Jo(FA) aroundx=0.3 separates rather clearly
boundaryJs(FA) between the spin:F and spin:A increasesthe two regions dominated by the super exchangs(.3)
linearly nearx=0, has a maximum aroung=0.15, and and the double exchange interactions=(.3). It is worth
turns to decrease with a minimum at aroux 0.30. The noting that the origin of the ferromagnetic phase is far from
initial increase is due to the difference in the location of thethe conventional double exchange mechanism, i.e., both the
band edges for spin:F and spin:A. This feature remains trusuper exchange interaction and the double exchange one,
even when the spin canting is taken into account because donsiderably modified by the orbitals degrees, are relevant in
gives the energy gain only of the order xt.# Around the the region 0.2 x<0.4. As shown in Fig. 2, the orbital struc-
maximum ofJg(FA) the curve nature of the spin:A state is ture in spin:F is quite sensitive to the carrier concentration,
changed. Fox<<0.15 the spin structure is stabilized by the that is, it changes continuously asncreases from orbital:G
super exchange interaction, while it is due to the double ex¢x?—y?)/(3z2—r2) near x=0 to orbita:C &>—y?)/
change one fox>0.15 as described above. Bor0.15 this  (3z°2—r?) for x=0.3, orbital:A [(3z°—r?)+(x*—y?)]/
phase is orbital:Fx?—y?). This is because the orbitals are [(3z2—r?)— (x?*—y?)] for 0.4<x<0.7, orbital:F (?
aligned to maximize the kinetic energy gain, which is real-—r?) for x=0.8, and finally orbital:F[(3z°—r?)+ (x?
ized by the two-dimensionakg—y?) band. Experimentally, —y?)] for x=0.9. As a measure we calculated the energy
in Nd; _,Sr,MnO; (Fig. 1), the ferromagnetic metallic phase differences among various orbital structures assuming orbit-
is realized up to abouk=0.48 and the charge-exchange al:F, and found it is of the order of 0.@lper Mn. This is
(CB)-type AF with the charge ordering turns up aroundabout an order smaller than that in the other spin structures.
x=0.5. With further increasing of, the metallic state with It suggests the large orbital fluctuations in the ferromagnetic
spin:A appears at about=0.53%7 In this phase the large state. This issue has been addressed in Ref. 10 where the
anisotropy in the electrical resistivity is observed. The simi-character of the orbital fluctuation was studied in the limit of
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strong correlation. The two-dimensional flat dispersion for In summary, we have studied the role of orbital degen-
the boson, which represents the orbital degrees, has beermacy in perovskite manganite®, _,A,MnO; (R=La, Pr,
found along the three axes in the Brillouin zone. These corNd, Sm;A=Ca, Sr, Ba. The global phase diagram obtained
respond to the three possible orbital alignment—(y?), by the mean-field approximation is consistent with the ex-
(y?=2%), and @*-x%), which suggests the large orbital periments. The essential feature here is the interplay between
fluctuation due to the two-dimensional dispersion for bosonthe super exchange and the double exchange interactions
Actually there has been no experimental evidence for theontrolled by the orbital degrees of freedom. The dimension-
orbital ordering in the spin:F state. _ ality of the energy band attributed to the orbital structure is
If the orbital degrees of freedom are fluctuating and ré5mnortant to determine the phase diagram. The large orbital
main disordered, they will play a similar role to that of the {,ation is predicted for the ferromagnetic state, where the

s;r)]lnls In \f\f:e sXpln It'qtlf"]'d i?]ea:] l\:lorgtt mhsurlatdr;slz.lxorrr:i th'isn thorbital degrees of freedom play a similar role to that of spin
anajogy we expect the inconerent charge dymanics i the doped Mott insulator giving rise to the incoherent
ferromagnetic metallic state, which has been suggested b

various experiments. The orbital entropy should be e/harge dymanics.
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