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Orbital structure and magnetic ordering in layered manganites:
Universal correlation and its mechanism
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Correlation between orbital structure and magnetic ordering in layered manganites is examined. A level
separation between thedg._» and 3,2_,2 orbitals in a Mn ion is calculated in the ionic model for a large
number of the compounds. It is found that the relative stability of the orbitals dominates the magnetic transition
temperatures as well as the magnetic structures at zero temperature. A mechanism of the correlation between
orbital and magnetism is explained by a theory based on the model with theghwtbitals under strong
electron correlation.
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Since the discovery of the colossal magnetoresistancstructures. A mechanism of the correlation is explained by a
(CMR), studies of manganites with pseudocubic structureheory based on the model with tleg orbitals under strong
have been renewed theoretically and experimentally. Comelectron correlation.
petition and cooperation between spin, charge, and orbital We first show that in layered manganites neither the tol-
degrees of freedom as well as lattice cause the dramatierance factor which reflects ») nor the bond length governs
changes of transport and magnetic properties. Manganit€k. and the Nel temperaturdy for the A-type AFM order-
with layered crystal structuré,_»,B;.-,Mn,0;, whereA  ing. In layered manganites, the following two layered AFM
and B are trivalent and divalent cations, respectively, arestructures have been observét:®> AFM-I consisting of the
another class of CMR materialg.One of the consequence FM spin ordering in the plane and the AF#M) one along
of reduced dimensionality in these compounds is the stronghe c axis within[between nearest-neighboriiiyN)] bilay-
anisotropy in the electrical resistivity and the magnetic strucers, and AFM-II consisting of the FM in the plane and the
tures as well as the large magnitude of CMR near the tranFM (AFM) along thec axis within (between NN bilayers.
sition from paramagneti¢PM) insulator to ferromagnetic Since the intrabilayer magnetic coupling is much larger than
(FM) metal. the interbilayer oné? we term the AFM-I structure the

In pseudocubic manganites, competition between itineramd-type AFM one and regard the AFM-II as the FM. The
ferromagnetism and carrier localization accompanied by théolerance factor in the bilayered crystal structure is defined
antiferromagnetism(AFM) dominates its unique magne- by t=(t,+t,)/2 with
totransport. The correlations between magnetic orderings and
several structural parameters have been investigated. It is dom-aq)
shown that the magnetic transition temperature is systemati- b=—7p @

. . T \/EdMn—O(3)
cally varied as a function of the average ionic radjug) of
cations at the perovskit& site which is supposed to control whered,g is a bond length betweeA and B ions. The
magnitudes of the hopping integral for carriéfdt has been  position of each ion is shown in the inset of Figa)l Being
considered that several concepts proposed in the pseudocubic

manganites are applicable to the layered ones where a variety 240 Q’M T(b) ™
of magnetic structures are also observed. Various key factors Bk 1 Y Fg, |
dominating the magnetic ordering were experimentally sug- . al’s oy ¢ ¢]§
gested, e.g., the AFM superexchan@&g) interaction the 160 LFFRE NG oN

local lattice distortior?® the charge and orbital degrees of ) -
~ 120
&~

freedom and their orderinifs'*and so on. However, system-

atics in their correlations for a variety of compounds and 80'

their mechanisms still remain to be clarified. | oM

In this paper, we study the correlation between magnetic 40 N1 ! ON
ordering and orbital structure in layered manganites. The two - HOR T R H
e, orbitals, i.e., the 83,22 and 3,2_ 2 orbitals in a M+ U . . ’—&—‘ Te *
ion split in the crystalline field of the layered crystal struc- 097 098 0.99 1.00 3.84 3.87
ture and one of them is occupied by an electron. It is known t d;i e (A)

that the occupied orbital controls the anisotropy of the mag-
netic interaction as well as its strength. The level separation FIG. 1. T and Ty as functions of(@) t and (b) dP, ,,,. Filled
between the orbitals is calculated in the ionic model for aand open circles indicafé; andTy, respectivelyt anddz?, ,,, are
large number of the compounds. We find a universal correebtained from the structural data in the compounds listed in Table I.
lation between the relative stability of the orbitals and theThe inset of(a) shows a schematic picture of the bilayered struc-
magnetic transition temperatures as well as the magneticre.
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TABLE I. The structural data of bilayered manganites used in the present examination. Listed are the
labels, the chemical formulas, the Curie temperatures for FM ordering, tektdlmperatures for A-type
AFM ordering, references for the structure and magnetic data, and types of the sampless ahdne
indicate a single crystal and a polycrystal, respectively. The labels in the first column are used in Figs. 1-3.

Symbol sample Tc(K) Tn(K) Ref. s/p
A Lay 45 gMn,O; 100 — 12 s
B Lay 3S1 Mn,O; 130 - 12 D
C La; ,Sn gMn,O; 120 160 12 s
D La; 1Sr Mnz0; 100 180 12 S
E Lay 04S1.9dMIN0, 0 205 12 s
F LaSpLMn,0, - 210 12 s
G La, ,Sr MNn,O; 100 — 13 p
H Pr, «Ca 3Ba.3Mn,0; 0 - 15 p
I Nd; ,Ca gMn,0O; 70 - 15 p
J Lay 45 gMn,0; 100 — 16 P
K Lay 551 MNn,0; 120 - 17 D
L Lay ,Sr; MNn,0; 120 - 18 s
M Lay o Sr.eCa.2) 1.8MN0; 80 - 18 s
N Lay oSt 7Ca.2)1.8MN20; 60 160 18 s
O Lay o Sr.6Cap.4)1.8MN20;7 60 160 18 p
P (Lag.dNdy )1 251 .gMn,O; 80 - 18 s
Q (Lag dNdy 4)1 S, gMN,0; 0 - 18 s
R Smy ;Sn M0, 0 - 19 p
S Lay 551 4Ca Mn,0, 100 - 20 p
T NdSELMn,0, - 140 21 D
U Nd 1S gMn, 07 - 120 21 p
v LaSpMn,0, - 230 22 p
W LaSr, (Ca, Mn,0, 110 150 23 D
X NdSpMn,0, - 110 23 s
Y Lag 84Sr2.16MN,07 - 194 24 p

based on the structural data obtained by the neutron arlibnd sum for a Mn ion, and the cation size disor@drow-
x-ray diffraction experiments listed in Table'%1315-?4we  ever, there are not clear correlations between these param-
evaluatet and the bond length between NN Mn ions in the eters andl ¢y -

ab planed?? ,,, for a variety of compounds. For the samples  Let us focus on the correlation betweggy, and a rela-

G, J, R T, andU where the two chemically distinct phases tive stability of thee, orbitals. We employ the ionic model to

adopted T~ and T are plotted as functions afand d2® may be justified for the energy-level structures for M _
pred.’c N 8r€ p unetl MM orbitals  of the present interest by the following

in Figs. 1@ and 1b), respectively. Almost all’s are located : ST, . oo
: : ; , L considerationg® (1) the manganites at=0 are ionic insu-
Idn a lnar\;\cl)w rleg|on Wh.eré*fhs andTle aretc)h?\tl\r/létr)uted rag- Ia';ors, and the ion_ic model provi_de_s a good starting poir_lt in
omly. VVe also examine the correlations betweeg) and s cjass of material® 2 (2) The ionic property is predomi-
the each term of, i.e., t, for =1 and 2. The results are p,n peween bilayers3) The energy-level structure given
similar IEO that in Fig. 1a). In addition, T¢ is not correlated  py calculations where the covalency effects between Mn 3
with dif v, either. AlthoughTy increases with increasing and O 2 orbitals are taken into account shows the same
d2P un, this correlation is opposite to that predicted by thetendency with those by the ionic modé¥® This is because,
conventional double-exchang®E) scenario where, with in- in this energy-level structure, one electron occupies one of
creasing the bond length, the hopping integral decreases atige two antibonding orbitals with lower energy resulted from
the FM interaction in theab plane decreases. We conclude the mixing between the Mgy orbitals and the O @ ones in
that the DE model, which includes the change of the hoppinddN O ions. The covalency effects between Ma Grbitals in
integral caused by the change of the bond angle/length, cawifferent Mn ions will be considered later. The energy levels
not explainT¢(yy. We also examined correlations betweenof the e, orbitals split due to the electrostatic potential and
Tcvy and a number of other quantities: the tolerance factoone of the orbitals is occupied by an electron in a’Miion.
evaluated by the ionic radius, a Mn&-Mn bond angle, a By using a large number of the structural d&a>*°~?we
Mn-O(1)-Mn bond length, Mn-O bond lengths, a lattice calculate the Madelung potential for a hole in theé;3_,2
spacing between NN bilayers, lattice constants, the valencend 3,2_,2 orbitals at sitg defined by
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FIG. 3. The magnetic phase diagramTat0 as a function of
AV andx. Filled, open, and crossed squares indicate the &#ype
AFM and PM samples, respectivelAV’s for filled and open

FIG. 2. Tc and Ty as functions ofAV. Filled and open circles
indicateTc and Ty, respectivelyAV'’s are calculated for the same
compounds in Fig. 1. Note that in the region with large positive j;cjes are obtained from the data beldy and Ty, respectively.
(negativg AV, the Hz.22 (3d,2-y2) orbital is occupied by an gy minols connected by dotted lines indicate a series of LSMO. Bold
electron. arrows showd(AV) = AV(T<Tgy) ~AV(T>Te). AV's are

calculated for the same compounds in Fig. 1. Note that in the region

1 - A - - with large positive(negative AV, the 35,22 (3dy2_,2) orbital is
Vazz_r2= E{V(ri +rg2) +V(rj=r42)j, 2) occupied by an electron.
and +0.12 for single crystal samples ane —0.19+ 0.05 for all
- N samples including polycrystals. One might think that the
Vo2 =V(F;+1X), 3 P g PoYCy g

Ty VSAV curve in Fig. 2 just reflects the relation between
Teny andx in Lag_ 5,14 5,Mn,0; (LSMO)."*® However,

respectively’® Here, V(r;) is given by , ,
when we pay attention td¢(yy's for samples with the same

) 7.2 X (e.g., the sample€ andK-R), we notice that the correla-
V()= ——, (4)  tion remains. The correlation betwedr, and AV explains
= [r=ri that betweerly andd2? . shown in Fig. 1b), sinceAV is

N . . ab . .
with a point chargé;e at sitei and the positiom; of the site. & da%creasmg function otify,, in the region, 3.84 A
ro(=0.42A) is the radius of a Mn@®orbital where its radial ~<%unwn<3.88 A.

charge density becomes maximtirandz(x) is the unit vec- In Fig. 3, we present the magnetic phase diagrarm at

tor in thez(x) axis. The Ewald method is used for the lattice t:eg"n asr:tlzlrjgcgfen Si\é agdn);.b-(l)-rse :;;uncég{:é dk?ta d?)tttz)c?rﬁnes
summationZ;’s for Mn and O ions and a cation Atsite are P - Y y

. . 12
chosen to be 3x, —2, and (8-2x)/3, respectively. The cp_rresponfj to a series of LSMO Witt=0.3~0.5-" In a_d—
difference of the potentials ( ) P y dition, AV’s calculated by using the data beloViy, in

LSMO are also plotted. Bold arrows indicate the change of
AV=Vaz,2 2=V,2_2, (5  the Madelung potential with changing temperature frém
. . . L >Teny 0 T<Tcny:
represents the relative stability of the orbitals; with increas-
ing AV, the energy level of the®;,>_,2 orbital for an elec- S(AV)=AV(T<Tcpy) —AV(T>Teqy)- 7)
tron relatively decreases.
Ty andTc are plotted as functions &V in Fig. 2 where e find that the magnetic structures are governed Wyand
the structural data at room temperature are used. Broagd the FM (A-type AFM) phase is located in the region with
shades are drawn by considering experimental errors. It i§mal|er(large|) x and moderatésmalle) AV. Let us focus
clearly shown that botfi; and Ty are correlated with\V; on 8(AV) in LSMO. 8(AV)’s are negative ak=0.3 and
Ty increases with decreasin§V and there is an optimal (35 The absolute value &{AV) gradually decreases with
value of AV(~0.08 eV for Tc. We estimate the strength of jncreasingx and §(AV) becomes a small positive value at
the correlation betweeiiy andAV by using the correlation y—g 4. Below T., AV seems to approach to the optimal
coefficient: value of AV~0.08 whereT - becomes maximum as seen in
— — Fig. 2. On the other handj(AV)’s are negative at=0.45
= i s (Tni— T (AV|—AV) 6) and 0.48 where thé-type AFM structure appears. The or-
N 5 T1,TAv ' bital structure and its stability in the FM phase have been
o ) studied by measuring the striction in Ref. 11. The difference
wherel indicates a sample arid is the number of samples. f the Mn-O bond lengths between PM and FM states was
AV (Ty) andoyy (o7,) are the mean value and the standardreported in Ref. 8. These experimental results are consistent
deviation of AV (Ty), respectively. We obtaim=—-0.89  with the present results of(AV) in Fig. 3.
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Now we theoretically investigate a mechanism of the cor- /(3 s
relation between magnetic ordering and orbital structure. In- Hy=—2, J; 2NN *S- S|z 777
stead of the bilayered structure, the simple tetragonal lattice )

consisting of Mn ions is considered. In this model, the mag- 1 . .\/3

netic structure with FM and AFM alignments perpendicular —22 J'Z(Zninj—sﬁ' j) (Z+ T! T}+T:+7} +HJA,
and parallel to thec axis, respectively, corresponds to the )

A-type AFM structure. In each Mn ion, the twey orbitals (13

are introduced and thtg, electrons are treated as a localized

I_ o : .
spin. We start with the following tight-binding Hamiltonian: WNere 7= cod(2m/3M]T;,— sif 2a/3)m Ty with

(my,my,m,)=(1,2,3), and denotes a direction of the bond

H=Heg+HAF+ Hy . (8) connecting sité and sitej. aiw is the annihilation operator

. ] ) ) . of the e, electron with excluding double occupancy of

The first term describes electrons in tag orbitals and is  electron  and n; is the number operator defined

given by as nj=3,,d! ,d.,. T is the pseudospin operator for
the orbital degree of freedom defined ad;

Heg:% Sydryﬁd‘7“+<ij>zw,o 7 (Al 0yt H-C) =(1/2)2,, .04}, (7)), Ty, WhereT;,=+(—)1/2 corre-
sponds to the state where tlg,2_,2 (dy2_2) orbital is oc-
S . cupied by an electronJ) and J, are defined byJd}

lacibe =ti2/(U'—1) and J,=t?/(U+2J,)) wheret} is the hop-
ping integral between NMg2_,2 orbitals inl direction.HJA

+Uz ninniyl-l-U'
iy

H ’
loo

+1 2 diTazrdin iaordipo 9) in Eq. (13) is a correction of the term being of the order of
- 7 A/U given by
whered, ,,, is an annihilation operator of the, electron at A 1 3 1
. . . . . t . S5 >
site i with spin o and orbital y and n;,,=d;,d;,, is the HJA:_ — E[JI12<_ninj+5i,s_,j +J|22 “nin,
number operator. The splitting between the energy levels of 217 to 4 4
3d32 ;2 and 3,2 2 orbitals is represented by as 5
ex2_y2—&32_2=A. The second term describes the electron _g.g_)]Sin(lml)(o!n_Jrn_ol_) (14)
hopping between NN Mn sites where the orbital dependence J 3 AR

of t}” is determined by the Slater-Koster formufasThe  \ith ol= sir(2m/3)mT,+ cog(2m/3)m]Ty. The splitting

last three terms represent the Coulomb interactions betweest the energy levels betweerd3._,2 and 3,22 orbitals
ey electrons wherdJ, U’, and| are the intra-orbital Cou- s represented by, defined as

lomb interaction, the interorbital one and the exchange inter-

action, respectively. The second and third terms in @Bgy.
are given by Hy= —AZ Tiz- (15

The anisotropies of the hopping integral and the SE interac-
tions due to the layered structure are considereda<y
(10 =ty and J5=J%¢ with the parameteR=tg/t5= yJi/J]
=/J5135= /%1 J4c. When we assuma=0 andR=1, H
is reduced to the effective Hamiltonian for pseudo-cubic
manganites derived in Ref. 32.
The magnetic phase diagram is calculated by the mean-
. _ 4 ! field approximation. We consider four types of the spin and
Since the Coulomb interactions betwegelectrons provide o hia| ordered states; ferromagnéfit-type state where spin
the largest energy parameter, we derive the effective Hamily, 4 orpital states are uniform, and layeA)ftype, rod

tonian describing the electronic states in low energy region%C) t ; ;
; . . : -type, and NaCIG)-type antiferromagnetic states where
by the perturbational calculation with respecttiee hopping 4 wwvo kinds of spin and orbital sublattices ex(s,), (T,),

integra)/(the Coulomb interactionsas follows (T,) and (n) are adopted as order parameters,)
~ _1 ; .
T=H,+Hy+ Hy+ Hy+ Har . ay =3 (S,,2) is assumed because of the strong Hund coupling.

_ ) In H;, the rotating frames in both the spin and orbital spaces
The first and second terms in E(L1) correspond to the gre introduced and the electron annihilation operator is rep-

HH+HAF:_JHZ S-S, i+ JlAFétzgi'étzgj-

()

whereS; andétzgi are spin operators for thegy andt,q elec-
trons withS=1/2 and 3/2, respectively,, is the Hund cou-
pling betweeney and t,y spins andJ'AF is the AFM SE
interaction between the NN spins inl(=x,y,z) direction.

so-calledt andJ terms in thetJ model: resented by using the unitary matrices of the rotations as
di,,=h/z3Z, whereh! is the creation operator of a spin-
H= > 4l d, . +H.c., (120 and orbital-less fermion, argf{., is an element of the uni-
(iyyy'e tary matrix in the spiforbital) frame. These are given by
and z;,= cos( 52)e 1412, z; = sin(0;/2)€’ 412 7t = cos@l2),
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FIG. 4. The calculated magnetic phase diagranTat0 as a FIG. 5. The temperature dependence of the orbital order param-
function of A and x. Note that in the region with large positive eter (M,,) for several values of. The parameter values are the
(negativg A, the Hz,> 2 (3dy2-2) orbital is occupied by an elec-  game with those adopted in Fig. 4. A valuedftogether withx is
tron. The broken line indicates the parameter valued dindx  changed along the broken line in Fig. 4. The solid and broken lines
adopted in the calculation for Fig. 5. show(M,)’s in the cases where the FM aAetype AFM orderings

are realized aT =0, respectively.

and z\, = sin(9/2). Here, the polar angle’" and the azi-
muthal anglep’ are determined by types of the sgorbital)  orbital is stabilized, the DE interaction in treb plane €
ordered states in the mean fields. The detailed formulation dgfirection) becomes strongveak and theA-type AFM phase
this approximation is presented in Ref. 33. We note that th@ppears. A mixing of the orbitals is essential in the FM
phase diagram for pseudocubic manganites derived in thighase where the FM interaction overcomes the AFM SE one
approximation explains the several experimental results anti the three directions. We note that, in Fig. 4, the FM phase
are consistent with the theoretical results obtained by otheappears not arounfi =0 but in a region oA>0, since the
approximations? The phase diagram dt=0 for the man-  anisotropy in the hopping integral due to the layered struc-
ganites with bilayered structure has also been studied in thiéire stabilizes the &._,2 orbital more than 8z,2_ 2. It is
Hartree-Fock theory in Ref. 35. worth mentioning the change of the orbital structure associ-
The calculated magnetic phase diagranirat0 is pre-  ated with the magnetic ordering: By utilizing the mean-field
sented in Fig. 4. The parameter values are chosen to RPproximation at finite temperature, we examine change of
JXIt5=0.25,35/t5=0.075,J5 /t{=0.002 ancR=1.5. These  the orbital structures through the magnetic transitions. In Fig.
values are determined from the experimental results of pho2 We present the temperature dependence of tbempo-
toemission in pseudocubic manganites and thel ampera-  nent of the orbital order parameter defined bi.,)
ture in CaMnQ. In order to check the calculation, we com- =(T)/(T?)g? where(---) and(- - - ), indicate the thermal
pare the present results with the magnetic phase diagranaverage and the averageTat 0, respectively(M,,)=1 and
obtained by the following two calculationgl) We adoptthe —1 correspond to the orbital ordered states where the
model where a pair of two MnOsheets is considered and 3ds,2_,2 and 3,2_ 2 orbitals are uniformly aligned, respec-
the two sheets are coupled by the electron hopping and thi#vely. A value of A together withx is changed along the
SE interaction, instead of the simple tetragonal lattice, andbroken line in Fig. 4. It is found thatl) there is an optimal
(2) the mean-field approximation in the slave boson schemenixing of the orbitals for the FM state and the orbital struc-
is applied to the Hamiltonian in E411). The obtained phase ture tends to approach this structure beldw, and(2) the
diagrams are similar to that in Fig. 4. The characteristic fea3d,2_,2 orbital structure is stabilized beloWwy. The theo-
tures shown in Fig. 3 are well reproduced by the presentetical results are consistent wif{AV)’s shown in Fig. 3
theory; theA-type AFM phase appears in the region with by considering that the change AV associated with the
higherx and smalleiA than that of the FM one. The range of magnetic ordering is caused by that of the orbital structure.
the horizontal axis in Fig. 4 is larger than that in Fig. 3 by We note that the present mechanism of the
about 0.25. This discrepancy may be attributed to the negledorrelation between orbital structure and magnetism also
of the orbital fluctuatior’® However, the characteristics of explains the C-type AFM phase recently observed in
the phase diagram are insensitive to the parameters in thea,_,,Sr;, »,Mn,0O; with 0.74<x<0.922* In this phase,
model. In the FM A-type AFM) phase, the orbitals are uni- the ferromagnetic columns exist alobgaxis and the col-
formly aligned with 0<6<0.727 (0.72r<6<) whered  umns are antiferromagnetically coupled alomgnd c axes
describes the orbital state al)= cos@2)|3dsz,2_,2) inside bilayers. Through the calculation of the Madelung po-
— sin(0/2)|3d,2_,2). The present results suggest that a di-tential based on the structural dafaye confirm that stabil-
mensionality of the FM interaction is controlled by the or- ity of the 3d3,2_,2 orbital increases in this magnetic phase.
bital structure; in theA-type AFM phase, the FM ordering in  This is consistent with the theoretical results calculated from
theab plane is caused by the DE interaction, while the AFMthe model Eq(11); the C-type AF phase associated with the
in the c direction is by the AFM SE. When thed3._,» uniform orbital ordered state ofd3,2 2 orbital appears in
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the higher hole concentration region of theype AF phase. mechanism of the universal correlation between orbital and
In this orbital ordered state, the FM ordering in thelirec- ~ magnetism.
tion is caused by the DE interaction, while the AFM SE  The authors would like to thank Y. Moritomo, T.
interaction overcomes the DE one in the other two directiong\kimoto, Y. Tokura, T. Kimura, Y. Endoh, K. Hirota, M.
due to the 83,22 orbital. Kubota, G. Khaliullin, and T. Hatakeyama for their valuable
In summary, we examine correlation between magneti(ﬁiSCUSSiOﬂS. The authors also thank J. F. Mitchell for provid-
ordering and orbital structure in layered manganites. AING the experimental data prior to publication. This work was
relative stability of the ey orbitals is investigated by supported by CREST, NEDO, Grant-in-Aid for Scientific
calculating the Madelung potentials in a large number 01Research Priority Area from the Ministry of Education, Sci-

. ence and Culture of Japan, and Science and Technology Spe-
the compounds. We find that the-type AFM structure .o coqrdination Fund for promoting science and technol-

and the 8,2 > orbital one are stabilized cooperatively o4y 5.0, acknowledges the financial support of JSPS. Part
and there is an optimal mixing between thd;3 ;2 and  of the numerical calculation was performed in the HITACS-
3d,2_y2 orbitals for the FM ordering. A theory with the two 3800/380 supercomputing facilities in IMR, Tohoku Univer-
ey Orbitals under strong electron correlation explains asity.
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