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Phase diagram of manganese oxides
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We study theoretically the phase diagram of perovskite manganites taking into account the double degen-
eracy of theey orbitals in a Mi* ion. A rich phase diagram is obtained in the mean-field theory at zero
temperature as functions a&f (hole concentrationand Js (antiferromagnetic interaction betweegy spins.

The global features of the phase diagram are understood in terms of the superexchange and double-exchange
interactions, which strongly depend on the types of occugigarbitals. The strong electron correlation
induces the orbital polarization, which controls the dimension of the conduction band. A sequential change of
the spin and orbital structures with doping holes is consistent with the recent experiments. In particular, a
metallic A-type (layered antiferromagnetic state is found far-0.5 with the uniformd,2_,2 orbital ordering.

In this phase, calculated results suggest two-dimensional conduction and absence of the spin canting, which are
observed experimentally. The effects of the Jahn-Teller distortion are also stis(ddb3-182808)01242-9

I. INTRODUCTION In order to reveal the origin of the unique magnetotrans-
port in this system, it is essential to understand the above
Doped manganiteR; _,A,MnO;(R=La, Pr, Nd, SmA rich phase diagram. However, it cannot be explained by the
=Ca, Sr, Ba have recently attracted considerable interesconventional scenario based on the double-exchange interac-
from the viewpoint of a close connection between the magtion. This discrepancy should be attributed to ingredients ne-
netism and the electric transpdrt: Theoretical studies of dlected in the conventional theory, namely the anisotropic
the double-exchange interaction were developed a long timgansfer intensity originated from the, orbital degrees of
agd~" and explained the emergence of the ferromagnetisr#e‘?doml elec_tron-electron interactions, and_ the _electron-
in doped manganités However, recent systematic experi- lattice interactiorfJahn-TellerJT) effect]. Especially, in the

mental studies have revealed more rich phase diagrams [}TOWer-band systems, the kinetic energyegfcarriers is
this system. suppressed and the above interactions become more impor-

. . tant. At x=0.0, the spin and orbital structures have been
Observed phase diagrams of;LaSr,MnO; (wider band- . i/ L L
width systerh and of Py_,SLMnO; and Nd_,S,MnO; studied theoretically by taking into account the above inter

(narrower bandwidth systemare shown in Fig. £51° Ab- actions since the pioneering works by Goodenough and

e S - Kanamori:®2° However, when we focus on the origin of the
breviations used.m Fig. 1 are R"paramagngtlc insulatpr spin structure ax=0, i.e., theA-type AF, and roles of the JT
PM (paramagnetic metalFl (ferromagnetic insulator FM — gisiortion on it, the situation is still controversial. In one side

(ferromangetic metal CNI, CAF (canted antiferromagnetic f the theoretical investigation, the spin ordering is attributed
insulato), AFI (antiferromagnetic insulatpr AFM (antifer- 5 the strong electron-electron interaction and the doubly de-
romangetic meta) and COl (charge-ordered insulatorin  generatee, orbitals?'~2* The ferromagnetic superexchange
the parent compoundx{0.0), the layered antiferromag- interaction, which is necessary to explain the spin alignment
netism (spin-A-type AF) accompanied with a distortion in in the ab plane, is originated from the degenerate orbitals
the MnQ; octahedron is realizeth:** By moderately doping and the Hund coupling interaction between tHrf-2>-27
holes, the insulator with spiA-type AF changes into an Even without the JT effect, thé-type spin alignment is
insulator with a ferromagnetisnispin F type) aroundx  derived by the superexchange interaction and the anisotropy
=0.125, and to a spifrtype metal at of the transfer integral due to the orbital ordering. However,
x~0.175 in La_,SrMnOs [panel(a)].>***A similar mag-  a type of orbital ordering theoretically obtained disagrees
netic transition fromA type toF type can be seen in panels with that expected from a type of JT distortion, i.@s,2_,2

(b) and(c). A metallic phase with spir-type AF was found  anddsy2_,2. Another side of the theoretical investigation is
recently to appear fox>0.52 in La_,Sr,MnO;,* and for  based on the Hartree-Fock theBhand the first-principles
x>0.48 in Py_,Sr,MnO; and Nd _,Sr,MnO; [panels(b) band calculation base on the local-density approximéition,
and(c)].2%8with further increasing ok (x~0.6), rod-type ~ where the JT distortion is indispensable to reproduce the
antiferromagnetism (spinC-type AP is found in observed spin structure through introduction of the orbital
La;_,CaMnO; (Ref. 1) and Nd _,Sr,MnO; [panel(c)].1®  polarization. Without the JT distortion, the system becomes a
Finally, for x=1.0, the three-dimensional AEpin-G-type ferromagnetic metal.

AF) is realized. In addition, in the narrower-band systems As for the doped casex¢ 0), the situation is even more
[panels(b) and(c)], the charge-ordered state accompanied bycontroversial. An issue of main interest here is the origin of
the spin ordering is recognized near the commensurate valube colossal magnetoresistai@MR) observed near the fer-
of x (x=0.5, 0.75, etd,'”*® where the orbital is also sup- romagnetic transition temperatufg. For this purpose iden-
posed to be ordered. tification of the dominant interactions is of primary impor-
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is fitted by p(T)=po+AT? with the coefficientA being
large, i.e.,A~500 uQ cm/K2.3 (ii) The optical conductivity
o(w) is dominated by the incoherent part with a small Drude
weight3! (iii ) Photoemission experiments show only a small
discontinuity at the Fermi edgé.We regard these features
as signatures of the strong correlation in the doped Mott
insulator and the Coulomb interactions remain strong even in
the metallic state. Considering the strong Hund’s coupling,
which causes the perfect spin polarization, it is reasonable to
assume the strong correlation betwegnelectrons. In the
ferromagnetic state, the orbital degrees of freedom play a

100L Lay_,SrMnOg similar role to that of spins in the usual doped Mott insulator.
CN.L! F.L.} It is the additional ingredient important in the manganites.
: In this paper we study a phase diagram of perovskite man-
Tt AT S T ST S B ganese oxides. The double degeneracy ofetherbital, the
@ 0 0.2 Of’ 04 05 06 anisotropy of the transfer integral based on it, and the strong
electron correlation are taken into account in the model. The
Phase diagram of Pr,_St MnO, spin and orbital phase diagram at zero temperature is ob-
400 . ————— . tained by the mean-field approximation. The sequential
350 b Pr,_SrMno, 0’ Ty ] change of the spin structure with doping of holes,_ ie.,
: + A—F—A—C—G, is well reproduced by the calculation.
300 | O+ 3 We found that the strong Coulomb interactions experimen-
vy g : tally suggested induce the perfect orbital polarization which
— 250 | B ; : P :
o : T. plays an essentla_ll role in determlnln_g the spin structure. The
:E 200 [ 3 orbital structure is also changed with doping of holes and
% 150 . / controls the dimensionality of the conduction bands. In par-
K 3 M r E ticular, the metallic spirA-type AF phase is found around
00 g Mo . (TCS) Monoc. 3 x~0.5 where the orbitals are aligned dgz_2. In this
4 H N . . .
sof ARl ¢ ] phasez the mterl_ayer electron transfer is forbld.den. both by
E A-type | A-type ] the spin and orbital structures and the spin canting is absent.
ot 1 bl I T Both theoretical predictions are consistent with the recent
0) 0 O'Lomn(ilzcmgiom:t'i ﬁon_oj 0.6 exper_iments":lO The role of the JT distortion in the undoped
’ case is also studied.
400 In Sec. Il, we introduce the model Hamiltonian and the
formulation of the mean-field calculation. Results of the nu-
350 ¢ merical calculation are presented in Sec. Ill. Section IV is
300 devoted to discussion and conclusion including comparison
050 with the previous works. A short version of this paper has
o 5 been already published,but this paper contains additional
=200 and more detailed results.

150
100 |-
50

. MODEL AND FORMULATION

We start with the Hamiltonian

0
0.3

(©

FIG. 1. Phase diagrams d& La; ,Sr,MnO; (Ref. 3, (b)
Pr,_,Sr,MnO; (Ref. 9, and(c) Nd; _,Sr,MnO; (Ref. 10. Abbre-
viations used in figures are defined in the text.

H=Hy+Hyunat Honsite™ Hs, 1)

where Hy is the kinetic energy ok, electrons,Hyq is
the Hund coupling betweesy and tyy spins, andH g, e
represents the on-site Coulomb interactions betwegn
electrons.t,y spins are treated as the localized spins with
tance. Milliset al™ attributed an insulating behavior of the S=3/2. The AF coupling between nearest neighboring
resistivity p(T) aboveT,. to the formation of the small JT t,g spins is introduced inHg to reproduce the AF spin

polaron. They assumed the strong Hund’s coupling, but therdering observed atx=1.0. Using an operatordiTm/
other Coulomb interactions were neglected. The characterigyhich creates are, electron with spino (=1,]) in the

tic JT interaction is about 1 eV which is comparable O orbital y[ =a(dy2_,2),b(ds,2_,2)] at sitei, each term of Eq.
smaller than the bandwidth. Then it is reasonable that they) js given by

small-polaron formation disappears beloW and p(T)

shows metallic behavior. However we argue that this picture

does not explain the following anomalous features observed H¢= 2 ti}j/y,ditrydj(ry’ , 2)
in the low-temperature ferromagnetic state{T.): (i) p(T) ayy' (i)

|30
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H Hund™ — ‘]HZ élzgi ’ §egi ) (3) 2 d| yo yy’di Yoo (12)
vy'o
and Hon site CAN be rewritten b3#
Hgs= ‘]Sz S[ S[ (4) Hon site™ 2 (BT2+aéigi)- (13

i 29l

tw in Hy is the electron transfer intensity between nearestCOefficients of the spin and isospin operators, eand 3,

ne|ghbor|ng sites and it depends on kind of occupied orbitaf™® 9iven by
and the direction of a bond as follows:

~ J
=U-=>0, (14)
3 V3 2
Yy 4 4 ) and
it x=to '
o1 -V
4 4 B=U-— 7> 0. (15
3 V3 The minus sign in Eq(13) means that the Coulomb interac-
1 T tions induce both spin and orbitékospin moments. In the
tfﬂ =t, ' (6) path-integral representation, the expression of the grand par-
g v 1 tition function is represented as
4 4
and E= f II bs, ,Dd,WDdIWexp{ f dTL(T)] (16)
0 O with
t||+z to 0o -1/ @)

L(7)=H(r)+ E(,-T d,— m)dgi(7), 1
to is the electron transfer intensity betweegy,. 2 orbitals (n=H(n) 02711 (7 #)don(7) a0

along thez direction. The spin operator for theg electron is

1 ) ) _ whereris the imaginary time introduced in the path-integral
deflned asSe i EVaBd,W aﬁdiyﬁ with the Pauli matrices

formalism, andd,w andd;,, are the Grassmann variables
Tap- Stzg. denotes the localizetby spin on thei site with  corresponding to the operatot$,, andd;,,,, respectively.

S=23/2. The last term in the Hamiltoniad,,, sic cOnsists of By utilizing Eq. (13), the Hamiltonian is rewritten as
the following three contributions:

~ N 2 32 -
Honsie=Hu+Hus +Hy, ® Hn=—ad St 37 S| * 2 % Sl

whereH andH are the intra- and the interorbital Cou- - -,
lomb interactions, respectively, artl; denotes the interor- +JsE St Stzgj—ﬁz Ti+Hg. (18
bital exchange interaction. Each term is represented as (i '

The bilinear terms with respect to the spin and isospin op-

erators in the Hamiltonian are decoupled by introducing two

HU:UE Njyt Nyl s 9) " y i

kinds of auxiliary fields through the Stratonovich-Hubbard
transformation. Then the partition function is rewritten as

H r:U, Ni,N; ’y 10 — =4 oy — = (dr -
’ E' oo o ::f II DS,,;Dd:,,Ddi, Desiprie tartel  (19)
and with
Tt —
HJ—JIE djaodjbodjac dibo D Le=2 doi(D(3,= w)dgi(7)
oo ay!l
with n;,,=d’,.d;,, and n,==,n;,,. There should be
+ 2 7 dyi(dyy(7)

some relation between these three energy paramgteus , oyi ay']
andJ. In the case of the ionic crystal, this relation is given oy (i)
by the Racah parameters. Based on this relation, we assume ~ o - ~ - -
U=U’+J in our casé” By using the spin operator for the _Z“Ei Segi(T)'<PSi(T)_2/82i Ti(7)-eri(7), (20

gy electrons and the isospin operator describing the orbital
degrees of freedom, defined as and
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-1

4 = =4 ad G Lol - ’. - —Iw - 5 ’501 5 r5 '
=353 8,781 =3 Z () ési(7) im0~ (7100 K Onnt Dy
I !
. +8|Zy 5kk’ 5nnr 551/,8
+aY GHDTBY ¢4(7). (21) -~
l I _ﬁO'aB'QDS(k_k,vwn_wn’)gyy’
Being based on the above formulf&gs. (19—(21)], we ~
introduce the mean-field approximation at this stage. At first, B - - kK’ 5
we consider the part of the Hamiltonian which describes the - JBN Tyy - e1(K=K',0n = 0n) 8up,

tyg spin system, that is, the first and second terms in the

right-hand side in Eq(21). The mean-field solution in this (28)
system is given by with
g - >t e KREK R= g7 5 (29
(S0 =S—. (22 N3 “
|<Zi| After integrating over the Grassman variable, the partition

function is rewritten as

wheregi is the solution of the following mean-field equa-

tion: E=J D{go}exp<Tr In G,:kl,;nn,;w,;aﬁ—J er@)
— Eef,B(FfﬂN)' (30)
= Séj . - . o .
¢i=—2\]s; — tJyosi- (23)  Then we adopt the mean-field approximation by replacing
b the two kinds of auxiliary field, i.e.ps and ¢ by their

values at the saddle poi@ts and gET. Finally, we obtain the

By _replacmg the §p|n operator for tftg, spins by(stzg,i>’ expression for the free energy in the mean-field approxima-
L, in Eq. (21) is given by tion as

. S, F=Llior—ra
L= =9 (8,065 1355 (8,5, Pl

1
-z In[1+exp{— B(E™ = )} g 4= (o + 1N,

U B4
+BY ehta ¢k (24)
. . (31)
Next, we focus orl4 in Eq. (20). By using the momentum whereE is the 1th eigenvalue oMy, defined by
representation: _
’ a o i
1 L Mkk';y'y’;aﬁzslzly 6kk’5aﬁ_\/_ﬁo-aﬁ'()08(k_k )5'yy'
dgy,j(7)=ﬁ; 2 Ay (K )& Biion” (25) B
_\/_NUYV"QDT(k_k,)éaﬁ' (32)
and
The chemical potentiap. is determined by the following
1 N condition:
o(M= = 2 3 ekt (29

1
(1-x)=g5 2 f(EY-p), (33)
for x=S andT, we have
in terms of the doping concentration f(x) is the Fermi
distribution function.
f drly(7)= 2 2 Ea (K, wp) By using the above expression of the free energy, we
KK nn' vy iaB 4 numerically calculate the spin and orbital phase diagram at
_1 , zero temperature. We consider four kinds of spin alignment
XGkk';nn';yy/;aﬁdﬁy’(k wonr),  (27) in the cubic cellF, A, C, andG type. The possibility of the
spin canting is also discussed later. As for the orbital de-
wherew,, is the Matsubara frequency for the fermion and thegrees, their ordering is represented by the alignment of the
Gkk:nn';yy':ap 1S the Green function of they electron de-  isospin. We specify the orbital state by the angle in the or-
fined by bital space as follows:



PRB 58 PHASE DIAGRAM OF MANGANESE OXIDES 11587

|0>=Cosg|dxz,y2>+sing|d322,r2>, (34 -81.38; — .0(‘_‘7.0’. B~25‘ i 9
2 T
which describes the direction of the isospin moment § 814 oo |77 NG //«/ ]
- C 3
§ » w7
T=(—sin 6,0,cos0). (35 P R S
8 3 ks E
We also consider four types of orbital ordering, i.e., S -81.44; a/%ﬁ o! g‘\x\;\;
F, A, C, G type, in the cubic cell. The angle in the orbital E e i;, i” :vm; N
spaced is varied for each sublattice, and these are denoted as 1A6Y T T
6, and 6, in thel andIl sublattices, respectively. Hence- 0 :D'O 4 50008 A
forth, we often use a notation such as, orbi@l(3x> < orbital G "arbital G\ orbital A
—12)/(3y?—r?)=(G:m/3,— m/3), through the relations it spm & ol & “pin 6

(7/3) _(7l3) FIG. 2. Free energies for each spin alignment as a function of
|dsxe—2)= CoS—— |dyz—y2)+sin B |da,2r2), the antiferromagnetic interaction betwegg spinsJs atx=0. The
(36) energy parameters are chosen todse70 and 3= 2.5 [case(A)].

Orbital structures are also noted.
and

(— i3 y is (— wl3) B. Undoped (x=0) case
T x2—y2 Sin

|day2—r2)=cos 2 |daz2—r2). Let us consider the undoped case. In Fig. 2, we show

(37 the calculated free enerdy(Js,x=0) atx=0 as a function

of Js for each spin alignment in the case @f3>1 [case
(A)]. In each spin alignment, the orbital structure is opti-
mized. In the case ods=0, the F-type spin alignment is
favored due to the ferromagnetic superexchange interaction
under the doubly degenerate orbftat?’ With increasingls,

the stable spin structure is changed frémto A, C, and

A. Parameters in the model finally G type. This sequential change of the spin structure is
consistent with the theoretical studies based on the effective

Therefore, we consider the 4 (spi¥ (orbital) types of or-
dering with (6,,6,,), and numerically compare the free en-
ergy between them.

IIl. NUMERICAL RESULTS

The values of the energy parameter3,J,, ,Js,to, used G 2293 ey
in the numerical calculation are chosen as follows. InHamlltonlar? in the limit o/ 5> 1.

LaMnQ;, ty is estimated by the photoemission experiments Spin .and be'tf”" structures are dependent]grand these
to be tg~0.72 eV which we choose the unit of the are depicted in Fig. 3. Rearrangement of the orbital structure

energy below (,=1). By employing U=6.3 eV and with changingJs, which was previously pointed oft,is

J=Jy=1.0eV as those relevant to the actual manganesélslct) ist\L/Jvrc])c:t.h noting that the orbital structures also depend on
oxides®® parameters for the electron-electron interactions in 9 P

the present model ate=8.1,3=6.67 (@/B=1.21). The nu- the ratioa/B. In Fig. 4, the angle in isospin spacé, (6,,)

merical calculation are also performed by using different set§Ptained in the spirk phase is presented. Farg>1 the

of energy parameters in order to compare the previou§onfiguration @;,6,)=(90,—90) is obtained as the stable
works2=24There, the effective Hamiltonians are derived by orbital structure. In this orbital ordering, the energy gain due
excluding the doubly occupied state in tag orbitals. The ~© the superexchange process in the ferromagnetic bonds,
superexchange interaction between nearest-neighboring spif§-+ t'/(U’ —J) takes its maximum. Herd, represents the
and orbital in these models are characterized by the energy fiT€Ctivé electron transfer intensity in this superexchange

the intermediate states in the perturbation process. There are

three kinds of intermediate stat®s2"?li.e., the two elec- I
trons occupy(1) the different orbitals with the parallel spin ‘
(the energy i)’ —J), (2) the different ones with the anti- Spin F Spin A Spin C Spin G

llel spi "+7J), and (3) th bital Y). Th i ¥ ] ,
parallel spins ( ), and(3) the same orbital ) e &;’%%*% w::ﬂb @&5*%%#% @g;%%#ag

connection between these energies and the present energy

parameters are roughly estimateds—J~ 23, U~a, and %faﬁg*% s %egg*% % Véjsf*%
U’ +J~a+ B from Eq.(13). Koshibaeet al?® discussed the w\w*‘& )

orbital ordering atx=0 by using the exact diagonalization a=70, 3=2.5; x=0

method in the limit ofU’—J<U, U’ +J corresponding to

al B> 1. Shiinaet al?* also studies the spin and orbital struc- & = % - % % = % + %

ture in a wide range of parameters. In order to compare the

gbove reSLiItS' we ~Sh~OW the two cases, tha[t:'aie(A)] with FIG. 3. Orbital structures at=0 as a function of the antiferro-
a=70andB=2.5(a/>1), and/case(B)] with @=8.1and  magnetic interaction between thg, spinsJs. The energy param-
B=6.67. eters are chosen to ke= 70 andB= 2.5 [case(A)].
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indispensable role for the&:(3x?—r?)/(3y?—r?) orbital or-
dering atx=0, which we will discuss in the next section.

In the vicinity of a/8=1,A-type spin ordering appears
even atJs=0. This is consistent with the result obtained in
the effective Hamiltonian ax=02% In this region, the
ferromagnetic interaction characterized by the energy
t?/(U’—J) is suppressed, on the other hand, the AF ones

with t%U and t%(U’'+J) are enhanced. Whenv/B
approaches unity, fixingy as several eV, the spii-struc-
ture atJs=0 remains. It is concluded that the strodg
plays an important role for the emergence of spinat
JS: 0.

90

g
=
E i
e
> £
o
2,

)
i

|

uoiZay

—907 C. Effects of the lattice distortion

|—120 Considering the experimental fact that the static JT distor-
: ~ tion rapidly disappears around~0.1,'** we examine the
0 1.0 1.1 3.22 o/ effect of the JT distortion on the spin and orbital phase dia-
gram atx=0. The JT distortion directly affects the orbital
FIG. 4. Orbital structures in each sublatticexatO as a function Configuration_ AsS a resu":, the phase boundary between Spin-
of_the_electron-electron interacti_on parameters3. The A-type  F and spin AF phases is modified. To examine how the
spin alignment and th&-type orbital are assumed. phase boundary is changed due to JT distortion, we chose the
parameters as/3>1, i.e., caséA), where the phase bound-
process including the effects of the orbital. On the othemry exists ax=0 as shown in Fig. 9. The JT coupling is

hand, fora/B<1, the superexchange processes in the AFexpressed as the coupling between the isospin opefgtor
bonds characterized bi#/U andt?/(U’+J), become im- and the local lattice distortiod; as follows?
portant. Actually @,,6,)=(180,-180) is the most
preferable configuration in this parameter region. Orbital I 22 -
G:(3x2—r?)/(3y2—r?) [(6,,6,)=(60,—60)], which is HJTZQE Qﬂﬁg? onj+$ V(Q), (38
supposed experimentally, cannot be the most stable
for any a/B. Rather than this structureG:(y?—z%)/(x? whereV(Qj) is the anharmonic potential f@j. Instead of
:Zf) [(6r,6,)=(120,-120)] becomes stable around minimizing the total energy, we assung as the experi-
al p~1.1. mentally observed one. In a MgQctahedronQ; is ex-
These numerical results are understood by comparing theressed as

energy gains due to the superexchange processes between the
two orbital configurations shown in Fig. 5. In processes with Qi=r(sin® Oy 2+cos® Oss 2) (39)
the energyt?/(U’ +J) andt?/(U’ —J), the transfer integral b ey Jreszmeh
t between the occupied and the unoccupied orbital is ConyhereQ,> 25,2 2 is the base of the normal coordinate of
cerned and it take§ the same valug for both configurationg,, cubic-symmetric system defined a@xz_y2=(Ax
On the other hand, in the process wif(U), relevant trans- —AYWV3 and O —(2A,~A,—~A)/\B, and A, de-
fer is the one between the occupied orbitals alongcthaeis, Y 32212~ z X Ty N «a

notes the elongation toward thedirection (@=x,y,z). In

which is always larger for the . : ) . U
T S N S o l.~./av2  this notation, the first term ik ;r, which is termedH ¢,
orbital: G:(y“—z)/(x*—2z°) than that for orbital:G:(3x is expressed as

—r?)/(3y?—r?). Then there is no chance for the orbital
G:(3x2—r?)/(3y?—r?) to be the most stable structure for
any a/B, when only the superexchange mechanism is con- Hei-pn=+]9|> rjv;-T;, (40)
sidered. Hence we conclude that the JT coupling plays an )

with

W C%F sin @,
%- - i=| o | (41)
i »6%'(; cos0;
%%f?’ We choose the sign of the coupling constarjg| so that the

(6,.6,)= (1201_]200) (6,.6,)= (60".—60) day2_,2 orb_ital may be stabilized fdAD3zz_,_2, consistent with
the negative charge of the oxygen ion. By the x-ray-
FIG. 5. Orbital orderings described asd,(6,)=(120°, diffraction experiment, it is confirmed that the MgOctahe-
—120°) and (60°+-60°), respectively. dron is elongated along theor y direction and these octa-

—180
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hedron are alternatively aligned in theb planel? In the  tonian introduced in the previous sectifq. (1)], an addi-
present formula, it corresponds tp=r, ®;=—60° for the tional molecular field for the isospin is introduced. As a re-
j el sublattice and®;=—60° for thej el sublattice, i.e., sult, the matrix elemen¥ . g in Eq. (32) is modified
(0,,0,)=(60°,—60°). By addingHg o, to the Hamil- as

vy«

: ~ - =) [ A lglr c_lalr
Mik'1yy'iap= X 5kk'5aﬁ_a0a/3¢s5kk'+qs5w'_,3{<¢T__~UA Skt | @F— 0 | Sk —q, (T2) 4y Oap

2p 2B
- lglr glr
-B <—¢$——~vBD St | 07— =0 Sk —q, [ (9 5y Bup (42
2p 2B
|
where W) Js(r=0) s
W)= ——F ., 45
vBP= — cog — 120°)sin 6, , (1+2r)%(1-r)
) and
vBA=sin(—120°cos 4, ,
, Jg(r=0)
vA=cog —120°cos 6, Jg(r)= W, (46)
vC=sin(—120°sin 6, where J3(r) is the superexchange interaction along the
direction with the distortionr. According to the x-ray-
A oo sir? 6,— 6, diffraction experiment? bond lengths are reporte_d &5ng
PTT T > | =2.14 A andlg,=1.98 or 1.96 A corresponding to

=0.028. In order to distinguish the two kinds of modifica-
0,—0 0,— 0 tion due to the JT distortion, that is, the energy-level splitting
B I ny . I I . - ; .
(pT=<pTCOS( 5 ) ( > ) and the modification of the transfer intensity, we examine
these effects separately by two procedures as changing the
value ofg with fixing r and vice versa. Even fay=0, the
60— 9”) modification of the transfer intensity lifts the degeneracy.
2 ’ In Fig. 6, the stable orbital structure is shown as a func-
tion of the diagonal couplingr with fixing r. For g=0,
(6,,6,)) is determined so as to lower the center of mass in

C
eT= @7COS

and qs(g,) denotes the wave vector for the sgiorbital)
ordering. As well as the energy splitting between the 8Y0 e yalence band. For sufficiently largecompared witft,,
orbitals due to the JT distortiofEq. (40)], the distortion  j1 gistortion forces the orbital configuration to bé (6,,)
modifies the transfer integral through the modification of the_ (60,— 60). The types of stable orbital are almost saturated
bond lengthl between Mn and O ions. According to the ;¢ (3 —r2)/(3y2—r2) for gr/ty>0.5. When the Coulomb
pseudopotential theory, the overlap integral between Mn jnieractions are not introduced, this valge/t,~0.5 is not

3d and O 2 orbitals is proportional td”’2. Therefore, the enough to make the wave functions be£f3r2)/(3y2
variations of the. transfer integral between Md 8rbitals is —r?). Since the orbital is already polarized by the strong
evaluated by using the parametgr=r;) as Coulomb interaction, the role of JT coupling is to rotate the
direction of its polarization. It is much easier than to induce

) tiyii/;(();)(r =0) the polarization. We concluded that the wave function is al-
t s (1= : (43 most (X*-r?)/(3y?>—r?) atx=0, which, in principle, can
il +x(y) 142 7 1— 7 . 39
(I+2r)'(1-r) be tested experimentalfy:

In Fig. 7, the variation of the phase boundary between
spin+ and spinA phases are presented as functions ahd
vy gr. The value of the superexchange interaction at the bound-
v Li+2(r=0) ary is termedJg(FA), hereafter. In the case @f=0 [Fig.
L= (1——r)7 (44) 7(a)], spinF is stabilized with increasing. This is reason-
able because the modification of the transfer intensity, de-
where we used the expression for the bond lengths in thecribed by Eqs(43) and (44), enhances the ferromagnetic
elongated and shortened bonds lgsg=10(1+2r) and  superexchange interaction along theaxis. On the other
Ishor=10(1—1), respectively. We also consider the change inhand, introducing the energy splitting represented byvith
the magnitude ofg due to the JT distortion. With the rela- fixing r stabilizes the spirk structurgFig. 7(b)]. In order to
tion Jg(r)ot?(r), the following relations are derived: understand this result, we estimate the energy gain due to the

and
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Spin F _100f Spin F | intraplane | I/#=° =1.25/2 (per bond) | 15~ =1.5/2 (per bond)
p((),180) éﬂ Fe0—g — g% | SpinF, A intraplane | I7#=" =1.0 (per bond) | 1= =0.375 (per bond)
c\; o Spin A (orbital G) i;bpoa oA (G; 90,-90) (G; 60,-60)
S ReSpin F (orbital G) < = P otraplane | 14+ = 17572 (per bond) | I4*™ =1.5/2 (per bond)
* \* o 0 (60,— 60) p . /2 (p d| Iy /2 (pe
) " / -100 Spln A(orbly;i 6)4:¥ } 74
Spin A 0.2 0.6 08 1 I,  (Intraplane)
—— > gk,
(90,—90)
(r=0.028; fixed) K
s s s twtonor | FBM
FIG. 6. Orbital structures in each sublattice as a function of @Qg%f =
magnitude of the JT splittingyr/t,. The energy parameters are G 90, -90) (G: 0,-180) (G; 60,-60)

chosen to ber=70 andB=2.5[case(A)]. r is fixed at 0.028.

energy splitting as follows. The energy difference between
the spinF and spinA phases is represented as
28235(FA;9)=Ea(9) —Er(9), (47)
whereEr(9) is the energy for the spiR{A) with the JT
couplingg, andJg(FA;Qg) is the superexchange interaction
at the phase boundary. The prefactor 2 in the left-hand sid
comes from the difference of the number of antiferromag-
netic bonds between two phases. By using this expressior
the change of the phase boundary betweength® andg
= js estimated by

257 Is(FA;g=0)—J5(FA;g==)]
=[Ea(g=0)—Ea(g=)]

—[Er(g=0)—Er(g==)]. (48)

a)x d1rect10

=
2+I/z/x7'é/f 3/4/%f

@&7

1/4

e

b) y direction

(2++3)/4

oy i
; £
o 7

I, (Intraplane)

e
£

FIG. 8. Magnitude of the transfer integrals for each orbital or-

+
i
A
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Q%;/ﬁ 2
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dering appearing in the calculation of E&1).

When the right-hand side of E¢49) is positive, the phase

boundaryJg(FA;Qg) is increased with decreasimg Because W
the ferromagnetic superexchange interaction is only reIevarH
atx=0 with the conditiona/B>1,Ega(g) is proportional
to the sum of the square of the transfer intensity between the
nearest-neighboring occupied and unoccupied orbitals

[to-u(9)], that s,

Era)(9)=— 2_u(9), (49
Ferro bonds
a=70, f=2.5
0.006 . ‘ W
Spin A " B E
o 0004 L —a”’(a) Spin F P Spin A 3
g - ]
~ oon | ENd Spin F (b)
0 1 L 1 | 1
0 0.014 0.0280 02 04 06 08 1
Y —>g1‘/t0

(g=0.0; fixed) (r=0.028; fixed)

etic bonds.
result, we obtain

hereX rerr0 nonasimplies the summation over the ferromag-
These quantities are tabulated in Fig. 8. As a

257[JI(FA;g=0)— JIg(FA;g=)]

Oc_(IA,gzo_IA,g:oc)

(Ul M R (el I}

=0.875>0,
ith

(50

1
Ixyzi[ 2 (té—u)2+2 (tg—u)z]:

1 z
5[2 (to_u>2].

We conclude thaig(FA;g) increases with decreasigas
shown in Fig. Tb). This result implies that with relaxing the
JT distortion, a frozen orbital configuration is melted from
(6,,0,)=(60,—60), the spinF phase is stabilized in com-
parison with the spik phase. This is consistent with the
experimental results where the sp\nphase is replaced by
the spinF insulator accompanied by a reduction of the JT

FIG. 7. Variation of the phase boundary between $piand
spinA phases as a function ¢d) the magnitude of the JT distortion
r fixing the JT splitting ag=0 (left-hand side pangland(b) the
JT splitting gr/ty fixing the magnitude of the distortion at
=0.028(right-hand side pangl
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FIG. 9. Mean-field phase diagram as a function of the carrier concentratjoan@ the antiferromagnetic interaction betwegnspins
(Jg). The energy parameters are chosen taxbe70 andB=2.5[case(A)]. Schematic orbital structure in the each phase is also shown.

distortion with increasing, although the present calculation much, because the electron motion is blocked in all direc-
is limited in the undoped case. tions. In the spin structure, on the other hand, the transfer
is allowed in any direction. The orbital structure in sgin
changes continuously as increases from orbitalG: (x?

2 2 2 — P (y2 2

In this subsectio_n, we show the results in the finite holejxjo)_g('sgnd rto) Orr;ietgki[sozz_tciz]olt[)ligl_ 52'](;(/([33122)_ rfcz)]r
doped case. In Figs. 9 and 10, we present the phase dla-[xz_yz]) for 0.3<x<0.8 and finally orbital

grams as a function of hole concentrationn the cases of F:(322—r?). The orbital structure is sensitively changed by

(A) («=708=2.5) and (B) (a=8.18=6.67), reSPEC- changingx in comparison with that in the other spin struc-
tively. The nonmonotonic behavior of the phase boundary ig .o

attributed to changes of the orbital structures. In both cases, In order to understand the variation of the spin and orbital
the global features of phase diagram are almost the same. %§

. -~ . ) ructures in the finite hole concentration region, let us con-
discussed beforeq/3>1 corresponds tdJ’—J<U, U sider the density of statd®OS) for each orbital configura-

+J and the large Hund coupling. In this limit, the superex-tion. In Fig. 11, we present the schematic picture of DOS
change process for the AF interaction is neglected and th]%r several values ok and]é In the case of Iarg& andE
analyses of the calculated results become easier. Therefor,[c?ﬂe density of states is spl.it into four bands. Each ba;nd is

at f|r§t, we focus on the results in cage). . . characterized by the direction of the spin and isospin, that is,
It 'f founozl th%t in ”eag'y tr;e whple doping region exce_ptthe spin is parallel or antiparallel and the isospin is parallel
fpr X=.0' (32 T ) and *—y*) orbital structurgs are stabl- or antiparallel to their mean fields, respectively. It accommo-
lized in th_e SpinA andC-type phases'_ respect_lvely, bec‘_"‘us_edates an electron per site, and the lowest band corresponds to
these orbitals are favorable to maximize a gain of the klnethhe state where both spin and isospin are parallel. The energy

enezrgy in each spin structure. A deviation from the ( difference between the two bands where tis)spin are
—y*) structure in theA-type AF phase is found in 0.45x _ . o ~
<0.75 and is attributed to the hybridization between the Ocparallel and antiparallel, respectively, is given hyps

cupied and unoccupied bands as discussed later. For spiﬁ-a(l—X)/Z[,~3¢Ti,~3(1—x)/2]- In the small doped case
G-type AF, the energy does not depend on the orbital savhere (1-x)>ty/8 is satisfied, the large energy gap ap-

D. Doped (x#0) case
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FIG. 10. Mean-field phase diagram as a function of the carrier concentraiaand the antiferromagnetic interaction betwégnspins
(Jg). The energy parameters are chosen tarbeB.1 andB=6.67[case(B)]. Schematic orbital structure in each phase is also shown. The
dotted line J5=0.009 reproduces well the change of the spin structure experimentally obs@wedext

pears and the hybridizations between the bands are neglikere is no difference in the kinetic energy between $pin
gible. The lowest band is therefore constructed almost onlynd spinA, andJg favors spinA. This causes a dip structure
from the orbital described by E¢34). On the other hand, in in the phase boundary between sgi and spin A at
the sufficiently large doped case {k)<t,/B, the energy x~0.3 and leads to a remarkable difference from
gap shrinks and the orbital polarization is reduced. Thighe prediction by the conventional double-exchange
change of the band gap with varying the hole concentratiomodel. In Fig. 12c), the DOS for the orbital
is able to be detected as the interband transition in the optica\: ([ 32— r?]+[x?>—y?])/([322—r?]—[x?—Yy?]) is shown.
measurements. _ This orbital structure is stabilized in 6<3%< 0.8 as shown in
Next, we demonstrate how the orbital structure controlsrig, 9. Although the DOS should be essentially three dimen-
the dimensionality of DOS. In Fig. 12, we present DOSsjonal if there is no hybridization, the result has two peaks
calculated in several orbital structures. The spin structure ig/hich resemble that in the quasi-one-dimensional system
assumed to bé& type and the hole concentration is fixed at [Fig. 12a)]. This seems to be originated from the hybridiza-
x=0. At first, we focus on the case for orbit&:(x*  tion with the unoccupied band. For each case in Fig. 12, the
—y?)/(32°—r?) andF:(x*~y?) [Fig. 12b)] which are re-  width in the lowest band is the same, as expected in the case
alized inx<<0.3 in the ferromagnetic region as shown in Fig. ¢ (1—x)>t,/B. Therefore, by adjusting the orbital struc-

9. ORSeSrL]‘ItS in the bd‘?th cases |ar$] essentieglly the sa?(r—:]-. Thtre, the shape of the DOS is modified and the center of mass
DOS shows a two-dimensional character, because of the als; the occupied states are changed so as to minimize the

sence of the hopping integral along theaxis. In this case  yjnatic energy. From this viewpoint, a dimensionality of the

lowest energy band plays an essential role in the increase of
the kinetic energy. In the regions &f- 1, one-dimensional-
like dispersion is advantageous as shown in Fig. 9.

Let us consider cas@) in Fig. 10 where the more real-
istic energy parameters are adopted. At the moment, a value
of Jg cannot be estimated accurately, but there are two rough
estimates. One is from the Bletemperaturd =130 K for
CaMnQy (x=1.0),'* which suggestls=Ty/7.5=1.7 meV
=0.0023, in the mean-field approximation. The fluctuations
lower Ty, and hence increase the estimate Jgr Another
estimate is obtained from the numerical calculations for
LaMnO; (x=0.0), which suggestsg=8 meV=0.011,.?2
Although J5 might depend orx in real materials, we tenta-

(a)

(b)

FIG. 11. Splitting of the band structure fey electrons. The up
and down arrows represent the direction of spin, wialeand|b)

represent one of the, orbitals in each banda) The5z=73=0 case,
(b) the @#0, B=0 case, andc) the @0, 3#0 case.
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_25_6 s s the spin and/or isospin degrees add is the order ofU.
3-D band Energy (eV) Therefore, the bandwidth of the band is givenvoy E¢_g

—Uen(X). IZO is the momentum Where(IZ):O. It is approxi-
mated ag?/U,, for small x. This result is in contrast to the
large x case where the bandwidth is the ordertofAs de
Gennes has pointed out in the case for smdllthe kinetic
energy is determined by the product of the bandwidth and
the carrier concentration expressed in the present case as
AE~wx=(t?/U)x. We stress that the energy scaféU,
corresponds to that in the superexchange interaction. With
tively setJg to 0.009, represented by the broken line in Fig. increasingx, this “superexchange character” in the interac-
10. Then the spin structure is changed Aas:F—A—C  tion is gradually replaced by the double-exchange one. Ac-
—G, asx increases, which is in good agreement with thetually, the peak in the phase boundaryxat0.15 in Fig. 10
experiments shown in Fig.(d. grows with increasing/U., [Fig. 13a)], on the other hand,
As we mentioned above, the ferromagnetic phase ishe structure fox>0.3 is almost unchanged.
roughly divided into two regions: the low-doped region ( The maodification of the- and A-spin phases by chang-
<0.3) and high hole-doped on&X0.3). The former is not ing the energy parameters discussed above explains the re-
reproduced by the calculation without the Coulomb interactent experiment in (La ,Nd,);_,Sr,MnO,.%° The phase
tion betWeereg electl’ons, on the other hand, the latter is nottransition between the Spm.and SpinF metallic phases was
changed. We conclude that the superexchange interactiafjydied by changing the bandwidth, which is controlledzby
discussed in the previous subsection and the conventionghd the hole concentration With increasing the bandwidth,
double-exchange interaction are dominant in the lower anghe critical hole concentratior-_,, where the phase tran-
higher doped regions, respectively. In the present formulastion occurs, is increased. This experimental result is con-
tion, the character of the superexchange interaction in thgistent with the present calculation shown in Fig.(H3

metallic phase is derived by the following mechanism. We heret, and Jext2 are changed with fixing: and B. It is

consider the state where the AF spin structure or the AR " . : ; :
. . . . ound that the critical carrier concentrati®p_ 5 is shifted to
orbital structure exist. In this case, the eigenenergy o

Misy-as In EQ. (32) corresponding to the Hartree-Fock he h|gherx region with increasing, as consistent with the
Y experiments.

energy is roughly expressed Bg~ Ve (K)?+ U.(x)% where As shown in Figs. 9 and 10, the orbital structure in the

s(IZ) and U(x) are the diagonal and off-diagonal matrix spin+ phase is sensitively changed with the energy param-
elements oMy .,,'..5, respectively. The former is the or- eters and the carrier concentration. This implies that there are
der of the transfer intensity and the latter is roughly esti-many nearly degenerate orbital configurations in this phase.

FIG. 12. Density of states of the lowest bandxat0. The or-
bital structures are assumed to t® 0=180° (d3,2_,2), (b) 0
=0° (dy2_y2), and(c) §=90°. The ferromagnetic spin structure is
assumed. The energy parameters are chosen to=bg0 and B
=2.5[case(A)]. A value beside each bond represents the transfe
intensity.
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In order to investigate the situation in detail, we comparefollows. According to the study by de Gennfethie spin cant-
the free energies with assuming several orbital structures ithg from the insulatingA-type spin structure lowers the en-
the ferromagnetic phadéig. 14a)]. We vary the angle in ergy by
the orbital space with assuming the ferromagnetic orbital
configuration. The calculation is also performed in the NDZ er
A-type AF spin caséFig. 14b)]. It is found that the energy Ecan=EaA— -5
variation is an order of magnitude smaller in the case of spin 82|J4S
F compared with the case of spin The difference between whereE_,is the energy in the spin canted phasg,, is the
the two cases is interpreted from the viewpoint of the anisohopping integral along the axis, z is the coordinate number
tropy of the electron transfer under the orbital ordering asalong this axis, and\ is the number of the ion. The canting
follows. In the spinA case, thex?—y?) orbital is realizedto  angle® is given by
maximize the kinetic energy gain and hopping along the
axis is forbidden. In the spif-case, on the other hand, such (G Dinter
lowering of the dimensionality does not occur because the 0S5 = 413 |Szx'
three crystallographic axes are equivalent in this spin struc- S
ture. As a result, the orbital configurations have more freeFrom the consideration, the spikphase around €x<0.1
dom. This is the same physical idea behind the orbital liquidn Fig. 10 is replaced by the spin-canted phase and a value of
scenario proposed by the present autfforwhere the Jsat the phase boundary is corrected downward as
two-dimensional orbital fluctuation, characterized by the 5
(x2—vy?), (y>—7?), and %>—x?) orbital alignments, is sug- Nbipter
gested. Through the orbital fluctuation among them, the ki- Js(F—Cant=Js(FA)— 362|J |Szx
netic energy in every direction is lowered and the ferromag- S
netic phase is stabilized. As a results, it is thought that thén the other hand, in the sphk-metallic phase (02x
dip structure in the phase boundary betw&erand A-spin ~ <0.45) with the orbital structurexf—y?), the hopping
structures shown in Fig. 10 disappears and the two ferromagtlong thec axis is forbidden by the orbital structure and
netic phases in the low- and high-doped regions are corlénce no spin canting occurs. This is consistent with the
nected. recent neutron-scattering experiment showing no canting in

Another possibility, which enhances the ferromagnetisnthis spinA metallic phasé® Furthermore, the large anisot-
in the region ofx<0.175 is the JT distortioff, In experi-  ropy in the resistivity® and the distortion of the Mng
ments, however, the static JT distortion disappears rapidlpctahedrof? observed in thed-type AF atx=0.60 and the
with increasing ok aroundx~0.1.1% Then the dynamical JT C-type AF atx=0.75 in Nd _,Sr,MnO; are consistent with
distortion should be considered in the metallic spirstate.  the calculated orbital structurex{—y?) for spin A and
According to the study in a largg-model*! the large Cou- (3z2—r2) in spinC.
lomb interaction is essential to explain both the isotope

X2, (52)

(52

(53

effect® and the Raman-scattering experim&niThen the IV. DISCUSSION AND CONCLUSIONS
dominant role of the Coulomb interaction assumed in this
paper seems to be reasonable. Here we discuss the relation between the present work

One of the most remarkable results in Fig. 10 is an emerand the previous ones performed x&0.0. Kugel and
gence of the spid metallic phase for 02x<0.5 and the  Khomski?! and Koshibaeet al® have dealt with the spin
spinC phase fox>0.5. These two phases are found in ex-and the orbital orderings at=0, taking into account the
periments using high-quality samples with narrower bandorbital degeneracy and the electron-electron interactions.
width: Pr_,Sr,MnO; and Nd_,StMn0;.%*%* Also in  They used the effective Hamiltonian obtained by the second-
La; ,SrMnO;, a spinA metallic was recently found to order perturbative expansion in the limit of strong Coulomb
emerge forx>0.54** It is worth noting that the metallic repulsion. Kugel and Khomskii studied the ground-state spin
spinA phase is highly in contrast to the spiinsulating and orbital structures in the small limit 3fU’ without the
phase observed arounxd-0. An existence of the spin cant- antiferromagnetic interactiods betweent,, spins. In the
ing in the metallic spirA phase is theoretically excluded as mean-field calculation, thé\-type spin structure is repro-
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duced but the orbital structure is almost a?{x?)/(y>  ened, because of the large hybridization between the lowest
—7%)-type ordering, which disagrees with the one expectedand and the others. As a comparison we show in Fig. 15 a
from a type of the observed JT distortion. On the other handphase diagram without the orbital polarization by assuming
Koshibaeet al. also studied the spin and orbital structures in3=0. The phase diagram is dominated by the ferromagnetic
the large limit ofJ/U" with taking into accounfs. By using  state for reasonable values &f, and the nonmonotonic be-
the exact diagonalization method in the finite cluster systemhaviors shown in Figs. 9 and 10 disappear. We conclude that
it was found that the spin correlation changeFasA—C  the almost saturated orbital polarization is essential to obtain
— G-type aslgincreases. They also found that in the spin- the experimentally observed phase diagram and the unique
phase, the component of x3-r?)/(3y?—r?) or character observed in each spin phase, e.g., the two-
(z2—x?)/(y?>— Z%) orbital alignments are enhanced, althoughdimensional conduction and the no spin canting in the me-
both components are not distinguished in the orbital correlatallic A AF phase. For such a large orbital polarization in the
tion function calculated there. Our calculation covers both ofmetallic phase, the strong Coulomb interaction is indispens-
these two cases with the following featurés} Jg is taken  able rather than the JT coupling. In the hi§g-cuprates the
into account(b) Perturbative expansion is not used, i.e., ap-fluctuation of the full polarized spin moment gives rise to the

plicable for any parametersy/B, J/U’. (c) Spin and the anomalous properties. It is plausible that the enhanced orbital
orbital orderings in the infinite system are studied. As showrfluctuation in the spir=-type metallic state may play a simi-
in Figs. 13, in the limit ofw/B>1, a sequential change of lar role as the origin of anomalous properties observed in the

the spin structure with changiniy is observed. The orbital CMR region in the compounds r_nentloned n Se?f‘._l.
. . . In summary, we have studied the phase diagram of
structure is also rearranged and only in the spiAF phase,

—(0n° oy o ; R;_,AMnO; at zero temperature in the plane xf(hole
(_0',’ On) =(90°,270%) is stab|l|z°ed. Onoth.e othe.r'han('j, n theconcentratio]n andJs (AF exchange interaction betwe
limit of @/5~1,(6,,6,)=(120°,—120°) is stabilized inthe  gping in the mean-field approximation. The global features
spinA AF phase. Therefore, the results obtained in the prezre ynderstood in terms of the superexchange interaction and
vious calculatioA™?* are reproduced by the present calcula-ine double-exchange interaction, which is considerably

tion in the unified fashion. In addition, our calculation shows y,qdified from the conventional one due to the strong corre-
that the orbital ordering expected from a type of JT distortionation and the orbital degeneracy. The large orbital polariza-
cannot be realized for any value af 8. It implies indis-  tion originated from the electron-electron interaction is indis-

pensability of the anharmonicity from the JT distortidfor pensable to reproducing the phase diagram experimentally
proper description ak=0. This is in accordance with the observed.

results by the Hartree-Fotk and the first-principles
calculation?® except that the spii- phase is realized even
without JT shown as in Fig. 10.

Next, let us pay attention to the doped case. As mentioned The authors would like to thank S. Maekawa, Y. Tokura,
above, the perfect polarization of the orbital moment derived. Terakura, Y. Moritomo, and |. Solovyev for their valuable
by the electron-electron interactions plays an essential roldiscussions. This work was supported by Priority Areas
on the spin ordering. It controls the dimensionality of the Grants from the Ministry of Education, Science and Culture
conduction band through the anisotropy of the transfer intenef Japan, and the New Energy and Industrial Technology
sity. If not, the anisotropy of the conduction band is weak-Development OrganizatiofNEDO).
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