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Orbital degree of freedom and phase separation in ferromagnetic manganites
at finite temperatures
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The spin and orbital phase diagram for perovskite manganites is investigated as a function of temperature
and hole concentration. The superexchange and double exchange interactions dominate the ferromagnetic
phases in the lightly and moderately doped regions of holes, respectively. The two interactions favor different
orbital states. Between the phases, two interactions compete with each other and the phase separation appears
in the wide range of temperature and hole concentration. The anisotropy of the orbital space causes discon-
tinuous changes of the orbital state and promotes the phase separation.

[. INTRODUCTION ferromagnetic interactions contend with each other and the
orbital degree of freedom controls the domination between
Doped perovskite manganites, _,B,MnO; (A: La, Pr, the two. In order to understand a dramatic change of elec-
Sm, B: Sr, Ca and their related compounds have attractedronic states in this doping region and its relation to CMR, it
much attention, since they show not only the colossal magis indispensable to study the mutual relation between the two
netoresistancéCMR) (Refs. 1-4 but a lot of dramatic and ferromagnetic interactions, i.e., DE and SE. _
wide variety of phenomena. Although the ferromagnetic !N this paper, we investigate the spin and orbital phase
phase commonly appears in the manganites, the origin stiffidgram as a function of temperatu@® and hole concentra-
remains to be clarified. Almost a half-century ago, the doubldion (x). We focus on the competition and cooperation be-
exchange(DE) interaction was proposed to explain the cor- tween the two ferromagnetic interactions SE and DE. We

relation between the appearance of ferromagnetism and tf?gow that the SE. and [.)E interactions dominate the fe'rro-
metallic conductivity below Curie temperatutln the sce- magnetic phases in the lightly and moderately doped regions

nario. the Hund counling between carriers and localized of holes, respectively, and favor the different orbital struc-

L piing . . "22%. tures of each other. Between the two phases, the phase sepa-
spins was stressed. The ferromagnetic metallic state in t tion (PS appears in the wide range fndT. It is shown
moderately doped region is understood based on this inte '

) ) Wid that PS is promoted by the anisotropy in the orbital space.
action, where the compounds show the wide band Witith. - 1 spin and orbital phase diagramiTat 0 was obtained by

On the contrary, the DE scenario is not applied to theihe Hartree-Fock theory and interpreted in terms of the SE
lightly doped regiofi (x<0.2) where the CMR effect is ob- ang DE interactions in Ref. 17. The PS state between two
served. In the region, the degeneracy egf orbitals in a  ferromagnetic phases driven by the DE interaction and the
Mn3* ion termed the orbital degree of freedom is one of thejahn-Teller distortion aT=0 was discussed in Ref. 18. In
important ingredients. With taking into account the orbital this paper, we obtain the PS state based on the model with
degree together with electron correlation, the additional ferstrong correlation of electrons at finife
romagnetic interaction, that is, the ferromagnetic superex- |n Sec. I, the model Hamiltonian, where the electron cor-
change(SE) interaction, is derived. This is associated with relation and the orbital degeneracy are taken into account, is
the alternate alignment of the orbital termed antiféh#)-  introduced. In Sec. IIl, formulation to calculate the phase
type orbital ordering®*? The SE interaction brings about diagram at finiteT andx is presented. Numerical results are

the ferromagnetic spin alignment in taé plane in LaMnQ  shown in Sec. IV and the last section is devoted to summary
and the quasi-two-dimensional dispersion relation of the spimind discussion.

wave in it'**When holes are introduced into LaMgQhe

magnetic and transport properties rapidly change as two-

dimensional ferromagneticAttype AP insulator— isotro- Il. MODEL

pic ferromagnetic insulator- ferromagnetic metat®In the Let us consider the model Hamiltonian which describes
intermediate doping region, the first order phase transitiohe electronic structure in perovskite manganites. We set up
between the ferromagnetic metallic state to the ferromagnetig,e cupic lattice consisting of manganeses ions. Byor-
insulating one has been recently discovered inyitais are introduced in each ion ang electrons are treated

La; _,Sr,MnO; with x~0.1228 In the ferromagnetic insulat- . = N
ing phase at low temperature, the orbital ordering is directlyaS a localized spmg&zg) with S=3/2. Betweerg, electrons,

observed by the resonant x-ray scattering where the cooperflreée kinds of the Coulomb interaction, that is, the intraor-
tive Jahn-Teller distortion is significantly diminished; the bital Coulomb interactiony), the interorbital one{’), and
ferromagnetic interaction does not originate from the Jahnthe exchange interactiori) are taken into account. There
Teller distortion but the superexchange process under th@lso exist the Hund couplinglfy) betweeney andtyg spins
correlation of electrons. This result suggests that the twand the electron transfef;” between sité with orbital y
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and sitej with y'. Among these energies, the Coulomb in- ferromagnetic interactiotf. The inter site Coulomb interac-
teractions are the largest one. Therefore, by excluding thgon is not included in the model. Although the interaction
doubly occupied state at each site, we derive the effectivenay modify detail structures of the orbital ordered state and
Hamiltonian describing the low energy spin and orbitala shape and size of hole rich/poor regions in the phase sepa-

states** rated states, the present model provides a proper starting
point to describe the competition between the two ferromag-
H=Hi+Hs+Hy+Har. (1) netic interactions of our present interest.
The first and second terms correspond to the so-calsedl
J terms in thetJ model fore, electrons, respectively. These [ll. FORMULATION
are given by

In order to calculate the spin and orbital states at finite
temperatures and investigate the phase separation, we gener-

Hi= >, tp’aﬁwawﬁ H.c. (2)  alize the mean field theory proposed by de Geriésom
(iyy'e now on, the spin §) and pseudospinT() variables are de-
and noted byu in the unified fashion. The spin and orbital pseu-
1 dospin are treated as classical vectors as follows:
_ PR~ |
Hy= 2J1<i2j> (4n,nj+s s,)(4 T,TJ)

(Sx.Sy . Siz) =%(sin 67 cosg; ,sing sin gy, cosdy) (7)

—2\]21 5.5 |24 eded], 3
2<ij> 4nlnj S | 4 T Tj i Tj ’ ( ) and
where 1
Tix, Tiv.Ti,) = = (sin6},0,cos8)), 8
o o . o ( ixs iy |z) 2( i |) ( )
7i=CO0 ?m Tiz—sin ?n, Tix, (4)
where the motion of the pseudospin is assumed to be con-

and (,,ny,n,)=(1,2,3). | denotes the direction of bond fined in the.xz plane. 6! in Eq. (8) characterizes the orbital
connectingi andj sites.d; ,, is the annihilation operator of State at sité as
gy electron at sité with spin o and orbitaly with excluding ; " o
- fy= - + ! .
double occupancys; is the spin operator of the, electron |67)=c0d 01/2)|dazz—r2) + SN 01/2) - y2) ©

and T; is the pseudospin operator for the orbital degree ot,, spins are assumed to be parallel to €geone. The ther-
freedom defined asT;=(1/2)=,.,./d! ((;)w,aiy,a_ J,  maldistributions of spin and pseudospin are described by the

—2/(U'~1) and Jzztél(u’+|17£J,Ji/gwhere t, is the distribution function which is a function of the relative angle

transfer intensity betweeth, > 2 orbitals in thez direction, ~betweenu; and the mean field!,
and the relationJ=U’+1 is assumed. The orbital depen-

dence oftiVjV' is estimated from the Slater-Koster formulas. WG = i xu. uj (10)
The third and fourth terms in Eql) describe the Hund e Yl
coupling betweery andt,y spins and the antiferromagnetic
interaction betweem,, spins, respectively, as expressed as Where the normalization factor is defined by
N N T 2w
HH=—JH2 Stzgi& (5) v5=J dan d¢ sin 6° exp(\® cos6®) (11
i 0 0
and and
= = 27
HAF:‘JAF% Styi Sty - (6) v‘zf dé'exp(\'cosé'). (12
0

T e reser e, gy ulingte istibutionfunctons cefed n 40, the
follows. (1) This is applicable to doped manganites as well€XPectation values of operatofg(S;) and B;(T;) are ob-
as undoped insulatoré2) SinceJ;>J,, the ferromagnetic t@ined as

state associated with the AF-type orbital order is stabilized _ .

by H;. Therefore, two kinds of the ferromagnetic interac- <Ai>s:f dasf dqﬁssineswf(éi)Ai(éi) (13)
tion, that is, SE and DE are included in the mod8). As 0 0

seen inH;, the orbital pseudospin space is strongly aniso-

tropic unlike the spin space. The lattice degree of freedom i§"

neglected in the model, since the cooperative Jahn-Teller dis- ,

tortion is diminished around 0<L_x<0.2_ in Lal,XSr_anO?, <Bi>t=f det Wit(fi)Bi(-Fi)a (14)
and is not a relevant factor to investigate two kinds of the 0
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respectively. In this scheme, the free energy is representastdered state of the present interest. By diagonalizing the
by summation of the expectation values of the Hamiltoniarenergy in the momentum spack, is given by
and the entropy of spin and pseudospin as follows:

N
F=(H)g— NT(SS+8Y. (15) Hy= ZK ;1 ephihic, (19
N is the number of Mn ions an8" is the entropy calculated o ,
by wherel indicates the band dfj; andN, is the number of the
) bands.e:z corresponds to the energy of thi band. Thus,
St=—=(Inw"(u))y. (16)  the expectation value df, per site is obtained by

It is briefly noticed that the above formulation gives the un- 1 N,
physical states at very low temperaturesl <(T,eq Et=<N Z > S:ZfF(S:Z_SF) i (20)
~J1(2y/10) where the entropy becomes negative. This is be- k I=1

cause the spin and pseudospin are treated as the classical
moments. Therefore, we restrict our calculation in the regiorer in Eq. (20) is the Fermi energy oz determined in the
aboveTegandT=0 where the full polarizations of spin and equation
pseudospin are assumed. Since the gpseudospin mo-

ment is almost saturated far aboVg,4in the wide range of

X, an extrapolation of the result calculated aboVg

smoothly connects to that at=0.

Next, we concentrate on the Ca|cu|a’[ion<af>st in Eq Wheref,:(s) is the Fermi distribution function. As a result,
(15). As mentioned later, two kinds of sublattice termad (H)s, is represented as a function &F, @ g, and\>".
andB are introduced for both the spin and orbital orderings.By minimizing F with respect to them, the mean field solu-
The spin(pseudospinoperator and the mean field i(B)  tions are obtained. We confirm that the global feature of the
sublattice are represented @A(B) (-r—A(B)) and ):Z(B calcu_lated phase diagramITait:O without the PS state is

consistent with ones obtained by the Hartree-Fock theory
and the auxiliary boson approath?!

s,t

N
> 3 felep—er), (21)

Kk |

Z| -

X:

(X)) respectively, with the condition ofxy"|=|X§")|
=\%1_ The spin parS;- S in M, is rewritten asn®? cos@®
wherem3(=(S,- N3/)\%)¢) is the magnetization of spin and IV. NUMERICAL RESULTS
0° is the relative angle betweer; andX$. On the other
hand, the orbital part ift{; includes the termsn'2 cos@}, . . .
£ and iZessp_0) where mi=(T Xyn)) s 1 i subseeion, ue how he numerial enitat

the magnetization of pseudospin a is the absolute ™ ) ) ' .

; Sp P p. M(B) . kinds of sublattice are introduced. We assume ferromagnetic
ar:gle OfAjg) in the pseudospin space. The definition of gy e and three kinds of antiferromagnetiiF)-type spin
O is the same as that Cﬂf in Eqs.(8) and(9). This is  (orpital) orderings, which are layef) type, rod(C) type,
because of the anisotropy in the orbital spakg, is aJso and NaCl(G) type. A type of the orbital in the AF-type
rewritten by m® and ©° under the relation of(S)s  orbital ordering is represented b@/@().
=4<S(29>5. As for the transfer ternt{;, we introduce the In Fig. 1(a), the ground state energ¥§s) is shown as a
rotating framé and decompose the electron operator agunction of hole concentratiorx) for several values of
di,e=h{z,z},, whereh{ is a spinless and orbital-less fer- Jar/to. Double- or multiple-minima appear in thBegx _

] i & andz! the el ts of th it curve depending on the value &fg/t,. Therefore, the ho
mion Op%"f‘ or and;, andz;, are In€ elements ot the unitary mogenous phase is not stable against the phase separation.
mst.nx U in the spin and pseudospin frames, respectlverThiS feature is remarkable in the region of €2<0.4. In
U" is defined by Fig. 1b), Egs is decomposed intgH;) and (H;) for
(ZiuT _Ziuf) Jae/to=0. By drawing a tangent line in thEg<x curve as

A. Phase diagram atT =0

(17) shown in Fig. 1a), the phase separation is obtained. By us-
ing the so-called Maxwell construction, the phase diagram at

U=
z, z¥
_ : T=0 is obtained in the plane afaz and x (Fig. 2). The

i = —igfl —qi S/ - AF
with z7, =cos(¥;/2)e'%'? andz}| = sin(97/2)e' V' for spin, parameter values are chosen to hdt,=0.25 andJ,/t,

and z;; = cos(;/2) andz; =sin(¢;/2) for orbital. By using  —0.0625.J,¢/t, for manganites is estimated from thé dlle
the form, H, is rewritten as temperature in CaMnto be 0.00%0.01. Let us consider
the case ofl5r/tp=0.004. With doping of holes, the mag-
He= 2, tisjtitjhihjr_i_ H.c., (18  netic structure is changed a&-AF—PSA-AF/F;)—F;
(ij)

—PSF,/F,)—F,, where PSA/B) implies the phase sepa-
s o s - b yy! t ration betweerA and B phases. The canted spin structure
with tj _SEfrZSirij(r and t;; _Ew’ziygij Zj,. The former  qoes not appeaf, andF, are the two kinds of ferromag-
gives €'(?1~#)"2 cosgicose; —e (#7972 sinpSsin 67 as  netic phase discussed below in more detail. Betweeand
expected from the double exchange interactitinis known  F, phases, the PS state appears and dominates the large re-
that this kind of decomposition of the electron operator andgion of the phase diagram. For example x&t0.2, theF,
the mean field approximation are suitable to describe thandF, phases coexist with the different volume fractions of
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FIG. 2. The phase diagram &t 0 in the plane of antiferromag-
netic interactionJ,e and hole concentratior. F; andF, are the
ferromagnetic phases with different types of orbital ordering.
PS(F,/F,) is the phase separated state betweenRheand F,
phases. Types of orbital ordering in the two phases are schemati-
cally presented. In the dotted region, there existAR8F/F;) and
PS(A-AF/C-AF). The parameter values are chosen to Jyét,
=0.25 andJ, /t;=0.0625.

FIG. 1. The ground state energ¥{s as a function of hole
concentration X). (a): Jag/ty is chosen to be 0, 0.004, and 0.01.
The broken lines and the filled triangles show the tangent lines of
the Egsx curve and the points of contact between the two, respec-
tively. (b): Eggis decomposed into the contributions fr@f,) and
(Hj). Jaeltq is chosen to be 0. The other parameter values are
Jllto=0.25, and\]2/t0:00625

60 and 40 %, respectively. We also find the PS state between
A-AF andF, phases in the region of 0<x<<0.03.

Now we focus on two kinds of ferromagnetic phase and
the PS state between them. ThRe andF, phases originate
from the SE interaction betweesy orbitals and the DE one,
respectively. The interactions have different types of orbital
ordering as shown in Fig. 2. These are @Betype’? with
(0Y/OL)=(m/2,3w/2) and the A type with ©4/OF)
=(m/6,— 7l6), respectively. It is known that the AF-type
orbital ordering obtained in thE; phase is favorable to the
ferromagnetic SE interaction through the coupling between
spin and orbital degrees ;. On the other hand, tHe-type
orbital ordering promotes the DE interaction by increasing
the gain of the kinetic energy. To show the relation between
the orbital ordering and the kinetic energy, we present the
density of statdDOS) of the spinless and orbital-less fermi-
ons in theF; andF, phases in Figs. (@) and 3b), respec-
tively. It is clearly shown that the band width in tke phase
is larger than that in thE; phase. In addition, DOS in tHe,
phase has a broad peak aroun@<w/t,<—0.8 which re-
sults from the quasi-one-dimensional orbital ordering. Be-

FIG. 3. The densities of stat®OS) for the spinless and orbital-

cause of the structure in DOS, the kinetic energy furthefless fermionsh; (a) in the F; phase andb) in the F, phase. The
decreases in thE, phase more than the; phase. shaded areas show the occupied statkof
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hole concentrationX). The homogeneous state is assumed. The
og_ 32 straight and dotted lines show the ferromagnetic Curie temperature
(Tc) and the orbital ordered temperaturBy(), respectively. The
parameter values are chosen toJpét,=0.25, J,/t;=0.0625, and
Jae/to=0.004.
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parameter of spin, we assume the ferromagnetic ordering and
focus on theF; and F, phases and the PS state between
them. We consider th&- andF-type orbital orderings which

FIG. 4. A sequential Change of orbital states as a function Ofare enough to discuss the orbital state in the ferromagnetic
hole concentratiorx. ®;(B) is the angle in the orbital space in the gigte of the present interest.
A(B) orbital sublattice. The schematic orbital states are shown. In |, Fig. 5, the phase diagram is presented at fifiitehere
the phasd-_and.ll . the dotted areas show the region where the holg,o homogeneous phase is assumed. Parameter values are
concentration is rich. chosen to beJae/ty=0.004, J,/ty=0.25, and J,/t,

In order to investigate the stability of the PS state appear.-= 0.0625. Atx=0.0, the orbital ordered temperaturgo)

. ._is higher than the ferromagnetic Curie temperatdrg)( be-
ing between tm:l andF, phgse_s, the ground state energy IS ., ise the interaction between orbitalsJ{2) in the para-
decomposed into the contributions from the SE interaction

((,)) and the DE one((,)) [see Fig. 1o)]. We find that magnetic state is larger than that between spin&] in the

W . . orbital disordered state, as seen in the first terrijn With
with increasingy, (7,) increases and?,) decreases. Sev- increasingx, Tc monotonically increases. On the other hand
eral kinks appear in théH;)-x and (H;)-x curves, which % Tc y : ’

. ; . . . Top decreases and becomes its minimum aroxnrd.25.
imply the discontinuous change of the state with changing Tﬁios is the consequence of the change of orbital ordering

The PSE,/F,) state shown in Fig. 2 corresponds to thefrom G type toF type. TheG- andF-type orbital orderings

region, where the two ferromagnetic interactions Competeare favorable to the SE and DE interactions, respectively, so

with each other and the discontinuous changes appear in thﬁ . . . :
(Hyw)-X curve. In Fig. 4, we present thedependence of t .at the orderings occur in the lower and hlgheeg[ons. In

I/ : g ) . Fig. 6(a), we present the free energy as a functionxcdt
the orbital state where PS state is not taken into account. The -

. . . . several temperatures. Fdr't;<<0.025, the double minima
discontinuous change ¢t;;,)-x curve is ascribed to that of - . ) . .
) : . aroundx=0.1 and 0.4 exist as discussed in the previous

the orbital state. In particular, in phases | and Il, the SYmmey 1 cection af=0. With increasindT. the double minima
try of the orbital is lower than that in the; andF, phases : gt

, . ) : are gradually smeared out and a new local minimum appears
and the stripe-typéquasi-one-dimensionalnd sheet-type o i~ 63"t implies that another phase becomes stable
(two-dimensiongl charge disproportion is realized, respec- b P P

tively. These remarkable features originate from the anisot‘iiroundx:os and two_dlfferent k_mds of _the PS state appear
at the temperature. With further increasing temperature, sev-

ropy in the orbital pseudospin space. We also note that be-ral shallow minima appear in the=x curve. Finally, the

cause of the anisotropy, the orbital state dose not changﬁéne structure disappears and the homoaeneous phase be-
continuously fromF, to F,. It is summarized that the main PP 9 P

origin of the PS state in the ferromagnetic statelis the camres istadble |rr1nthe V\éhi?]lte r&glon ftfrlig ';'gr'] G(ft: 36 St]heéree
existence of two kinds of ferromagnetic interaction which €N€r9Y 1S décomposedinto the contributions (M),

favor the different types of orbital state af@) the discon- an%<HJ> ellt.T/tOt:O'l\(/)l‘l' I truction to the f
tinuous change of orbital state due to the anisotropy in the y applying the Maxwell construction o the iree energy

- ; . presented in Fig. @&, the PS states are obtained and pre-
orbital space unlike the spin case. sented in Fig. 7. The PS states dominate the large area in the
x-T plane. A variety of the PS states appears with several
types of spin and orbital states. Each PS state is represented

In this subsection, we show the numerical results at finitdoy the combination of spin and orbital states, such as
T and discuss how the PS state changes WitAs the order PSspinP, orbital-G/spin¥, orbitalP) for PS-lll and

B. Phase diagram at finiteT
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0.20 T T T T T T T T
+5-55 - —
N T/t=0.04 7
8.0k -
85 T/t0=0.15
-9.0 + } + } + } + } + - hd *
0.0 0.1 0.2 03 0.4 0.5
Ok..  T/t=0.04 (b)
i . IS/t g x
! [T T P ] FIG. 7. The phase diagram at finite temperatures. The shaded
5L -7 —<H )/t i area shows the phase separated region. The spin and orbital states in
i L7 J/700 | each state are PS-I: BpinP,orbital-G/spinP,orbitalP), PS-II:
s L 7 i PYspinP,orbitalP/spin¥,orbital-P), PS-lll: PSspinP,orbital-
.- H /t G/spin+ ,orbitalP), PS-IV: PSspinP,orbital-G/spin+,orbital-
_4: < t> 0 ] G), PS-V: P$spin+,orbital-G/spin+,orbital-P), PS-VI: P3spin-
e F,orbital-P/spin+,orbitalF), and PS-VII: P$&pin¥,orbital-G/
sh F/t ] spin¥,orbital+)=(F,/F,). The parameter values are the same as
0 those in Fig. 5.
0.0 0.1 0.2 03 0.4 0.5

coexist. The magnetic field stabilizes the ferromagnetic
X phase so that the PS states are replaced by PS-V and the
FIG. 6. The free energy as a function of hole concentration ( uniform ferrpmagnetlc state. The region _Of . PS-VII
(a): Tty is chosen to be 0, 0.04, and 0.15. The broken lines and thePSE1/F2)] is also suppressed in the magnetic field. Be-
filled triangles show the tangent lines of tfex curve and the cause the magnitude of the magnetization in the pkasie
points of contact between the two, respectivély: F is decom- ~ smaller than that in thé&, phase, the magnetic field stabi-
posed into the contributions fros, (H,), and(H;). T/t is cho-  lizes theF; phase.
sen to be 0.04.
V. SUMMARY AND DISCUSSION
PSspin+, orbital-G/spin¥, orbital+)=PS(, /F,) for PS-
VII. Here, P indicates the paramagnefiorbital) state. It is
mentioned that the phase diagram in Fig. 7 has much analo

In this paper, we study the spin and orbital phase diagram
for perovskite manganites at finileandx. In particular, we
) ) - qyay our attention to two kinds of ferromagnetic phase ap-
with that in eutectic alloys. For example, let us focus on the,ozing at different hole concentrations. The SE and DE in-
region belowT/t,=0.05. Here, thek, andF, phases and oractions dominate the ferromagnetic phases in the lightly
PS-VII correspond to the two kinds of homogeneous solid, 4 moderately doped regions and favor the AF- Brigpe

phases, termed\ and B, and the PS state between them oo orderings, respectively. Between the phases, the two
[PS(A/B)] in binary alloys, respectively. In the case of the

binary alloys, the liquidil) phase becomes stable due to the 020 — N
entropy at high temperatures. Thus, with increasing tempera- o gu Blt=0.00

ture, the successive transition occurs as AI8] B O T (B=0) 1
—PYL/A(B))—L. The stated, PSL/A), and PSL/B), oisk * 8HeBI1,=0.02 B D

correspond to thespin+, orbitalP) phase, PS-V, and
PS-VI in Fig. 7, respectively. By the analogy between two
systems, the point &t/t,=0.025 and«=0.27 corresponds to <010
the eutectic point. In thé~-x curve shown in Fig. 6, above &~
three states reflect on the three minima observed/s
=0.004. By decomposing the free energy into the three 0.05
terms{H;), (H), andTS, we confirm that the middle part
corresponding to théspin+, orbital-P) phase is stabilized
by the entropy. %0 01 02 03 0.4 05
In Fig. 8, we present effects of the magnetic figRj] on
the phase diagram. The magnitude of the applied magnetic
field is chosen to b@ugB/ty=0.02 which corresponds to  F|G. 8. The phase diagram at finite temperatures in the applied
50 T fort,=0.3 eV andg=2. We find that the PS state magnetic field B). The open and filled circles show the boundary
shrinks in the magnetic field. The remarkable change is obef the phase separated regiorgingB/t,=0 and 0.02, respectively.
served in PS-Il and -lll where the spi-and P phases The other parameter values are the same as those in Fig. 5.
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interactions compete with each other and the phases are utween spin-AF and spif because the transfer intensity
stable against the phase separation. The PS states afffinitealong thec axis is reduced anW,: /W in this ordering is
have an analogy with that in the binary alloys. increased much more.

It is worth making a comparison between the two kinds of For observation of the P&¢ /F,) state proposed in this
PS, that is, the PS state between the two ferromagnetigaper, the most direct probe is the resonant x-ray scattering
phases with different orbital structures and that between thehich has recently been developed as a technique to observe
ferromagnetic and antiferromagnetic ones. Let us considéhe orbital ordering®?’ Here, the detailed measurement at
the case withl 5 /to=0.004 in Fig. 2. We find P${(; /F>) in several orbital reflection points are required to confirm the
the region with largex in comparison with PS{-AF/F ;). PS state where different orbital orderings coexist. The inho-
This originates from the sequential change of the states witilogeneous lattice distortion may be observed infRREk,),
doping of holes as follows, I{spinA, orbital-G) — II: although this is indirect. Several experimental results have
(spinF, orbital-G) — IlI: (spin+, orbitalF) where the PS reported an inhomogeneity in the lattice degree of freedom.
state is not taken into account. The orbital state changes iiwo kinds of Mn-O bond with different lengths are observed
the region with largex compared with the spin state, since in  La; ,SrMnO; by the pair distribution function
the AF interaction between spins is much weaker than th@nalyses.’ These values are almost independentxpfal-
AF-type one between orbitals at=0. Thus, PSA-AF/F,) though the averaged orthohombicity decreases with the
and PSE, /F,) appear in the regions between | and Il, andcompounds with ferromagnetic transition, full magnetic mo-
between Il and III, respectively. We also note in Fig. 2 thatment is observed at low temperatures. This fact excludes the
PS(F]_/FQ) dominates a |arger region in the phase diagran‘ppeXiSten(?e of AF state and Supports PS with different or-
than PSA-AF/F,). This mainly results from the anisotropy bital orderings. The more direct evidence of PS was reported
in the orbital pseudospin space. As shown in Fig. 4, the anglBy the synchrotron x-ray diffraction in l@gSf.1MnO;.%*
in the orbital spac® g, changes discontinuously within ~ Below 350 K, some of the Bragg peaks split and the minor
the region of 0.06x<0.41 due to the anisotropy. This is Phase with 20% volume fraction appears. This phase shows
highly in contrast to the spin case where the incommensurat@ !arger orthohombic distortion than the major one. Thus, the
and/or flux states appear in the intermediate doping regioﬁxpenmentgl data are_con3|stent with t_he ex!stence of the PS
and some of them become more stable than the PS &tdtes. State with different orbital structures. It is desired to carry out
is mentioned furthermore that the PS state between the spifd'ther investigations to clarify relations between the PS
F and spin-AF phasé&discussed in the conventional double State proposed in this paper and the experimentally observed
exchange mod@l is suppressed, when the orbital degree ofifhomogeneity in the lattice degree of freedom.
freedom is taken into account. This is because ARAF
phase is realized at=0 instead of theG-AF one and the
ratio of the band width between the-AF and F phases is The authors would like to thank Y. Endoh, K. Hirota, and
War/WE=2/3. This ratio is much larger than that betweenH. Najiri for their valuable discussions. This work was sup-
the G-AF andF phases which is of the order @¥(ty/Jy).  ported by the Grant in Aid from Ministry of Education, Sci-
Therefore, the PS region, where the compressibility ence and Culture of Japan, CREST, and NEDO. S.O. ac-
=(dulox)" 1] is negative, shrinks. The dge_ 2/ knowledges the financial support of the JSPS. Part of the
dsy2_r2)-type orbital ordering expected in undoped andnumerical calculation was performed in the HITACS-3800/
lightly doped compounds further suppresses the PS state b880 supercomputing facilities in IMR, Tohoku University.
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