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Phase transition in perovskite manganites with orbital degree of freedom
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Roles of orbital degree of freedom of Mn ions in phase transition as functions of temperature and hole
concentration in perovskite manganites are studied. It is shown that the orbital order-disorder transition is of
the first order in the wide region of hole concentration, and thel Nemperature for the anisotropic spin
ordering, such as the layer-type antiferromagnetic one, is lower than the orbital ordering temperature due to the
anisotropy in the orbital space. The calculated results of the temperature dependence of the spin and orbital
order parameters explain a variety of the experiments observed in manganites.

I. INTRODUCTION In Sec. Il, the model Hamiltonian is derived and the

. . mean-field theory at finitd is introduced. In Sec. Ill, the
dPerovsk|te mangamteAl_xBanOé (hA _repr:esegts L8, numerical results of the spin and orbital phase diagram are

Nd, or Pr, B represents Sr or Gaand their related com- oqanted. We focus on the phase transition§)ia lightly

pounds have been studied extensively from both experimeryoned region where the ferromagnetic Curie temperature,

tal and theoretical sides since the discovery of colossal Magr . and Too are close with each other an@) a highly

netoresistancéCMR).~* In particular, the gigantic decrease doped region where tha-type AF state accompanied with

the transition from a spin, charge, and orbital ordered phasgre studied analytically by expanding the free energy with

to a ferromagnetic metallic one with slightly changing tem-respect to the spin and orbital order parameters. Section V is

perature and/or by applying external fiekfsThus, mecha- devoted to the summary and discussion.

nism of such dramatic phenomena associated with the phase

transition is the central issue of current studies. It is now

accepted that CMR and its related phenomena are not under- Il. MODEL AND FORMULATION

stood within the simple double exchange scenario. Let us set up the model Hamiltonian describing the elec-
The orbital degree of freedom in Mn ions is one of theqnic structure in manganites. We consider the tight-binding
convincing candidates to bring about a rich variety of phe-yamiltonian in the cubic lattice consisting of Mn ions. At

nomena in perovskite manganites. Due to the strong Hundgqp, sjte, twe, orbitals are introduced artg, electrons are

coupling and the crystalline field, twe, orbitals of a Mn . 2 . B .
ion, i.e., theds,2_,2 andd,2_,2 orbitals, are degenerate and treated as a localized spnﬁs[gg) with S=3/2. We introduce

one of them is occupied by an electron in aMrion. It is three kinds_of Qoulomb_ interaqtion betwee@.electrons at
well known that the @, 2/ds,>_2)-type orbital ordered the same S|_te, ie., the _|ntra(?rb|tal Coulomb mterac_tlbh),(
state, where the two orbitals are alternately aligned, is reafth€ interorbital interactionl’), and the exchange interac-
ized in the undoped manganites LaMp®'2 Recently, the  tion (1. The hopping integral between sitevith orbital b
uniform alignment of thel,2_,2 orbital in the layerfA)-type  and its nearest-neighboring sjtevith y’ is denoted bytj;” .
antiferromagneti¢AF) metal is experimentally confirmed in  The Hund coupling {4) betweeney andt,4 spins and the
PrygSrpsMnOs,  Ndy4sSihseMnO;  (Refs. 13—-1% and  antiferromagnetic superexchan@®E) interaction J,g) be-
La; ,SrMnO; with x~0.55(Ref. 18. It is recognized that tween nearest-neighboring,, spins are also introduced.
the orbital degree of freedom controls the transport and opAmong these parameters, the intrasite Coulomb interactions
tical properties in the metallic phase as well as the magnetiare the largest. Thus, by excluding the doubly occupied state
one. in the e, orbitals, we derive the effective Hamiltonian de-
In this paper, we study the phase transition in perovskitescribing the low-energy electronic stafés,
manganites based on the model where the orbital degree of
freedom and electron correlation are included. By adopting
the mean-field theory, roles of the orbital in the phase tran-
sitions are investigated as functions of temperatiipeand
carrier concentrationx). Since there is a strong anisotropy The first and second terms correspond to the so-caléi
in the orbital space unlike the spin one, the orbital order-J terms in thetJ model and are given by
disorder transition is of the first order in the wide range,of
and the Nel temperaturdl for the anisotropic spin order-

H:Ht+HJ+HH+HAF. (1)

ing, such as thed-type AF one, is lower than the orbital He= >, tﬁ”ai’rwaw;r H.c., 2
ordering temperatur@ . The calculated temperature de- (ii)yy'e

pendence of the spin and orbital order parameters explains a

variety of experiments in manganites. and
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—2323 +*§(1" To T Tia) = =(sin6',0,c086! 6
Hy=~— 15 2NN *S- S|z 77 (Tix, Ty, iz)—§(5m i,0,c086;), (6)
where 65V is the polar angle in the spiforbital) space and
» (3 ¢ is the azimuthal one in the spin space. A motion of the
pseudospin is assumed to be confined inthglane ands;
respectively. Herer!:cos{(27r/3)m|]TiZ—sir{(Zw/?,)m,]TiX describes the orbital state at sitas follows:
and (m,,m,,m,)=(1,—1,0). | denotes a direction of the ) X
. iy L= L o o
bond connecting sité and sitej. d;,, is the annihilation |git>zcos_'|3zz_r2>+sin_'|xz_y2>_ 7
operator of thee; electron at sité with spin - and orbitaly 2 2
with excluding double occupancy of electron amdis the

number operator defined as==,,,d/ ,d;,,. The explicit

form of tﬁ”/ is determined by the Slater-Koster formutés.
S is the spin operator of the, electron withS=1/2 andT; 1 p( T )
is the pseudospin one for the orbital degree of freedom '

defined as T;=(1/2)%,,/,d,,(0),,di,, where T, )

=+(—)1/2 corresponds to the state where thge_,2 where\{' is the mean field and}' is the normalization factor
(dyz—y2) orbital is occupied by an electrod; =t3/(U’'—1)  given by

and J2=t§/(U’+I +2Jy) wheret, is the hopping integral - o

between nearest-neighboring,2_,2 orbitals in thez direc- f:f dgff de¢fsin 0i5exq|>(f|cosei5), 9)
tion andU=U"+1 is assumed. The third and fourth terms in 0 0

Eqg. (1) represent the Hund coupling and the antiferromag-nq

netic SE interaction, respectively, and are given by

—ZJZ 1n-r!-—ﬁ'é- §-I—T!T'--i-T!-i-T'-
Z(ij) 4 1\ 4 1] I J

§i andfi are denoted bﬁi in the uniform fashion. A thermal
distribution ofJi is described by the distribution function,

®

2w

.. I t=|  d6'exp(|\!cosal). (10)

Hy Har=—In 2 si-stzgiHAF(iZ) Sy St @ ' fo (exUlcost)
: The free energy is given by a summation of the expectation

The detailed derivation of the Hamiltonian is presented invalue of the Hamiltonian and entropy,

Ref. 17. Characteristics of this Hamiltonian are summarized

as follows: (1) the two kinds of magnetic interactions be- F=(H)s— TN(S%+8Y), (11

tween spins og, electrons, i.e., the SE and double exchange, hereN is the number of Mn ions and is the entropy for

interactions are described By; andH;, respectively? (2) - defined b

there is a strong anisotropy in the pseudospin space unlik efined by

the spin space, an@) the first term in Eq(3) is the domi- u_ us

nant term in; and stabilizes the ferromagnetic state asso- §t= = (InwiW)y. (12

ciated with the antiferromagnetic-type orbital ordered oneA), implies the expectation value & with respect to the

where different types of orbitals are alternately alightd’® gistribution function.M,= (G- X%/(|U[|XY])), is adopted as

The interaction between th_e orbital qlegr_ee of _freedom_angn order parameter ifH;)s;, (Hp)st, and (Hap)si. The

the Jahn-TellefJT)—type lattice distortion is not included in relation 3§i>s:<§lzgi>s is assumed. As fofH,)s;, the ro-

this model by considering the following factl) the coop- ing f in i ) q dospi .
erative JT distortion is rapidly diminished by doping holes in{aing frames in the spin and pseudospin spaces are intro-
duced. The electron annihilation operator is decomposed as

mangnites with large bandwidff,(2) in Lag ggSry1MN0O5, = ot ‘o . '
the orbital ordering is experimentally confirmed in the phaSéjiyo:ZiSoZi ,Ni whereh;i' is the creation operator of a spin-
where the cooperative JT distortion is almost quencfled, and orbital-less fermion describing a hole motion afgf,/)
and (3) the linear coupling between the pseudospin and thés an element of the unitary matrix in the sgijmseudospin
JT-type distortion does not change the order of the phasgame?’?® These are given byzistcos(eiS/Z)e*i‘?’is’z, z
transition atx=0. Effects of the higher-order coupling be- _ _. s\ jsS2 -t _ t t_ ot .
tween the orbital and the lattice d?stortion are digcugsed in sin(9712)e"", zj,=cos@}/2), andzi,=sin(6}/2). 1, is re-

Sec. V written as

Being based on the Hamiltonian, the spin and orbital .
states are studied at finife and x. The mean-field theory He= > (£ z,)(Z5 ) ij,)hih;r‘i‘ H.c., (13
proposed by de Genrf@sis applied to the present system (iayy

with orbital degeneracy and electron correlatrn this  and is diagonalized in the momentum space as follows:
theory, the spin and pseudospin operators are treated as clas-
sical vectors, oo |
(M= { 2 2 eifr(eg=2e) ) (14)
1 ko
(Sx.Sy ,Siz)zz(sin 6°cose?,sinbsin ¢}, coshy), (5) L _ °! _
wheree is the energy in théth band for the spinless and

and orbital-less fermion with momentuix and N, is the number
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T T T spin structure changes a&type AF— F—A-type AF

— G-type AF which is associated with change of the orbital
states; in the region of<0.25, the interaction caused by the
first term of H; is the dominant one between nearest-
neighboring orbitals and thé-type AF orbital ordered state
is brought about. The type of the orbital favored in this term
is denoted as@},/ @)= (/2 / —w/2), where®} g, is the
angle of the pseudospin in sublattidéB) and its definition

is the same With‘)it in Eq. (7). These orbitals are mixtures of
ds2—r2 and dy2_,2, and dgy2 2 and d,2_,2, respectively.
Above x=0.25, theF-type orbital ordered state is realized.
In particular, thed,2_2 orbital is uniformly aligned in the
A-type AF spin phase abovwe=0.6. A large hopping integral
for electrons in thexy plane in this orbital ordered state is
energetically favored in th&-type AF state where the hop-
ping in thez direction is prohibited” The calculated results
of the spin and orbital phase diagramTat 0 are consistent
with those obtained by the Hartree-Fock the®hhe spin
and orbital phase diagram at finifewas calculated in Ref.
32 where the Monte Carlo method in a finite-size cluster was

FIG. 1. The spin and orbital phase diagram as a function of hold!S€d in the spin-orbital-lattice coupled model. ,
concentratior(x) and temperatureT). The schematic orbital states _ NOW, et us focus on the spin ordering temperatures, i.e.,
are also showrTc, Ty, andToo indicate the ferromagnetic Curie ¢ @nd Ty, and the orbital ordering temperatufByo, in
temperature, the M temperature, and the orbital ordering tem- F19- 1. These ordering temperaturesxwsurves qualitatively
perature, respectiveE, A, and G indicate the ferromagnetic, 'eProduce the experimental results observed in
A-type antiferromagnetic, an@-type antiferromagnetic phases, re- -81-xSkMnO; (Refs. 33 and 16 Pr, _SrMnO; (Refs. 33
spectively. The solidbroken lines are for the secondfirst-) order ~ @nd 13, and Nd_,Sr,MnO; (Ref. 14 except for the narrow

phase transitions. The parameter values are chosen th g  '€gion of the charge ordered phase inghsio sMnOs. It is
=0.25,J,/t,=0.075, and) ¢ /to=0.0035. shown in Fig. 1 thafToq is higher(lower) than T¢ in the

region ofx<<0.1 (x>0.1). The dominant interaction in the
) , ) region ofx<<0.1 is provided byH; where the effective in-
of the bands. The Fermi energy: 1s determined by the teraction between orbitals in the paramagnetic state and that
condition x=(1/N)Z¢Z fr(e;—er) where fe(e) is the between spins in the orbital disordered state are given by
Fermi distribution function. The mean-field solutions are ob-3J:/2 and J,/2, respectively. Here, the first term iH; is
tained by minimizingF with respect tox". considered. Thus] o is higher thanlc . On the other hand,
in the region wheréH; is dominant, gain of the kinetic en-
ergy associated with the long-range ordering causes the tran-

IIl. NUMERICAL RESULTS sition; it is assumed that doped holes are introduced at the
_ _ _ o bottom of the band and the kinetic energy is proportional to
A. Spin and orbital phase diagram at finite temperature the bandwidth. The ratio of the bandwidth in the ferromag-

The spin and orbital states at finifeand x are numeri-  Netic state to that in the paramagnetic state is obtained as 3/2
cally calculated by utilizing the mean-field theory introducedWhere the orbital disordered state is assumed. On the other
in Sec. II. The four types of spin structure, that is, the ferro-Nand, the ratio of the bandwidth in thetype orbital ordered

magnetic(F), the layer(A)-type AF, the rod(C)-type AF, state to that in the.orbital disordgred statg is obtained as

and the NaCIG)-type AF structures are considered. As for 7-/8, where the spin paramagnetic state is assumed. The

the orbital, the ferromagneticlike structure, where one kind®nerdy gain associated with the orbital ordering is smaller

of orbital exists, and th&-type structure, where two kinds than that with the spin one, so thag is higher thanTo .

of orbital are alternately aligned in tH&11] direction, are ~ This is attributed to the hopping integral between different

considered. The homogeneous phase where the charge cakitds of orbitals. _

ers are uniformly distributed is assumed unlike the phase- BetweenT, for theA-type AF state and oo, the relation

separated state. This is because we have confirmed that stv= Too is satisfied in the whole region ofin Fig. 1. In

bility of phase separation is sensitive to the interactions irfddition, the orbital order-disorder transition and #eype

the model and the order parameters in the mean-field apfAF one are of the first order in the regionsof0.25. This is

proximation, although the considered interactions and ordefumerically confirmed by discontinuity in the orbitedpin)

parameters in the present calculation are sufficient to invegrder parameter atoo (Ty). Both the two results originate

tigate roles of the orbital of our interest. from the anisotropy in the pseudospin space as discussed
The numerical results are shown in Fig. 1. Parameter vallater in more detail.

ues are chosen to hh /t;=0.25,J,/t;=0.075, andl5r/tg

=0.0035 which are determined by the analyses of the pho-

toemission experimerfts and the Nel temperature in

CaMn0;.*° The schematic pictures of the orbital ordered In the lightly doped region in Fig. Il (Too) increases

states are also presented. With increasirfpom x=0, the  (decreaseswith increasingx from x=0 and the two transi-

B. Spin and orbital phase transitions in
the lightly doped region
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' ' ' T (a') ' of Too atx=0.14 is presented in Fig(8. The inset shows
10 fae o 4 a change of the phase diagram by applying the magnetic field
g aroundx; . Tgg increases by applying a magnetic field. The
08 . effective interaction between nearest-neighboring orbitals is
S given by 2J;(1—x)?(3/4+ M?/4) which increases by apply-
06 8 ing the magnetic field. This implies that the orbital state is
- controlled by the magnetic field, although the field is not a
w— 0.4 . canonical external field for the pseudospin.
o) v\ M7 This unique phase transition originating from the coupling
02 ' s between spin and orbital is observed in mangariité$in
100 200 300 ] Lag geSly 1MNnO3, the ferromagnetic ordering occurs at 175
08 %0 0"01 02 0'2)3 : 0‘;)4 : o.E)L's : 0.66 007 K and the orbital ordering is confirmed below 145 K by the
resonant x-ray scattering which is a direct probe to detect the
Th, orbital ordering. The ferromagnetic phase with the orbital
disordered state changes into the phase with the orbital or-
0.055 | dered state at 145 K, so that it corresponds to the calculated
phase transition al 5o aroundx=0.14. It is experimentally
confirmed that the magnetization is enhanced below 145 K
0.054 1 [the inset of Fig. Pa)] and the orbital ordering temperature
increases with applying the magnetic fiéfd">*These ex-
§:0.053 - perimental results are well explained by the present calcula-
[T tion and are strong evidences of the novel coupling between
0052} spin and orbital in this compound.
0.051 0,'10 0.'12 0.'14 \0.16' C. Phase transition in the highly doped region
L - £ and the A-type AF metal
0.000 0.005 0.010 0.015 0.020

/¢ In this section, we focus on the phase transition in the
8uB/t, highly doped regionX>0.5) in Fig. 1 where thé-type AF
FIG. 2. (8 Temperature dependence of the magnetizakith state associatedlwith thigz,yg orbital ordered state appears.
(solid line) and the orbital order parametdt, (broken ling at x Thgre are two kinds of carrier concentra}tlon regions terr_ned
=0.14. The dotted lines are guides to the eyes. The inset shows tig9ion | (0.8>x>0.6), where a sequential phase transition
magnetization curve in L@gSk 1 MnO; (Ref. 34. (b) Magnetic-  Tom the paramagnetic state to the ferromagnetic state and to

field dependence of the orbital ordering temperatiigg, at x ~ the A-type AF state occurs with decreasifigand region ||
=0.14. The inset showSo at gugB/to=0 and 0.01 and the fer- (X>0.8), where the transition from the paramagnetic state to

romagnetic Curie temperatufie: aroundx.. Parameter values in the A-type AF state occurs. The temperature dependences of
the calculation are the same as those in Fig. 1. the spin order parametersat 0.725(region ) andx=0.9
(region Il) are shown in Figs. (@) and 3b), respectiverMg
tion temperatures cross with each other arow0.13  and MQF are the order parameters of the ferromagnetic and
termedx. . Aroundx., the coupling between spin and orbital A-type AF spin structures, respectively. As shown in Fig.
degrees of freedom brings about the unique phase transitiqga), ME appears all-/t,=0.95 where the transition is of
as follows. Let us focus on the region whexes slightly  the second order. With decreasifigthe F-type orbital or-
higher thanx. . With decreasingd, the system changes from dered state with the,2_,2 orbital appears afo/to=0.72
the paramagnetic phase with the orbital disordered state tgnd the transition from the ferromagnetic phase toAtgpe
the ferromagnetic phase and then to the ferromagnetic phagg- phase occurs afy . This transition is of the first order
with the orbital ordered state. The temperature dependencghd the canted AF phase does not appear between the ferro-
of the magnetization ax=0.14 is presented in Fig.(@  magnetic andA-type AF phases. This sequential phase tran-
where the order parameter of the orbital ordered state is alsgltion is caused by the thermal fluctuation of the the orbital;
plotted. It is shown that the magnetization is enhanced belows previously mentioned, thetype AF state and thE-type
Too- This originates from the coupling between the spin antbrpital ordered state with thz_ 2 orbital are cooperatively
orbital in4; [Eq. (3)]; in the mean-field theory, the effective stabilized aff =0. With increasingr, the thermal fluctuation
interaction between nearest-neighboring spins is given byf orbital grows up and the hopping integral in théirection
—2J,((nin;)/4—(7,7;)) where the first term irf{; is con-  becomes finite. As a result, the double exchange interaction
sidered. With taking into account the fact that the orbitalin this direction overcomes the antiferromagnetic SE interac-
ordered state iS5 /Og)=(w/2/ — w/2) in this region o,  tion and the ferromagnetic phase is stabilized. In region II,
the effective interaction is rewritten as2J,(1—x)%(1/4  the A-type AF ordering and th&-type orbital ordering with
+3Mt2/16) for I=x andy and —2J,(1—x)%/4 for I=z.  the dy2_,2 orbital occur at the same temperature where the
Thus, the magnetization increases beldyy as a result of  transition is of the first-order as shown in Figbg In both
enhancement of the effective magnetic interaction. In the opthe regions | and I, the relatioly<Tgg is satisfied. The
posite way, the orbital order-disorder transition is influencedirst order transition a5 and this relation betweefigg
by a change of the spin state. The magnetic-field dependenead T\, originate from the breaking of the inversion symme-
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0 FIG. 4. Temperature dependences of the spin and orbital order

FIG. 3. Temperature dependences of the spin order parameteP@rametersa) atx=0.725 and(b) at x=0.9 in the tetragonal lat-
(a) atx=0.725 andb) at x=0.9. The solid and broken lines show tice. The solid, broken, and dotted lines show the order parameters

; F
the order parameters in the ferromagnetic stat&)(and theA-type  [OF Ache ferromagnetic structureM), the A-type AF structure
antiferromagnetic stateM4F), respectively. Parameter values are (Mg ),.an.d theF-type or_blt_al ordered strugturew(xtz, rsspectw-ely_
the same as those in Fig. 1. The insetanshows the temperature 1he uniaxial anisotropy is introduced &/t5= \Jat/Jar= R with

dependences of magnetic Bragg reflections s®pMnO; (Ref.  R=1.2, wheretéy(z) and Jﬁyp(z)_are_ the hopping integral and the
13). antiferromagnetic SE interaction in the plane (the z direction.

The other parameter values are the same as those in Fig. 1.

try of the system with respect to the orbital pseudospin opropy, M, is finite above the orbital ordering temperature in
erator, as discussed in Sec. IV. The calculated results of théye system with the cubic symmetry. It is worth noting that
sequential phase transition in region | reproduce well thg1) T, for the A-type AF state increases af®) the transition
experimental results observed ingE31,gMnO; (Ref. 13 at T is of the first order, although the discontinuity 2"
[the inset of Fig. 8)]. The first-order transition aloo  is reduced. The latter is attributed to diminution of the
(=Ty) in region Il is consistent with the experiments in change ofM, at Ty.
Ndp 4551 sMNO3 (Refs. 13 and 14 where the Mn-O bond  Finally, the magnetic-field dependence T is shown
length in thez direction (xy plane is confirmed to become in Fig. 5. T, decreases with applying the magnetic field in
short (long) at Ty .*® It implies the F-type orbital ordering the region of gusB/t,<0.0025 where the nearest-
with the dy2_ 2 orbital as predicted from the present calcu- neighboring spins in the direction are canted. The spins
lation. ~ become parallel ayugB/ty=0.0025 termed., and Too

In the actual compounds, where thetype AF state is jncreases with increasing the magnetic field abBye The
observed, the tetragonal lattice distortion is observed and thgrpital ordered state beloWy is of the F type with the
cubic symmetry is broken far abovky.*>* We simulate g, , orbital and does not depend on the magnitude of the
this distortion by introducing the uniaxial anisotropy of the magnetic field. Above and beloB., the different mecha-
hopping integral and the SE interaction and investigate thgisms dominate the magnetic field dependencd gf: in
phase transition. It is assumed thg/ts=VIXE/JAe=R,  the region ofB<B,, the spin canting due to the magnetic-
wheret§"® and X are the hopping integral and the anti- field promotes the electron hopping in tlzeaxis which
ferromagnetic SE interaction in they plane @ direction.  weakens the orbital ordered state. On the other hand, above
The temperature dependences of the spin and orbital ord®,., magnitude of the magnetic moment is enhanced by in-
parameters ak=0.725 and 0.9 witlR=1.2 are shown in creasing the magnetic field and the orbital ordered state as-
Figs. 4a) and 4b), respectively. Due to the uniaxial anisot- sociated with the ferromagnetic spin structure is stabilized.
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00370 ——T———F T T with  Cagyi=COSOpe+27m/3) and (n,,my,,m,)=(1,
I —1,0). 6} (I=x,y,2) is the relative angle between nearest-

003681 1 neighboring spins in directiohand®', g is the angle of the
00366 orbital pseudospin in sublattic®(B). (H;)s; is proportional
L to the bandwidthV of the spinless and orbital-less fermion
=¥ 0.0364 as
3
0.0362 (Hy)st W

0.0360

i , e . and is expanded with respect kb andM, up to the orders
0‘0350%00 0001 0002 0003 0004 0005 of Mg and Mt3 as follows:
N 0 3’772 I=x,y,z 5 e o

<:I R ﬁ +a2|Mt2+a3|Mt3), (19)

—> ﬂ ﬁ where

FIG. 5. Magnetic-field dependence of the orbital ordering tem- =E(C +Ca)) (20)
perature ak= 0.9 and the schematic spin configurations. Parameter @u=g At el
values are the same as those in Fig. 1.
2 4
_ 2 _ 2
The magnetic-field dependenceT for the A-type AF spin an=715(1=Ca—Ca)+ 5CaCea. (22)

structure is recently measured in N@SK sMnO;z. 1 It is
experimentally shown thaty gradually decreases with in- and
creasing the magnetic field. From the present calculation, it

is predicted that this reduction @fy is accompanied with a3|=%:-)(ci|+03|)— i(c,%\ICBI"'CAICZBI)

that of T, and with increasing the magnetic field further- 45
more, Tg increases above the critical value of the field. 1
+53(CartCa). (22
IV. FIRST-ORDER PHASE TRANSITION AND ORBITAL
DEGREE OF FREEDOM The detailed derivation of Eq19) is presented in the Ap-
pendix. It is worth noting that the terms which are propor-

As mentioned in Sec. lll, several characteristics of the. 3 . A
phase transitions in manganites are attributed to the uniq%éonaI to M, or My appear in{H,)s; and (Hy),. This is

properties of the orbital degree of freedom. In this section w heec?)L:EiGiatrZ;r;\a?jrosé%?ns?/smk;?ce)ligr:n itze Stﬁztiggvzzé?;ﬁittﬁo
study analytically the phase transition by expanding the free.™ 1/2 is different from that withT,— — 1/2. This is highly

energy with respect to the spin and orbital order. z™

parametergs Let us consider the ferromagnetic aAeype in contrast to the spin case where the inversion symmetry
AF spin str.uctures and thE-type andG-type AF orbital with respect to the spin operator is preserved due to the time-

structures. The expectation values of the Hamiltonian at ﬁ_lrgt)ev_erszl syr(;nmetéy "Isthe Zyitgem W'_thOUtt.a Ta?hnetlz field.
nite temperature are calculated by the mean-field theory in5€iNd Pased on Eqg¢ls) and(19), we investigate the phase

troduced in Sec. Il and are expanded with respedfl tcand tratns”|t|on in theF and A-type AF spin structures in more
M;. It is assumed that doped holes are introduced at thge all.

L . Ferromagnetic structureEquations(15) and (19) with
bottom of the panq denoted by in Eq. (14). The explicit the relation®3=0 for | =x, y, andz are given by
form of (H;)s is given by

(H,) (1—x)? <HJ>St=—(1—x)2§31(3+|\/|2)(1+|32|\/|2)
S > {31(3+c0sOM) (1—AyM2) N 8 s '
N 2 I=x,y,z 3
+35(1—cosOSM2)(3+ Ay M+ AyM3)},  (15) —(1-x)253,(1-M$)(3-B,M7) (23
where and
Ay =2(Ca+Cpg) (16) (Hy) 16 3
N = Tt | L g ME[ (14 BaME+ BoMY),
and (24)

Ay =C,(Cpg, (17  respectively, with
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1 Dy=—18-2M3+9c0g0,—Op)M?
BZZ_ECO$®tA_®}3), (25) 1 S $ A B) t
+[3cog@4—0%)—2 cos®'cosO5M2M?,
2 (29)
B2=g cog0,—0p), (26)
and
and
D,=—18+6M2—3 cog@\—0O5)M?
4 1
Ba=10e COSO ), +C0SOF) — = (oSO, +cosOp) —4(cos®), +cosO ) MM,
L +[3cog04—05)—2 cos®lcos®5IM2M2
- 4—5[005(2®5\+®t8)+c05{®tA+ 205)]. (27 (30)
The terms being proportional td, vanish due to the cubic and
symmetry of the ferromagnetic spin structure. The coefﬁ—<H> 16 1
cientsB, and 8, become the largest @4, =0 — 7 and at Y5'— —toX(—z) ( 1+ §M§+ yiM2M+ B,M 2+ /33|\/|t3>
0%,=0}, respectively. That is}; and H, favor AF- and m (31
F-type orbital ordered states, respectively.
Let us focus on the term being proportional M)f’ in  with
(Hy)st- In the case where this term is relevant, the orbital
order-disorder transition is of the first-order according to the _ 4 O + cosO! 32
Landau criterion in the phase transition. It corresponds to the Y= 1_5(COS a+C0s0p), (32

transition atTqq in the region ofx>0.25 in Fig. 1 and is ] ) _
consistent with the first-order transitions at the orbital order/espectively. The most remarkable difference of the results in
ing temperature observed in several manganites. On the othle A-type AF structure from that in the ferromagnetic one is

hand, the transition in the region & 0.25 in Fig. 1 is of the
second order. This is becaudg the term being proportional
to M3 does not appear ifiH;)s;, and(2) in this hole con-
centration region, th&-type orbital ordered state wit®',
=@g— 7 is realized. The inversion symmetry with respect
to the pseudospin operator is preserved, @350 in Eq.
(27) in this orbital ordered state. The phase transition in thi

hole concentration region is discussed in more detail in sed . .
d Now we focus on these terms being proportional to

V. The first-order transition in the cooperative JT system an
its relation to the terms proportional ©3, whereQ indi-
cates the normal mode of a Mg@ctahedron, was discusse
in Ref. 39.

The parameteB; becomes the largest &th,=05=(2n
+1)#w/3 with n=(1,2,3) and determines the orbital state
uniquely. With taking into accounf, together with 33,
(Hy)s: favors theF-type orbital ordered state with,2_ 2,
dy2_,2, and d2_,2 (the so-called leaf-type orbitalrather
thands,2_ 2, ds2_2, anddsy2_,2 (the so-called ciger-type
orbital). Since the bandwidth in thE-type orbital ordered

d

state atT=0 does not depend on types of the orbital, the

thermal fluctuation stabilizes the leaf-type orbital; fréype
orbital ordered state witlal,2 2 (d3,2_,2) mixes with the
AF-type one with (g2 2/dgy2 2) [(dy2_,2/d2 ,2)]
through the thermal fluctuation. The bandwidth in the
(dsx2—r2/d3y2_,2) state is , which is larger than that in the
(dy2_,2/d,2_,2) state (3p). The smaller bandwidth in the

latter state is attributed to the fact that the hopping integral i

the xy plane is zero in this orbital state.
A-type AF structureln this spin structure{H;)s; and
(Hp)st With @3=075=0 and®3=7 are given by

<HJ>st:
N

1
(1_X)2E(31D1+32D2) (28)

with

the terms being proportional tal2M,. The origin of these
terms is the anisotropic spin structure in théype AF state
which breaks the cubic symmetry in the system. Because of
these terms, the order parameter of thtype AF state acts

as a magnetic field on the orbital pseudospin space and the
relation Too=Ty is derived. This relation is seen in the

Jresent phase diagraRig. 1) and also in the experimental

esults in several manganites.

MM2. At x=0 whereH; is dominant, the AF-type orbital
ordered states withg'/ @'+ 7) for any ®' is realized above
Ty - Below Ty, the term being proportional tMth be-
comes relevant and the orbital state is uniquely determined
as OY—-0" with

43,M2
3(33;— )M+ (I3 +I)MIM,

O'=cos ! (33
With decreasing temperature beloV, O continuously
changes fromm/2 at Ty to cos Y2J,/(53,—J,)} at T=0.
This orbital state favors the anitiferromagnetic interaction in
the z direction in this spin structure. In the present calcula-
tion, the ferromagnetic interaction in thxg plane originates
from J; and the AF structure in thedirection fromJ, and
Jar . 13121t was reported by the model without the antifer-
romagnetic SE interactiodg that this spin structure com-
etes with the planar ferromagnetic structure and its stability
depends on types of the occupied orbifdl®ue to J,r in

the present model, th-type AF structure is more stabilized
than the planar ferromagnetic one in the wide rang® ofin

the highly doped region wher@{; is dominant, the term
y1M2M, in Eq. (31) favors theF-type orbital ordered state
with ®4,=0@g== which corresponds to the state with
dy2_y2, as mentioned in Sec. IV A. The terms being propor-
tional to M2M, also appear in th€-type AF spin structure
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n .this Paper we .s_tudy roles of t_he orbital d_egree of free'formed in the HITACS-3800/380 supercomputing facilities
dom in phase transition in perovskite manganites. The effeq—n IMR, Tohoku University

tive Hamiltonian, which includes the orbital degree of free-

dom as well as the spin and charge degrees of freedom, is

utilized and the mean-field theory at finite temperature and APPENDIX: EXPANSION OF (H)s

carrier concentration is adopted. Through both the numerical In thi di he derivati f

and analytical calculations based on this theory, it is revealed n this appendix, we prese_nt the derivation o @9)’

that several characteristics of the phase transition observed e the expansion of7t,)s; with respect to the spin and

manganites originate from the unique properties of the Or_orb|tal .order parameters. We start from E#8) where the

bital degree of freedom. The obtained results are summarizé&andw'dthw is calculated from Eq(13) as follows:

as follows: (1) The orbital order-disorder transition is of the

first order in the wide region of, and Ty, for the anisotropic

spin structure, such as th and C-type AF structures, is

lower thanT . Both the results originate from the fact that

the inversi_on symmetry.in the system is broken with respeciyhere

to the orbital pseudospin operator and the terms being pro-

portional toM2M, and M3 exist in the free energy. These

results are consistent with the phase transition observed in 15=>, (|25 Z0)s (A2)

Pry5Sih.sMNnO; and N 45515 5sMN0O5 (Refs. 13, 14, and 38 o

where theA-type AF state with thed,2 2 orbital ordered

state appears. In the present calculation, the phase transitiamd

at Too in the region ofx<<0.25 is of the second order as

shown in Fig. 1. With taking into account the following in- )

gredients, the phase transition changes from the second-order 1L=> (|zi“y‘ti7j7 z}y,|)t. (A3)

transition to the first-order transitiona) the higher-order v

coupling between the pseudospin and the JT-type distortion

in a MnQy octahedron(b) the anharmonic term of the po- Here & indicates a vector connecting siteand its nearest-

tential energy for the JT-type lattice distortidhand (c) the ~ neighboring sitg. The spin part has the same form with

higher-order terms with respect tig/U in the effective EQ.(27) in Ref. 25 and is given by

Hamiltonian in Eq. (1). It was shown by the neutron

diffraction'* and the resonant x-ray scattering experiments

that the orbital order-disorder transition in LaMgp@éxt 780 K I

is of the first order but is close to the second order. There-

fore, these contributions are supposed to be small or almost s . . . )

canceled out with each othe2) The relationTc>Teoo is ~ Where®sis the relatlv;e angle Béatvyeen spins at sitesid]

satisfied in the highly hole doped regior=0.1). This is and the relatiorM=*/3+O()\>) is used. As for the or-

because gain of the kinetic energy of electrons accompanideital part, we present the derivation d)§ with 6=*az

with the orbital ordering is lower than that with the ferro- termedltZ, wherea and z indicate a cell parameter of the

magnetic ordering due to the hopping integral between difcubic perovskite lattice and the unit vector in theirection,

WhereT e andT are close with each otner, the nove phasel <P EC Ve Wil 0= =aX(9) is given byl whereof i
00 C y t t_ t

transition is brought about due to the coupling between théeplaced bydi+2m/3 (0;=2m/3). 17 is calculated as

spin and orbital degrees of freedom. The magnetization is

W=22§ I151%, (A1)

S—_

3

3 Sp 2
1+ 3 cos® ;Mg |, (A4)

enhanced belowl 5o and Too increases by applying the . 0 6
magnetic field. These results well explain the unique experi- I27=1o COSECOSE .

mental results observed in §.gSr 1MNO;. (4) The sequen-
tial phase transition from th&-type AF phase to the ferro- to (27 27 )
magnetic phase with increasifigis caused by the thermal = TJ daaif d5¢9jex (cos 6 +cos56;)
fluctuation of the orbital from thed,2_,> orbital ordered veJo 0
states. The ferromagnetic interaction in thexis becomes

e ! . Oj+386; O+ 56
finite due to the orbital fluctuation. X

COS 2 COS 2 | ,

(A5)
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where §6,= 6;— O} . The right-hand side of EqA5) is ex- 4 :
panded with respect bt up to the order oO(\'3) as fol- §i2:1_5(8_C032@i)v (A9)
lows:
to t2\2 Liz {i3 and
t_ t t2 t3
IZ_(ZT)Z 1—7) Ciot &N +E)\ +a)\
. . 4
x| gjo+ LN+ %)\tq%)@), (A6) §i3=3—5(co§®}+8 cos0)). (A10)

where(;, (n=0~3) are given b
fin ( )are g Y The relation v'=2m(1+ i\ +O(\") is used. In the

Lio=4, (A7) G-type orbital ordered state considered in Sec.(Ellj,in the
above formulas is replaced @;(B) , when sitei belongs to
the orbital sublatticeA(B). By utilizing the relation M,

4
_4 st
fin=73cos0y, (A8) Y2 \B/16+O(\), Eq. (19) is derived.
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