PHYSICAL REVIEW B VOLUME 56, NUMBER 21 1 DECEMBER 1997-I

Ground state of the double-exchange model
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We investigate the electronic correlation effect on the ground-state properties of the double-exchange model
for manganites by using a semiclassical approach and the slave-boson technique. It is shown that magnetic field
has a similar effect on the canted angle between manganese spins as doping concentration does, and the canted
angle exhibits weak dependence on the Coulomb interaction. The possibility of phase separation in the present
model is also discussed. In the slave-boson saddle-point approximation in the ferromagnetic metallic regime,
the dependence of the magnetization and the Curie temperature on the doping concentration exhibits maxima
near 1/3 doping. These results agree with experimental data and suggest that the electronic correlation plays an
important role for understanding the ground-state properties of mangdiS63-18207)02146-3

It is essential to clarify the ground-state and magnetic Both the early and the recent experiménthave shown
phase diagram for elucidating the microscopic mechanism ahat in Lg _,R,MnO; (R=Ca, S), the magnetization and
the colossal magnetoresistari@MR) in lanthanum manga- the Curie temperature exhibit maxima arouqd 1/3. Theo-
nese. The ground-state and the magnetic phase diagram fgftically, these observations have not been explained satis-
lanthanum manganese at low doping concentration in lovfactory. Varma’ estimated that the maximum of the Curie
temperature are still controversial, though some effofts temperature appears at 1/2 doping, Xing and Shefso
have been devoted to it. In 1950, Zehproposed a double- showed that the zero-temperature magnetization reaches its
exchange(DE) model to explain the electrical conduction Maximum near 1/2 doping. Another interesting problem is
and the ferromagnetisrtFM) of doped lanthanum manga- how the magnetic field affects the magnetic structure, since
nese. Later Anderson and Haseglwerived the DE energy € resistivity of doped lanthanum manganeses is changed by
for a pair of Mn ions and showed that in such a system thEs.everal orders of magnitute under the external magnetic field,
DE interaction tends to align the spins of Mn ions parallel,SlJCh a huge change might be related to th.e variation of the
and the DE energy is proportional to cés(2), not to magnetic structure modulated by magnetic field. Further-

cos(@,) as in the Heisenberg model, hefg denotes the more, the role of electronic Zgrgelation was taken into ac-
i . ' count lightly in previous studie¥;® since in the primary DE
angle between spir§; andS; . In 1960, De Gennégener- gty 1o p P y

; i N _ model it only includes the Hund'’s coupling between conduc-
alized their results to the case with finite doping concentraign electrons and the core spins but not the Coulomb inter-
tion. He assumed that the total DE energy is proportional 1¢tion among conduction electrons. A clear picture of the
cos@;/2), and showed that the Mn spins in the case of finiteground-state magnetic properties is needed in order to have a
doping are ferromagnetically ordered but canted by an anglgoherent understandings of these phenomena in manganites.
¢ that depends on the carrier concentration before a criticah the present paper, we first derive the DE energy in the
concentratiorx. . Since then the concept of canted ferromag-presence of the Coulomb interaction and the magnetic field,
net or antiferromagnet was accepted, but not confirmed dehen discuss the doping dependence of the mean-field
finitively by early experiment8.In recent experiments some ground-state energy, the magnetization, and the Curie tem-
researchers declared that there exists canted strfctimet ~ perature in the ferromagnetic metallic regime in the strong
a negative result was also reported. Schitieal® reported ~ correlation limit.

that at low doping0<x<0.2), La; _,Ca,MnO; is ferromag-

netically ordered, whileas Jonker and Van Santan’s early  |. DIAGONALIZATION IN MOMENTUM SPACE
reporf suggested an antiferromagnetic order. Magtral?
showed that La ,Sr,MnO; is spin-canted for €x<0.1, The electronic states in doped lanthanum manganese have

and ferromagnetic ordered for @&k<0.2. These reports on been depicted in many papérs;*?in the presence of Cou-
the low-temperature low-doping magnetic phase diagram domb interaction and magnetic field, the model Hamiltonian
not agree with each other. Thus it is necessary to study thean be written as a summation of two parts: the double-
DE model in details to clarify the magnetic structure in theexchange interactioRl 5z and the superexchange interaction
low-doping regime. Hp:
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H=Hpe+Hpn, effect of the Coulomb interaction on the ground state. Later
we will show that the Coulomb correlation can not be ne-
U glected.
Hpe= > (t;dl dj,+H.c)+ =2 ni niy To explore the ground-state properties of lanthanum man-
(ii)o 295 ganeses, we are only interested of the lower subband of Eq.
(5). In the DE model, 2t/J4S is a small quantity and we can
—JHE S-dfﬂaﬂvdiy, (1)  expandEy to the linear term okt/J,S. At zero temperature,
tuy the ground-state energy of the system with uniform doping
is
Hin=—gueB2l SZ+<iEj> AiS-S, 2) Ec=NS —gusBcog 6)—4A’ S+2AScog26)]
kg
V\{here the three electrons of Mn ions are in tr;lgg state at +> [U(n;)—J,S— €, Ccog 6)]. (6)
site R; and they form a localized core spf, d;, creates a ko

mobile electron in thee,; band at siteR; with spin o, t;;
denotes effective hopping matrix element of the mobile elec
trons to its nearest neighbdy, denotes the on-site Coulomb
interaction among mobile electrons, add represents the
Hund’s coupling between the local spins and the mobileth
electrons,J,;>zt/S as required by the DE mechanism. In

The summation of the mean occupation over spin is the car-
rier concentration, i.e3 ,{n,) =X, the Fermi wave vector is

F .
Minimizing the total energy with respect tbgives rise to
e angle.

Egs. (1) and (2), (---) indicates that only the nearest- BS+ 27t 1 ke
neighbor interaction is considered. In E&), gug represents cog )= u, a=—> y(k), (7)
the effective magnetic moment of local spBirepresents the 8AS N

external _magnetllc field, the last te.rm represents the Superex-. - .eN is the total number of the spins. For small doping
change interaction between Mn ions, aAg denotes the

: . ! ; ncentration n n in ncentrati
superexchange interaction constant which is negative’) concentrationa depends on doping concentratien

for R, andR,-_ on theac plane and positiveX) for R; andR,; a=x[1—(372%)?320].
on theb axis. The Jahn-Teller effect and electron-phonon
interaction are not included here. in a three-dimensional isotropic lattice system. This result is
To start, we assum8 are classical spins in this section, slight different from that of Ref. 7, due to the lattice effect.
which corresponds to the following substitution: In the absence of the external magnetic fidsd=0) for very
small dopinga~x the critical hole density for the system
S*=Scog6), S =Se ' Risin(6) (3)  evolving from canted antiferromagnet into ferromagnet is

X.=zt/(4J,S?); this result is similar to that in Ref. 7. Both
Here Q=(0,#/b,0), 6 is the canted angle anddzhe angle the present resulin the limit 2zt/J;S <1) and that in Ref.
between two spins. For small doping LaMgQhe carrier is 11 (in the limit 2zt/J4S >1) have shown that the ground
a hole, translating the electron representation into the holetate is antiferromagnetic in the absence of doping and mag-
representation. The model Hamiltonian can then be exnetic field, so it is reasonable to expect that the ground state
pressed in momentum space: is always antiferromagnetic for all values aft2J,S in pure
lanthanum manganites.
) ) Furthermore, the present theory contains some interesting
H=§k: [—gusBScog ) —4A’'S°+2AS coq20)] results. First, the influence of the external magnetic field on
the magnetic structure can be discussed for pure lanthanum
manganitesX=0). The effect of the magnetic field is simi-

T . : .
+ % [(— &t U(ng) + oIpS)hy Ny, lar to that of doping. The cosine of the canted angle linearly
increases with the magnetic field. At a certain critical field
+3,Ssin( ) (hf, o1hi +hl o)1, (49 B.=8ASgug, the external magnetic field exceeds the su-

perexchange field, all the spins tend to align paralleled, the
where g, = 2zty, denotes the dispersion of holes apdis  ferromagnetic alignment of local spins are in favor of the
the structure factor. In this section the Coulomb interaction isnotion of holes, the system may exhibit large decrease in
treated by the Hatree-Fock approximation. Diagonalizatiorresistivity, however, the critical field may be as high as hun-
of the hole part in Eq(5) gives rise to two subbands: dreds of T, so it would not like that the metal-insulator tran-

sition induced by magnetic field causes the CMR effect. Sec-

Exo=U(n;)+ \/6§U+(JHS)2+ 2J,Se,co86). (5 ond, in the Hatree-Fock approximation and expandimg)

to the second order of @/J,S), one can find that the
A similar expression has been obtained by Dimashikall®  canted angle weakly depends on the Coulomb interatfipn
to address the phase separation issue for high-temperatuse the consideration of the Coulomb correlation in the mean-
superconductivity in the limit 2¢/J,,S>1 with U=0. Inoue field approximation does not change the canted angle signifi-
et all* also obtained the similar expression in the DE limit cantly. This is attributed to the fact that the treatment of the
and suggested that a spiral state may be more stable than takectronic correlation in the Hatree-Fock approximation is
canted state in La ,R,MnOj3, but they did not consider the rather rough.
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One conclusion of the above discussion is that manganites Il. A MEAN-FIELD SOLUTION
with uniform hole concentration is spin canted at low dop-
ing. However, Schiffeet al’s report on a low-doping phase
diagram suggests ferromagnetic ordering. It may have tw
possible reasons. The first is that the oxygen content i
La; ,CaMnO;, s is not exactly stoichiometricd#0), so
the ferromagnetic component arising from the DE interactio
plays a role. The second is that phase separation might ta
place, the holes aggregate into a ferromagnetic droplet, s
the ferromagnetic ground-state emerges. In the following, we'- . .
briefly discuss the possibility of the phase separation in th@Ction: the constraint of no double occupancy at jt€an
DE model (Zt/J,,S <1), as contrast to the ususif model € enforced by mEroducmg auxiliary fermlohs,fm and
(2z1/3,S >1). After the holes aggregate into droplets from POSONsb,, wheref;, creates aTsIave fermion with spin
the antiferromagnetic background, the energy densities in th@hen siteR; is occupied, whileb;” creates a bosofhole) at
hole-rich phase at hole densityis e(x): R, when it is unoccupied. Thud;,=f; b/ and the model

Hamiltonian can be rewritten as

In the La_,R:MnO5 system, there exists Mri and

n*4 ions. Due to strong Hund’s coupling and Coulomb
Il]nteractionsl,6 the Mn*2 ions are excluded, i.e., double oc-
cupancy in thee,, orbital is prohibited. The hopping integral

is far less than the on-site Coulomb interaction and the
Ii—éund’s coupling, so it is reasonable to taldeas infinity to
clude the appearance of Mh in manganites, or the
ouble occupation. In the limit of the large Coulomb inter-

e(x)=9 —4A’'S+2AScog26)]

x2 H= ti fl f,bibl+H.c)—J Al o f
+ T—XJHS—Zztacos(a)} (8) <%(r( et o= ) H% St fiy
and leaving the hole-free antiferromagnetic background with +2 AS S+ el X flfiotbibi—1],
energy densitye(0), e(0)=—2S*[2A’ +A], here magnetic () ' o
field B=0. Let n, be the total number of hole, then the (12)

number of sites occupied by the hole-rich droplenjigx, N
is the number of sites of the whole system, then the totavhereey is the energy shift of the electron with respect to

energy of the two-phase state is the original energy level and the other parameters are the
same as in Eq1).
E(x)=—2NS*(2A’+A)—2n,J,S In the static(or saddle-point approximation, the boson
AASC0S(6)  Ux field is replaced by its mean value and assumed to be inde-
+n, L(jL —~ — 4zta cod 0)} (9) pendent of R;, <'biT)=<bi>=.b1’2 ar!d one can obtain the
X 2 mean-field equations by taking derivatives with respeetyto
. andb:
For very low hole concentratiory~x, one has
U (zt)? flfi)=1— 1
consttny, 5_%) X, X<Xc, 20: (fiofio) b, (13
E(x)= (10
4AS  Ux _ )
constny| ——+—|, X=X ed:_ZtZ,s (F fis50)- (14)

One finds that the presence of the strong on-site Coulom
interaction may prevent the phase separation, howevét, if
is smaller than a critical valug.,

Bhysically,b gives rise to the mean carriénole) concentra-
tion on every sitdsee Eq(13)]. If the localization effect of
the carriers is neglectedb, corresponds to the doping con-
(221)2 c_entrationx. Since spin comp(_)nents are relevant to the car-
o= (12) rier concentration and the spin-dependent energy should be
AS included in the mean value of fermion propagator, the spin
configuration and the carrier concentration must be deter-
mined self-consistently.
The mean values in Eg$13) and (14) can be obtained
from the fermion propagatorG (ij;w):

the two-phase energy has a minimum at density
Xo=(8AS/U)2

So the phase separation into ferromagnet droplets takes place
at sufficiently low densityx<<xy. WhenU>U_, the E(x) oo o z 10k (Ri—R))
dependence is monotonol&’ (x) >0], so there is no phase Go(l] ’w)_Ek: Uw=eq=22tbyic+ oduSole o
separation at all. For typical parameters in LgCa,MnO;, (15
4AS=4.84 meV*® and by the electronic structure calcula-

tion of the local density functional technigue, we find thatwhere Sé denotes thez component of the spin with wave
2zt=0.5 eV, thereforex,~0.007, which is much smaller vector Q: Q=0 corresponds to ferromagnetic order,to

than the critical concentratior.(~0.1). This may address antiferromagnetic order, and values between 0 ando

the experimental observation in Ref. 1. Further experiment isanted structures. Then the self-consistent equations at zero
expected. temperature are
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1 o« 1 at zero temperature. An interesting result is that there is an
1—b=- —E f dwIm optimized doping for the local spin moment, or the magne-
NG w+in—eq—2ztby,+ aJHSé tization. From Eq.(20), one finds that the local spin will
have a maximum ab=1/3. Since the magnetizatiod is
proportional to{ S*), and as mentioned above corresponds
to the hole or doping concentration, one could expect that the
47t o« 1 magne_tization exhibi;s a maximun_1 around.the doping con-
Ed:_E 7(k)J dow Im— , centration of 1/3, which agrees with experimental observa-
mNiG w+in—eg+2zthy+0IuSH tions in the La_,CaMnO systen?® Furthermore, one
1 could show by a simple analysis that the Curie temperature
also reaches to its maximum around 1/3 doping, which is in
where e is the Fermi energy. Accordingly, we can obtain agreement with experimendtsand different from the theo-
the mean value o(fsé), the energy shifey, and the ground- retical results in Refs. 10,11.
state energ¥, for doping concentratiob(=Xx) at zero tem- In the preceding discussion, the electron localization char-
perature. acter resulting from the disorder effect in doping is not taken
In the present section we are interested in the ferromaghto account and if it is taken into account, we could expect
netic metallic regime of the La,CaMnO; (0.2<x<0.5) that_ optimizing doping concentration for magnetization and
system, where the component of the spi? is the same at Curie temperature may not be st 1/3. It could be a little
all the sites and is independent of the wave veQoin the  1&rger than 1/3. Therefore the complete consideration of the
ferromagnetic metallic regime, the carrier is completely Spmelectron correlation is important to understand the ground

polarized due to the strong Hund’s coupling and the densitgt@te Properties of CMR materials. .
of states of the fermion may take a simple form: To summarize, the external magnetic field has a similar

effect on the canted angle of the manganese spins as the

(16)
and

1/20D  |e—eq+Iu(SH)|<bD, doping concentration and the phase separation may take
p(e , (18)  place in doped manganites. The mean-field magnetization
0 | €= €qt In(S?)|>bD, and the Curie temperature reach maxima near 1/3 doping.

where DD is the bandwidth of fermion, and the solutions of
the self-consistent mean-field equations give rise to the en-
ergy shifteg, L.-J. Zou thanks the invitation of the International Center
of Theoretical PhysicgICTP) in Trieste, Italy. This work
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