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Effects of the on-site Coulomb repulsion in double-exchange magnets
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We investigate the zero-temperature phase diagram and spin-wave properties of a double exchange magnet
with on-site Hubbard repulsion. It is shown that even within a simple Hartree-Fock approach this interaction
(which is often omitted in theoretical treatmentsads to qualitatively important effects which are highly
relevant in the context of experimental data for the colossal magnetoresistance compounds. These include the
asymmetry of the doping dependence of spin stiffness, and the zone-boundary “softening” of spin wave
dispersion. Effects of Hubbard repulsion on phase separation are analyzed as well. We also show that in the
ferromagnetic phase, an unusual temperature-dependent effective electron-electron interaction arisds at finite
The mean-field scheme, however, does not yield the experimentally observed density of states depletion near
the Fermi level. We speculate that the proper treatment of electron-electron interactions may be necessary for
understanding both this important feature and more generally the physics of colossal magnetoresistance

phenomenon.
DOI: 10.1103/PhysRevB.71.014428 PACS nuni®er75.47.Gk, 75.47.Lx, 75.30.Ds, 75.10.Lp
I. INTRODUCTION Here, the fermionic operatorg,, correspond to conduc-

The phenomenon of colossal magnetoresista684R) is tion electrons, rlopping between the atomic sites of magnetic
known to occur in a broad group of compounds, correspondions with spinsS, and the vector*# is composed of Pauli
ing to different crystal structures, chemical compositions,matrices. Electron concentration is denotedxpyrence the
and doping leveld. In addition to various heavily doped hole density is given by 1x (we note that in the experimen-
manganese oxides, the CMR effect is also observed in cetal literature on the CMR manganates, the opposite conven-
tain magnetic semiconductors and spirfels;is natural to  tion is often use In order to discuss our results within the
expect that in all these cases, the physical origins of theontext of experimentally observed magnetic phase diagrams
CMR are similar. Thus, a proper minimal theoretical modelof the CMR manganates, we also include the antiferromag-
of a CMR system should account for the important commometic superexchange couplidgoetween the ionic spins. We
features shared by all these materials, while leaving out thiill treat the ionic spins as classic&s 1; quantum correc-
peculiarities of crystal environment and atomic structure oftions are not expected to modify the effects of Hubbard term
individual compounds. It is unjversally _recognized that onejn g qualitative way. For the case of CMR manganags,
of these common features is the sizable ferromagnetic 3/ "and theband theory calculatiofi suggest the typical
Hund’s rule coupIngH, between the spins of magnetic ions \ 51yes oft~0.3-0.5 eV,J,~2.5¢eV, andU~8 eV. The
and those of conduction electéons, which gives rise 10 the e ofJ can be roughly estimated from the experimentally
?_ch]uble exchanfgteh ferromagtnetf T’f .th? %MR cc;tmp?unc:s.th observed Néel temperatures in the fully doged conduc-

€ purpose of the present article 1s to draw attention 1o ., e, electrons x=0) case’™! Ty~ 100-200 K, yielding

fact that another ubiquitous intra-atomic interaction, namely. ~5-10 meV. We will consider the case of a squEB) or

the Coulomb(Hubbard repulsionU, also affects magnetic, *. . . . ; I
electronic, and transport properties of the system in a pro§Imp|e CUb“?(3D) lattice, assuming that the Iat_tlce spacing 1S
found way, and may play a crucial role in the basic physicsequal to unity. Throughout the paper, chemical potential is
of the CMR. While some effects of this interaction have beerflenoted byu—(Jy/2). _ o

addressed in the pa&ee, e.g., Refs. 4}.7its potential im- While the important and highly nontrivial effects of the
portance is not yet fully appreciated. We will argue that theorbital degree of freedom in the CMR manganates are of
on-site Coulomb repulsion strongly affects the magneticgreat interest to both theorists and experimentalists working
properties of the system; some generic experimental facts af@ the field} in writing Eq. (1) we assumed that there is only
recovered. We also suggest that the effects of Hubbard repupne atomic orbital available to conduction electrons at each
sion merit further investigation beyond the mean-field ap-site. The reasons for this drastic simplification are three-fold:

proach. (i) in the CMR manganates, orbital structure is strongly de-
We start with the standard double exchange Hamiltonianpendent on the crystalline environment and varies for differ-

supplemented with a Hubbard repulsion term: ent compounds and doping levéfs(ii) yet another situation
¢ 3 takes place for magnetic semiconductors exhibiting CMR,

H -, ; .

H=- 5 E (CiTaCja + C,-Tacia) - 2_82 So Bci’faciﬁ like EuS or EuSe,_vv_here the threg conduction bands show
(e o8 no Jahn-Teller splitting; therefore at present it seems difficult
3 to conclude that a realistic treatment of orbital effects is cru-
+ —22 SS + u> CiTTCiTLCilCiT' (1)  cial for understanding the basic physics of the CMR phe-

i i nomenon; andiii) we will see that the effects of Hubbard
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repulsion are rather complex already in the single-orbital This qualitative discrepancy can be alleviated by taking

case; we believe that these should be understood beforeimto account the on-site Coulomb interactids, The latter

more complicated modRls advanced. does not affect the energy nor the carrier spectrum of the
We begin with a brief overview of the low-temperature fully-magnetized half-metallic ferromagnetic state; however,

properties of the double exchange model, ED. with U\ o vhe heighboring spirfsav. S and$S) are out of align-

=0. The carrier spectrum in the ferromagnetic state of a 20+ ihere agrises a%oﬁzréroyﬁippingﬁr%atrix elerﬁ’e«:m%-
i« A i Wi - ’

(3D) system is given bye =+(u/2)+e With &=  pecting the conduction electron state at siteith the elec-

~tcosk-tcosky(-t cosk,). A sufficiently large value of ., spin directed along, and the state at sijewith the spin

Hund’s rule couplingly then results in a complete spin po- .- 2

larization (half-meta) of conduction electrons within the en- a."‘t""?‘"gne‘?' with§. Thus, when two electrons are placed on

tire doping range of &2x<1, in agreement with experimen- sitesi and ], there is a nonzero quantum-mechanical prob-

tal datd® (see, however Réf 14At Jy— o0 andJ=0, any ability of double occupancy on-site, and the associated Cou-
' ; . H : lomb energy: the electrons repel each other. Thereféub-

deviation of ionic spins from ferromagnetic order results, viab d int i h ¢ tisamd the st th
the double exchange mechanidnin a narrowing of the Pard INteraction enhances ezrzromagne isand the streng
f this effect increases with.== Moreover, at a finite tem-

spin-up conduction band, and therefore costs positive energy. tureT. when the ioni . isalianed due to th
The corresponding value of spin stiffneBsis then propor- eraturet, when the 1onic spins are misaiighed due to ther-
mal fluctuations,an unusual ¥dependent electron-electron

tional to conduction band energypS=|E|/4d with E Isi : i the f tic phake Sec. I

= [ engdik/ (2m)¢ (whereny is the Fermi distribution function repuision arses in the terromagnetic p ae >ec. 1l we

andd is the dimensionality of the systrand is therefore will see that there also arises another, essentially man};body,
Co P contribution to the effective electron-electron interaction

symmeltric in electron density with respect to the quarter- We note that both of these effects, which we will consider in

filling, x=1/2. In amore general case of finitd, and J ) . . R
=0, this double exchange ferromagnetisompetes against some detail below, are absent in the widespread simplified
y picture of double exchange, when the value of Hund’s rule

antiferromagnetic tendencies, which originate from two dis-COu ling is assumed to be infinite. making the double occu-
tinct physical sources. In addition to the direct superex- piing ' 9

change contributiod (which is responsible for the antiferro- pancy impossiple.. .
magr?etism of the éystem atzop and, roughly, can be Although U s, in fact, the largest energy scale in the

assumed to be doping-independethere arises amdirect problem, we will use the Hartree-Fock approximation, which

antiferromagnetic interactidfwhich further lowers the rela- fgrrr?g\:\lli\?eerccejxme;;?tﬂ::ifgg% tiiirfmlzli Vee;lsgﬁfgg%ﬂg
tive energy of antiferromagnetic phases. This interaction id>: » €XP glarg

due to virtual transitions of conduction electrons between th&4" equatu_)ns_ should yield the est|m_ates which are “adequate
two components of the spin-split baktland its strength at the qualitative level. We note that in general, this “stretch-

increases with increasing electron densityindeed, the net ing” of the Hartree-Fock SCheT“e requires some C?.Utl(?n, as,

antiferromagnetic contribution to the spin stiffnd3$ of a for example,. the energy O.f a single spin-down partlple |n'the

double exchange ferromagnet ax<1 equals 3 ferromagnetic state and in the presence of a partially filled

—m2/(23,,) in 2D and I (6m)2%¢32/(100,) in 3D, and spin-up band of widthiW<U is clearly of the order ofly

grows to ;—IZ/(M ) atx=1. While the actuHaI destébiliza +W.23 This is in contrast to the Hartree-Fock result for the
H - . -

tion of the ferromagnetic phase with increasing strength OFnergy of the spin-down electron,
antiferromagnetism proceeds via phase separéfioif z& = GITZ +Jg Js=Jy+xU 2)
rather than a spin-wave mediated phase transition, this be-
havior of spin stiffness is in line with the overall conclusion [here,Js is the mean-fieldStoney band splitting. However,
on the phase diagram asymmetity:the U=0 case, antifer- the contribution of the Coulomb energy to the properties
romagnetic tendencies are more pronounced atlX2 than  studied in the present paper originates from an integral over
at x<1/2. many inter-subband contribution®r over many spin-down
This expected behavior does not adredgth the experi- electron statgsit is hoped that the Hartree-Fock mean field-
mentally observed low-temperature magnetic properties ofype approximation is more reliable in such a case.
the CMR manganatés!! In broad terms, it is fair to say that ~ We will be interested in the experimentally relevant case
the CMR manganates are ferromagné&tiat x>1/2and an-  when the value ofls is large in comparison to the Fermi
tiferromagnetic at x<1/2. Although the presence of narrow energy,eg. It should be noted that in this regime, the family
ferromagnetic regiongor possibly ferro-antiferromagnetic of models with the Hamiltoniaril) and different values of
phase separatipmtx< 1/2 has been reported in some casesthe ratioxU/Jy provides a connection between the conven-
the wide ferromagnetic area is always located at low holdional double exchange systeftd=0) and the largdd Hub-
doping,x>1/2. The investigation of lightly-doped mangan- bard model(J,— 0). In fact, due to the considerable uncer-
ates with 1x=<0.1 is complicated by the sample preparationtainty in the values of andJ, quoted in the literature, it is
issues. So far, only the 3D perovskite materials are availablaot clear whethedy alone could always account for a com-
in this region; these are typicafty° found to remain ferro- plete carrier spin-polarization in the ferromagnetic state of
magnetic down to the very low values of &-with a likely =~ the CMR manganatés.lt is thus possible that in real sys-
exception of thex=1 endpoing® This is in contrast with tems, the half-metallic statgvhich at the mean-field level is
robust Néel antiferromagnetic ordering, characteristic for alimplied by the conditionJs>e€:) would not have been
manganates at<<1. reached without further enhancement of band splitting by the
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on-site Coulomb repulsiot) [cf. Eq. (2)]. If this is indeed 27 and references thergin parallel with Ref. 27, we begin
the case, it might lead to potentially important and novelour treatment of the Hamiltonian, E¢L) with U # 0, with
many-body effects, at both zero and finite temperaturesthe standard Holstein-Primakoff transformation, followed by
These lie beyond the mean-field approach taken in thg canonical transformation of the form

present work—uwithin the Hartree-Fock scheme based on Eq.

(2), it is indeed unimportant whether the perceived half- H—H' =exp— WH exp(W),
metallicity is partly due to the effects of Hubbard repulsion.
The spin wave theory of double exchange ferromagnets in Iy " .
the presence of on-site Coulomb repulsion is constructed in W= ——=2, (W 5C;, Cirp 85— H.C), 3
Sec. IIl. We evaluate the spin stiffneg®, and show that the V2SNg ;5

on-site interactiorstrengthens ferromagnetismwhile restor- h tis th i tor. aNds the total
ing thecorrect asymmetry in the doping dependeat®. In whereas 1$ tne magnhon creation operator, anas ,e oa
addition, we show that this interaction results is@ppres- number of lattice sites. The resuIF_lng Hamiltoniad, takes
sion of magnon energy near the zone boungdarncompari- form of a series in powers of 16<1, with the leading-
son with the nearest-neighbor Heisenberg dispersion law. warder term,

then calculate the strength of the novel temperature- , ot by

dependent electron-electron interacti@ec. I1). While this Ho= E €k Cka+ U2 CliC) Cy 0y +ANT (4)
interaction appears negligible in the manganates, in case of ki 1=4

lightly doped CMR magnetic semiconductors it does lead 1Qpere 3/ means that the quasimomentum conservation law is

an appreciable renormalization of nearest-neighbor Coulom beyed. Since we will be interested in the leading-order

repulsion andcorrelated carrier hopping amplitude. écj:lassica] spin wave properties, we will need only the two

rther terms in this series. Here, in addition to the “usual’
terms occurring already in the noninteracting mddel,

The effects of Hubbard repulsion on phase separation i
double exchange magnetsTat 0 are discussed in Sec. IV. In
the U=0 case, the zero-temperature phase diagfamch
like the doping dependence of spin-stiffnessiggests that Iy +
the area of stability of the homogeneous ferromagnetic state 1= =NE {IWi st — Ei'ﬂj) - 1]C|zTC|2+ma£+ H.c},
is shifted towards the electron-doped exef, 0.5, which is at V2SNy s
variance with generic experimental observatitgee above (5)
We show that inclusion df) alleviates this difficulty as well.

The observed suppression of the L%fjgrier density of states P
near the Fermi level at low temperatuies likely to be of - _ SH NV S U o A
the same origin as the much more pronounced depletion of = 2 4SN{Z, {W1’3W2’4(61 €lro* €7 @) = 2Wag

the density of staté%26 (sometimes termed “pseudogajii 5 23 1
the vicinity of the Curie temperature. It appears, in turn, that - 2W, 4 _}0170215‘;&4‘ => (d + _EIZ>aEaR (6)
in order to adequately describe the physics of CMR phenom- S S K t

enon one has to understand the nature of the pseudogap. It is . .

therefore important that a proper description of a low-(WhereW, ; stands forWg i, etc., and the sum in the first

temperature ferromagnetic state of the CMR manganate®rm is overki,...,k,), we find two interaction-induced

should include the correct energy dependence of the densitgrms,

of stﬁtes. In S?c. V we Shcl))W that st?ncdarld Altt)shulelr-,(Aronov et UJ

mechanism utilizing a combination of Coulomb repulsion N IR N Tt t

the effective electrgn-electron interaction derived Fi)n Seg. Il 1 \s“Z_SI\F’ZES (W 511G Ca1 a5+ Heed, (7)

and impurity scattering cannot account for the measured

depletion of the density of states. This signals the insuffi- off Ja /

ciency of our mean-field treatment in this case, and the pres- 7/,= 4SI\FE {W1’5W416—W2’5W416}CLC£TC3TC4Taga6.

ence of strong energy-dependent correlation effects even at 1+6

low temperatures. (8)
The implications of our findings are further summarized . ) o

in Sec. VI, where we also discuss prospective directions fol? Writing Egs. (6)~(8), we omitted the terms containing

the future theoretical and experimental work in the field. Onmore than one spin-down fermion operatgr or c;, (hence

the whole, our results indicate that the effects of the Hubbarthe “eff” above the equality sighsDue to the absence of

U are indeed crucial for the understanding of magnetic propspin-down electrons in the half-metallic ferromagnetic

erties of the CMR compounds. Qualitatively, this suggestground state, these terms will not contribute to the quantities

that in addition to the familiar double-exchange band-which are of interest to us here.

narrowing effects, theorrelated behavior of spin-polarized We find it advantageous to choose the coefficiéMitg in

large-U Hubbard carriersshould be recognized as an impor- such a way that the leading-order single-particle electron-

tant mechanism underlying the physics of CMR compoundsmagnon scattering(;, is cancelled by the average contribu-

tion of H;, [see Fig. 18)]:

II. SPIN WAVE THEORY

Low-temperature spin-wave properties of double ex- 1- (GE - €|%+ IWi 5= — UxW 5 + 92 NgWi 5. 9)
change ferromagnets with=0 are well understootsee Ref. P " NG '
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FIG. 1. (a) Schematic representation of E@®), with the two
vertices corresponding t; andH/, [see Eqs(5) and(7)], respec-

tively. (b) Second-order interaction correction to the magnon energy  The spin-wave energy, wy,
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Ux
I~ —— > {o;-PehCragal+ Hel, (14
Y JaV2SNg Pl Geni%
I —_U > {(T1 -0 - Pl ¢y Caral + H.c)
i1 2\ZSN3IZJS e 11%21~31~41% !
(15
’ u ! -> -> -> -> =/
Hip = 2 E {(v,-01) -PH(v3—va) - P’}
8SNJS |-
“4,6,p
X ci¢h s, (16)
wherev;= de;/ )k is the electron velocity.
is equal to magnon

[cf. Eq. (18)]. (c) Second-order contribution to the temperature- self-energy’® which in turn can be evaluated perturbatively
dependent interactioli'! between two spin-up electrons; see Eq. (in 1/1/S). In addition to the first-order contributions froh,

(21). In all cases, solid and dashed lines correspond to electron anghd 7/

i», there is a number of second-order corrections from

magnon Green's functions, respectively. Up- and dow_n-arrows dein andH],. Owing to the conditior(9), these second-order
note spin of the electrons. When evaluating these diagrams, oN&rms cancel each other, with the sole exception shown dia-

should ensure the proper antisymmetrization of the spin-up elec
tronic “legs” of each vertex, taking into account the appropriate
momentum dependence. Momentum integration is greatly simpli

fied in the largels case considered here.

1
ng = <CETC§T>, X= NZ ng. (10
k

Within the mean-field picture, conditiof®) implies that
the average number of magnons with a given momenium

./\/,5= <a:3a,5>, (11

remains constartf In other words, it represents the optima
choice in separating the two distinct branches of excitations

(magnons and electrons/holes
Equation(9) is solved by

Rs 1 U Ng
W§Y5:+' E:1+NE T lq U
& G UX e q €~ €Gep~ UX
(12)

which atU— 0 reduces to the familiar for#?, used earlier
for the noninteracting cagé:2°

grammatically in Fig. (b). In drawing and evaluating this
diagram, we make a drastic simplification of a mean-field
type, corresponding to the Hartree decoupling of the interac-
tion term in Eq.(4). Namely, we do not include any spin-up—
spin-down electron vertices and use the expression

G (w,K) =1/(w— = Js+ pn+i0 - signw),  (17)

for the spin-down electron Green’s function. The Green's
function for a spin-up electron in the half-metallic case is
given by the wusual formula, GT(w,IZ):l/((u—eg+,u
+i0- sighw).
The resultant expression for long-wavelength magnon dis-
Ipersion takes the usual form¢p~=Dp2, where the spin-
UX(1-x) +J3 , dik

stiffnessD is given by
nw; .
2d% f K (2m)

_El_
4d

The doping dependence of the spin-stifin&dor a two-
dimensional system is illustrated in Figia2 Here, the solid
line shows our result, Eq18), for J=0 and experimentally
relevant valuedy/t=5, U/t=16. The effect of Hubbard re-
pulsion becomes clear from a comparison with the dashed
line, corresponding to thd,/t=5, U=0 case’' We see that

in the presence of the on-site repulsion, the magnitude of

DS J

(18

These expressions can be further simplified in the experiD(x) increases, and the maximum is shifted towards0.5.

mentally relevant case als> ez, where ee=u+td is the

The dashed-dotted line corresponds to dJhét=14.6,U=0

Fermi energy, measured from the bottom of the spin-up subsase, which is characterized by the same value of mean-field

band. In particular, we then find

[ElU

Js

s _
Rs

i

J
H td

)

(13)

u
- N—JE Ng(€q~ €gvp) = I +

band-splittingJs as J,/t=5, U/t=16 system at the experi-
mentally important value of electron densi®s0.6. While
numerically the two results at 05x<<0.8 are relatively
close, the dashed-dotted line possesses a larger slope, and
still reaches a maximum below quarter-filling=0.5. For
completeness, we note that the classigal « result(dotted
line) is symmetric and corresponds to the largest magnitude

If we also restrict ourselves to the case of small magnorof D(x). We conclude that at a finitd,, in addition to an

momenta,p,p’ <1, the second term on the rhs of H43)
can be omitted, and we obtain

overall increase irD, the inclusion of Hubbard repulsion
leads to a relative increase of spin stiffness atk/2, which
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(0,0) (m,0) (0,0)

FIG. 2. (a) Doping dependence of spin stiffness for a two-
dimensional system with=0, J,;/t=5 (solid and dashed lines, cor-
responding tdJ/t=16 andU=0 cases, respectivelyThe dashed-
dotted line corresponds tdy/t=14.6 andU=0, and the dotted
line—to Jy—. (b) The leading-order magnon energy in a 2D
system withU/t=16, J=0, andx=0.6. The solid, dashed and the
upper dotted lines are plotted using E49) and correspond to
Ju/t=5, J4/t=0.2 andJy — <=, respectively. The dashed line is the
result® for J,4/t=5, U=0, and the lower dotted line is the corre-
sponding Heisenberg fit.
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(i) the values of ban¢and orbital structure parameters and
direct exchange integrals for particular compounds are
known with a large degree of uncertainty. Nevertheless, it is
adequate to say that qualitatively, both the overall profile and
the magnitude of spin-stiffness, as given by Eg8), are
consistent with the experimental results @¢x) within the
metallic ferromagnetic region, 021 -x<<0.5.

When spin stiffnesgas shown in Fig. @) for J=0] turns
negative, the ferromagnetic ground state can only be stabi-
lized by including a sufficiently strong direct ferromagnetic
exchange coupling)]<<0. On the contrary, a positive value
of spin stiffness doesot guarantee the stability of a uniform
ferromagnetic ground state, since the latter might still be
unstable with respect to phase separafgse Sec. IV.

Within the mean-field approach taken here, expression
(18) is expected to hold als> € for all values of the ratio
U/Jy, except for thely— 0 case of a pure Hubbard model.
In this case, the ionic spins are fully decoupled from the
itinerant ones, and the leading-ord@én 1/S) term in the
magnon energy vanishes. Formally, &f— 0 the second
term on the rhs of Eq13) cannot be omitted even for small
p, and Egs.(14)—(18) become invalid. We note that if the
value ofU is sufficiently large, the conduction electrons may
still be in the fully spin-polarized ferromagnetic state as ex-
pected for a partially-filed Hubbard model below half-
filling, x<1. While this is always the case within the present
mean-field treatment, the actual identification of the stability
region for a ferromagnetic state of a largeHubbard model
remains an open problef&3* Although this subject is well
beyond the scope of the present work, it is important to note
that (i) it is likely that over a broad range of doping values,
the instability of the fully spin-polarized state of the Hubbard

is consistent with the experimental observation that the fermodel (Jy=0) results only in a partial reduction of
romagnetic tendencies in the CMR manganates are momaagnetizatior$® and (i) it is possible that allowing for a
pronounced in this doping region. We note that an earliesmall but finite value ofl; greatly enhances stability of the

mean field stud$of the effects of the Hubbard repulsion on
the Curie temperaturel(x), suggested somewhat similar
trends.

fully spin-polarized statécf. Ref. 34.
In view of relatively small values of, reported in the
bandstructure calculations, it is important to study the cross-

The overall increase of spin stiffness originates from theover to the free-spin(Jy—0) case in some detail. The
mean-field effects discussed in Sec. | and corresponds teading-order(in both e-/Js and 1/5) term in the magnon

substitutionJy— Js in the last term of Eq(18). Since Jg
>Jy, the (negative pre-factor in front of thgpositive inte-
gral decreases in comparison with tie0 case, resulting in
the increase oD. At sufficiently low values ofx, however,
this tendency is counter-balanced éffects of the Hubbard
correlations which contribute the quantity?x(1-x) to the

numerator of this pre-factor. The underlying physics will be
discussed in Sec. lll; here we merely note that as a result, the

spin stiffness well below the quarter-filling<0.2, may ac-
tually be somewhat suppressed in comparison with Whe
=0 value. For the case df;=5t, U=18&, this takes place for
x<0.19[see Fig. 23)].

As for a quantitative comparison of our results B(x) at

x>0.5 with the experimental data for the CMR manganates;

energy originates front{;, and in the absence of a direct
|EJu?

couplingJ has the form
E|U €
Js td

Ul e&)\|*
E _pﬂ
td

E
w%0)=u(l+
2s (
Jy+—1| 1
H JS

Here, momentunp is allowed to take any value within the
Brillouin zone. WhenJ,, is sufficiently small, the second
term in the denominator dominat&s,provided that p?

= (JgJy)/ (UIE)). The magnon energy then saturates at a con-
stant valuewz=xJ4/(29), which is consistent with a physi-

J2 +xJy

g)l

(19

this appears problematic due to a number of reas¢ins: cal picture of independent ionic spié;subject to an effec-
available experimental results on the doping dependence difve magnetic field of the magnitudel,/2. The latter is

spin-stifines® are still incomplete;(ii) it is knowr?’ that
guantum corrections, not included in E@.8), lead to an

created by the rigid ferromagnetic Fermi sea of the ldige-
Hubbard carrier€® This situation is illustrated by a dashed-

appreciable renormalization of spin stiffness magnitude; andotted line in Fig. 2b), corresponding tal,/t=0.2, U/t
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=16 andx=0.6. While for the experimentally relevant value wavelength magnons are present, and the magnon Green’s
of Jy/t=5 (solid line) spin-wave energy does not reach satu-function can be written a@;}x i{—Dp?. Here, the spin stiff-
ration, the effects of suppression of the magnon enéirgy nessD can be evaluated with the help of Ed.8) or taken
comparison with the pure cosine Heisenberg law—see theirectly from the low-temperature neutron scattering mea-
upper dotted line, correspondingdg— =) are still felt near  syrements. Furthermore, at low temperatures EfS. and

the zone boundard/. These become more pronoundgas- (16) may be used in place of Eq&) and (8).

sibly leading even to a local minimum of spin-wave disper- T4 leading order inec/Js and 1/, the net result for the

sion at the poinp={r, 7}), if a direct antiferromagnetic cou- ertex function,'}} ,, of two spin-up electrons scattering is
pling J> 0 between the ionic spins is taken into account. Thegiven by the expréssion

latter gives rise to an extra term, }2;+td)/(tS), which

should be added to the rhs of E49). Thus,at the moderate 2 d% U(x - 1)
values of J within the experimentally relevant range, the = | =N V01 P 0s-P) -
spin-wave dispersion in a double exchange ferromagnet with S\ﬁ (2m i(6a+ &) —Js
a large on-site repulsion U shows zone-boundary “soften- 2
ing” in comparison with the nearest-neighbor Heisenberg ><(l71'5)(174'@—m

1 3 S

dispersion law. There has been an extensive theoretical
effort®®39 directed at understanding this property, which is ndk
observed experimentafiyin many(but not alf) CMR com- X f ——t1—vR) - PHws—vR) - P} |, (21
pounds. It is important that this generic feature is recovered (2m)

within the present model, as suggested by earlier variationg|nich should be anti-symmetriz&dwith respect to the ve-

. 39 . .
Sl ot hat s sone-bouindary schoning efoetoccurs iociies and frequencies of the ouigoirgcoming elec-
- ronS,zfl'zE (96;31 2/(?51’2 and §1,2 (17314 and 53’4). In Eq (21),

both two and three dimensions, and is entirely due to th?he first term in brackets represents the first-order contribu-

Hubbard repulsionl. Indeed, for any dimensionalitg it _ )
can be showf? that atU=0 andx>> 0.5, the magnon disper- 1N Of the operatoriy, Eq. (16), whereas the other two

sion at sufficiently largel,= e hardenstowards the zone €'mMs come from_lthe two diagrams shown in Fic)1N;

boundary. This is illustrated by the dashed line in Fign)2 =[expDp“/T)-1]is the average magnon occupation num-

representing thel,=5t, U=0 case*® One can see that at ber, Eq.(11).

large momenta, the corresponding Heisenberg dispersion The retardatiorffrequency-dependengeffects inI''! be-

law, ws=2D(td+e€z)/t with the appropriate value of spin- come noticeable only on a very large electron enefgy-

stiffnessD, indeed yields lower magnon energigswer dot-  quency scalé® of |{|~Js and can be omitted whenever

ted line. only electrons with energies near the Fermi level are consid-
ered. In this case, the effect of electron-electron scattering as

lll. EFFECTIVE ELECTRON-ELECTRON INTERACTION described by the verteR'! is equivalent to that ofin effec-

The original on-site Coulomb repulsion, as represented byive electron-electron interactioof the form
the last term in Eq(1), acts between electrons with anti-

aligned spins. As the average number of spin-down electrons __ Uls+U(@x-1)] 2\ d’p

in a half-metallic double exchange ferromagnet at low tem- eff™ 8dSEN P P(2m)

peratures is negligible, it might seem that the spin-up elec- ,

trons remain noninteracting even in the presence of the Hub- X2 (01-09) - (03— Ua)C} ChiCaCay,  (22)
bard U. However, as already discussed in Sec. |, at finite 14

temperatures the on-site repulsion aiso gives rise to an intefy oo \ye also used the fact that the long-wavelength mag-
action between electrons with the same sign of spin projec

tion. The presence of this novel interactiov;, is clear non dispersion is isotropic. In the case of smak<Jy, €,
: Ui ' -field Its, Eg&1) and(22), be re-derived
e.g., from the form of the operatét/, [see Eq(8)], which at our mean-field results, Eq&21) and (22), can be re-derive

finite T b d th ibri dist _within the perturbation theory ibJ. As expected on physical
t;mt'e (Z’m the averaggb ?(\)/‘}%rt eveqw I r_|urrt1 me;gnonth|s rI'grounds,Veff vanishes also in théJ —o limit, when the
ution. ‘Another: contributi 0 Verr OigINates trom the Ogouble occupancy on-site is forbidden. The momentum inte-

second-order processes, involving various combinations ; ;
X ral occurring on the rhs of E¢22) can be easily evaluated,
terms fromH; andH/;, Egs.(5) and (7). As in Sec. I, the g @2 y

condition (9) leads to a massive cancellation among these dp
second-order diagrangsf. Fig. 1(a)], with the only two sur- I(T)= f PN PyuY:
viving terms shown in Fig. (t). (2m)

In Fig. 1(c), vertices correspond to the magnon-electron 3¢(512)( T\%? . .
interaction, /;, and the solid lines are finite-temperature 1672\ D in three dimensions,
electron Green’s functions, = [ T\2 (23)

g{l(g,ﬁ) =il e+, gll(g,ﬁ) =il 5= Jst s, Z(B) in two dimensions,

(20) where((5/2) = 1.34 is the Riemann’getafunction. We note
where we again used the Hartree mean-field formgfofcf.  that the quantity(23) can also be expressed macroscopically
Eq. (17)]. At low temperatures,T<D, only the long- as the thermal average of
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24
252 (24)

whereM® are the three components of local magnetizatifon,

M. This shows that the appearance\gf; is indeed a direct
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nitude of Eu spin(7/2), we find t2V(T) ~-0.2T/Tc)*? in
units of eV. Thus, the effects of temperature-dependent
renormalization ofV,,, in these compounds may be appre-
ciable.

We note that in the latter example, the sign\4fT) is
negative, corresponding to an effectiatraction between

consequence of the misalignment of neighboring spingjectrons on the neighboring sites. This clearly contradicts
(Wthh in turn is due to the thermal fluctuations; cf. SeC | the Simp|e physica| picture outlined in Sec(Uased on the

Although the precise form oY in Eq. (22) obviously

smallU perturbative considerationdndeed, as can be seen

has only a mean-field validity, we emphasize that qualitafrom Eq.(26), at sufficiently large values dfl the effective
tively this effect, which has a clear physical origin, will sur- interaction can in fact become attractive. This occurs when
vive in an exact treatment. If anything, the mean-field ap-the second term in the numerattl(2x— 1), which is nega-

proach yields a smaller magnitude \éf;;. indeed, Eqs(20)

tive for x<<0.5, dominates over the first one. We suggest that

overestimate the energy of a spin-down electron, which enthis second term, which originates from the two diagrams
ters into the denominators of diagrammatic expressions ishown in Fig. 1c), is due to the many-body effects.

Fig. 1(c).
Thus, we conclude thawith increasing temperature, T

Indeed, the largé) partially-filled Hubbard conduction
band hagat least within the mean-field picture—see the dis-

there arises an effective interaction between the spincussion in Sec. )ithe ferromagnetic tendencies of its own,

polarized carriers in a double exchange ferromagmeth

which are unrelated to the ionic spins and double exchange.

U > 0. For the purposes of order-of-magnitude estimates, on# the J4=0 case, the ferromagnetic, fully spin-polarized

can assume that electron dispersion is isotropie,p/m.,
where m. is an effective mass of electrofor hole. The
interaction, Eqg.(22), then takes form of a simplpe-wave
scattering,

2 -
Verr= 55 2 V(MA@ 6)Cq1Cc-gr CoqiCsian (29)
sa.4’
with
U[Js+U(2x- 1)]

4dsi

In real space, the effective interaction, EQ2), takes
form

V(T) =

[(T). (26)

1
Vet = EIZV(T)E {CiTTCiT+ATCi+ATCiT - CiT+ATCiTTCiICi—A]}-
A

(27)

Here, for each lattice sitea summation over its®nearest

neighbors(labeledi+A) is performed. The first term in Eq.

state of the carrierguncoupled to the ionic spihscorre-
sponds to the largest bandwidth and hence to the lowest ki-
netic energy. Let us now assume that the valudaf finite

and the ionic spins are fixed in a certain configuration which
is not perfectly ferromagneti¢in the present context, the
deviation of the ionic spin configuration from the ferromag-
netic ground state is due to the thermal fluctuatioi$e
electron bandstructure is then determined by a competition
between the Hubbard band ferromagnetisunich favors a
uniform ferromagnetic alignment of the carrier spins and
hence decoupling from the ionic spin backgrouatd the
Hund’s rule couplingwhich tends to align the carrier spins
locally with the ionic ones, leading to the double exchange
band narrowing®* Not surprisingly for an interacting many-
body system, the resulting bandstruct@aéong with the lo-

cal carrier spin direction and the overall strength of band
ferromagnetismtherefore depends on the bandfillirgAs a
result of electron-electron interaction, the mean-field band-
width of spin-polarized carrieisomewhat suppressed due to
the double exchange mechanjsthen increases whenever
the bandfilling of electrongor holeg is increased, reaching
the maximum aix=0.5 (where the effects of Hubbard band

(27) contains a product of carrier densities; it renormalizeserromagnetism are most pronountethe kinetic energy of
the “bare” repulsion between electrons on the neighboringy electron at a sufficiently small value sfmay thus be
sites, which is present in reality but not included in our|owered if another electron is present neaghyocal increase
model, Eq.(1). In the case of the CMR manganates, this bareyf the carrier density leading to the effective attraction.

repulsion is expectédl to be of the order o¥/,,,=0.05 eV,
on the other hand, the value ¥{T) as found from Eq(26)
with U=8 eV, t=0.5 eV, J4;=2.5 eV andx=0.6 is t?V(T)

~104T/T)®? (in units of eV, for the 3D case; we also

assumed that the Curie temperatiiteis of the order of the

zero-temperature spin-stiffneds). We thus see that in the

manganates, the contribution \8;;, Eq. (27), to the nearest-
neighbor repulsion remains negligible even Tor Tc.

This effect is likely to have important physical conse-
guences in the case of Eu-based magnetic semiconductors, as
the effective attraction will further improve the stability of
microscopic droplet-like areas with increased carrier density
and enhanced ferromagnetic ordderrons), which were
argued®?to play a key role in these compounds. If the bare
nearest-neighbor Coulomb repulsion is not too stramigich
is expectey] taking the effective interaction into account

The situation is likely to be very different for nonmanga- may in fact lead to the total nearest neighbor interaction be-

nate magnetic semiconductors exhibiting CMR.
expected®>that in the lightly dopedx~ 10™%) EuSe, EuTe,

It ising attractive above a certain temperature. This in turn might

signal an instability of the homogeneous ferromagnetic state

EuO or undopedsemimetalli¢ EuBg the parameters of the and possibly the formation of ferrons. This question obvi-

Hamiltonian, Eqg.(1) can be roughly estimated &s=7 eV,

Jy=0.4 eV and=0.5 eV. Taking also into account the mag-

ously calls for further investigation.
The second term in Eq27) is a variant ofcorrelated
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electron hoppingWhile the effects of this term in the present ferromagneb® Therefore in order to find the stability region

context are not immediately clear, we note that correlatedf the homogeneous ferromagnetic phase, one has to identify

hopping represents a much-studied extension of the Hubbattie relevant phases and evaluate the dependence of their re-

model. In fact, an effective interaction somewhat similar tospective thermodynamic potentials on the parameters of the

(27) (although involving fermions with antiparallel spins Hamiltonian, Eq.(1).

has been obtained in the paiswithin a mean-field approach For any given values o, and U, it is convenient to

to a larget Hubbard model. In the case of CMR mangan-characterize the stability of the homogeneous ferromagnetic

ates, where the quantity(T) is very small, the effects of the state by the critical value of direct antiferromagnetic ex-

correlated hopping term in E@27) are expected to be neg- change coupling,J.(x), above which the system becomes

ligible. Again, the situation can be very different for the phase-separated. The calculation thus proceeds as follows:

CMR magnetic semiconductors with small carrier densities.the equation,

We note that while the resul®7) applies only for degen-

erate magnetic semiconductors Withplfi)nite car)r/ier dengities at Qeml (0, Ip] = Qe u(x), I ], (29

T—0, we expect a similar magnon-mediated effectivejs solved for several possible phasesyielding the corre-

electron-electron interaction to arise in the nondegeneratgponding values al=Jp(x,U,J,). At a fixedx, the value of

(undopedi case as well. J., is then given by the lowesl,. Such a procedure clearly
has a variational validity as it does not imply an existence of
a rigorous proof thad;, cannot be lowered further by broad-

IV. PHASE SEPARATION AND PHASE DIAGRAM AT T=0  enjng our selection of phas& On the other hand, the con-

dition J>J., is obviouslysufficientfor the phase separation

Although spin stiffnesD(x) and spin-wave energyys, : .
gn sp ) P 9 fo occur. We shall now turn to the two possible antiferromag-

discussed in Sec. Il, are important and much-studied quant tic oh idered in th ¢
ties characterizing magnetic properties of double exchang@e IC phases considered in the present paper.

,18,17
ferromagnets, their behavior is not expected to yield any Basiedtr?ntthe r;]umerous rest_ults fotr mf90case2, " oned th
conclusive information on the stability of the ferromagneticexpec S that a phase separation Into ferromagnetic an €

state at low temperatures. Indeed, for ladgeandU=0 it is usual Néel antifgrromagnetic (@ype antiferroma}gnetic)
possible to verify(see, e.g., Ref. 18 and references thereinp_hase c_orrespondmg to the wave Vethr{_Of_’W’W} (in tW_O
that, in a marked difference from conventional isotropic in-dimensions{m, m}) takes place in the vicinity of endpoints,
sulating magnets with competing interactions, the zeroX=0 andx=1. To leading order in 13, one can use the
temperature magnon spectrum of a double exchange magridgssical formalisnisee, e.g., Eq$9) and(10) of Ref. 13 to

in the homogeneous ferromagnetic state does not softdf-Write the Hamiltonian in terms of the new fermiods
when the latter is rendered unstable due to a change in tH&nddi)), whose spins are alignédntialigned with the local
balance between ferro- and antiferromagnetic tendencies i@nic spins§ in the G-type antiferromagnet:

the system. This is because phase separation, which is a ge- t 3

neric phenomenon found in both experimental and theoreti-}/,= -~ (diTidjT + diTTd” +Hc)+ 2> (diTLdii - diTTdiT)

cal studies of the CMR manganates and doped magnetic Gi.j) 25

semiconductorst’ always preempts a second-order, spin t t

wave-mediated phase transition. On the theory side, there is ~ ~ 9IN* UE (diydipx, + diydi xp = xpx)). (30

little doubt that this situation persists in the finiig; U>0 '

case in two and three dimensiofiis particular, this is known Here, a standard Hartree mean-field decoupling has been car-
to be true in thely— 0, largeY case of the pure Hubbard ried out in the last term, witlxaz<d;radm> denoting the av-
modeP?). In the present section, we will see how the pres-erage spin-up and spin-down fermion densities. Upon Fou-

ence of on-site Coulomb repulsidn affects the physics of rier transformation and diagonalizatideee the Appendix
phase separation and, in particular, the low-temperaturgq. (30) takes the form

phase diagram. We note that the effects of Coulomb repul- _
sion on phase separation in this model were studied in Ref. 4 H=D, eg(k)fEﬂfl;a— dNJ- UNx x;. (31
within a somewhat different mean-field approach. ko

At a given value of electron band filling[and the corre-
sponding chemical potentigk(x)], the homogeneous ferro- o
magnetic phase of a double exchange magnet is unstabfBeNtum summation is performed over the f(fitrromag-
with respect to phase separation whenever its thermodyﬂet'c) Brillouin zone, and the carrier spectrum is given by

namic potential, . 1
ik € R =0% O+, 32

Qeplw(x),J]=E - ux+dJ, E:fegn,gw, (28)

is larger than the thermodynamic potentfdp of another
homogeneous phade, calculated at the same value af =~ These equations are valid also &0, in which casel
The total energy of the system can then be lowered if areasJ, and §=0. For general values df), the quantityJiG)
of this new phase are formed within the bulk of the represents the Stoner-type mean-field band splitting in the

Here, fEa are the new fermion creation operators, the mo-

I =04+Ux -x), 6=35U(x+X)). (33)
(G)
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G-antiferromagnetic phase, wheredanerely renormalizes . N F A

the chemical potential—3Jy. The closed system of mean en'(k) = 6—tcosk, + Z(JS )?+t?cosky, (37)

field equations for these parameters of the

G-antiferromagnetic phase at a given band filling,=x; and the(negative superexchange term in the Hamiltonian is

+x|, is presented and discussed in the Appendix. As we areancelled. In spite of the higher superexchange energy, the

interested only in finding the phase-separation instability ofA-type phase becomes more profitable than the Néel one

the homogeneous ferromagnetic state, we do not need tfeecause it allows for a larger gain in the kinetic energy of

solve these mean-field equations for general valuesgof carriers. Thus, it is clear that th&phase becomes relevant

The latter will rather be determined Qy, which in turn is  only when the carrier density in thA-type ferromagnet

related in a usual way to the band fillingof the homoge- x,[u(X)] (and similarly, the hole density, 1xz) is not too

neous double exchange ferromagnet. small. In case of larg¥), this means that the value of Stoner
When the value ok is small, the chemical potential in the bandsplitting,JW, is much larger than the hopping matrix

ferromagnetic phase lies below the bottom of the lower ban&lement .

of G-antiferromagnefgiven by Eq.(32) with x;=x,=0], Therefore while for moderate values Ofthe full system
1 1 of mean field equations fo]‘SA) andx, must be solved, and
u(X) < po==dy — \/ I3 + t3d?, (34)  then the thermodynamic potential,
2 4
. . , Py . L wdk 1,
and the thermodynamic potential of the Néel phaQe, Qp= 6A(k)+EJH—M(X) N 12~ Y%A

equals €J. As the value ok increases, the inequalit4) is
eventually violated, giving rise to a nonzero carrier density
Xs (with x;>Xx)) in the antiferromagnetic phase.

For the realistic values of parameters in the 2D case, we
find that theG-antiferromagnetic phase with partially-filled [Wheren(RA) is the Fermi distribution function, corresponding
band, 0>xs>1, is not relevant in the context of phase sepa+o the dispersion lawm37) and chemical potentiaju(x)
ration. This is because within the corresponding range of j_ /2] must be evaluated numerically, in the laidesase it

values ofx [and w(x)], the critical value of superexchange s gufficient to retain the leading-order termgtid?”. In this
coupling, Jg(x), is larger than the one which corresponds toyyay we obtain forU>t,

the second-order spin-wave transitidg,(x) =Dy(x)S (where

Do_is the spin stif_fness_ evaluated Bt 0)_. The pecyliar prop- J(SA) ~Jy+Uxa =~ Jy+ 9{77_ arcco M(X)] (39

erties of the partially-filled case, as discussed in the Appen- ™ t

dix, are interesting on their own, and may also prove relevant

in another context. Here, we will turn to the case when the 1l 1 2 o

chemical potentialu(x) lies above the top of the filled Qa=~ = NE-p= | w+ o || 7 arccos - .
. . S

G-antiferromagnetic band,

1
+ 58—’ (39)

(40)

2
> t'dU 5 (35) Equations(39) and (40) hold for |u(x)| <t, which at largeU
29+ V) corresponds to partial filling of theA-antiferromagnetic

resulting inxg=1. Given the realisti¢large magnitude oy, ~ Pand. _ _
the value OfJ(SG)zJHJrU is then also large, and the mean- The zero-temperature phase diagram for a 2D system with

field equations are readily solved with the help of the‘]H/t:5 _andU:O is shown in Fig. &). Here, the(uppen
t/J(SG)—expansior[which was used also in writing E¢35)]. dotted line corr_espond's to the long-wavelength spin-wave
We find an expression soften_lng,Jsm_)(x)—Dao(x)S atx<0.31,itis pr_eempted by spin
wave instability app={w, 7} (lower dotted ling¢. Phase sepa-
t°d ration instabilities involving Néel ané-type antiferromag-
Q= _m — () —dJ, (36) netic phases are represented by solid and dashed lines, re-
spectively. We see that the stability region of the uniform
which can be used to determine the critical value of superferromagnetic phase is heavily shifted towards the electron-
exchangelg(x) whenever the phase separation into the pardoped endx<0.5; at the experimentally relevant values of
tially filled ferromagnetic and filledxg=1) Néel states be- J/t~0.015 (J/t~0.02, the homogeneous ferromagnetic
comes possible. As we will see below, this happens only welstate is unstable everywhere atX1<0.34(1-x<0.55. As
above the quarter-filling of the ferromagnetic bard; 0.5,  explained in the Introduction, it is at>0.5 that the broad
where the inequality35) is clearly satisfied. low-temperature ferromagnetic region is found for the CMR
Another phase which seems to be ubiquitous in the 2Dmanganates, and such an instability clearly contradicts this
case is theA-type antiferromagnetione, characterized by experimental observation.
the wave vector{w,0}. The mean-field theory of the The situation changes in the presencéleflét, as shown
A-antiferromagnetic phase is formulated along the same lineim Fig. 3(b). Here, the dotted line represents our result for
as for the Néel antiferromagnet above, where(B8) is now  spin stiffness, Eq(18); due to the zone-boundary softening
replaced with effect discussed in Sec. Il it is expected that for all carrier

()
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FIG. 3. Values of superexchandeorresponding to the instabilities of the ferromagnetic orddr=aQ in a 2D system witld,;/t=5,U=0
(a), andU/t=16 (b). Dotted lines correspond to spin-wave instabilities, s@lidshed lines—to the phase separation irstype (A-type)
antiferromagnetic and ferromagnetic phases, and the dashed-dotted line—to the phase separation {iseedrigind and ferromagnetic
phases.

concentrations, the spin-wave instability @t {w, 7} corre-  dotted line; for theU=0 case it was calculated exactly,
sponds to a slightly lower value of superexchange. The lattewhereas forlU=16t we used the large Stoner bandsplitting
is not shown in Fig. @) because our result for the magnon expansion similar to the one described above for the
spectrum, Eq(19), does not include the subleadifig t/Jg)  A-antiferromagnetic phase. We see that whkis included,
term and therefore should not be compared with other quarthe phase separation into ferromagnetic and chain phases in
tities plotted here. The Néel phase separation instabilitghe hole-doped regiorx> 0.5, becomes impossible. This is
(solid line) is plotted using Eqs(34), (A12), and (36). In in line with the general expectation thitubbard repulsion
order to improve accuracy fou(x) <-1 (corresponding to disfavors charge ordering atx 0.5, when there is less space
x<0.19, we solved the full system of mean-field equationsbetween electrons.
for the A-type phase. Nevertheless, we note that &d) The present mean-field treatment allowed us to arrive at
yields accurate results in the region where the phase separaaportant conclusions regarding the effects of Hubbard re-
tion into ferromagnetic ané-type antiferromagnetic phases pulsion on the possible instabilities of the homogeneous fer-
is possible. romagnetic phase. Nevertheless, we stress that the full zero-
We see that fotd/t=16 andJ/t=0.015(J/t=0.02, the temperature phase diagrams for the madgboth in the 2D
region where ferromagnetic phase is unstable is shifted tend in @ much more cumbersome 3D case are still lacking,
1-x<0.21 (1-x<0.23, so that asubstantial stability re- and should only come from numerical experiments. This is a
gion is now left for the ferromagnetic phase at-0.5,in  challenging problem, as some of the phases involved can be
agreement with experimental resul&sdmittedly, the pres- €Xpected to have relatively large unit cells.
ence of broad stability region of ferromagnetic phase at
< 0.5 is at variance with experiments and indicates a defi-
ciency of either our variational procedufiee., our choice of V. CARRIER DENSITY OF STATES
possible phases is too narrgver our simplified model, Eq. NEAR THE FERMI LEVEL

(1).°° Indeed, in the 3D case the experimental datashow While the physical nature of carrier transport and magne-
that the phase diagrams for different perovskite compoundgytransport in the CMR compounds near the Curie tempera-
differ in the electron-dopedx<0.5) region, suggesting the e remains largely unknown, it may be possible to single

sensitivity to details of crystalline surrounding and perhapsyt an equilibrium property which is most closely related to
the importance of orbital structure.

The inclusion of Hubbard interaction in principle could . py
have brought about new charge-ordered antiferromagnetic R
(or ferrimagneti¢ phases, which would not occur &t=0. / /T\ I
While we tried to look into this possibility, we could not ’
identify any such phases that would be stable within the L7 .
experimentally relevant region of parameter values. This dif- / L7 \1/ d
ficulty was encountered also by other workers in the fteld, 7 / it
who could stabilize charge ordering only upon including a ’ y

large intersite Coulomb repulsion. | ,// \1/ / ’//IT\ / /T\

-
-

-

N
AN
N\
N

AN
—

It is however worth mentioning that some of the more i /
complicated phases which are relevant for phase separatio ,~ L ,
at U=0 do show charge ordering owing to inequivalence of * \l/ \1/ L 4\ II\ / ‘
/

different lattice sites. This is exemplified by thehain
phase'® shown schematically in Fig. 4. In Fig. 3, the critical
value of superexchange, corresponding to phase separation
into ferromagnetic and chain phases, is shown by the dashed- FIG. 4. Spin ordering in the chain phase.

7
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the CMR phenomenon. It appears that such a property is img t~0.5 eV and using the valugs~ 161 () cm for the
broaddepletion of carrier density of states near the Fermiresistivity of La, ;Ca, ;MnO42* anda~ 4 A for intersite dis-
level as observed in photoemission/absorption in the CMRance, we estimate the diffusion constabt, as D,
manganate$ This decrease of the density of states, visible~[pe®v(er)] 1~ 6at/(pe?) ~7 cn?/s. The resulting esti-
already deep in the ferromagnetic phase, becomes progresate,

sively more pronounced as the temperature approathes

around which there is no spectral weight left at the Fermi 51/_(6) _
level within the accuracy of the experiments. These results v
were subsequently confirmed by the tunneling. _ )
measurement® it was suggested that the hard gap opening's an order of magm_tude smaller than the experimental re-
at T=T, is responsible for the peak of the resistivity. The Sults Of Ref. 24, which show a 15% change dn/v for
relevance of these gap or pseudogap phenomena for transptit 4/ ~0-075 eV. Furthermore, based on E¢41) one ex-

is underlined by the faét that the “transport gap” seen in the pects that the relative chr_:\nge in the density of states for
activated temperature dependence of resistivitf afTc is ~ -20.755%.29MINO; (characterized by smaller values of resis-

roughly of the same order of magnitutenths of eV as the tivity and _by a larger bandwidjhshould be about 10 _times
width of the density of states depletion. Furthermore, it/€SS than in the case of b.5Cq MnO;, whereas experimen-
seems possible that in the case of the nonmanganate lightig!ly the two curves differ by a factor of the grdgr of 2. In
doped or nondegenerate magnetic semiconductors, the wefiddition, the experimert yield &v/voc (e~ w) within a
known giant red shift of the optical absorption etfy@vith ~ relatively broad energy range “_0/‘|<,0-02 eV; this is in
optical gap decreasing as the temperature is lowered throudtPntrast with the standard theSfy2°which predicts a cross-
Tc; see the discussion in Ref) thay act as a counterpart of OVer to the square root lajef. Eq. (41)] at .|€—M| ~T. Thus,
the temperature-dependent pseudogap observed in the maMe find thatthe AItshu_Ier-Aronov r_nechanlsm cannot_pos_s,lbly
ganates. account for the Fermi-level density of states depletion in the
For the case of the CMR manganates, high-resolution tuncMR manganatesven at low temperatures.
neling measurements have recently been extéAdevn to We therefore conclude that the onv-temperatgre ferromag-
liquid helium temperatures, revealing a noticeable, albeif'€tiC state of the CMR manganates is characterized by strong
narrow, depletion of the density of states near the Fermi |eveqzlectr0n_ C(_)rrelatlon effects. Slnce_: these are certal_nly not cap-
at T=4.2 K. Although the conclusive evidence is still lack- tureéd within the present mean-field approach this does not
ing, it is most reasonable to expect that it is this featurd'ecessarily signify the deficiency of our simplified model,
which with increasing temperature evolves into the broad=d- (1). While we plan to investigate this question in more
pseudogap observed nd&r Te. It is therefore important that detail in the future, we emphasize that our conclusion on t_he
a proper description of the low-temperature ferromagneti€orrelated nature of the low-temperature ferromagnetic
state of the CMR compounds should include this anomaly. phase of the CMR manganates is likely to be model-
Within the mean-field picture advanced in the present pal"dépendent. In other words, an adequate generic model of
per, at low temperatures and within the relevant doping rangf’® manganates, whether or not it involves orbital, lattice,
of 1-x~0.3, the system is assumed to be in a homogeneou@,tc- degrges of freedom, must necessan_ly take proper non-
half-metallic ferromagnetic state; deviations from ferromag-Perturbative account of electron-electron interactions.
netic ordering(spin wave freeze out aff <Tc. The resis-
tivity of the sample is then determined by impurity scatter-
ing, and it is only a combination of the latter with the usual

Coulomb repulsion(including the long-range compongnt In the present paper, we were concerned with the effects
which could result in any density of states feature near thgy the strong on-site Coulomb repulsion which is present in
Fermi level. Indeed, it is known from the work of Altshuler the CMR compounds but often overlooked in the theoretical
and Aronov®®°that electron-electron interactions in a diffu- treatments. By treating the model within the mean-field ap-
sive conductor generate an anomaly in the tunnelling densityjroach, we were able to resolve some apparent discrepancies
of states, centered on the Fermi energy. We note that sinqgatween the generically observed low-temperature properties
the magnitude of effective interactiof,((T) in the manga-  of these compounds and theoretical results for(ttwinter-
nates is much smaller than the correspondimgarest- acting double exchange model at the appropriate values of
neighboj term Vy, in the Coulomb repulsioitisee Sec. I, Hund's rule coupling strength. These properties include the
the effects ofVe((T) on the density of states can be omitted doping dependence of spin stiffness, and the “zone-boundary

0.03 —|E_t“|, (42)

VI. CONCLUSION

altogether. ) ) softening” of magnon spectrugsec. 1) which has attracted
~ We use the standard expression for the change in the defuch attention from both theorists and experimentalists. The
sity of states near the Fermi levé|® underlying physical mechanisms are two-fold and include

both the interaction-induced increase in the effective band
(41) splitting (Sec. ) and the correlated physics of the strongly

interacting Hubbard carriergSec. Ill). In addition, we

showed that a novel, magnon-mediated effective electron-
where the overall pre-factor has been multiplied by two inelectron interaction arises in these systems at finite tempera-
order to account for half-metallicity of the systéfmAssum-  tures(Sec. Il)). While for the CMR manganates the strength

N

ov==—F—— - ——— >,
27 (D)2
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of this interaction remains negligible, it is expected that it isform polaron-like localized states, accompanied by a reduc-
much more important in the case of Eu-based magnetic semiion in the spin-up electron density within the area of the
conductors exhibiting CMR. polaron (this reduction will in turn reduce the Coulomb/
By considering the stability of the ferromagnetic stateHubbard interaction energjyThese localized spin-down car-
against phase separation, we were able to si8ee. IV) that  riers will clearly lead to an enhanced spin-up electron scat-
inclusion of the Hubbard repulsion alleviates another dis+ering and will also affect the density of states at the Fermi
agreement between the theory and experiment, resulting in@ye|64 As explained in the Introduction, these correlated ef-
sizable stability region of the ferromagnetic state above halfects are beyond the mean-field approach used in the present
electron filling, x>0.5. Regarding the phase diagram, the,aner- in our view, this scenario definitely merits further at-
question of |dent|f|cat|on of the relevar_1t phases a.nd fl_ndm ention, especially as there is now some recogrfifighat
the precise domain of the ferromagnetl_c phéespecially in other avenues of theoretical investigation of the CMR and
the electron-doped regiox,<0.5 remains open and calls related phenomena may have proved unpromising.

for further theoretical investigations, in particular numerical On the experimental side. we sugaest that some kev mea-
ones. At the same time we note that the underlying physics P ' 99 Y

consists in a competition between many phases with Verzsurements stiII.have to be performed in .order to clarify th.e
close values of thermodynamic potential, and the outcome iSSU€S und_er dl_scuss!on here. These fall into three categories.
guaranteed to be strongly dependent on the details of band (1) Detailed investigations of the energy dependence of
structure, lattice/orbital properties and interactions in a parthe density of states as a function of temperature and mag-
ticular compound. Therefore, while understanding the detail§€tic field. This includes tunneling and optical measurements
and implications of phase separation in the CMR compoundr various chemical composition and doping levels, within
(including both thermodynamic and transport propeyties the entire temperature range, and would help to clarify the
presents a broad and fascinating problem, it is not obviouelationship between the low-temperature density of state
that these details are directly related to the generic features §epletion of the Fermi levétand the pseudogap observed in
the CMR phenomenon itself. the near-critical regiof>2®as well as confirm the relevance
The satisfactory results of our mean-field approach, a8f these phenomena for transport and magnetotransport.
sketched above, all have to do with the integral quantities, (i) A systematic investigation of the interplay between
involving summation over the entire Fermi sea. It is pre-PSe€udogap and other phenomena, in particular those related
cisely this effective averaging that makes our Hartree-FoclO the unusual spin correlations found in the CMR mangan-
decoupling scheme a relatively reliable tool in this case. Thét€s, such as the central peak observed in the inelastic neu-
situation changes drastically when this approach is used t§0n scatterin® and critical behavior of spin-stiffne$s.in
address other issues, such as the behavior of the carrier dgi@rticular, it can be expected that understanding the nature of
sity of states near the Fermi lewSec. V). In this case, the SPIN dynamics at elevated tempe_ratures W_ould shed light on
usage of the Hartree-Fock approximatiowhich yields the the structure of ele<_:tr0n states involved in the pseudogap
effective Stoner band splittinds much larger than the Fermi formation. The relationship between pseudogap and phase
energy, leading to an assumption that the system is halff€Paration should be clarified as well. _
metallic with no minority-spin carriefss the probable cause (iil) Lastly, what appears an important theoretical and ex-
of our inability to reproduce the experimentally measgted perimental problem is to identify the “common denominator”

depletion of the density of states. Assuming that the result§etween the structure and properties of the CMR
reported in Ref. 24 are sufficiently generic, this failure mayManganatésand those of the CMR magnetic semiconductors

have far-reaching conceptual consequences. (Eu-based and sp_inelé. Understanding what these CMR

As mentioned in Sec. V, it is expected that the low-Compounds have in common may be of much help in con-
temperature depletion of the density of states at the Fernftructing a minimal theoretical model for the CMR com-
level is a temperature-dependent feature, which with increagounds. In connection to this, we recall that the familiar
ing temperature evolves into the pseudogap; this temperatuggument concerning the relative unimportancéJah sys-
dependence is in turn expected to crucially affect transpori€ms With low carrier densities rests upon an assumption that
properties of the system both neBe and at low tempera- Carrier distribution throughout the sample is uniform on the
tures. The failure to recover the loWFermi-level feature in ~ Microscopic scale. The latter is not expected to be true, both
the density of states within a theoretical treatment based ofr the CMR manganates and for ferromagnetic semiconduc-
the picture of a half-metallic homogeneous ferromagnetidors at elevated temperaturdss Tc. It is therefore possible
phase(Sec. ) should lead toquestioning the experimental that the effects ob, discussed in this paper, are important in
relevance of the many available calculations of the low-Poth systems.
temperature resistivity in double exchange ferromagnets
which are based on similar assumptions.

On the other hand, one should not overlook the evidence,
coming both from band structure calculatibhand the ex- | am indebted to J. T. Chalker for the many detailed dis-
perimental observatiorfé, which points to thepresence of cussions which provided me with his insight and counsel
carriers in the minority spin subbanith the CMR mangan- throughout all stages of work on the present article. | also
ates even at low temperatures. Theoretically, this may b&ke pleasure in thanking A. M. Finkelstein, K. A. Kikoin, J.
possible due to relatively small values of Hund’s rule cou-W. Lynn, and S. Satpathy for valuable discussions. This work
pling; the spin-down(minority) electrons’ if present, will  was supported by EPSRC Grant No. GR/M0442, by the ISF
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of the Israeli Academy, by the EC RTN Spintronics, and by (20)%?| 1 (h2 34 ) _
the Israeli Ministry of Absorption. 2.2 2Us)7+9 in three dimensions,
Xg =
14 1 G\ 2 . . .
APPENDIX: MEAN-FIELD EQUATIONS FOR THE o Z(JS ) +4 in two dimensions,

G-TYPE ANTIFERROMAGNETIC PHASE AT T=0 (Ad)
A4
Here we outline the necessary details of the Hartree
mean-field scheme, as applied in Sec. IV to theremain small within an extended range of values.dh this
G-antiferromagnetic phase. Throughout this appendix, wéargeU limit, it is possible to solve the mean-field equations
use units in which the hopping constaftis equal to unity.  analytically.

Eq. (30) is diagonalized by When the band filling is smalk; <1, Egs.(A2) and(33)
yield
€& €&
dg; = > fir + fers
2_ 19 () 2, 490- ©) = ©___ %
V202-390; 1 \202+390; IO = 3,y + UIS NESEYa (A5)
oo 25 P

k| — 2 G kT 2 G k|

V20F-990 207+ 380y . % (46)
S _1—U§/2’ N \’(JgG))2+4d2.

with QZ=%(3%)2+ €. Assuming that the system is still half-

metallic, i.e., that the chemical potential lies below the bOt'Substitutin this into Ea(A3) [and also using Eq33) for
tom of the spin-dowrantiferromagnetidand(cf. Eq. (32)], 5], we obte?in alA3) | g Ed33

we find

1 1 1\
(G) _ 2 2
1 ng {+ Iy —u(x) = \/—J +d (1——U§) . (A7)
X =3Xcx3l, 1=2-09 - (A2) 2 47" 2

We are interested in the largésituation whery is small and
where ”(QG)E“EJRT) is the appropriate Fermi distribution €an be omitted on the Ihsee below, Eq(A13)], in which

function. Together with Eq€32) and(33), Eq.(A2) forms a case we find, to leading order,

closed system of mean-field equations for a homogeneous 5 1
G-antiferromagnetic phase at fixed. &~ _{1 - =N (x) = JH]}_ (A8)
We note that the Fermi surface in a partially-filled spin-up U d
band has two sheets, corresponding to different signs;.of
Thus, the quantity With the help of Eqs(A6) this in turn yields
einy 39 = A3\ uOOL09 = Ju]. (A9)

1
(dfidy) =~ ﬁz Qs
Kok While at u(x)= o, Eq. (A9) yields J&'=J,, with a further

] ] ) increase ofx [and henceu(x)] towards the quarter-filling,
is always equal to zero, showing the consistency of mean;, x)=0, the value Of‘J(SG) increases, and the bandwidfibf

field decoupling used in Eq30). 2,/ 1(Gh2 . :
When the carrier density in the ferromagnetic phase bet—he order oft®/(J5”)°, see Eq{(32)] decreases, with the ef

comes sulfficiently large for the inequalit$4) to be violated, fé-ca:nti;gﬁz)m;hietig ottho;;e rgfmaisn Zm-iun?\e dbi(pjrl:rie dligtelthge-
there arises a nonzero carrier density=x, +x; in the Néel 9 P P y

. . 1
phase. This in turn leads to an increase of quantifiesd low the chemical potentiak(x)=~3Jy. As a result, band-
JSQ,G) in Eq. (32), resulting in the upward shift and narrowing filling in the antiferromagnet,

of the antiferromagnetic band. This effect is more pro-
nounced when the value &f is sufficiently large, in which - 2{ d } {

I 1JH - M(X)} )

Xz o =
case the energy difference between chemical potential and cTu Ve (X)[(X) = Il 2
the bottom ofG-antiferromagnetic band, (A10)

1 1 i Il as long &agu(x)|>Jy/U2 When the latter
- X) — _J — 5+ — J(G) 2+ d2, A3 remaInS Sma g $,l, H .
£= p) 2 4( s7) (A3) inequality is violated, Eqs(A9) and (A10) become invalid.
Using Egs.(31), (32), and(A3), we write for the thermody-
and the band-filling, namic potential in the case of smal,
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1 Iy - 2(%) 1 —
Qg =-Uxx —dJ+ -2 n [ <1 =V pu()[ux) - 34,
TN dVpOlp(0 - du] ~ d "
\/1 (GN2 4 42 \/1 (Gh2 4 2 (13
X Z(JS ) Hd- Z(‘JS e L At small absolute values qi(x) <0, this is satisfied as long

asxg~ I u|"H2/U is small[see Eqs(A10) and(A4)]. On
the other hand, whep(x) is close toug (When Eg.(A10)
yields xg=[u(X)—uol(J3+4d?)/(Ud)), Eq. (A13) takes
form U>m(J3+16)2 in two dimensions andU[u(x)
The sum on the rhgvhich can be evaluated using the small- - uolt2> 772(;11\]&+9)1/4 in three dimension Since the ac-
k expansion and EqA4)] is found to be of the order ofs{ (3| value ofU/t for the CMR manganates is about 16, our
and can be omitted. Equatiofs2) and(A10) then yield the  regyits in the latter region can be viewed as an order of
final expression, magnitude estimate only.
As the value ok is increased towards half-filling, and the
chemical potential reaches smatiegative values of u(x)
1 — =-J,/U? the value ofxg starts increasing rapidly. The
Qg=- U{d = V[ () = Iq]¥2 - dJ. (A12)  spin-up G-antiferromagnetic band is fillekg=1, for u(x)
>dU/[2(Jy+U)?] [cf. Eq.(32)]. In principle, the mean-field
It is easy to see that our neglecting the first term on the Ihgquations can also be analyzed within this narrow area near
of Eq. (A7) is appropriate as long as u(x)=0, assuming thal,+Uxg is large.

(A11)
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