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Magnetic susceptibility of the double-exchange model
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A unified treatment is provided for the local-moment, electronic, and cross terms in the magnetic suscepti-
bility x of the double-exchange model within the dynamical mean-field theory. All contributions diverge at the
same critical temperaturE;, which may be calculated analytically for lar§gS and a semi-circular density-
of-states. Close td ¢, the Curie constant deviates significantly from the result expected for a local-moment
system.
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Over the past decade, itinerant theories of magnetism likef the electrons and local-moments at each site are parallel
the double-exchang®E) models have become increasingly and an upper band where they are antiparallel. So the system
important to address the complex behavior of oxide materiis an insulator when the band filling=1—x (number of
als. One of the most powerful tools for studying itinerantelectrons per sifeequals 1 and the lower band is completely
models is dynamical mean-field thed®MFT),t which may  f,I.
be considered as the generalization of conventional mean- | imaginary time, the full magnetic susceptibility of the
field theory for itinerant rather than local-moment systemspg model is given by
Yet despite the great success of DMFT in explaining the
physics of the DE modét;* a complete theory for the mag-

netic susceptibility is lacking. While theories of the g A

local-momertt and electronit contributions to the suscepti- x(q,i wm)a,ﬁj drelomy) e~ (Ri=Ry)

bility have recently been used to evaluate the Curie tempera- 0 !

ture T¢, no such theory exists for the cross terms and the X<T78t%t,i(7)sg)t,1(o)>' )

total susceptibilityy has never been explicitly evaluated. In

this paper, we place all of the contributions to the suscepti-

bility on an equal footing and calculate within a matrix  where w,=2ma«T, T, is the time-ordering operator, and
formulation. For a highly-correlated system with large Soti=S+5 is the total spin at sité. The isotropy of the
Hund’s coupling, the Curie constant deviates from the resulsusceptibility y(q,i ©m) ap=X(0,iwy) 8,5 aboveTc is used

expected for a local-moment system. to seta=B=z. It is apparent thay(q,iw,,) contains three
The Hamiltonian of the DE model is sets of terms: the local-moment susceptibility, the electronic
susceptibility, and the cross terms. Of course, our goal is to
H=—t> (CiTaCjaJrC;raCm)—ZJHE s-S, (1) evalua_te the elastic susceptibility=1imq_q,_ox(d,i on
({5 i —wtig).

wherecfa andc,, are the creation and destruction operators Since the electronic susceptibility contains two Fermion
_ ) o - ) sums, the cross terms one sum, and the local-moment term
for an electron with spim at sitei, s = (1/2)c{,0,4Cis is the

N no sum, their contributions to the full susceptibility may be
electronic spinS = Sm; is the spin of the local moment, and written as

Jy is the Hund’'s coupling between the local and electronic

spins. As is customary, the local moments are treated classi-

cally. However, we shall delay taking the limit of larggS B . .
: " case o |Ldreens e aw R ginsio)

or specializing to a particular case for the noninteracting XN oy) = o :

density-of-state$DOS) py(€) so that our general results ap-

ply to both hypercubi¢Gaussian DOSand Bethesemicir- -

cular DOS lattices. :% Xin(di @), ©)
Within the DE model, the local moments interact through ’

the hopping of electrons between neighboring sites. Due to

the close connection between electron conduction and mag-

net_ic order, the _double-excha_n_ge model quglitatively ex- Xss(q,iwm)=Jﬁdrei‘"mTz e 10 Ri~R)(T S(7)s%(0))

plains the metal-insulator transition observed in manganites 0 i

like La;_SrLMnO; when x~0.33 When JH7S exceeds a

prltlcal value prpportlonal to the band widt,’ the interact- . _ 2 X|Ss(q'i o), (4)

ing DOS contains two bands: a lower band where the spins [
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where y59°=(5/3)3,g, or

)(Ss(q,iwm)=J':dre‘meEi e ' Ri~RI(T X(7)S(0))

B .
9=7 35/, dre'"(T c5()ct (0)Sh oty  (1D)

=2 X’ Xaion), G N .
' With the additional definitions<=1—Tg"x%%°¢ 1g/3 and

8 8 =T gnxSoc"1 it is straightforward fo show that the
XSS(q'iwm)Zf drelen™> e 19 (R—RI(T S(7)S%(0)), vertex function has matrix elementdSS=(3T/S?)(1

0 i ~ 1K), TF=T75=6/Sk, and Ti5= {oo0) 1 ypdoo1

©®  —565,/3Tk.

where, for examplex$(q,i wy,) is a matrix with indices Fermion lines in the bare=0 susceptibility do not con-
and n denoting the internal Fermi Matsubara frequencied’ct local moments on different sites so that
v n=(2n; ,+1)7T. Because the local moments are classi- /3T 0
cal quantities which commute witH, S (7)=S" and ) y— ) —

x°(q,iwm) = x*X0,iwy). The full susceptibilityx(q,i w)
may be evaluated by summing over all matrix elements of Consequently, the inverse of the full=0 susceptibility ma-
XS%q,iwm) )_(SS(q,iwm) trix 1s

)_(ss(qviwm) )_(ss(qviwm) ’ ) o

—1/N— —

If the Fermi frequencies are restricted to valups | X (@=0= s, X*"Hq=0)+6 5/3T«
<(2n,—1)@T, thenx®Sis a 2n, X 2n, matrix, x> and x*> B - T (13
are 2n -dimensional row and column vectors, respectively,here
and the full susceptibility matrixy has dimensions (2,
+1)X(2n,+1). We shall take the limin,—o before pre- x®Hg=0)=x*¥0"1(q=0) — ys90%(0)1 4 ysdoc1
senting our final results. - - - B (14

For a fixed o, x(0,iw,) obeys the Bethe-Salpeter
equatiofi -

(12

{(q,iwm):

3T/kS? — 8ISk )

is the inverse of theg=0 electronic susceptibility matrix
evaluated from itown Bethe-Salpeter equatién.

The condition thaty—c at T¢ is equivalent to the con-
dition Det(y 1(gq=0))—0. Using Eq.(13) for x (q=0),
we derive N

x(dhiwm =xOa,i 0 + xO(a,i o) T (i @) x(0i o),
- - - - - 8

whereT (iw,) is the vertex function ang‘®)(q,i w,) is the
bare susceptibility. Within DMFT, momentum conservation . 3T o1
at the internal vertices of irreducible graphs is disregarded so Det(y *(q=0))= —Det(x"*(q=0)). (15
i ’ i : - kS —

that internal Green’s functions are replaced by their local
values. Consequently;, (iw,,) is independent of momenta Since each matrix element gf{iq=0) is inversely propor-
and may be evaluated from an identical Bethe-Salpeter equ#ional to Dety 1(q=0)), all contributions to the suscepti-
tion wherex(q,iwy,) and x(°)(q,iw,,) are replaced bjocal  bility diverge at the same critical temperature. It also follows
susceptibilities at site I, obtained from tliedependent that the electronic susceptibility drives the divergences of the
susceptibilities by summing over aff. In other words, local-moment and cross terms in the full susceptibility!
I'(iwy)=xO(qiwn)—x N (Giog) = x°“O ! (io,) To make this analysis more concrete, we now specialize
=x""Y(iw,,). Like the full susceptibility matrixy, I' also  to a Bethe lattice with noninteracting DOS given by the
has dimensions (2,+1)x (2n,+1). Because we are inter- Semicircular form po(€) = (8/mW?) \W?/4— €, where W
ested only in the elastic susceptibility, we shall henceforth=4tz is the full band width. We also take the limifS
take w,,=0 andq=0. >W and JyS>T so that the upper and lower bands in the

To calculate the bare terms in the susceptibility, the elecinteracting DOS are well separated and the mobile carriers
tron Green’s function and local moments are explicitly de-are restricted to one of those two bands. Whah<J,;S, it
coupled. Since(S)=0, it follows that y¥9=)S40=0. s easy to show thag—s,/f,, wheres,=sgnp—1) de-
Using the relation( (S?)?)=S?/3, we easily obtain the local Pends on whethep is greater or less than 1 anig=z

susceptibility matrices +z —W?/8 with z=iv,+ u and o= p—SpIyS. Using
, the local Green’s functions first derived by Furukdwor a
loc(0)_ S3T 0 fixed directionrﬁi of the Mn moment, the local electronic
X o xS30c@ © susceptibility involves the average of two local Green'’s func-

tions with respect tan; . It can then be shown ttat
S%3T  Sg/3
loc_ —
X = SgT/B Xssloc ,

10 . 3 fif
( ) XlsnSjoc 12?[_5lnflz+ 2nX—nl} (16)
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Hence,x=—1/(2n,—1), 6=3f;s,/(2n,—1), and the to-
tal susceptibility is given by

1 S.d(T)2 8T

X:ﬁm+ﬁFl(T)’

17

1 1
Ser(M=5+5—5lp=1+sFoT. (18

Here,F1(T) andF,(T) are defined by the Fermion sums

2

R|
FiT)=> 1
(M=2 RP—3W2/32] 49
R?
FuT)=TY ———, 20
AT=T23 (R?—3W2/32)f, (20

whereR,=f,/2—z and the restriction on the Fermi frequen-

ciesy, has been lifted. SincgS%xS?, x*5x S, andy%« S0, it

is simple to separate the contributions of the local moment

cross terms, and electrons to the full susceptibility.
Each of these contributions divergesiagT)— 1, soT¢
is solved from the condition

i 1 (2D
T ORI-3W232
Also in the limit of largeJ,S, the band filling is
S 1
p=1+§p+2TE Re[f—]. (22)
[ |

These results correct an error by Furukawat agree in the
limit Tc<W with Auslender and KoganThe resultingT ¢ is
symmetric aboup=0.5 andp=1, and peaks gi= 0.5 with
Tc~0.022V, and vanishes ggt=0 andp=1. Whenp=1,
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FIG. 1. The renormalization factar versus band fillingp be-
tween 0 and 1/2. Symmetric results are obtained for<p& 1.
Inset is the effective spiB.;(T) evaluated af ;. (solid) or at high
temperaturesT>W (dashedl versus band fillingp. Both sets of

Sesults are for a semicircular DOS with larggS.

with spin parallel to that of the local moment. The difference
Sy— S is plotted versug in the dashed lines of the inset to
Fig. 1. Evidently,s,F,(T) provides a correction to the effec-
tive spin due to strong electronic correlations. Evaluated at
Tc, Fo(Te) vanishes whep=0 or 1 and also fop=1/2. It
is negative for Gsp=<1/2 or 5u<0 and positive for 1/2
<p=<1 orsu>0, reaching maximum or minimum values of
+0.03 for p~0.85 or 0.15. The effective spi.;(Tc) at
Tc, given by the solid curve in the inset to Fig. 1, is slightly
smaller thanS, for 1/2<p<1 and slightly larger for 6<p
<1/2. AST/IW—o, F,(T)—0 andS.(T)— Sy so that the
expected value for the effective spin is restored. Bgjland
Se4(T) are symmetric aboyt=1.

The susceptibility deviates from the MF result in another

T vanishes because electrons are unable to hop to neighbaespect. Linearized nedr:, the inverse local-moment sus-
ing sites without incurring an enormous cost in Hund’s en-ceptibility may be written in the CW form: ¥FS=3T(1

ergy. The final term in Eq.17) for y is part of the electronic

susceptibility that does not diverge B¢. For a given tem-
perature, §F,(T)/W?~8T./W? peaks atp=0.5 or 1.5,

—F(T))/S?~3(T—To)/aS?* with Curie constant C
= aS?/3. Of course, the MF theory of local-moment systems
givesa=1. But in the DE model, the interactions between

when the number of mobile carriers is largest. Hence, thishe local moments are mediated by highly-correlated elec-
term is nothing but the Pauli susceptibility of the electrons introns and this identity fails. We have evaluatedy linear-

the limit of largeJyS.

Based on the mean-fieldlF) theory’ of local moments
with spin S, the expected Curie-Weig€W) result for the
magnetic susceptibility isg=C/(T—Tg) with Curie con-
stantCzSS/S. Our result fory in Eq. (17) deviates from the
MF prediction in two ways: both the effective spBa:(T)
and the denominatdi{ 1—F(T)] provide nontrivial correc-

izing TF{(T) about Tc. As shown in Fig. 1 for &p
<1/2, <1 and approaches 1 only ps-0. The renormal-
ization factora deviates from unity by as much as 2.8%
when p~0.13. So even in the limit of larg& x differs
appreciably from the MF prediction for a local-moment sys-
tem. However, the expected value for the Curie constant is
recovered asT/W—o and 55— S?/3T, the appropriate

tions to the Curie constant. We shall first discuss these cotimit for noninteracting spins. Also note that in the opposite

rections for generab.

limit T<W assumed by Auslender and Kogathe tempera-

As implied by Eq.(18), the effective spin of the coupled ture dependence &fF4(T) disappears and— 1.

electronic and local-moment system equdsi(T)=S,
+5,F,(T) whereSy= S+ 1/2—|p—1|/2 is the™ expected re-
sult for strong Hund'’s couplingS,=S whenp=0 and 2(no

These predictions are probably best applied to the manga-
nite La _,Sr,MnO3; with x~1/3, which has a high Curie
temperature of 350 K and is believed to be well described by

electrons per site or two electrons with opposite spins orthe simple DE model. In the temperature rang@-<T

each sit¢ and Sy=S+1/2 for p=1 or one electron per site <W, our result for y~

! may be linearized as g~(T
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1.017 ' . . . —72 Unfortunately, the most extensive susceptibility measure-
$=32 ments are for the manganite L3 CaMnO5; with x=1/3,
s .7 19 which has a lower Curie temperature of 250 K and is not as
0.995 - P ’ well-described by the simple DE model. The measured
: L7 susceptibility?> betweenT¢ and 2.3 ¢ is much more com-
o.08l e 1.8 plex than predicted, with a bulge just abovg and a “high-
RS X S temperature” limit (above about 1B:) close to 37T
0.97F - 7 —®)/S§, where® ~1.25T~. Our model cannot explain the
: behavior in the critical regime very close b because
0.96¢ DMFT does not support long-range correlations. Moreover,
; 1.8 magnetic polarons have a strong effect on the susceptibility
0.95¢ up to about 1.8-. Nonetheless, it would be interesting to
0,046 , , , , 15 quantitatively compare the predictions of our model with the

0 0.2 0.4 Q6 0.8 1 measured slope of ¢/in the linear regime between T8
P and 2.3, which still falls within the low-temperaturd@
<W range of our model.

FIG. 2. T.he rer_wormahzatlon_ factog (.IEft a_xns) gnd Curie spin To summarize, we have developed a unified treatment of
Sc (right axi9, which parametrize the linearized inverse suscepti-

bility, for a system withS=3/2. Also plotted in the dashed line is all terms in the magnetic Susceptlblllty_ of the DE model. As
S, (right axis. e_xpected, the Iocal-moment, electronic, and cross terms all
diverge at the same critical temperature. For the case of a
—To)/C, whereC=r.S2/3 andr .= af Se;1(Tc)/So]% renor-  Bethe lattice with largel;S, we have evaluated the suscep-
malizes the Curie constant. Specializing to the ®se/2, tibility analytlcally. and shovyn that the Curie constant is al-
rc is plotted versup in Fig. 2. After an initial increase for t€red by electronic correlations close Te. Our work has
smallp, r¢ falls below one with a minimum value of about &/S0 demonstrated that DMFT can be used to evaluate the
0.941 whenp=0.85. RewritingC=Sé/3 defines the Curie contr|l_3ut|ons to the_ magnetic susceptlb_lhty of itinerant sys-
spin Sc= \/;Se”(.l_c): \/Qso, which is also plotted in Fig. tems in a systematic and compact fashion.
2 and is a monotonically increasing function of the electronic It is a pleasure to acknowledge helpful conversations with
filling p. For a manganite witkk=1/3 or p=2/3, the Curie  Dr. Alexander Chernyshev, Dr. Denis Golosov, and Dr. Tho-
constant and Curie spin are, respectively, about 4.5% anchas Maier. This research was sponsored by the U.S. Depart-
2.4% smaller than predicted by MF theory for a local- ment of Energy under Contract No. DE-AC05-000R22725
moment system with spig,=1.833. Keep in mind, how- with Oak Ridge National Laboratory, managed by UT-
ever, that our analysis neglects the quantum corrections a8attelle, LLC, and by the National Science Foundation under
sociated with the finite size & Grant No. DMR-0073308.
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