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Temperature dependence of the resistivity in the double-exchange model
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The resistivity around the ferromagnetic transition temperature in the double-exchange model is studied by
the Schwinger-boson approach. The spatial spin correlation responsible for scattering of conduction electrons
are taken into account by adopting the memory function formalism. Although the correlation shows a peak
lower than the transition temperature, the resistivity in the ferromagnetic state monotonically increases with
increasing temperature due to a variation of the electronic state of the conduction electron. In the paramagnetic
state, the resistivity is dominated by the short-range correlation of scattering and is almost independent of the
temperature. It is attributed to a cancellation between the nearest-neighbor spin correlation, the fermion band-
width, and the fermion kinetic energy. This result implies the importance of the temperature dependence of the
electronic states of the conduction electron as well as the localized spin states in both ferromagnetic and
paramagnetic phases.@S0163-1829~99!08313-7#
e
a

t
o

ha
n

a

ed
o
o
e
io
D
th
y.
m
ti
by
ed

or
a
ri
s
a
a
t
he
nt
ed
o

nt
t

rv

e of
p-
la-
c-
n,
de-

re
ses
and
-

en-

e
-

his
The recent discovery of colossal magnetoresistanc1–4

~CMR! has revived interest in perovskite manganites such
La12xSrxMnO3. It is widely accepted that significan
changes in the transport properties, as well as CMR, are
served around the transition between the ferromagnetic p
and the paramagnetic one. More than 40 years ago, Ze5

proposed a double-exchange~DE! interaction to explain the
correlation between electrical conduction and the ferrom
netism, in which the spin of a conduction electron and

localized core spin (SW ) on the same site are strongly coupl
by Hund’s rule. Since the hopping amplitude of the electr
to the neighboring sites is maximum when the two neighb
ing core spins are parallel, the ferromagnetic metallic stat
achieved by gaining the kinetic energy of the conduct
electron.5–7 These concepts were settled as the so-called
model and the magnetic and transport properties in
model have been investigated intensively and extensivel

One of the main interests in this research field is the te
perature dependence of the electrical resistivity. The resis
ity in the DE model was studied in a mean-field theory
Kubo and Ohata,8 and similar results have been reproduc
by a dynamical mean-field theory by Furukawa.9 In these
calculations, however, the spatial correlation of the c
spins is not included properly, although it is pointed out th
it plays a crucial role in the electric transport near the Cu
temperature (TC).10,11 The short-range spin correlation wa
only considered in Ref. 8, and the spatial correlation w
neglected in Ref. 9, where the dynamical fluctuation w
taken into account. Milliset al. discussed a possibility tha
the behavior of the resistivity is greatly modified when t
spatial correlation of the core spins is properly taken i
account.12 They showed that the resistivity is still increas
below TC with decreasing the temperature. Being based
the calculated results which disagree with the experime
one, they concluded that the additional gradients, such as
Jahn-Teller effect, are necessary to reproduce the obse
behaviors.
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In this paper, we calculate the temperature dependenc
the resistivity in the DE model by the Schwinger boson a
proach. In order to include the effects of the spatial corre
tion of the core spins properly, we adopt the memory fun
tion formalism which was also used in Ref. 12. In additio
the temperature dependence of the electronic structure is
termined self-consistently together with that of the co
spins. The calculated resistivity monotonically decrea
with decreasing temperature in the ferromagnetic states
does not show a peak belowTC , although the spin correla
tion has its maximum atT,TC .

The Hamiltonian of DE model in the limit of strong
Hund’s coupling is given by the Schwinger-boson repres
tation as follows:

H52
t

2SR
(

^ i j &s
@bis

† bj s f i
†f j1H.c.# ~1!

with the local constraint(sbis
† bis2 f i

†f i52S at every lattice
site i. Here, bis(s5↑,↓) is a boson andf i is a spinless
fermion operator,SR5S1(12x)/2,13–15andx is the doping
concentration of holes (^ f i

†f i&512x). We shall exclusively
consider the case ofS5 3

2 . A transition atTC from a ferro-
magnetic state to a paramagnetic state~described as the Bos
condensation of Schwinger bosons! was investigated by us
ing a mean-field Hamiltonian14

HMF52
Bt

SR
(̂
i j &

@ f i
†f j1H.c.#2

Dt

2SR
(

^ i j &s
@bis

† bj s1H.c.#

~2!

with a global constraint

K (
s

bis
† bisL 52SR , ~3!

where B and D are given by1
2 (s^bis

† bj s& and ^ f i
†f j&, re-

spectively, and both are determined self-consistently. T
8375 ©1999 The American Physical Society
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mean-field treatment, however, leads to an additional tra
tion at slightly higher temperature thanTC ~about 1.4TC)
into an artifact state in whichB5D50.15 As a result, above
TC the fermion bandwidth (Wf[12Bt/SR) rapidly de-
creases. This decrease obviously causes a misleading di
ing increase of the resistivity.

In the present study, we assume that Eq.~2! itself has a
suitable form as a mean-field Hamiltonian, but in order
avoid the difficulty mentioned above, the fermion bandwid
B is determined as

B[
1

2KAU(
s

bis
† bj sU2L

5
SR

A2KA11S 1

2SR
2 (

ss8
bis

† bis8bj s8
† bj s21D 1

1

SR
L

'
SR

A2F1

2
1

1

4SR
2 (

ss8
^bis

† bis8bj s8
† bj s&G ~4!

together with

D[^ f i
†f j& ~5!

in a self-consistent manner. Here, we ignore the Berr
phase in the electron hopping and use the fact
(ss8bis

† bis8bj s8
† bj s→2SR

2 in the high-temperatures limit
The approximation in Eq.~4! corresponds to the expansio

with respect toSW i•SW j . It should be noted that the fermio
bandwidth obtained in Eq.~4! remains finite forT→` as
expected, while 1

2 (s^bis
† bj s& characterizing a neares

neighbor magnetic correlation~denoted byC) vanishes for
T→` in this model. Therfore, the behavior obtained in t
above formulas is physically reasonable.

The Curie temperature (TC) in this model as a function o
the doping concentration is shown in the inset of Fig.
SinceTC is determined by Eq.~3!, the results are essentiall
independent on the formula ofB and are the same as those
Ref. 14. The transition temperature is scaled independen
x by D asTC /t'2.5D.

FIG. 1. The fermion bandwidth normalized by bare bandwid
(Wf /W) and the fermion kinetic energy normalized by the ze
temperature value@K f /K f(T50)# as a function ofT/TC for several
doping concentrations. The inset shows the transition tempera
from a ferromagnetic state to a paramagnetic state as a functio
the doping concentration.
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The temperature dependences of the fermion bandw
normalized by a bare bandwidth (W512t) are plotted in Fig.
1. At the transition temperature, the bandwidth does not
rectly depend on the doping concentration~it depends onx
only throughSR). This is because both the chemical potent
and the condensate density of bosons are zero, andDt/TC ,
which is independent ofx, is only a parameter in Eq.~4!.17

Further,Wf /W approaches 1/A2 in an infinite temperature
limit. As a result, the behavior of the fermion bandwidth as
function of T/TC is almost universally independent ofx. On
the other hand, the behavior of the kinetic energy of
fermion (K f[Bt^ f i

†f j&/SR) as a function ofT/TC ~Fig. 1!
changes depending onx. It is important that the bandwidth
varies even in the disordered-spin regime ofT.TC . This
behavior agrees well with the result in Ref. 16. In fact, t
bandwidth atTC is 1.16 times bigger than that in theT→`
limit.

The resistivity as a function of the temperature is calc
lated by the memory function method,18,19 where the lowest
order fluctuation from the mean field can be included au
matically. In this lowest-order perturbational treatment,
static approximation for Schwinger bosons is appropria
This is because the bandwidth of Schwinger bosons is m
smaller than that of the fermion (D!B) and the effects of
the quantum fluctuation of bosons can be negligible forT
*0.5TC where Dt/(2SRT)!1. The memory function is
evaluated to leading order in 1/SR , and thus, the resistivity is
written as

r5
\2a

2e2K ft
, ~6!

with

1

t
5

pt4

8\K fSR
4(i

G~RW i !
1

N2 (
pW 1pW 2

S 2
] f ~«pW 1

!

]«pW 1

D d~«pW 1
2«pW 2

!

3~eikx21!~e2 ikx21!e2 ikW •RW i, ~7!

whereG(RW i) represents the spatial spin correlation defined

G~RW i ![ (
ss8rr8

^b0s
† bxsbxs8

† b0s8bir
† bi 1xrbi 1xr8

† bir8&.

~8!

Here, f («pW ) is the Fermi distribution function of the spinles
fermion, kW 5pW 12pW 2 is the momentum transfer of the fe
mion due to scattering, and the average^ . . . & is evaluated
by the mean-field Hamiltonian in Eq.~2!. The same expres
sion given by spin variables has been derived in Ref. 12
should be noted that in this model the actual value of
resistivity in units ofha/e2 does not depend on that oft. This
is because«pW andK f are scaled byt, andt is scaled by 1/t;
thus,K ft becomes independent oft.

Results of the calculated resistivity (r) are shown in Fig.
2 as a function of the temperature~T! for several doping
concentrations. The resistivity monotonically increases w
increasingT in a ferromagnetic state for all doping conce
trations. In a paramagnetic state, the resistivity still wea
increases, i.e., metallic forx,0.2. In the case ofx50.2 to
0.25, theT dependence almost vanishes forT*1.2TC . For a
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further high doping concentration,x.0.2, the resistivity
comes to weakly increase again. On the other hand, the
responding inverse relaxation time (1/t) shown in the inset
of the figure shows a differentT dependence: it decreases
the paramagnetic state for all cases ofx. This difference
clearly indicates the importance of theT dependence ofK f
sincer}1/(K ft).

These behaviors in the paramagnetic state can be un
stood in terms of Fisher and Langer’s scheme,11 although it
was originally proposed to analyze the electron transpor
the transition-metal ferromagnets. The inverse relaxa
time in the DE model can be rewritten as11

1

t
}

D~EF!2

K f
(

i
G~RW i ! f ~RW i !, ~9!

wheref (RW i) is the decaying oscillatory function, andD(EF)
is the density of states at the Fermi level. In the case of
transition-metal ferromagnets,G(0) does not depend onT in
the paramagnetic state; thus, the temperature-dependen

of the resistivity is wholly determined byG(RW i) for RW iÞ0.11

In the case of the DE model, however, the term withRW i50
depends onT throughC as

G~0!;8SR
2~7C21SR

2 ! for SR@1, ~10!

where C is the correlation function between neare
neighboring spins. It gives a dominant contribution in 1t.
Further,D(EF)(}1/Wf) andK f also depend onT; therefore,
the temperature dependence of 1/t andr are given by

1

t
}

7C21SR
2

Wf
2K f

, ~11!

r}
7C21SR

2

Wf
2K f

2
. ~12!

These quantities forx50.3 are plotted in Fig. 3 and roughl
agree with the calculated results shown in Fig. 2. The rou
ing of the calculatedr at very close toTC , however, must

come fromG(RW i) at RW iÞ0.

FIG. 2. Calculated resistivity as a function ofT/TC for several
doping concentrations. The results forx50.2 andx50.25 are al-
most the same and are overlapping. The corresponding invers
laxation time (1/t) is shown in the inset.
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It is worth to note that the calculated results in the te
perature dependence of the resistivity are different fr
those in Ref. 12, although the memory function formalism
adopted in both cases. The discrepancy is attributed to
fact that in the present calculation the temperature dep
dence of the electronic structure, that is,Wf andK f ~shown
in Fig. 1!, are taken into account, as well as that

( iG(RW i) f (RW i). In fact,( iG(RW i) f (RW i) plotted in Fig. 4 shows
a peak atT,TC , which is smeared out in the resistivity du
to the variation of the electronic structure. The peak struct
originates from the process in which bosons in the cond
sate part are scattered to the noncondensate part, and
versa.12 It should be noted that, since the number of cond
sate bosons is macroscopically large, the lowest order pe
bational treatment for such scattering processes might o
estimate the scattering amplitude, and the resistivity mi
become slightly smaller than the present results becaus
higher-order perturbations. In any case, the resistivity is
likely to show the peak in the ferromagnetic state.

On the other hand, our results are similar to the previo
results by Kubo and Ohata8 except for the discontinuity in
dr/dT at TC . In Ref. 8, only the shortest correlation o

scattering (RW i50) is included and this is a suitable approx
mation as discussed above. It should be noted, however,

re-

FIG. 3. An approximate temperature dependence ofG(0), 1/t,
andr obtained by Eqs.~10!–~12!, respectively, in the paramagnet
state forx50.3. Each result is normalized by the value atTC .

FIG. 4. The temperature dependence of( iG(RW i) f (RW i) for sev-
eral doping concentrations. Results are normalized by the valu
TC .
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8378 PRB 59BRIEF REPORTS
the physical mechanism leading to the weak temperature
pendence of the resistivity in the paramagnetic state is c
pletely different. The mechanism is a result of the cance
tion between the bandwidth (Wf), the kinetic energy (K f),
and the nearest-neighbor spin correlation~C! in a somewhat
complicated manner@Eq. ~12!# in our calculations. On the
other hand, these quantities used in Ref. 8 are tempera
independent in the paramagnetic state. Further, the disc
nuity in dr/dT at TC comes from the sudden change ofWf ,
which is absent in our results since the contribution fro

G(RW i) with RiÞ0 is not neglected nearTC and Wf is a
smooth function ofT. Although our results are also similar t
the results by Furukawa,9 it is likely to be just a coincidence
because the spatial correlation of core spins between di
ent sites are neglected and scattering processes respo
for the resistivity are different. It should be noted further th
our results qualitatively agree with the recent results
Monte Carlo simulations.20 For a54 Å , at TC , we obtain
r;231023 V cm, whose order also agrees with these
sults.

To conclude, using the Schwinger-boson approach,
have calculated the resistivity in the double-exchange mo
In this approach, the fermion bandwidth has been determ
by the absolute value of the hopping amplitude giving
physically reasonable temperature dependence in contra
the conventional Schwinger-boson approach. The resisti
o
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monotonically increases with increasing temperature in
ferromagnetic state, which is different from the previous
sults in Ref. 12. In the paramagnetic state, the resistivity
dominated by the short-range correlation of scattering.
though the behavior slightly changes depending on the d
ing concentration, the temperature dependence almost
ishes due to a cancellation between the nearest-neig
magnetic correlation, the fermion bandwidth, and the f
mion kinetic energy. These results imply the importance
the temperature dependence of the electronic structure o
conduction electron in the both ferromagnetic and param
netic phases.

The results agree with the experiments for ‘‘higher’’ do
ing concentrationsx;0.3, where experimentally observe
resistivity is relatively low as a whole (r;531023 V cm
at TC) and shows a metallic behavior in the paramagne
state. For lower concentrationsx;0.2, however, the experi
mentally observed singular behavior around the transit
temperature and the insulating behavior in the paramagn
state are not reproduced in our calculations. Other effe
might play a crucial role in cooperation with the doubl
exchange mechanism for the system with such the lo
concentration.

One of the authors~S. Ishizaka! would like to thank
T. Hiroshima for helpful discussions.
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