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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 phasg$S0163-18209)08313-1

The recent discovery of colossal magnetoresistarice In this paper, we calculate the temperature dependence of
(CMR) has revived interest in perovskite manganites such athe resistivity in the DE model by the Schwinger boson ap-
La; _,SrMnO;. It is widely accepted that significant proach. In order to include the effects of the spatial correla-
changes in the transport properties, as well as CMR, are oltion of the core spins properly, we adopt the memory func-
served around the transition between the ferromagnetic phasen formalism which was also used in Ref. 12. In addition,
and the paramagnetic one. More than 40 years ago, Zenethe temperature dependence of the electronic structure is de-
proposed a double-exchand®E) interaction to explain the termined self-consistently together with that of the core
correlation between electrical conduction and the ferromagspins. The calculated resistivity monotonically decreases
netism, in which the spin of a conduction electron and awith decreasing temperature in the ferromagnetic states and

localized core spin§) on the same site are strongly coupled d0es not show a peak beld¥i, although the spin correla-
by Hund’s rule. Since the hopping amplitude of the electronfion has its maximum af <Tc. _ o

to the neighboring sites is maximum when the two neighbor- The Hamiltonian of DE model in the limit of strong
ing core spins are parallel, the ferromagnetic metallic state islund’s coupling is given by the Schwinger-boson represen-
achieved by gaining the kinetic energy of the conductiontation as follows:
electron>~’ These concepts were settled as the so-called DE i
model and the magnetic and transport properties in this H=—m—— >, (b b, ff;+H.c] (1)
model have been investigated intensively and extensively. 2SR (Do

o 1 e ma st i feseach fld = 1 it th ol consivain: b, b, 1 =25 at every tic
ity in the DE model was studied in a mean-field theory byfsétr?nlibr?grirgtg(r;:j,stz ('15_6)‘()5)5 ?S_QSZ?]E:;( :: tz;\]esg:)nl?anss
Kubo and Ohat&,and similar results have been reproduced P! R fen 2 ping
by a dynamical mean-field theory by Furukafvén these concentration of holes<£i f‘>_l_).().' We shall exclusively
calculations, however, the spatial correlation of the coreconSlder the case &=73. A transition atTc from a ferro-

spins is not included properly, although it is pointed out thatmagnetic state to a paramagnetic staescribed as the Bose

it plays a crucial role in the electric transport near the Curie_condensatlon of Schwinger bosopngas investigated by us-

temperature Tc).1%!! The short-range spin correlation was "9 @ mean-field Hamiltonigf}
only considered in Ref. 8, and the spatial correlation was Bt

neglected in Ref. 9, where the dynamical fluctuation was Hye=— —>, [finj+H.c.]—
taken into account. Milliet al. discussed a possibility that Sr{i]

the behavior of the resistivity is greatly modified when the @
spatial correlation of the core spins is properly taken intowith a global constraint

account'? They showed that the resistivity is still increased

below T with decreasing the temperature. Being based on + B

the calculated results which disagree with the experimental ; bigbis | =2Sr,
one, they concluded that the additional gradients, such as the

Jahn-Teller effect, are necessary to reproduce the observaxhereB and D are given by%E,,(biTUbjU) and(f;rfJ-), re-
behaviors. spectively, and both are determined self-consistently. This

Dt
— b b, +H.c.
250 3, 1Dl Hel

©)
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1 The temperature dependences of the fermion bandwidth
W x=03 normalized by a bare bandwidtbM= 12t) are plotted in Fig. '
1. At the transition temperature, the bandwidth does not di-

I K¢Ki(T=0) ———-x=02 4
L \ 15 rectly depend on the doping concentrati@independs orx
o only throughSg). This is because both the chemical potential

—_

0.8 .
05 and the condensate density of bosons are zeroDdhd,

arb. unit
T

. which is independent dof, is only a parameter in Eq4).!’
0.8 = Further,W; /W approaches 42 in an infinite temperature
i limit. As a result, the behavior of the fermion bandwidth as a
X e function of T/ T is almost universally independent xfOn

0 0.5 1 1.5 the other hand, the behavior of the kinetic energy of the
fermion (KfEBt<finj>/SR) as a function ofT/T. (Fig. 1

FIG. 1. The fermion bandwidth normalized by bare bandwidthchanges depending oa It is important that the bandwidth
(W; /W) and the fermion kinetic energy normalized by the zero-varies even in the disordered-spin regimeTof T¢. This
temperature valugK; /K¢(T=0)] as a function off /T for several  behavior agrees well with the result in Ref. 16. In fact, the
doping concentrations. The inset shows the transition temperatuteandwidth afT is 1.16 times bigger than that in tHe—o
from a ferromagnetic state to a paramagnetic state as a function difmit.
the doping concentration. The resistivity as a function of the temperature is calcu-

lated by the memory function methd@®where the lowest

mean-field treatment, however, leads to an additional transbrder fluctuation from the mean field can be included auto-
tion at slightly higher temperature than: (about 1.7:) matically. In this lowest-order perturbational treatment, a
into an artifact state in whicB=D=0.1° As a result, above static approximation for Schwinger bosons is appropriate.
Tc the fermion bandwidth W;=12Bt/Sg) rapidly de- This is because the bandwidth of Schwinger bosons is much
creases. This decrease obviously causes a misleading divergmaller than that of the fermiorD(<B) and the effects of
ing increase of the resistivity. the quantum fluctuation of bosons can be negligible Tor

In the present study, we assume that Bj.itself has a =0.5T; where Dt/(2SgT)<1. The memory function is
suitable form as a mean-field Hamiltonian, but in order toevaluated to leading order ing{, and thus, the resistivity is
avoid the difficulty mentioned above, the fermion bandwidthwritten as
B is determined as

_ fi*a ©
BEE< A /’E bl b 2> P 2€2Kf7,
lo™)o
2\ V% with
== 1+ — > bl bbb —1|+— 1 wt -1 (ep,)
2 2 loXlo" Mjg!~|o — = I'R)— — oNe: —erz
\/E 2SR oo Sr T 8ﬁKf$zi ( I)N2 ﬁlEl;z (7851 (spl spZ)
Sgi1 1 T i« —ik —ikR;
~ X4 — 3 (bl b,b! b)Y (4) X(e"x—1)(e""x—=1)e" "M, ()
V2|2 " agg 2 (b B

wherel“(lfii) represents the spatial spin correlation defined as
together with
T(R)= X (bh,by,bl o, blbibl,, b,
DE(f;rfJ> (5) ! oo’ pp’ 0o xo™x 0 ip=1+Xp~i+xp'Mip
8
in a self-consistent manner. Here, we ignore the Berry Here, f(e;) is the Fermi distribution function of the spinless

phase in the electron hopping and use the fact thaft . N
S bbbl b -2 in the high-temperatures. limit. ermion, k=p;—p; is the momentum transf_er of the fer-
oo ¥igElo P! Vo TEYR 9 P . mion due to scattering, and the averdge .) is evaluated
The apprommagorl in Eq4) corresponds to the expansion by the mean-field Hamiltonian in E¢2). The same expres-
with respect toS-S;. It should be noted that the fermion sion given by spin variables has been derived in Ref. 12. It
bandwidth obtained in Eq4) remains finite forT—o as  should be noted that in this model the actual value of the
expected, while %Eg(bi*gbjg) characterizing a nearest- resistivity in units ofha/e? does not depend on that bfThis
neighbor magnetic correlatiof@enoted byC) vanishes for is because; andK; are scaled by, andr is scaled by 1/
T—o in this model. Therfore, the behavior obtained in thethus,K;7 becomes independent of
above formulas is physically reasonable. Results of the calculated resistivitp) are shown in Fig.
The Curie temperaturel¢) in this model as a function of 2 as a function of the temperatuf&) for several doping
the doping concentration is shown in the inset of Fig. 1l.concentrations. The resistivity monotonically increases with
SinceT is determined by Eq3), the results are essentially increasingT in a ferromagnetic state for all doping concen-
independent on the formula 8 and are the same as those in trations. In a paramagnetic state, the resistivity still weakly
Ref. 14. The transition temperature is scaled independent dncreases, i.e., metallic for<0.2. In the case 0k=0.2 to
x by D asTc/t~2.5D. 0.25, theT dependence almost vanishes Tee 1.2T. For a
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p (units of ha/e®)
arb. unit
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FIG. 3. An approximate temperature dependence (@), 1/,
andp obtained by Eqs(10)—(12), respectively, in the paramagnetic
FIG. 2. Calculated resistivity as a function ©f T for several  state forx=0.3. Each result is normalized by the valueTat.
doping concentrations. The results for0.2 andx=0.25 are al-
most the same and are overlapping. The corresponding inverse re- |1 is worth to note that the calculated results in the tem-

laxation time (1#) is shown in the inset. perature dependence of the resistivity are different from
. . . L those in Ref. 12, although the memory function formalism is
further high dop|_ng concentrgt|on(>0.2, the resistivity adopted in both cases. The discrepancy is attributed to the
comes tq W(_eakly Increase again. On the other hand,. the COfact that in the present calculation the temperature depen-
responding inverse relaxation time ¢l/shown in the inset dence of the electronic structure, that\ig; andK (shown
of the figure shows a differefit dependence: it decreases in in Fig. 1), are taken into accc’)unt as well as that of
the paramagnetic state for all casesxofThis difference 5 L > > ' L
clearly indicates the importance of tHedependence ok, il (R)f(Ri). Infact,=I'(R))f(R;) plotted in Fig. 4 shows
sincepa 1/(K 7). a peak af!'<_TC, which is sme.ared out in the resistivity due
These behaviors in the paramagnetic state can be undetP-_the variation of the electromc structure. The.peak structure
stood in terms of Fisher and Langer's schethalthough it originates from the process in which bosons in the conden_—
was originally proposed to analyze the electron transport iFat€ part are scattered to the noncondensate part, and vice
the transition-metal ferromagnets. The inverse relaxatioff©sa-" It should be noted that, since the number of conden-
time in the DE model can be rewrittenls sate bosons is macroscopically large, the lowest order pertur-
bational treatment for such scattering processes might over-

1 D(Ep)? - R estimate the scattering amplitude, and the resistivity might
7K EI F(RDF(Ry), (9 become slightly smaller than the present results because of
f higher-order perturbations. In any case, the resistivity is un-
wheref(R)) is the decaying oscillatory function, am{E) likely to show the peak in the ferromagnetic state.

is the density of states at the Fermi level. In the case of the On the other hand, our results are similar to the previous
transition-metal ferromagnetE(0) does not depend chin  esults by Kubo and Ohdtaxcept for the discontinuity in
the paramagnetic state; thus, the temperature-dependent pdf/dT at Tc. In Ref. 8, only the shortest correlation of

of the resistivity is wholly determined by(R)) for Rj#01*  scattering Si =0) isdinctl)uded anﬂ thlis '; a suit:brl]e approxi-h
> mation as discussed above. It should be noted, however, that
In the case of the DE model, however, the term viRh=0 ' '

depends ol throughC as

I'(0)~8S3(7C%+S3) for Sg>1, (10) _
el
where C is the correlation function between nearest- %
neighboring spins. It gives a dominant contribution irr.1/ S
Further,D(Eg) (< 1M\W;) andK; also depend oif; therefore, 2
the temperature dependence of dhdp are given by @
1 7C*+ S 3
—ocTSR, (11 A
T WK
7C%+ S5 T x=0.
pe WfZKfZ (12 8.5 1 1.5
TIT,

These quantities fax=0.3 are plotted in Fig. 3 and roughly
agree with the calculated results shown in Fig. 2. The round- -~ 4 116 temperature dependenceSeF(R))f(R,) for sev-

H . . 1 1

ing of the Calciulateq) at very close toflc, however, must eral doping concentrations. Results are normalized by the value at
come fromI'(R;) at R;#0. Te.
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the physical mechanism leading to the weak temperature denonotonically increases with increasing temperature in the
pendence of the resistivity in the paramagnetic state is conferromagnetic state, which is different from the previous re-
pletely different. The mechanism is a result of the cancellasults in Ref. 12. In the paramagnetic state, the resistivity is
tion between the bandwidthA;), the kinetic energyK;),  dominated by the short-range correlation of scattering. Al-
and the nearest-neighbor spin correlati@ in a somewhat though the behavior slightly changes depending on the dop-
complicated mannefEq. (12)] in our calculations. On the ing concentration, the temperature dependence almost van-
other hand, these quantities used in Ref. 8 are temperatujghes due to a cancellation between the nearest-neighbor
independent in the paramagnetic state. Further, the discontinagnetic correlation, the fermion bandwidth, and the fer-
nuity in dp/dT at Tc comes from the sudden changeWf,  mion kinetic energy. These results imply the importance of

which is absent in our results since the contribution fromy,q temperature dependence of the electronic structure of the
I'(R;) with Rj#0 is not neglected neafc and W; is a  conduction electron in the both ferromagnetic and paramag-
smooth function off. Although our results are also similar to netic phases.

the results by Furukawit is likely to be just a coincidence The results agree with the experiments for “higher” dop-
because the spatial correlation of core spins between diffefng concentrationsc~0.3, where experimentally observed
ent sites are neglected and scattering processes responsipggistivity is relatively low as a wholep~5Xx 103 Q cm

for the resistivity are different. It should be noted furtherthatat Tc) and shows a metallic behavior in the paramagnetic

our results qLJ_alltatlyerOagree with the recent resuIFs bystate. For lower concentrations-0.2, however, the experi-
Monte Carlo simulationd® Fora=4 A, atT., we obtain

~2%10-3 Q.cm. wh rder al ; with th , ‘mentally observed singular behavior around the transition
gults cm, Whose order aiso agrees ese etemperature and the insulating behavior in the paramagnetic

. . re not repr in our calculations. Other eff
To conclude, using the Schwinger-boson approach, Wstate are not reproduced in our calculations. Other effects

A ight play a crucial role in cooperation with the double-
havg calculated the resistivity in the.double—exchange mo_de change mechanism for the system with such the lower
In this approach, the fermion bandwidth has been determine :

; ) . oncentration.
by the absolute value of the hopping amplitude giving a
physically reasonable temperature dependence in contrast to One of the authorgS. Ishizaka would like to thank
the conventional Schwinger-boson approach. The resistivityf. Hiroshima for helpful discussions.
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