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Low-temperature resistivity in double-exchange systems
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We make a quantum description of the electron low-temperature properties of double-exchange materials. In
these systems there is a strong coupling between the core spin and the carriers spin. This large coupling makes
the low energy spin waves a combination of ion and electron density spin waves. We also analyze the spin up
and down spectral functions of the temperature-dependent quasiparticles of this system. Finally we analyze the
low-temperature resistivity of these systems. We find that static hopping amplitude disorder couples with the
spin fluctuations and produces a low-temperature resistivity scaliif®asvhose magnitude agrees with
experimental data.
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Doped perovskite manganites have attracted much atterivity remains elusive. There is not agreement on the actual
tion lately, since they undergo a ferromagnetic-paramagnetipower of T that fitsp but it is clear that the magnitude of the
transition accompanied by a metal-insulator transitidine ~ increase ofp with T is large.
double-exchangéDE) mechanisiplays a major role to ex-  In this work we study some lowW properties of DE ma-
plain this magnetic transition. In the DE picture, the carrierst€rals. We analyze the spin waves and we find that, to mini-
moving through the lattice are strongly ferromagneticallyrm.Ze the energy, the ion spin wavesW) anq the eIectron
coupled to the Mn ion spins producing a modulation of the>PN density wave¢=SDW) become coupled in a composite

. ) ) . . spin wave(CSW) with energy independent af;. We also
hopping amplitude between neighboring Mn ions. analyze the spin up and down spectral weights of rake-

A big effort has been done to understand the electropendent quasiparticles. These spectral functions do not de-
transport properties of these materials at temperafliresar  pend ond,, . Finally the lowT resistivity of the DE systems

the critical temperaturé Nevertheless, the loW properties s analyzed. We find that the zeflohopping amplitude dis-

of these systems are poorly understood. At [bwthe resis-  order is coupled with the low energy magnons in the system

tivity p is generally fitted toAp~T2.4% Although theT?  and produces a resistivity that increasesT34 The magni-

behavior is similar to that produced by electron-electron iniude of this term of the resistivity is in agreement with

teraction, the coefficient of th&2 term is about 60 times €Xperimental data. - o

larger than the expected for electron-electron scattedng The Hamiltonian describing Mn oxides is

therefore this mechanism has been ruled out. Another source Ju

for this T2 behavior is single spin wave scattering. However, ~H=—t >, Cf,,,Cj,o—g Y C'o,eCinS. (1

in DE materials only one spin channel is metallic and single '#l.e '

spin wave scattering processes are prohibited. Two spin wavdereC;", creates an electron at sitand with spino, t is the

scattering gives %2 increasé clearly slower than the ex- hopping amplitude between nearest-neighbor sites Sail

perimental data. In Ref. 7 tiEdependence of the resistivity the ion spin at site. The ions are located on a single cubic

is attributed to polaron coherent motion. At Iolvthis pro-  lattice with lattice parametea,. The second term in Eq1)

cess gives a good fit of the resistivity. But this model requireglescribes the ferromagnetic coupling which forces the elec-

the existence of soft optical modes and polarons at almodfOn SPins to be parallel to the ion spins. The electrons lower

zeroT. This situation can arise in low criticdl manganites  their energy by hopping from site to site. And to minimize

but is unlikely to happen in high critical materials. the kinetic energy, the ion spins become fe_rromagnetlcally
Furukaw4 proposes an unconventional one-magnon scatcoupled. The ground stat&S) of the system is half metal-

tering in half metals, which gived p~T3. We believe this !ICZ the system is meta}lllc fqr one spin orientation but it is

dependence is not right, because the inverse of the imaginaf§jsulator for the opposite orientation.

part of the electron self-energy and not the transport scatter- Writing the electrons operators as Bloch op_erat@_ﬁrs,

ing time is calculated; an appropriated calculation taking intc@nd representing the ion spins in terms of Holstein-Primakoff

account the fractional loss of forward veloditwill give a  bosons:'in first order in the 1% expansion the Hamiltonian

T72 dependence of the resistivity. On the other hand, ondets the form

magnon scattering is calculated in first order perturbation

theory in the Hund’s couplingly , between the electron and H=> &C/,Cio—Iu> 0C;,Cio

ion spins. This coupling is assumed to be infinity in the DE ko ke

i,o,0

model so that perturbation theory in this parameter is not 5
valid (in particular it would imply a zero lifetime for the -Ju\/ == (bicrc +byC{ o Crr)

. S ) \Y, k1 Ck+ k k
carriers. Wang and Zhand assume that the minority spin SN%; a K ab - TdTkeral T
electron states are localized and obtaip~ T, however
again in this approach the scattering time is proportional to
Jy . To summarize, a complete understanding of Ibvesis-

Jn o~
+N_Sk,q2 abg,bq,Ci~ q,0Cik gy 2)

1.02.0
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Here N is the number of sites in the systenz,=  tion theory in 15.>"*° The operatorA *(q) acting on the
—2t3 ,cosk.2), is the electron energy spectrum abd  ferromagnetic GS creates a symmetric combination of an
creates an ISW with momentuiy, which decreases the  |SW and an ESDW, in such a way that at each place the
component of the total ion spin by unity. In E@) the sum  expectation value of the core spin and the electron spin are
of momenta is restricted to the first Brillouin zone. In the DE parallel; this is the reason why the energy scale of this exci-
case (y— ), the GS of this Hamiltonian is ferromagnetic, tation ist. We call the excitation created hy*(q) a com-
with all the electron spins and core spins parallel, namelyposite spin wavéCSW).
pointing up in thez direction. The ground state energy per  The operator= " (q) creates an antisymmetric combina-
electron isEq= —Jy+Eye, beingExe=(1/Ng)=i%y and  tion of an ISW and an ESDW. This collective mode has an
N, the number of electrons. energy above the Stoner continuum.

Composite spin wave$Ve are interested in the low en-  The two modesA "(q) and Z*(q), are equivalent to
ergy (~t) spin excitations of the Hamiltonia(®). A rotation  those found in diluted magnetic semiconduct§rs® In
of an electron spin costs an energy of the ordedof and  semiconductors the coupling between the carriers and the
there are not low-lying single particle spin excitations. AlsoMn is antiferromagnetic and the high energy mode occurs at
the creation of an ISW costs an energy of the ordedpf  an energy below the Stoner continuum.
Therefore, the only low-energy spin excitations are collective Finite temperature quasiparticle3o eliminate in Eq(2)
modes, such that the energy is minimized by coherently disthe terms linear in the magnon operator, which should not
tributing the momentum and the spin loss among a largappear in the low energy physics in tdg—o limit, we
number of electrons and core spins. The low energy modeake a canonical transformation of the Hamiltonid,
will be a linear combination of an ISW and an ESDW, being— H’ = exp(—U)H expU), with**

the latter defined by the operator
Ci.C b
IV sy 2( KPP _pel. (9
8k+p+2‘]H

In the infinite Hund’s coupling limit and for large core spin,
The form and the energy of the excitation are obtained byhe |ow energy part oH’ takes the form

diagonalizing the matrix

((Iaq[H,a§]|> <|bq[H.a§]I>)
(lag[H.bg 1) (Ibg[H.,bg 11}/’

where the expectation value is obtained in the ferromagnetic

GS. Using Hamiltoniari2) and in theJ,;— < limit the eigen- The transformed spin wave operator is now
vectors for this matrix are

1
agz\/T ; CyqCis - 3

H'=2 (ex—Jn)Cy:Ciy + > (extep
5 k=K1 4NSkk,

4
—2844.q)C; Cir 1 bg Bg gk - (10)

e bgeU~bg —[U.,bg]=A"(q), (11

A+(q)=b;’+ ° ;’ , (5)  which describes the coherent oscillation of the spins of the
2S " N .
core and itinerant electrons and coincides with the operator
\/\ which creates a CSW. The transformed quasiparticle operator
—a
2SN

+ (6) takes the form

Lo}
—
.

1
; ; inae + + +
which correspond to the following energies: d, MCkT_WS % bpCipy » (12)
w(q)= _Exe Ne z in? qaao (7)  Which accounts for the fact that the spin of the carriers fol-
3S N lows the core spins. The quasiparticles havE @ependent
spectral weight in spin up and spin down electron states:
N NS
w1(Q) =234+ I g +2p (@) t:)

1

A hko)= E(li[l_ IM(T)Dé(w—gy). (13
For comparison with phonons these two modes represent
acoustic and optical spin waves(q) is proportional tot, In the above expressiondm(T)=1—M(T)/M(0)~T3/?
and does not depend on the Hund's couplihg At long  andM(T)/M(0)=1-1/M(0)Z4n, is the relative magneti-
wavelengthsw,(q) = ps?, being ps=— EKENe/(12SN)aS zation suppression due to thermal CSW excitations.
the spin stiffnessw(q) is a gapless Goldstone mode reflect- From the spectral function we see that the quasiparticle,
ing the spontaneous breaking of rotational symmetry. Its quawhich has its spin aligned with the fluctuating ion spins, will,
dratic dispersion i reflexes the @) symmetry of the un- at finite T, be a spin up state with probability1
derlying Hamiltonian. —om(T)/2] and a spin down state with probability

The expression obtained for the low energy mode is equabm(T)/2. Theappearance of a spin down shadow Harad
to that obtained previously by using second order perturbaenergies—J,, is due to the thermal excitation of low energy
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long-wavelength CSW. The relative electron spin polariza-with the unitary transformatiod and therefore it is not
tion and ion spin polarization have the same value and scaleoupled with magnons. Hence, the scattering time coming
as T%2. Note that the spectral weight does not depend orfrom this perturbation does not depend on temperature. This
Hund’s couplingd . The weight of the quasipatrticles in spin approach is valid for weak disorder.
up and spin down electron states is important to explain The other kind of disorder in the tight-binding Hamil-
much of the temperature dependence of the magnetoresitnian is the nondiagonal, i.e., deviations of the values of the
tance of magnetic tunnel junctions. hopping amplitude with respect to its average val@ét;;).
Low-temperature resistivity: intrinsic scattering. CSW  In real perovskites these zero temperature fluctuations in the
modifies the value of the hopping amplitude although it doeopping amplitude are due to Jahn-Teller distortions and to
not modulate spatially the value of The size of the Bril- the dispersion in the value of the ionic radius of the doping
louin zone is not modified by the presence of a CSW. Thisatoms. The latter effect can produce rather large dispersions
implies that an electron is not scattered by a single CSW; thn the values of the hopping amplitudeNondiagonal disor-
electron creation operator evolves continuously fréfnto  der is described by a perturbation to the tight-binding Hamil-
dy . The reason for this behavior is that in thg— o limit, tonian
and in the adiabatic approximation, the electron spins follow

instantaneously the core spin fluctuations. The adiabatic ap- _ At~

proach is based in the fact that the core spin fluctuates at V“d_i;j,(, ijCioCio (14
frequencies related only to the temperature which is assumed

to be much smaller than the hopping amplitude. with X 6t; ;=0. The important point here is thef,4 does not

The absence of one-magnon scattering inJhe»c limit commute with the unitary transformatid,
is clear in the canonical transfer Hamiltonian Ef0). The
only source of scattering is a two-magnon proeshich Vid—Via=Vaa—[U,Vadl,s (15
produces an inverse scattering time proportional ¥ and
therefore a low-temperature resistance also proportional tehere the second term mix electrons with magnons and has
T928 Moreover, with appropriate parameters this contribu-the following form in reciprocal space:
tion to the electron scattering only predicts an increase of the
resistivity of 0.5 Q) cm atT=100 K, 200 times smaller
than the experimental valde.

The presence of CSW's also produces self-energies. A

[U,Vhal= Zis 2 &i'jei(k*kurQ*Q')Rix(zefiA(kwq’)

quasiparticle with momenturk gets a self-energy, +2¢lAk+a) _ g—iAk" _ giAk_ 5aiA(q—a’ —k)
iA(g—q’ +Kk + +
1 T0 1 N _[KT\5? —2e!4@79) Cy Cyo by by (16
> 28N % Na(ekrq™8k) = = 1_2§C(p_S k> Here A runs over the nearest neighbors of the Mn locations

R;. In this expression the coupling of the carriers and the
whereC = (1/4772)f§)°[u3’2/(e“— 1)]du~0.045 is a constant. Magnons through nondiagonal disorder appears clearly. From
The thermally activated CSW’s reduce the average transfefis equation we evaluate the contribution\of, to the tem-
integral and lead to a decrease of the carriers bandwidth arRerature dependence of the inverse scattering time. The low-
therefore to a renormalization of the effective mass, in- ~ €st orders in temperature are
creases as-T°2 The change in the bandwidth affects the

electronic transport properties of the system. By using the 1 2w 186t2

Drude formula, a change in the electron mass implies also a ;d: 2 > Ng(1+ng)

change in the resistivity of the systéfhHowever for realis-

tic values of the parameters we obtain that at low tempera- X (e —exto(q)—w(q')), (17

tures the change in the effective mass is very sfihegls than _
0.5 percent at 50 K and therefore this effect cannot explain Wherest*=(1/6N); ;(4t;;)? is a measure of the nondiago-
the increase in the resistivity found experimentally. nal disorder. Assuming that the residual resistivity is only
Low-temperature resistivity: scattering by impuriti@dhe  due to nondiagonal disorder, an estimationsof/t?~0.2 is
doped perovskite manganites have a rather high zero tendone for po~100 w{) cm. Low critical T manganites are
perature residual electronic resistivity. This implies that themore disordered leading to a largét® than that for those
scattering of carriers by impurities and imperfections is verywith large critical T. Since for small wave vectors the mag-
strong. We analyze now whether the electron-impurity scatnon energies are much smaller than the electron energies
tering can produce a temperature dependent scattering timi@volved, we can neglect the magnon energies in the delta
There are two sources of disorder in the tight-binding for-function and consider that the scattering is nearly elastic,
malism, diagonal and nondiagonal. Diagonal disorder ape, ~¢g,. It is important to note that as we are considering a
pears as fluctuations in the diagonal of the Hamiltonian matwo magnon process, an electron can emit a magnon without
trix with respect to its average value, zero in our case. Théeing a hot electron. With this, in the quasielastic approxi-
diagonal disorder is described by a perturbatidfy mation, the low-temperature inverse scattering time has the
=EiygeiCﬁUCi,U with =;¢;=0. This perturbation commute form

140403-3



RAPID COMMUNICATIONS

M. J. CALDERCN AND L. BREY PHYSICAL REVIEW B 64 140403R)
1 36r_; om ) Typical experimental values foAp are 10 uQcm atT
Tha h SN(Er) §+(5m) : 18 _50 k. Quantitative agreement of the experimertal and

32 ; ; ;
N(E;) being the density of states at the Fermi energy. Fron%he calculatedr*'< term is achieved with a zero temperature

the temperature dependencesofi we see that the nondiago- fjlspersmn mk;tlhe h(l)pplng an;]plltufde o/t | dO.lﬁ Wh'hCh
nal disorder perturbatioN,,4 produces an inverse scattering 'S @ reasonable value. We therefore conclude that the cou-

time and therefore a resistance which has terms that increaBting of the nondiagonal disorder and the spin waves can
with temperature a3%2 and T°: account for the low-temperature dependence of the electrical

resistivity in doped perovskites manganites.

B m* 36m— 0.0587 In conclusion, we have studied the low energy and Tow
Pnd= &2 4 Ot"N(Er) 2 electronic properties of DE systems. We have obtained that
the low energy spin excitations are composite spin waves: a

a’T

><(
Ps

Here we have used the Drude expression for the electricaﬁ
resistivity andn is the carrier density. The two terms arise
from ng+nyng. in Eq. 17. The two different powers dfare
directly related with the number of momentum integration
to be done. For realistic values pf, the T¥? term is more
important than thel® term up to temperatures higher than
the critical one. In order to compare with experiments we The authors thank C. Tejedor, A.H. MacDonald, and F.
calculate the magnitude of th&%? term. For appropriate Guinea for helpful discussions. This work was supported by
values of the parameters,=0.2 eV, x=0.3, and m*  the CICyT of Spain under Contract No. PB96-0085 and by
=2.5my, we obtainAp,q~0.2265t%/t? T32 Q0 cmK %2 the CAM under Contract No. 07N/0027/1999.

3/2

agT : (19 linear combination of ion and electrons spin waves. We have
also analyzed the spectral function of thelependent qua-

+0.058‘<

Ps
iparticles. Finally, we have studied the low-temperature re-

istivity of double-exchange systems. We find that scattering
by static disorder in the hopping amplitude couples with spin
fluctuations and produces a resistivity which increases as
ST32. The magnitude of this resistivity is in agreement with
experimental data.
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