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Spin-polaron model: Transport properties of EuBg
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To understand anomalous transport properties of gz have studied the spin-polaron Hamiltonian
incorporating the electron-magnon and electron-phonon interactions. Assuming a strong exchange interaction
between carriers and the localized spins, the electrical conductivity is calculated. The temperature and
magnetic-field dependences of the resistivity of EaBe well explained. At low temperature, magnons domi-
nate the conduction process, whereas the lattice contribution becomes significant at very high temperature due
to the scattering with the phonons. Large negative magnetoresistance near the ferromagnetic transition is also
reproduced as observed in E4B
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Hexaboride compounds have been studied extensively fahechanism is valid for the high-temperature phase ofEuB
their unusual transport and magnetic properties. AmongHowever, noT>? behavior is observed and, moreover, the
those, EuR has attracted special interest due to its exoticcrossover temperature is too high to be applicable togEuB
magnetic properties, such as two consecutive phase transi- The diverse properties of EyBire expected to come pri-
tions at low temperatur€l5.5 K and 12.6 I very low car-  marily from the exchange interactions between the carriers
rier density (~10°° cm™®), metallic ferromagnetism below and E&* 4f local moments. Indeed, the large energy and
Te, and large negative colossal magnetoresistance at thfeld dependence of the spin-flip Raman-scattering peak
transition of 15 K*? It was proposed that the higher transi- flects the substantial FM exchange interactiod (
tion temperature is a metallization temperature due to an in~ g 1 eV) between the carrier and theEuspins in EuR.
crease in the number of itinerant electrons and the lower onghe magnetic polaron formation is favored by the large fer-
is a bulk Curie temperature of long-range ferromagnetiGomagneticl.,* as a trapped charge lowers its energy by
(FM) order? Sample dependence is an important issue iMolarizing the local moments of Eti.

EuBg as it has a very small number of intrinsic carriers. The  The low-carrier density magnetic systems such asEuB
higher transition temperature is seen to be much morghare many properties with the colossal magresistance
sample dependent than the lower dne. manganites, such as the insulator-metal transition concomi-

Raman-scattering measureméfitindicated the sponta- tant with the FM transition, large negative magnetoresis-
neous formation of magnetic polarons, involving FM clustersiance, and the formation of magnetic clusters nkar Dis-
of ELP* spins just aboveT,. It was conjecturetithat the tinctly from manganites, however, Eu-based systems do not
transition at higher temperature arises from the mutual intermanifest the structural complexities originating from the
action between the magnetic moments and the conductio§rong electron-lattice coupling associated with Jahn-Teller
electrons which leads to the formation of bound magnetiGffect. Due to the structural simplicity, EyBs an ideal sys-
polarons. The bound magnetic polaron corresponds to a conem for investigation of the interplay between magnetic and
posite object of localized charge carrier and its inducedransport properties. An essential aspect for a theoretical un-
allgnment in a background of local moments. Qn the Otheﬂerstanding of the properties of Egi the temperature de-
hand, Hirsch proposed a model that the magnetism of EuB pendences of the resistivity. So it would be of great interest
is driven by the effective mass reduction or the band broadtg study the temperature and field dependence of resistivity
ening upon spin polarization. The origin of this effect is theof EuB;. For this purpose, we consider the spin-polaron
bond-charge Coulomb repulsion which, in a tight-binding Hamiltonian taking into account the magnetic excitations

model, corresponds to the “off-diagonal” nearest-neighbor(magnons in the linear spin-wave approximatigagether
exchange and pair hopping matrix elements of the Coulomiyith |attice excitationgphonons,

interaction. But the parameters for the exchange and pair
hopping considered in his model are unphysical and the Eu

4f states were treated as delocalized electrons in contrastto  H=— > tcf ¢+, w*ataﬂrE Q-bp:

the band-structure resuftsThe Ruderman-Kittel-Kasuya- S S
Yosida interaction among the localized &lectrons through 3 -

itinerant electrons isYaIso considered to be an origin of fer- > —qeiq'Ri(chcuai»Jr CiTlCiTaa)
romagnetism in EuR‘ More recently, a fluctuation-induced iq 2 q

hopping model is proposed as a transport mechanism for the N

spin polaron in a paramagnetic background of fluctuating +> gﬁeip'R‘(CiTTCiT+C?1Ci1)(b5+ b -, (1)
local moment$. In this case, temperature dependence of the ip P

resistivity is obtained to be proportional %2 for kgT
=Jgy and toT for kgT>Jry, WhereJgy is coupling be- where c;, is the annihilation operator for the conduction
tween the local moments. They claimed that this transporélectron with spino at sitei, ag andb; are the annihilation
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operators for a Iocallze.d splmmagnohﬁwnh momentumq F'LF: B 2 t[cosr(xi—x-)XTX-cT C . +sinhx—x))
and for the phonons with wave vectpy respectively, and (iSSo e !
wg and(); are the magnon and phonon frequencies, respec-
tively. wq~JgmS WhereJgy is the direct FM exchange in-
teraction between Euf4spins ). The last two terms are
the interaction between the itinerant electrons and localized )
spins and that between the local density of the carmgy ( 9;
and localized charge vibratiorfphonons, respectively. The +0(clich CmiC) + X Qﬁbf;bﬁ—z Q_Fini
non-spin-flip-interaction term[S%(n;;—n;;)] which just P bh e
shifts the on-site energy is not considered, as we are inter- i# g2 L
ested only in the transport properties. Without loss of gener- -> _pninjeip-(Ri*Rj), (4)
ality, the Coulomb interaction can be neglected in the very ijip Qp
low carrier density limit.

In EuBs, it was observed that clusters of Euspins are  where
formed via the strong ferromagnetic-f exchange
interaction® Hence one can assume a strong exchange cou-
pling which induces the locally ferromagnetically ordered X'=2 ﬁeid.r“ei(a,_a*r ) )
spin clusters in the ground state. Formation of magnetic po- ! T @G 4 T-av
larons is possible in the low-carrier-density magnetic system
if the degrees of spin disorder is sufficient to localize the
carrier, but not too high to prevent the local FM alignmént.
As for the electron-phononefph) interaction, the study of Xj=ex
boron isotope effect suggests that the polarons formed in
EuBg are predominantly magnetic, with a negligible lattice i
contribution? It is, however, not so certain that the magnetic The magnon part remains unchanged after the transforma-
polaron in Eu do not couple to the lattice degrees of free- t|ons._ln the trgnsformed.Hamntomgn, only the hopping term
dom of Eu ions. Further, thermal-conductivity measuremen€ontains nonlinear functions of spin-wave operators. As we
on EuB; reveals that the-ph scattering is strongly favored &€ mteresteq in the tra_msport propertles in the very Iow'car-
below T, to describe theT? variation of the thermal T€r dgnsﬂy limit, we W|II_ not consider the renormallz_ed in-
conductivity? Therefore, to explore the role of lattice in the tera(.:tl.ons betwgen carriers. To calculate t.he electrical con-
magnetic polaron formation, it is worthwhile to consider the ductivity, dynamics of cosix(—x)X/X; and sinhg—x)X/,

I P
XXIXiel ), o1+ 2 wgatag+O(nn;))
q

S B Rbs-b' )|, ®
p p

e-ph interaction in the Hamiltonian. in the hopping term of Eq4) should be properly treated. At
To decouple the electron-magnon interaction term, wdOW temperature, transport is described by an effective band-
employ the fo”owing canonical transformation: width with a backgl’ound of magnons and phonons. The ef-

fective mass of the carrier increases as a result of the inter-
_ action with the magnons. The effect of the background is
H=eRiHe R, included by calculating the thermal average of cgsh(
—x)X!X; and sinhg—x)X'X; .
In conduction, there are two independent processes: elas-
@) tic and inelastic. For the elastic conduction process, thermal
average of the terms mentioned above is calculated as in the
conventional polaron problef$,assuming all magnons and
phonons to be independent:

I
d_iq-& Lt
Ri= 2, —Lgd R'(cﬂciL+chcn)(aq—afa).
ig @q

In the presence of-ph coupling, spread and depth of lattice
deformation can be studied by using the Lang-FirgoW)
transformatiort® (coshix; —x)) X X;)=exd — |V;

Ng“exd —|U;

ZNEh]

1 -2 -2
TR xexd —3(IVg*+UgDL (@)
and(sinh(;—x)X/X;)=0. HereN;*and Ngh are the magnon
g5 .- = : and phonon numbers, respectively,
R,= —2 —pe'p'Rinj(bi;—bfﬁ). €©)]
ip Qp mag_ i 1
N& ={exd wgq/(kgT)]—1} "7,
Note that, for weak to intermediateph coupling, the varia-
tional LF transformatiolt would give more satisfactory re-
sults than LF transformation. In the present work, we con-
sider the LF transformation for simplicity.
As a result, the transformed Hamiltonian becomes, and

NE"={exd 05/ (kgT)] -1} %, ®
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where 6=R;—R; and (- --) denotes the thermal average. %

The temperature dependence in the above thermal averac
comes only throughNg“? and Ngh. If we assume at finite
temperature that the metallic conduction of the elastic pro-
cessa, is inversely proportional to the effective m&$and

the effective mass is inversely proportional to the effective 93 5 10 15 20
bandwidth, then

100 +

25

FIG. 1. The normalized resistivitgarbitrary unitg for EuBg in
the low-temperature region with=15 K, 1=168 K, «=8.0,8
=0.5,A=0.004 eV,b=0.002 eV. “+" symbols represent the ex-

For the inelastic process, the conduction is provided byperimental data in.Q) cm (Ref. 17.
the incoherent hopping with emitting and absorbing the mag-
nons and phonons. The conductivity is given by the Kubo

formula”? found very satisfactory agreement with the experimental re-
sults. In the present model, the resistivity peak near 15 K
signifies the crossover from a high-temperature insulating
state with localized and isolated carriémsagnetic polarons

to a low-temperature conducting state resulting from the
overlap of the magnetic polarons. Polaron overlap is marked
by the rapid drop in resistivity at the transition. Consider-

oo(T)(tcoshix;—x;) X/ X;). (10)

oin=news?/(3kgT), (12)

wheren is density of mobile carriers, and is the transition
probability rate given by the Fermi golden rule,

w=(t¥hA)exp —AlkgT), (120 ation of only the electron-magnon interaction in the present
_ o . ) , model can reproduce the resistivity peak around 15 K. How-
with the activation energA = z(Zqwq|Vgl“+Z5Q5/Ug°).  ever, the inclusion of phonons within this model makes the

For simplicity, if we consider single magnom) and pho-
non (1) frequency, the total conductivity is given by the
sum of two independent processes,

agreement better. At very low temperature, the contribution
of magnons to the conductivity is more important than that
of phonons. With increasing temperature, the band conduc-
tion dominates with enhanced effective mass of the carrier so
that the resistivity increases very rapidly. In contrast, at very
high temperature, the role of the lattice effect becomes sig-
nificant due to the scattering with the phondnshere the
incoherent hopping dominates.

o(T)/o(0)=exd — aN(w)— BN(Q)]+[b?/(3AkgT)]
X exp(—AlkgT), (13

where a=34|V¢|?, B=2;|U;% b=etsyn/ho(0), and ) . .
ql Val » pl~pl '
(0) is the zero-temperature conductivity. Now let us investigate the effect of the external magnetic

For numerical calculation, we considerT,. As for Q, field on the transport. One can include the effect of the ex-

since no inelastic neutron scattering measurements have bel§inal magnetic fieldd for FM magnons by replacing the
reported on EUB we tentatively use the renormalized fre- Magnon frequencysg by (gt gerugH), wheregey is the
quency based on the Einstein phonon frequency for,l'4B  ©ffectiveg factor for the localized spins of Bli. ger(=g*

If we assume) = 168 K for the localized mode of Eti ion,  +Jerx/guaXc) takes into account the enhanced effective
the model calculation reproduces the experimental feature§eld arising form the exchange interaction between the car-
The activation energy is a function af and(), and also a riers and Eu-4 local moments in the presence of the mag-
function ofJ.; ande-ph coupling. We observed that nature of netic field. Hereg* is the intrinsicg factor for the Eu-4

the resistivity is sensitive to the energy parameterandb.  spin, y andg are the susceptibility and thg factor for the
The average distortion around Eu site is more than an orderonduction electrons, respectively, ardis the concentra-

of magnitude smaller than that in the perovskiteand so tion of conduction electron.
we chooseB to be much less thaa.
Figure 1 provides the calculated resistivityormalized to

T=0) as a function of temperature. The calculated resistivityelectrons® and x,=0.01 per unit celf;?!

Taking the temperature-
independent Pauli paramagnetic susceptibilityyfoxhich is
given by the density of statedN(Eg) of conduction
one can estimate

describes well the qualitative features of the experimentalhe value ofge; to be nearly equal to 6. Then, with the above
resistivity?®~1° For comparison with the experimental data, field dependend, the experimental results of large magne-
we have multiplied our results by an arbitrary factor andtoresistance can be achieved.
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FIG. 2. Normalized resistivity VS temperatquK) for different FIG. 3. Normalized magnetoresistaan) VS temperature

magngtic field9.-| (|n tesla. The inset shows the low-temperature (T/T, with T.=15 K) for different values of the magnetic fie{th
variation of resistivity. teslg. The same parameters as in Fig. 1 are used. Inset: MR vs
(inteslg atT=15 K. “+ " symbols represent the experimental data

The temperature dependence of the electrical resistivity(/Ref' 19.
with varying the external magnetic field is presented in Fig.
2. The field and temperature dependences of the electricaktic field. A large negative MR near the FM transition, as
resistivity reveal that the charge transport is strongly corredepicted in the inset, is indeed observed in E&EThe MR
lated with the higher transition temperatdrin the presence approaches—1 in the high-field limit, reflecting that the
of magnetic field, the transition is broadened and shifted tGero-field resistivity is completely suppressed, which is in
higher temperature. In the inset shown is the resistivity in thgycellent agreement with experimental features.

low-temperature region with varying the external magnetic |, conclusion, we have proposed the model which ac-

field ranging frpm 005t00.5T. At_;ero field, the resistance, o nts qualitatively well for several anomalous transport
drops sharply just above the transition temperature. This re-

Lo ; o . roperties observed in E4BThe strong exchange interac-
sistivity peak is suppressed by the magnetic field in goocﬁon (Jo) and the EM magnons in the present model can
agreement with the observation. cf

In Fig. 3, we plot the magnetoresistan@dR=[ p(H) reproduce the temperature and magnetic-field dependences

— 5(0)]/p(0)) predicted by the present model as a functionOf the resistivity in EuB. Large negative MR occurs even at

of temperature. With increasing temperature, a large negativtgmperatures higher thah,, which is consistent with ex-

contribution to MR appears. We obtain the negative MRperlments.

even at temperatures higher thap, which is consistent This work was supported by the KOSEF through the
with the experiment® Inset of Fig. 3 provides the normal- eSSC at POSTECH and in part by the KR&rant No. KRF-
ized MR atT=T, (15 K) as a function of the external mag- 2002-070-C00038
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