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EuBg is a magnetic semiconductor in which defects introduce charge carriers into the conduction band with
the Fermi energy varying with temperature and magnetic field and which orders ferromagnetically via two
consecutive phase transitions at 15.5 and 12.5 K, respectively. We present a consistent analysis of the
temperature- and magnetic-field dependences of the electrical resistivity and of the Hall effect of a single-
crystalline sample at temperatures between 22.5 and 300 K, as well as between 2 and 8 K, avoiding the critical
transition region. The covered magnetic-field range was between 0 and 5.5 T. The negative magnetoresistance
is well reproduced by a model in which the spin disorder scattering is reduced by the applied magnetic field.
The Hall effect can be separated into an ordinary and an anomalous part. At 22.5 K the latter accounts for half
of the observed Hall voltage, and its importance decreases rapidly with increasing temperature. As for Gd and
its compounds, where the rare-earth ion adopts the same Hund’s rule ground state” @8 EuBg, the
standard antisymmetric scattering mechanisms underestimasé&z#w this contribution by several orders of
magnitude, while reproducing ishapealmost perfectly. Well below the bulk ferromagnetic orderingrat
=12.5 K, a two-band model successfully describes the magnetotransport. Our description is consistent with
published de Haas—van Alphen, optical reflectivity, angular-resolved photoemission, and soft x-ray emission as
well as absorption data, but requires a new interpretation for the gap feature deduced from the latter two
experiments.
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[. INTRODUCTION zation, magnetoresistance, and Hall effect data, obtained on
one and the same sample, using a plausible model for the
The binary compound EyRcrystallizes in a simple cubic origin of the mobile charge carriers and a consistent descrip-
lattice, with divalent Eu ions in theifS;, Hund's rule tion of the dependence of their concentration and their scat-
ground state at the corners of the unit cell anddBtahedra tering rate on the applied magnetic field and on temperature.
centered at the body-centered positions. With decreasingxplicitly, we consider EuB to be a strongly compensated
temperature, it orders ferromagnetica§a two consecutive  n-type magnetic semiconductor. Due to the merging of defect
phase transitions at15.5 K and~12.5 K, respectivel§, states, i.e., boron vacancy levels, with the conduction band,
the first of which has recently been interpreted as a phaste latter acquires a certain concentration of charge carriers,
separation between small magnetically ordered regions witAs evidenced by ARPESIn the paramagnetic state and in
mobile charge carriers and large disordered regions with lothe absence of external magnetic fields, these are equally
calized magnetic polarorisA spin-polarized electronic- distributed over six pocketéthree for each spin direction
structure calculation in the local spin-density approximationcentered at theX points of the BZ. Due to the thermal ion-
for exchange and correlatiof.SDA) correctly reproduces ization of deep trap states in the gap, the occupation of these
the lattice constant, the internal coordinates of the boron atstates increases slightly with temperature. The exchange cou-
oms, and the size of the magnetic moment in the stoichiopling between the conduction electrons and the localized
metric compound.It also predicts the system to be a semi- (spin) magnetic moments of the Eu ions leads to a lowering
metal, with overlapping conduction and valence band®f the conduction-band edge aboVg and to a splitting of
around thexX-point of the Brillouin zone(BZ), in contradic-  the spin-up and spin-down bands beldw.*#° It is also
tion with the results of a combined study based on angleresponsible for the so-called spin-disorder resistivity
resolved photoemissiotARPES and bulk-sensitive soft which, in a semiconductor, is strongly dependent on the de-
x-ray emission(SXE) and absorptioiiXAS) spectroscopies, —gree of spin polarization of the conduction electrons and on
which suggest a gap of at least 1 eV between the two band#he concomitant redistribution of the charge carriers between
While, given the approximation used in the calculation, thisthe spin-up and spin-down bantsVe have attempted to
discrepancy is not surprising, the fact that conduction-bandnodel our data on the anomalous Hall effect with the mecha-
states were observed at all in the photoemission experimentjsm suggested by Konddfor the case of gadolinium metal,
illustrates the fundamental problem one is faced with wherwhere the trivalent Gd ions adopt the sanfé donfiguration
trying to describe the transport properties of this system ands E4" in EuBs. We have generalized this approach to in-
of the hexaborides in general, namely, that their behavior islude inelastic spin-flip processes. As in this previous work,
to a large extent determined by defects and impurftfes. we find that the shape of the calculated field and temperature
In this paper, we offer a quantitative analysis of magneti-dependences of the anomalous Hall resistivity curves
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matches that of the measured ones almost perfectly, but tteime that in this temperature range, this also applies to
magnitude of the effect resulting from the calculation is sev-higher-order correlation functions.
eral orders of magnitude too small, if reasonable values for The exchange interaction between the magnetic moments
the parameters are used in the theory. An alternative mechand the mobile charge carriers has the form
nism proposed by Maranzafianamely, the interaction be-
tween the orbital motion of the conduction electrons and the e s e oo
localized moments, leads to the same functional dependence Hy= _ngl I(r=Rn)s: Sy, @
of py on temperature and applied field, but with an even R
smaller amplitude. where the sum is over all unit cells in the crystal, ans the
spin of the conduction electron at The range ofi(r) is
1I. SAMPLE AND EXPERIMENTAL SETUP determined by the radius of the 4hell.
To first order in perturbation theory, this interaction pro-
The single-crystalline sample of EyBvas prepared by duces the following modification in the energy eigenvalues
solution growth from Al flux. All measurements were made of the band electrons
using the same platelet type specimen with dimensions of
approximately 4.&5.2x0.25 mn?. The room-temperature
lattice constant of 4.185 A was evaluated from x-ray powder-
diffraction data, using a least-square refinement based on Co-
hen’s method, with the software XI&tA Si spectrum served N e e s s -
as the internal standard. Gold wires with 251 diameter =—n§l (ik|I(r=Rp)ik)-(s|s]s)
were contacted to the sample with silver epoxy. All voltages
were measured with a four-probe, low-frequency ac tech-

N

Ae(sl)(lz) = E Wa(ilZS; a|H,| iks; a)

nigue in the Ohmic regime. The transverse magnetoresis- Xg Wo{a|Sy| ). )
tance, which in the following is always referred to as the
magnetoresistance, and the Hall voltage were measured For a collinear ferromagnet, such as EuBhe average

in a configuration where the external fieEiq, between 0 and value embodied in the last sum points along the magnetiza-
5.5 T, was oriented perpendicularly to both the applied curtion axis, which we choose as the quantization axis for the
rent and the measured voltages, thus orthogonal to the plateenduction-electron spins. Furthermore, all magnetic ions
let. The extended temperature range was covered by usingkeing equivalent, we can define

conventional “He cryostat. Magnetization measurements ..

were made in the same geometry with a commercial super- Jik=N(ik[I(r)|ik)=J, (4)
conducting quantum interference devi@QUID) magneto-
meter, reaching temperatures between 2 and 330 K and m
netic fields up to 5.5 T.

aw_here, in the last step, we have used the effective mass ap-
Sroximation.
The spin-dependent energy shift then takes the form

Ill. ELECTRICAL TRANSPORT ABOVE 20 K A egl): - %SJU: 5)

A. Theory where the mean ionic spioc=S(M/Mg,) depends on tem-

The unperturbed conduction-electron levels are approxiperature and magnetic fiells,= = (N/V)gugS s the satu-

mated by parabolic bands, centered a ints of the BZ, ration magnetization per unit vqum\a‘,!s the volume of the
) 7 L"[I eoints . sampleug is the Bohr magneton, arglis theg factor of the
with spin independent and, for convenience, isotropic effec: T e ith SpIrg
tive massesn*. The energies of the band bottoms are speci—magnetlc on with Spi S .

fied by €3 h. _ 2+ labels th i of the elect Th The second-order correction is independent of the spin of
1ed by €. W eres= = labels the spin o . € electron. . € the conduction electrons in the absence of a net magnetiza-
corresponding Bloch states are denotediéss), wherei  tion and is completely dominated by the first-order splitting
=1,2,3 specifies th&-point from whichk is measured. [see Eq(5)] otherwise, so that it may safely be neglected in

Following Haas, we denote the eigenstates of the systenthe discussion of magnetotransport properties.
of magnetic Eu ions bye) and their occupation probabilites ~ The generic form for the matrix element of the interaction

by w,, so that, for example, the equilibrium value of the 7, responsible for the antisymmetric scattering between

component of the spin of the ion located at the $tteis  states with wave vectotis andk’ is*>*
given by N
(K'*;a|Holk+;a)=iC (g ) (kxk') -2, gl (k=K)R,
n=1
<Snz>:2 Wa<a|8nz| ). D
‘ X(a|Sya), (6)

Our magnetization measurements show that abovié/here C(fi) is an even function of the scattering angle
~20 K and up to fields of 6 T, this quantity is well described 6k - This describes the scattering along the direction per-
by molecular field theory and in the following, we shall as- pendicular tak and to the magnetization for spin-conserving
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transitions, and does not affect the position of the energy Two types of transition have to be considered, those with-
bands to first order in perturbation theory. out spin flip by

For the coupling between the orbital motion of the con-
duction electrons and the localized spins we write, as pro-

salHlik=;
posed by Maranzan4, alHy )

(iK'=

N
:ILN 2 e{l[k K’ —(mla)i + (wla)j] - n}

Ho€gupht Sv-Ln
Hp== = 3 FRp (E0we0. @
- =
><<a|(SnZ—0')|a'> (118
and
and those with spin flip by
Ho€uph 1
C(Oy)= 8 o= AH .
(&)= o2 ® (IK'Fra+ 1HJiK=;a)

N
For the mechanism suggested by Kohtm explain the 1 2 31 _afilk—K' = (m/a)i +(w/a)j]-Ry}
anomalous Hall effect in gadolinium, which involves a vir- S 2N k

tual excited state with one electron less in tHeshell,

X(a*+1|S;|a), (11b
AV2

2SA%N’

where we have introduced the spin raising and lowering op-
eratorsS,, = Shx*iSyy at the S|teR and

C(bk)= 9

where\ is the spin-orbit radial integral for f4electrons in
the 4f% configuration,V, is the mixing matrix element be-

tween thel =1 component of the plane wave facwl’ of

I = NGK ], (110

the Bloch function(which is modulated by a functiony
with the periodicity of the lattice and of puré character
around each Eu siteand a 4 orbital, andA _ is the mini-
mum energy necessary to excite one electron from the 4
configuration to the Fermi level.

The nonperiodic partX{ ;) of H,, obtained by replacing

the z component oi§n, S,;, by S,,— o in Eq. (2), andH,

For intravalley transitionsi& j), the momentum transfer
is small, and we can seJﬁjk, equal toJ defined in Eq.(4)
above. The short range of the exchange integral in real space
implies that the matrix element for intervalley scattering will
not be much reduced with respectXa~ortunately, the short
wavelength of the associated spin fluctuations and, in par-
ticular, the small range of scattering angles available for this

induce transitions between different Bloch states, the probprocess, allow us to neglect it. The same argument can be
ability of which is given to lowest order by Fermi’s golden used to dismiss intervalley scattering in Ef).
rule as To lowest order, the transition probabilities associated
with the matrix element$lla and(11b) are then given by
o - ' ’

P(Z)(ks;a|k’s’;a’)=75(6E—eE,) o
PO (k*;alk' +:a')= - &g —€5)
X |(K's';a' | Hy+ HolKs; a2

(10 )

2 - - - -
| [k Ry~ R)
2N) nzr:’ © "

(123

The energy transfer between the conduction electrons and
the spin system has been neglectgdasielastic or quasi-
static approximation which is justified as long as the typical
excitation energy of the latter is smaller than the thermafi
energy™! as is certainly the case aboWe. The right-hand
side of Eq.(10) contains four terms. The two cross products
cancel due to the fact that the matrix elementsiof are
imaginary. From the definitiong8) and (9) it is easy to see
that the contribution from the square of the matrix element of
H, is a priori irrelevant in the case of Maranzana's mecha-
nism and contributes less than 1% to the total transition
probability (10) if a physically reasonable value is used for
the ratioV,/A _ in Kondo’s model. Therefore we expect that
the temperature and magnetic-field dependence of the resis- Following Haas, we express the spin-correlation func-
tivity is controlled entirely by the exchange interaction be-tions appearing in Eq$12g, and(12b) in terms of the gen-
tween the conduction electrons and the localized momentseralized susceptibility per unit volume

X<(S’|z_ U)(Sn’z_o')>

. . 21 N -
POkt alk' 5 a") = —= (e —€g,)

\] 2 A =S =
| = [i(k= ") Ry~ R))
2N) E ¢ '

X(SiS0).

(12b)
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.1 (gup)? . - * 2
e R Tt A LI S KV
B nm (€ ) 16\27 ﬁzx/elf NQug
X(Smj)} (13)
. . . : 1 8m*A _ .
wherei,j=x,y,z. For a simple cubiqlattice constant) x| =In 1+—Xﬁ€;f
collinear ferromagnet, with one magnetic atom per unit cell, A h?
x'"" is diagonal and can be written as
i(a iy—1 271-1 2mA e, T et
x'(@)=[(xp) ' +Aq’] (14 , | 1T xmlactectaNe &)
i | + Kln P i B —
for small values ofy, whereyy, is the susceptibility per unit 1+ —Zx’ﬁ(elf + 55—2 € eg)
volume of a single domain in a homogeneous magnetic field h
and (17)
In the molecular-field approximation, we hdve
VkgTca? - . N
= ° 2C . (15) M =M .zBs(guS|F|/ksT), (18
2N(gus)"S(S+1) whereBg is the Brillouin function for a spirs acted upon by

the effective field

The transport relaxation rate for a Bloch stite ), with F=poyM+B,. (19

energye, is then given by . . L
Here v is the molecular field constant arg}, is the ap-

plied external field, so that

1 1 27 J \? I xt=xl=M/B (20)
—S=——=—k T(—) Y (k' —k o Ah 2
e BT 2G| Y R and

X 8(e; —ei)+2x(K'—K)S(e; —€;)]. (16) Xh={[Msa 9Bs/IF)] = pov} ™. (2D)

The antisymmetric scattering responsible for the observed
) . N anomalous Hall effect has its origin in the matrix element
Inserting the epr|E|t form of the susceptibilities and Per-given in Eq.(6). For it to appear linearly in the transition
forming the sum ovek’, we finally obtain, for spin-disorder probability, we need to compute the latter to third order in
scattering, the matrix element&14!®which leads to

. . 2 . . . . IZi;a H EHS”;O{” E"S";a" H E’i;a
PO(KEalk =)~ —= 8(e; — e, )Re (K =;al Hplk* ;) > < Ll A ><S,, Gl >,
K"s" " € — €t )
(22)

where the real part is derived by use of the identity R - 2m J\2 ..
P(3>(|<i;a|k'r;a)=7 W) C( ki) 8(e; —€;,)

g s"

1 1 ) s ¢
S - =P S —1 7T5( € EIZ")' (23)
€~ GE,,+I5 €. €L

X (kxk"y-zx 2 Se; —€x)
In contrast to Kondo and Maranzana, we allow for spin- e
flip exchange scattering to and from the summed-over inter- xD&)(k,k’ k") (24)
mediate states, but the inelasticity in energy has again been
neglected. Inserting the appropriate matrix elements, we ob-
tain with
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[, L L. 2
DEORK K= S @ilkk)-Rot (K- Ry (K- Ry EKZm*chII)\Vl (31)
n,p.q 6m2SA2 72
X[(ShdSpz= 0)(Sqz= 0)) +(ShS;Sg)]- whereQg is the volume of the unit cell.
(25 In our comparison with experiment, the const@nin Eq.
(29) will be treated as a free parameter.
In the spirit of molecular field theory, we now assume that
the sum over three-spin correlation functions can be limited B. Experimental results and analysis
to those terms in whiclm=p or n=q, and then make the
following decoupling: 1. Temperature-dependent electrical resistivity in
zero magnetic field
DAOKK K= [ei(lz/f_;z/).(ﬁp_ﬁthei(lzf/_lz).(ﬁp_ﬁq)] The temperature-dependent electrical resistivity arises
s P from several scattering processes, which we shall, as usual,

_— consider as independer(Matthiessen’s rule From the
X[((Spz=0)(Sqz— ) +(Sy S;)],  (26)  theory developed above we can calculate the conductivity of
the coupled spin-up and spin-down charge carriers in the

which, with the definition of the generalized susceptibility presence of spin-disorder scattering only according to

(13), leads to

keT 5By, T) esz (e g (922
I S I oZ, ,T)=— T-4€)(e—€5)0~ (€ €
DE(KK' Ky =V —— o x*(K'—K') + x*(K'~K) sd " 3m* ) o 0)9 L5
(Qus (32)
+2) (K=K +2xX(K"—K)]. (27)  with the Fermi function
The sum over intermediate states in E2¢) is now iden- _
. e ; fole)= , (33
tical to the one appearing in the expression for the transport 14 F{e—g)
U + b 3 exp —=
relaxation rate of Eq(16), with ei—,,=el§, or e, for spin kgT

conserving or spin-flip transitions, respectively. This allows
us to write the transition probability for skew scattering in
the compact form

where ¢ stands for the chemical potential. The density of
states for each spin orientation is

G+ |k’ + - - E N Y E 3 [2m* > £11/2
PO(Kk+;alk =;a)=2C( b)) 8(e; —€g,) - (kxk') g (L=)—4—7T2 Py (e—e5) Y2 (34)
-1 ) ) . + .
Xz - ——o0, (28 The relaxation timesrg4(e)=7(e;) are given by Eq.
() (17). In the absence of a magnetic field and in the tempera-

where we have used the fact that the relaxation rate of B_L‘re_ range considered _here_, the_ system Is unpolarlzéd (
particular Bloch state only depends on its energy. Given ai €0), and the relaxation time is the same for both spin
interaction with the above angular dependence, we can yLyientations. We can then define the spin-disorder resistivity
the exact result derived by F&ftfor the Hall resistivityp,, @S
[his Eq.(15)], to define the relaxation rate for antisymmetric

scattering psd 0T)=[0f(0.T) +oof(OT)] L. (35
In order to calculate the contributigs,, of the electron-
1 :LJ' d3k’P(3)(IZ+ 'a||2’+'a)R’ 9 phonon interaction to the resistivity, we use the model that
ras(ef) 8 - - was recently suggested by Mandrus and collabortdos

LaBg. The electrons are assumed to be scattered by localized

low-frequency Einstein oscillators, corresponding to the al-

o, (299 most independent motion of the rare-earth ions in their boron
“cages,” as well as by Debye-type phonons due to the col-
lective motion of the boron framework. In a first step, we
apply the model, described in detail in Ref. 18, to fit the

resistivity data of YbR.'® In this compound, the Yb cations

E:szuoeg'“B =1.794< 10" m. (30) aIS(_) adopt a divalent configuratior_1 but they carry no mag-

27°h netic moment. We then renormalize the obtained Einstein

frequency by the square root of the mass ratio between Yb

For the mechanism, suggested by Kohdo explain the and Eu, leading todg=168 K for EuB;. The Debye fre-

anomalous Hall effect in gadolinium metal, guency @p=1160 K), to which the results are not sensitive

=Ck

+
7( €;

where, for the interaction proposed by MaranZ&na
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to start with, is left unchanged. Next, we have to account for  1.2x10%——
the resistivitypq arising from the scattering of the conduc- 1
tion electrons at point defects. We anticipate the charge-  1.0x10°
carrier density to be high enough to efficiently screen the
latter and therefore, the corresponding relaxation rate can b 8.0x10°1
considered as temperature independent. The total resistivit 1
is then given by g 8.0x10°

-6
p(0T)=psd OT)+ppn(0.T) + pa(0OT) + poone,  (36) & 401077
-6

where pone IS @ (smal) contribution arising from nonideal 2.0x10°4 a® )
electrical contacts to the sample, and which we assume to b 0_0_' &.Eu. ¢ 6 6 6 o o o o
independent of temperature and magnetic field. R R e o T B e

In the next step we compare E@6) with the measured 0 25 50 75 100 125150 175 200 225 250 275 300
temperature-dependent resistivity. To begin with, we postu- T (K)
late that the mobile charge carriers in the conduction band o _
originate from the transfer of electrons from doubly and sin- FIG. 1. The total measured resistivigyof EuB; is represented
gly occupied levels of Bvacancies. The existence of such by open circles. The .calcullate.d contributions due to scattering by
defects has been invoked by Noack and Verho®/am ex- phonons_and magnetic e_xcnatlons are show_n by open squares and
plain their gravimetric data on zone refined L@aBheir for- ~ CloSed triangles, respectively. The closed diamonds represent the
mation energy has been shown to be substantially smallejpmbmed contribution j[o the resistivity of the_scgtterlng by point
than that of six widely separated B vacandban excellent efects and of the .nqnllde.al contacts. The .SO|Id line represents the
fit is obtained in the range 404T=100 K with a constant total calculated resistivity in zero external field above 20 K.
carrier concentration of 1X410°° m~2 or 10 %/unit cell, _ _ _
which corresponds to a Fermi ener@: of 54 meV. At lier. Due to the small size 0pg+ peon;, @an unambiguous
elevated temperatures, the experimental data suggest tHggtimate of the contact term is not possible at this stage and
electrons from a narrow “band” of defect states which, for "équires the analysis of the magnetoresistance given below.

reasons that are elucidated below, we associate with compefi€ variation of the charge-carrier density with temperature
sating ionized acceptors in the form of Eu vacancies, starf® Summarized in Fig. 2.

to populate the conduction band. The experimental data _
are well reproduced if we assume a concentration of 2. Magnetoresistance

6 10°° m~2 defect levels, with a Lorentzian energy distri-  The magnetization of our sample as a function of the
bution centered at 19 meV below the conduction band edggpplied magnetic field is displayed for a large number of
(i.e., 73 meV belovEg) and a full width at half maximum of  temperatures in Fig. 3, which also shows the results of a fit
9 meV. Finally, our fit requires the density of mobile chargeysing Eq.(18) to all measured temperatures and fields above
carriers to increase by 40% as the temperature is reducegh K. The latter yields a saturation magnetization of (8.83
from 40 K to 22.5 K. This increase can be explained by an+.04)x 10° A/m, in excellent agreement with the value of

early onset of magnetic short range ortfenucleated by the g .gx 10° A/m expected for divalent europium, and an ef-

presence of defects, which locally reduces the activation entective molecular field parametey=5.15+0.05. Besides
ergy of the donor states. The different components of the

resistivity, their sum, and the measured curve are displayed

. . . . 3-0)(1025 T T T T T

in Fig. 1. The experimentgh(T) is in excellent agreement

with previous data reported by Weill and collaborattts. 2.5x10%- B,=0T i
However, both these data sets yield systematically highel ’

values of the resistivity than those observed by other . o] i

group$*~%" except on# which provides data only up to 90 o o
K. At room temperature we fintin units of 10 ® Q' m) 11.8, 'S
compared to 6.%8.02°3.2% and 7.3%’ This again demon- £

—

strates the sensitivity of the system to the growth conditions, =

1.5x10% o .
®c000 © o © °

25
as do the residual resistivity data displayed in Fig. 1 of 1.0x10
Ref. 6. 5.0x10% |
In contrast to earlier work® where the contribution from ’
electron-phonon scattering to the room temperature resistiv ool O O OO
ity was estimated to be less than 3%, our analysis shows the 50 100 150 200 250 300
this mechanism actually dominates above 125 K and is re- T (K)

sponsible for over 60% of the total resistivity at room tem-

perature. This contribution would be even more dominant if FIG. 2. Itinerant carrier density(T) in EuBg at high tempera-

it was not for the thermally activated increase of mobiletures, obtained from the separation of the total resistivity into a
charge carriers with increasing temperature mentioned eamagnetic, a phononic, and an impurity contributisee Fig. L
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9x105...-AL<.,,.,J&4k_ 1 n- 1/31 @2 n* 1/3
A A e == e R R T
7x10° 5550 — 5 v 5 12Kk ] ph ph
° = ¥ v 14K
6x10° .o‘ § :SE . Finally, we assume that theveak scattering by point
\ X gg*;K_' defects is field independent, which leads to the total average
X 30K relaxation rate
¢ 40K S
A 50K
o 7oK ] 1 e[ . 1 <2ni>1’3 o)
® 80K | — = —1N" . +n pph ,
+ * = n
2 o © M ogy(BaT)
o 200K
O 250K 1
. . +npy(0,T) |, (39
6 7

and to the total resistivity in the presence of a magnetic field
FIG. 3. Bulk magnetizatioM of EuBg as a function of applied

magnetic fieldB, oriented perpendicularly to the platelet-shaped m* . .

sample. All data for temperatures above 30 K, where fitted accord- p(B,,T)= _(n+ T+n” 7-—)—1+ Peont- (40)

ing to Eq.(18), yielding the parametensl ;,;and y. The solid lines 2

represent the mean-field calculations for all temperatures using

these parameters. Good agreement between this type of calculation In passing we note a spin polarization of the itinerant

and experiment prevails to even lower temperatures. electrons, arising from a redistribution of the charge carriers
between the spin-up and spin-down bands, resulting from the
the Weiss field,y contains the Lorentz fiely, =(1/3)],  opposite shifts of the band edges ande; described by Eq.
negligible in higheffc materials, and the demagnetizing (5) These shifts alone leave the density of mobile charge
field (yp~—0.93 for our geometly The Curie temperature carriers constant but the negative shift of the majority band
of an infinite size bulk sample is determined by the first tWojeads to a transfer of carriers from localized defect to itiner-
terms and amounts to 13.6 K, close to the temperature gnt pand states.
which neutron-scattering experimefitseveal the onset of The free parameters in the model are the exchange cou-
spontaneous magnetic order. _ pling constant), the effective masa*, the contact resistiv-
The parameters also allow to calculate the Iongltudmaty peont, @nd the charge-carrier density,(B,). The best
and transverse susceptibilities using E@l) and (20), re- agreement with experiment is obtained fbr0.18 eV, m*
spectively, as well as the shift of the bottoms of the spin-up_ 0.22m,, where m, is the free-electron mass, angon
and spin-down conduction bands, induced by the nonzera 1.5x10°7 Q' m. A 10% (correlatedl variation of the pa-
magnetization, via E(5). The latter leads to a redistribution ;meters  siill produces reasonable results. Our optimum

of charge carriers between the two bands which, in turny 46 for the exchange coupling constant is very close to the

requires an adjustment of the chemical potential with respeci ;o quoted by Ryst al® for divalent europiun(0.188 e\j

to the band minima. The Eu-vacancy levels will also, to and our value fom* compares well with the density of

lesser extent, be affected by the magnetization. The spinsi,iag massnpos=0.26m, yielded by the LSDA band-

. . . . . e
dhown sltates_ will ﬂse In-energy dand_ progrezswely EMPYsirycture calculatiof The absolute values of the carrier den-
themselves into thespin-up con uction band. At some. sitiesn.. (B,) depend strongly od andm*, but their relative
temperature-dependent value of the field, the latter will hanges are identical for all parameters
merge with the spin-up Eu-vacancy states. Due to the Pauli Figure 4 displays the measured curves f¢B,,T) at

principle, the transport properties will not be affected, how-22_5’ 40, 60, 80, 125, and 175 K. The solid lines represent
Ever. L the calculations at the corresponding temperatures and fields.
The resistivity may now be calculated as follows. For all\ye note 4 perfect agreement at temperatures above 60 K. At
values of the applled field and temperature, we define tWo, 5 5 fields less than 2 T, strong polarization effects
average relaxation rates induce a substantial variation of B,) which is difficult to
model. Nevertheless, the calculated curve reproduces the

1 1 n*e? measured results to within 5%. For stronger magnetic fields
T = - (37)  the measured curve fqi(B,) decreases more slowly with
Tsd  OsdBa,T) m increasing magnetic field, reflecting a further reduction of the

spin-disorder scattering and an increase of the charge-carrier
due to spin-disorder scattering. According to the model ofdensity. Eventuallyp(B,) flattens out and subsequently in-
Mandruset al!® the electron-phonon relaxation rate is pro- creases slightly towards the highest fields, which we interpret
portional to the Fermi velocity and hence, because as the onset of conductivity through a second band, de-
~n*3 we can write scribed in more detail in the section on the low-temperature
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1.0x10° . ! T ] 3. Hall effect

0.0x10™ . In a magnetic conductor, the Hall resistance consists of

8_0x10‘“: % ] two contributions, namely, the ordinary p@rfq'd, due to the

7_0)(104.' i Lorentz forceev X B acting on the electrons, and the anoma-
— 6.0x10° ] lous pa}r.tpﬂag, which results from the antisymmetric scatter-
é o] ] ing of itinerant charge carriers by the disordered local mo-
S 50x107] ments on the magnetic iofS. The spin-flip exchange
o 4.0x107] ] scattering mixes the states of the spin-up and spin-down con-

3.0x10%] | ] duction bands, which can therefore be considered as a single

2.0x10%] = 1 entity. Therefore the ordinary Hall resistivity is related to the

1.0x1o*‘: A 60K , Ao 80K - total density of mobile charge carriens,; by the usual re-

00' <>I 125K : < 17|5K : : : lation
| 1 2 3 4 5 6
B, (T) 1
-y pi=———_B (41)
FIG. 4. Magnetoresistivity of EuBat 22.5, 40, 60, 80, 125, and Niot©

175 K, between 0 and 5.5 T. The solid lines are the results of the
resistivity calculations described in the text. . .

with B=B,+ ug(1— yp)M.
In Fig. 6 we display the measured Hall resistivity as a
nction of applied field for 22.5, 60, 125, and 275 K, to-
gether withpﬂrd computed with the charge-carrier densities
obtained from the fit to the magnetoresistivity dat;ﬁé he dif-
Y : ; . ference between the measured Hall resistivity is
andn™ in the spin-up and spin-down band, respeciively, forIargest at low temperatures and in small fields, where the

the same temperatures and fields for whigtB,) was cal- — goin ) and spin-down carrier densities are most sensitive to
culated. With decreasing temperature, the polarization effectg ,~+,ations in the magnetizatidsee Fig. 5.

lead to a stronger enhancementrof and a corresponding We attempted to model this difference, which we inter-
reduction ofn™ with increasing field. At 60 Kn~ vanishes at pret as the anomalous Hall resistivipf}®9, using the relax-

~4.5 T_, leaving a fully polarized conduction band. At 40 K, ation rate for antisymmetric scattering given by ER9).
n- vanishes at 3 T and at 22.5 K already at 1.4 T. As menTreating C as a free parameter in a fit P29 with

tioned before, an increasing concentration of holes has to bémag_ ,~ mag+, _mag— -1 ; ;
. ' ) . . = T+ ' , and inserting the Hall conduc-
introduced below 40 K in order to explain the high-field £ (on o) g

. . . tivities obtained from Eq(32) with 74 replaced byr,s,
(Ba>4 T) data. The only plausible mechanism for this tq%ields the curves shown in Fig. 7 and the optimum value

happen is that, e.g., at 22.5 K and 4 T, the top of the spix Y . =M
moment up valence band which, according to the calculatiory’ (6.6£0.5)x10" m, exceedln_g that Ot. [Eq. (30)]
by more than four orders of magnitude. Using the value of

'?r: Maz&dd:;tei;)l/. S??ﬁldt eﬁﬁ”egctet a(up:v;rd Sh'fé Oft. m* obtained from our fit to the magnetoresistivity, the spin-
€ order o o of that of the bottom o the conduction , 4., coupling constant =164 meV for the intermediate

band, touches the Fermi levEl. Note that this is not in ;6 configuratiod and the lattice constamt=4.185 A, we
contradiction with the existence of ionizéice., occupied by can write the corresponding coefficient for the Kondo

transport. The charge carriers in this second band are hol(?ﬁ
with a concentration increasing from 0 at 4 T tu,
=0.8x10"m 3 at55T.

In Figs. 5a) and §b) we display the electron densitias

electrong acceptor states beloff . mechanism as
a b
1x10° P . . T y T : : — K
5 24 0
WO0®{w 40K 1 80x10% s, " 40K
e 0K . A 60K
& E; A 80K . gZ%Q‘w,’ A 80K
Ly '2 ggﬁ 1 ooty 8 o, ", ﬁ gg& FIG. 5. The charge-carrier concentrations
5 _ . .
6x10” RN ada o e n*(B,) (8 andn~(B,) (b) in the spin moment
2 £ B, %o, 0, 2 coi : :
c 5x10° 09" . o ] E 400" LV . - up and spin moment down band, respectively, at
+::’4x10"— .° L . A:A‘ o ‘. 22.5, 40, 60, 80, 125, and 175 K between 0 and
a10% ] o LS 20cig™ ° '._AA:A‘ e ] 5.5 T. Note the different scales of tlyeaxis.
5 ] ° e . i 4 ’ LI @
2)(1[)25 DDD -'éwgﬁfgg ; ; ¢ g o ', A : . o
1X101_ mgégeé 66 oo 00 DDDDDD;E o é 8 6 a
0 T T T T T T T T T T T T
o 1 2 3 4 5 § o 1 2 3 4 5 8
B, B, M
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2K (m)
2K (c)

2.0x107 T————— . . . . 1.2x10°
0.0 ."l ]
-2.0x107 s Emag,, 225K ] N
-4.0x10”7 gZ@Eunnm ooe - ., i 1.0x10
-6.0x107 .ngig 55 8w R
-8.0x107 2 8.0x107 -
= -1.0x10°] eaf842 4, 60K
é -1.2x10°4 o * & 2 A ] = soxto”
= .1.4x10°] % . ] é .
2 -1.6x10° e 1 <z J
S 1.8x10°] * +275 K 405107
-2.0x10° ) . . ] |
-2.2x10° 1 ,
2.0x107
-2.4x10° 125 lé LI |
-2.6x10* 1
' 1 ' ' ' ' 0.0
0 1 2 3 4 5 6
B, (M

FIG. 6. Measured Hall resistivitigs,,(B,) and calculated or-

dinary Hall resistivitiesp?/®

between 0 and 5.5 T. The empty symbols shay(B,), the full

ord

symbols displayy,”.

2
1

- Vv
CKX=1.77x10 18— m.

A?

For C¥ to adopt the optimum value obtained from the fit
would require the ratio/;/A _ to be of the

ord

0 py — py

(42

B, (T)

FIG. 8. The measuredm) magnetoresistivity data(B,) for
of EuBs at 22.5, 60, 125, and 275 K g g are displayed for 2, 4, a8 K between 0 and 5.5 T. The
calculated(c) curves are obtained for the corresponding tempera-

tures, using the two-band model captured by E483 and (43b).

are psq, pq,» and pgone- In Figs. 8 and 9, the data for the

magnetoresistance and the Hall resistance are plotted for 2,

4, and 8 K. At 2 K, p(B,) increases by a factor o7
between 0 and 5.5 T. In fields exceeding 1.5p(B,) is
nearly quadratic iB, for all three temperatures. This obser-

order of 20, which is utterly unrealistic. According to X-ray yation strongly suggests that two bands with oppositely

photoemission experiments the lower bound om\_ (’F,

charged carriers participate in the conduction of electrical

final statg is ~0.7 eV andV, is expected to be smaller. It cyrrent. ForB,>1.5 T, we therefore use a standard two-

appears that discrepancies of that order are the rule for sypand modet* to simultaneously descrihg,(B,) andp(B,).
tems with half-filled 4 shells in their ground state, such as This leads to

gadolinium and Gd compound$33

IV. LOW-TEMPERATURE TRANSPORT

R R1p3+ Rop? + RiRo(Ry + Ry)BA

(433
N 2 2R2
At temperatures below 8 K, electron-phonon scattering is (p1+p2)°+(Ri+R)“By
negligibly small, and the only contributions to the resistivity
and
0.0 ]
-2.0)(10‘8‘ T T T T T T T
-4.0x10° . 0.0 .
-6.0x10" 1 N
E 8.0x10° ] -1.0x10" 4 E
S o107 ] |
e ] ] — -2.0x10" 1 -
E _ -1.2x107 . £ ]
$ 7 ] 1 g
o -1.4x107 ] 5 -30x10'1 m 2K(m) 1
-1.6x107 . a 2K(e)
7] ] 7] o 4Km) J
-1.8x10™ 1 1 40x1071 _ 7 4K (c)
-2.0)(10-7 T T T T T T 1 A 8K(m) -
0 1 2 3 4 5 6 5.0x107H .-+ 8K (c) .
B(T) BRI

FIG. 7. Calculated and experimentally derived anomalous Hall
resistivitiesp}}°{B,) of EuBg at 22.5, 60, 125, and 275 K between
0 and 5.5 T. The empty symbols show the difference between the FIG. 9. The measure@n) Hall resistivity datgp,(B,) for EuBg
measured Hall resistivitgy and the corresponding calculated ordi- are displayed for 2, 4, and 8 K between 0 and 5.5 T. The calculated

nary contributionp%®
mag

anomalous Hall resistivitieg}

B, (T)

. The full symbols display the calculated (c) curves are again obtained, using the two-band model captured

by Egs.(433 and(43b).
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b
p1p2(p1+p2) + (p1R5+poRY)BS : ’
= > 252 +Peonts (43D H>
(p1tp2)°+(R1+R2)Bg H>
whereR;, Ry, p,, andp, depend on temperature and on the  — o I )
applied field. The Hall “constantR is the proportionality g o ‘gﬂj © "
factor betweenpy(B,) and B,; R; and R, are the Hall /L»\f ‘ 1. & B
“constants” for the conduction and the valence band, respec-‘ 2 \ |
tively. = ‘ | ‘ ; 3

At 8 K and in zero external field, the ordered Eu moment § B a -
is of equal magnitud@ as the net moment per Eu ion in the H_ o L
field direction at 22.5 K an®,=5.5 T. Hence we expect to vV | /L’*’ w
find the same concentration of electrans=6.1x 107> m~3 8

in the (fully polarized conduction band and the same
value o(f Ry(8pK 0 T?~—1 0107’ m*A-'s ! in both FIG. 10. (Color online Schematic electronic excitation spec-
1 ) ~—1U

cases. Similarly n,~0.8x10%° m=3 and R,(8 K, OT) trum_of EuB around the chemical potennal at T=225K. A
7 311 . possible arrangement of the conduction band, the valence band, an
~7.7X10 " m>A™*s *. We determing», andp, under the

. . . acceptor, and a donor defect band is plotted(8rB,=0 T, (b)
same conditions as follows. First we ndteig. (8)] that the 5 _ T, () B,=5.5 T. From left to right in each panel: valence

contribution from spin-disorder scattering to the total r‘_as's'b;nd, acceptor level&ation vacanciés conduction band, donor
tivity is negligibly small forB,=1.5 T. For applied fields in  eyels(B, vacancies All energies are given in meV. The up arrows
excess of this valup; (py) is therefore entirely due to the ang down arrows denote the spin moment up and spin moment
scattering of electrongholes by point defects, and is pro- gdown subbands, respectively,(0) is the chemical potential for
portional to the density of electroriboles, with no explicit  B,=0 T, whereasu denotes the chemical potential at the corre-
dependence 0B, . This allows us to extrapolate this contri- sponding fields. The distribution of the charge carriers over the four
bution, which we callp4 (p2q), t0 zero applied field as different bands is explained in the text. Note thathihand(c) the
follows: conduction subband for the down moment lies far above the chemi-
cal potential and is thus irrelevant for our purposes.

valence ba
aceeptor lewels
donor lewels

pld(8 K,O T):pld(225 K,55 -D
(225 K0T is again well reproduced by the two-band model, on which
I p14(22.5 K,0 T we have imposed the constraint that the resulting values for
Ne(22.5 K557 Ry, andp, , at full magnetization are the same as at 8 K.
~0.66x10°7 O m, (44) Our low-temperature magnetoresistance data compare

well with those of Sliow et al? In particular, we observe the

where the carrier densities can be read off Fig. 5, angame qualitative differences at low fields betweghi) at
p14(22.5 K, 0 T) is obtained from Fig. 1 ang, deter- 2K,4K(4.9inRef. 3and 8 K(10 K in Ref.' 3. At higher
mined in the preceding section. From the two-band modef€mperatures the spontaneous magnetization is much lower
and in the absence of spin-disorder scattering it follows thathan the saturation valeand hence, in zero magnetic field,
p2a(8 K, 0 T)=~1.44x10 6 Q m. Considering the ratio of the spin-disorder scattering is S|gn|f|qan.t. It is, however, sup-
the effective masses and the carrier concentrations for thefessed by a weak external magnetic fiéld.
two bands, we find that the relaxation time of the holes is
approximately three times shorter than that of the electrons.
Enhancing the applied field from O to 5.5 T induces a mo-
notonous enhancement of the ordered Eu moment and thus In this paper we offer a consistent, quantitative descrip-
the magnetization. This in turn enhances the overlap betwedion of the magnetoresistance and the Hall effect in FuB
the valence band and the conduction as well as the don@ver a wide range of temperatures above and below the mag-
spin-up bands, leading to a net increase in the density afetic phase transition. From our analysis, the following pic-
mobile charge carriers. From the fit of our experimental datagure of the electronic structure of this compound emerges.
to Egs. (439 and (43b for B,=1.5T we obtainn, For T>20 K and no applied magnetic field, EgBs a
=6.7x10”° m 2 andn,=6.1x 10°° m~* at magnetic satu- heavily (self-) doped, strongly compensataeype semicon-
ration. The growth rate is roughly proportional to ductor. The donors aregBvacancies, whose energy levels
(M/Mg,)%? as expected for parabolic bands. The residuaform a narrow “band” centered above the chemical poten-
spin disorder resistivity in zero field amounts to less thartial, and possibly trivalent impurities, which we have ne-
1x10"7 O m [see Fig. & glected. The acceptors are cation vacancies, always present
Below 5 K the elementary excitations of the system ofin the hexaborides, whose energy levels also form a narrow
magnetic Eu ions are spin wav&sFrom a comparison of “band” just above the top of the valence bafiig. 10a)].
the zero-field resistivities at 2 drt K we seethat the scat- At 22.5 K, the intrinsic band gap is of the order of 14 meV
tering of the charge carriers by these collective modes, whicland the chemical potential lies66 meV above the bottom
should be proportional td?, can be neglected. The field of the conduction band. Upon application of a magnetic field,
dependence of thgHall) resistivity at these two temperatures the Eu ions acquire a net moment in the field direction. The

V. DISCUSSION
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6000 T ML R | T ML | — v 4.6X'|07 L L I L B B DL BN B R |
b [e] r 7- <4
= 41x107 1 M .
5000- ° B,=0T | T o .
] ° ] 3.5x107 1 .
4000+ . 3.0x10" .
~ 1 e 2 ]
E Y 25x107 o .
'E 30004 e £ | o” |
G % < 2.0x1071 .
Ta ] e OoooooooooodD SIP ] DDEEDDD > 2K
g™ 2000 . 3% | 501071 oo o 8K ]
] ] ] . o 225K |
1.0x1 7 o | 40K
10004 - Ox 06_ 039 o
E 5.1x10 " A 80K A
o T T T T T T T T T T T T T T T T T T T T T
R A A . 00 01 02 03 04 05 06 07 08 09 1.0
1 10 100
T (K) MM,

FIG. 11. Bare plasma frequenay, of EuBs, obtained from the F,'G' 12. Squareq bgre plasma frequenas of EuBs vs the
calculated itinerant charge-carrier densities, vs temperature in zef§'ative bulk magnetizatioM/Msyat 2, 8, 22.5, 40, 60, and 80 K.
magnetic field.w, is calculated using Eq(45) and the optical wy, is calculated using E¢45) and the optical masses provided by

- i pt— opt_
masses provided by the band-structure calculationa®( the band-structure calculationsif”=0.24m,, mP=0.2ame).
latter couples to the conduction electrons through the ex-

=0.24m,, m?P'=0.29m,).
2

JESEY

€9 mgpt mgpt
change Hamiltoniart,, leading to a splitting of the conduc-
tion band proportional to the magnetization in first order. Theas a function of temperature in zero field, calculated with the
acceptor levels, the wave functions of which are mainly com-<arrier densities obtained from our fits and the optical masses
posed ofd,z orbitals reaching out from the neighboring cat- provided by the band-structure calculations of Ref.ndX
ions, suffer a splitting of similar size, while that of the donor =0.24m,, mo”'=0.29n,). Our results compare well with
levels and especially that of the valence band, which bottthe data of Ref. 2. In particular, we reproduce, even quanti-
couple to the Eu moments only indirectly through hybridiza-tatively, the steep rise ab, below T. The decrease of the
tion with the cation’sd orbitals, will be smallef? These computed plasma frequency at temperatures between 300 K
splittings lead to a redistribution of the charge carriers beand 100 K is consistent with the observed red shift of the
tween the different bands and, in our model, at aPlasma edge in Ref. 2.
temperature-dependent critical value of the applied field, Figure 12 shows the dependence of the plasma frequency
e.g., 1.4 T at 22.5 K, the spin-down conduction band ha®" Magnetization obtained from our model. In Ref. 36,
emptied itself completely. At that point, the magnetizationWas found to be proportional tl for 1.6 K<T<35 K and
has reached only 25% of its saturation value. As the applie§ T<Ba=7 T. Again, our results are compatible with this
field and the magnetization are further enhanced, the top df€havior, but suggest that the relation between the two quan-
the spin-down valence band moves closer to the selfliti€S may be more complex.

: ; : - ; Finally we compare our model with the ARPES and bulk-
consistently determined chemical potenfiaig. 10b)], until " . .
it crosses it. At 5.5 T /M~ 0.65) the situation is that of sensitive XAS and SXE data of Ref. 5, which were obtained

Fig. 100). Once the saturation magnetization has beer the temperature range between 20 and 30 K. The existence

reached, the carrier densities in the valence and the condumf an X-point electron pocket was assumacpriori in our
. ’ fheoretical ansatz, relying on the validity of these experimen-
tion band stay constant.

N . . . . tal results. The authors of Ref. 5 attribute the feature labeled
This picture is consistent with the observation of two el"‘band 1 in their paper to the emission from the valence

lipsoidal pockets in de Haas—van AlpheldHVA) and  panq The fact that its dispersion is much weaker in EuB
Shubnikov—-de Haas experiments, performed at fields abovg,an, in CaR and SrB, and the value of its binding energy
5 T>* It also offers a natural explanation for the weak tem-o¢ 1 2 eV |eads us to interpret it as an emission from the
perature dependence of the dHVA frequencies, even acrogs, 4f shell. According to our model, the emission from the
Tc.® since these are only affected by deviations of theyalence band should start at a binding energy~df.1 eV,
4f-electron based magnetization from its saturation value. IRyhich is not seen in ARPES. This may be due to the fact that
view of the sensitivity of the system to defects, our carrierthe exposedl100] face consists of metal atoms only and that
concentrations are in very reasonable agreement with thihe electrons, originating from the boron network, cannot
ones quoted in Refs. 6 and 35. escape from the solid at the given photon energies. Another
A further test of our interpretation is provided by the re- complication is the observed time-dependent surface
flectivity experiments of Degiorgi and collaboratdr€. In  relaxation® The SXE and XAS data are consistent with our
Fig. 11 we display the bare plasma frequency interpretation of the ARPES data.

1/2

(45)

wp=
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VI. CONCLUSION ions with a half-filled 4 shell. In our opinion the order of
magnitude discrepancy between theory and experiment with

Although “real” EuBs is a hegwly doped, strongly com- respect to the anomalous Hall effect is not caused by under-
pensated, and therefore very disordered magnetic semicon-

. . ! ) . stimating the mixing matrix elemeit;, as this would re-
ductor, many of its properties can be satisfactorily describe . ' o
. . T ect itself in the resistivity as well. It must therefore be con-
by a relatively simple model, taking into account the two . L . . x
R . . nected with the multiplicity of the intermediate states which
main intrinsic sources of imperfections, namely, Eu ard B

. . . A n I th in-orbit interaction. The lowest en-
vacancies. Our microscopic treatment abdyeis limited to can be coupled by the spin-orb eractio e lowest €

6 . . . .
the range of temperatures where mean-field theory can be 3Y term for the 4 configuration is characterized y

. . . =3 andS=3, with a degeneracy of 49 in the absence of
used to describe the magnetic properties of the compound. bi lina. Wh h . | f
We expect the behavior aroufi¢ (and the critical tempera- spin-orbit coupling. ereas the unit operator, relevant for
ture itself to be sample dependent, as tRaiderman-Kittel- the resistivity, only has diagonal matrix elements, the spin-

. p P ' o . ; orbit operator, which splits the term into seven multiplet lev-
Kasuya-Yosidacoupling between magnetic ions is mediated

) L elsJ=0,1,...,6, hagnatrix elements between states satis-
by the conduction electrons whose concentration is a func;

tion of the magnetization fying the selection ruleAJ,=0,+ 1, within every subspace

The electronic transport in the temperature regime aroungprrespondlng to a given value 0f This leads to 133 pos-

the phase transition was carefully investigated byicBu Sible transitions instead of 49, still not enough to account for

et al? They interpreted their data to indicate the formation off[he observed difference. We conjecture that the small hybrid-

small magnetic polarons, growing in size with increasing'zatIon between the europlungadolln!u_nj 4f orbitals and
magnetization, as was previously suggested by Nfad?2 the_ boronsp [Refs. 4 and 3y (gadollmum P Ref. [38))

The eventual overlap of these polarons is claimed to lead t8rb'tqls’ suggested but overestimated by band structure cal-
the sudden metallization of their sample at 15.5 K and theCUIat'ons’ opens the necessary extra Cha”f!e's- We. hope that
bulk Curie temperature is identified at 12.6 K. Their inter- our results, which confirm previously established discrepan-

pretation is based on the observation of two field sensitive <>’ will encourage more theoretical work on this long-

modes in the Raman spectrum of this compotfrithe sym- standing problem.
metry of these modes as well as their temperature and field
dependences are compatible with this interpretation. Our
data do not contradict this view, but they show that below 8 We thank M. Chiao for letting us use her resistivity data
K and above 22.5 K, a single-particle type picture provides an YbBg prior to publication. Stimulating discussions with
satisfactory description of the magnetoresistance ofgEuB her and L. Degiorgi are gratefully acknowledged. This work
What is still missing is a plausible mechanism leading tohas benefitted from partial financial support of the Schweiz-
the correct order of magnitude for the anomalous Hall resiserische Nationalfonds zur Faerung der wissenschaftlichen
tivity in this and the other compounds formed by rare-earthForschung and the US-NSF Grant No. DMR-0203214.
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