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Electronic transport in EuB 6
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EuB6 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 as Eu21 in EuB6, the
standard antisymmetric scattering mechanisms underestimate thesizeof this contribution by several orders of
magnitude, while reproducing itsshapealmost perfectly. Well below the bulk ferromagnetic ordering atTC

512.5 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.

DOI: 10.1103/PhysRevB.69.125118 PACS number~s!: 72.15.2v, 75.50.Pp, 72.10.2d, 71.70.Ej
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I. INTRODUCTION

The binary compound EuB6 crystallizes in a simple cubic
lattice, with divalent Eu ions in their8S7/2 Hund’s rule
ground state at the corners of the unit cell and B6-octahedra
centered at the body-centered positions. With decrea
temperature, it orders ferromagnetically1 via two consecutive
phase transitions at;15.5 K and;12.5 K, respectively,2

the first of which has recently been interpreted as a ph
separation between small magnetically ordered regions
mobile charge carriers and large disordered regions with
calized magnetic polarons.3 A spin-polarized electronic-
structure calculation in the local spin-density approximat
for exchange and correlation~LSDA! correctly reproduces
the lattice constant, the internal coordinates of the boron
oms, and the size of the magnetic moment in the stoich
metric compound.4 It also predicts the system to be a sem
metal, with overlapping conduction and valence ban
around theX-point of the Brillouin zone~BZ!, in contradic-
tion with the results of a combined study based on ang
resolved photoemission~ARPES! and bulk-sensitive sof
x-ray emission~SXE! and absorption~XAS! spectroscopies,5

which suggest a gap of at least 1 eV between the two ba
While, given the approximation used in the calculation, t
discrepancy is not surprising, the fact that conduction-b
states were observed at all in the photoemission experim
illustrates the fundamental problem one is faced with wh
trying to describe the transport properties of this system
of the hexaborides in general, namely, that their behavio
to a large extent determined by defects and impurities.6,7

In this paper, we offer a quantitative analysis of magne
0163-1829/2004/69~12!/125118~13!/$22.50 69 1251
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zation, magnetoresistance, and Hall effect data, obtained
one and the same sample, using a plausible model for
origin of the mobile charge carriers and a consistent desc
tion of the dependence of their concentration and their s
tering rate on the applied magnetic field and on temperat
Explicitly, we consider EuB6 to be a strongly compensate
n-type magnetic semiconductor. Due to the merging of def
states, i.e., boron vacancy levels, with the conduction ba
the latter acquires a certain concentration of charge carr
as evidenced by ARPES.5 In the paramagnetic state and
the absence of external magnetic fields, these are equ
distributed over six pockets~three for each spin direction!
centered at theX points of the BZ. Due to the thermal ion
ization of deep trap states in the gap, the occupation of th
states increases slightly with temperature. The exchange
pling between the conduction electrons and the locali
~spin-! magnetic moments of the Eu ions leads to a lower
of the conduction-band edge aboveTc and to a splitting of
the spin-up and spin-down bands belowTc .4,8,9 It is also
responsible for the so-called spin-disorder resistivity9–13

which, in a semiconductor, is strongly dependent on the
gree of spin polarization of the conduction electrons and
the concomitant redistribution of the charge carriers betw
the spin-up and spin-down bands.9 We have attempted to
model our data on the anomalous Hall effect with the mec
nism suggested by Kondo13 for the case of gadolinium meta
where the trivalent Gd ions adopt the same 4f 7 configuration
as Eu21 in EuB6. We have generalized this approach to i
clude inelastic spin-flip processes. As in this previous wo
we find that the shape of the calculated field and tempera
dependences of the anomalous Hall resistivity cur
©2004 The American Physical Society18-1



t t
ev
fo

ch
-
th
en
e

de

e
C

e
ch
s
he

u
la
ing
t

pe

a

ox

ec
c
e

em
s

ov
d
s-

to

ents

o-
es

iza-
the
ns

ap-

of
tiza-
ng
in

on
en

le
er-
g

WIGGER, MONNIER, OTT, YOUNG, AND FISK PHYSICAL REVIEW B69, 125118 ~2004!
matches that of the measured ones almost perfectly, bu
magnitude of the effect resulting from the calculation is s
eral orders of magnitude too small, if reasonable values
the parameters are used in the theory. An alternative me
nism proposed by Maranzana,14 namely, the interaction be
tween the orbital motion of the conduction electrons and
localized moments, leads to the same functional depend
of rH on temperature and applied field, but with an ev
smaller amplitude.

II. SAMPLE AND EXPERIMENTAL SETUP

The single-crystalline sample of EuB6 was prepared by
solution growth from Al flux. All measurements were ma
using the same platelet type specimen with dimensions
approximately 4.835.230.25 mm3. The room-temperature
lattice constant of 4.185 Å was evaluated from x-ray powd
diffraction data, using a least-square refinement based on
hen’s method, with the software Xlat.15 A Si spectrum served
as the internal standard. Gold wires with 25mm diameter
were contacted to the sample with silver epoxy. All voltag
were measured with a four-probe, low-frequency ac te
nique in the Ohmic regime. The transverse magnetore
tance, which in the following is always referred to as t
magnetoresistance, and the Hall voltageVH were measured
in a configuration where the external fieldBW a , between 0 and
5.5 T, was oriented perpendicularly to both the applied c
rent and the measured voltages, thus orthogonal to the p
let. The extended temperature range was covered by us
conventional 4He cryostat. Magnetization measuremen
were made in the same geometry with a commercial su
conducting quantum interference device~SQUID! magneto-
meter, reaching temperatures between 2 and 330 K and m
netic fields up to 5.5 T.

III. ELECTRICAL TRANSPORT ABOVE 20 K

A. Theory

The unperturbed conduction-electron levels are appr
mated by parabolic bands, centered at theX-points of the BZ,
with spin independent and, for convenience, isotropic eff
tive massesm* . The energies of the band bottoms are spe
fied by e0

s , wheres56 labels the spin of the electron. Th

corresponding Bloch states are denoted asu ikW s&, where i

51,2,3 specifies theX-point from whichkW is measured.
Following Haas,9 we denote the eigenstates of the syst

of magnetic Eu ions byua& and their occupation probabilitie
by wa , so that, for example, the equilibrium value of thez

component of the spin of the ion located at the siteRW n is
given by

^Snz&5(
a

wa^auSnzua&. ~1!

Our magnetization measurements show that ab
;20 K and up to fields of 6 T, this quantity is well describe
by molecular field theory and in the following, we shall a
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sume that in this temperature range, this also applies
higher-order correlation functions.

The exchange interaction between the magnetic mom
and the mobile charge carriers has the form

H152 (
n51

N

J~rW2RW n!s¢•SW n , ~2!

where the sum is over all unit cells in the crystal, ands¢ is the
spin of the conduction electron atrW. The range ofJ(rW) is
determined by the radius of the 4f shell.

To first order in perturbation theory, this interaction pr
duces the following modification in the energy eigenvalu
of the band electrons

Des
(1)~kW !5(

a
wa^ ikWs;auH1u ikWs;a&

52 (
n51

N

^ ikW uJ~rW2RW n!u ikW &•^sus¢us&

3(
a

wa^auSW nua&. ~3!

For a collinear ferromagnet, such as EuB6, the average
value embodied in the last sum points along the magnet
tion axis, which we choose as the quantization axis for
conduction-electron spins. Furthermore, all magnetic io
being equivalent, we can define

JikW5N^ ikW uJ~rW !u ikW &'J, ~4!

where, in the last step, we have used the effective mass
proximation.

The spin-dependent energy shift then takes the form

Des
(1)52 1

2 sJs, ~5!

where the mean ionic spins5S(M /M sat) depends on tem-
perature and magnetic field.M sat52(N/V)gmBS is the satu-
ration magnetization per unit volume,V is the volume of the
sample,mB is the Bohr magneton, andg is theg factor of the
magnetic ion with spinS.

The second-order correction is independent of the spin
the conduction electrons in the absence of a net magne
tion and is completely dominated by the first-order splitti
@see Eq.~5!# otherwise, so that it may safely be neglected
the discussion of magnetotransport properties.

The generic form for the matrix element of the interacti
H2 responsible for the antisymmetric scattering betwe
states with wave vectorskW andkW8 is13,14

^kW86;auH2ukW6;a&5 iC~ukWkW8!~ k̂3 k̂8!• ẑ(
n51

N

ei (kW2kW8)RW n

3^auSnzua&, ~6!

where C(ukWkW8) is an even function of the scattering ang
ukWkW8 . This describes the scattering along the direction p
pendicular tokW and to the magnetization for spin-conservin
8-2



rg

n
ro

ir-

-

4

o
n

a
-
l
a

ts

t o
a
io
or
at
es
e
ts

ith-

op-

r

ace
ill

t
ar-
his

be

ted

c-
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transitions, and does not affect the position of the ene
bands to first order in perturbation theory.

For the coupling between the orbital motion of the co
duction electrons and the localized spins we write, as p
posed by Maranzana,14

H25
m0egmB\

4pm*
(
n51

N
SW n•LW n

urW2RW nu3
~e,0,mB.0!, ~7!

and

C~ukWkW8!5
m0egmB\

m* V

1

cos2ukWkW8

. ~8!

For the mechanism suggested by Kondo13 to explain the
anomalous Hall effect in gadolinium, which involves a v
tual excited state with one electron less in the 4f shell,

C~ukWkW8!5
lV1

2

2SD2
2 N

, ~9!

wherel is the spin-orbit radial integral for 4f electrons in
the 4f 6 configuration,V1 is the mixing matrix element be
tween thel 51 component of the plane wave factoreikW rW of
the Bloch function~which is modulated by a functionukW

with the periodicity of the lattice and of pured character
around each Eu site! and a 4f orbital, andD2 is the mini-
mum energy necessary to excite one electron from thef 7

configuration to the Fermi level.
The nonperiodic part (H 18) of H1, obtained by replacing

the z component ofSW n, Snz , by Snz2s in Eq. ~2!, andH2
induce transitions between different Bloch states, the pr
ability of which is given to lowest order by Fermi’s golde
rule as

P(2)~kWs;aukW8s8;a8!5
2p

\
d~ekW

s
2ekW8

s8 !

3u^kW8s8;a8uH181H2ukWs;a&u2.

~10!

The energy transfer between the conduction electrons
the spin system has been neglected~quasielastic or quasi
static approximation!, which is justified as long as the typica
excitation energy of the latter is smaller than the therm
energy,11 as is certainly the case aboveTc . The right-hand
side of Eq.~10! contains four terms. The two cross produc
cancel due to the fact that the matrix elements ofH2 are
imaginary. From the definitions~8! and ~9! it is easy to see
that the contribution from the square of the matrix elemen
H2 is a priori irrelevant in the case of Maranzana’s mech
nism and contributes less than 1% to the total transit
probability ~10! if a physically reasonable value is used f
the ratioV1 /D2 in Kondo’s model. Therefore we expect th
the temperature and magnetic-field dependence of the r
tivity is controlled entirely by the exchange interaction b
tween the conduction electrons and the localized momen
12511
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Two types of transition have to be considered, those w
out spin flip by

^ jkW86;auH 18u ikW6;a&

57
1

2N (
n51

N

JkW8kW
j i

e$ i [kW2kW82(p/a) î 1(p/a) ĵ ] •RW n%

3^au~Snz2s!ua& ~11a!

and those with spin flip by

^ jkW87;a61uH 18u ikW6;a&

52
1

2N (
n51

N

JkW8kW
j i

e$ i [kW2kW82(p/a) î 1(p/a) ĵ ] •RW n%

3^a61uSn
6ua&, ~11b!

where we have introduced the spin-raising and lowering
eratorsSn

65Snx6 iSny at the siteRW n , and

JkW8kW
j i

5N^ jkW8uJ~rW !u ikW &. ~11c!

For intravalley transitions (i 5 j ), the momentum transfe
is small, and we can setJkk8

i j equal toJ defined in Eq.~4!
above. The short range of the exchange integral in real sp
implies that the matrix element for intervalley scattering w
not be much reduced with respect toJ. Fortunately, the shor
wavelength of the associated spin fluctuations and, in p
ticular, the small range of scattering angles available for t
process, allow us to neglect it. The same argument can
used to dismiss intervalley scattering in Eq.~6!.

To lowest order, the transition probabilities associa
with the matrix elements~11a! and ~11b! are then given by

P(2)~kW6;aukW86;a8!5
2p

\
d~ekW

6
2ekW8

6
!

3S J

2ND 2

(
n,n8

e[ i (kW2kW8)(RW n2RW n8)]

3^~Snz2s!~Sn8z2s!& ~12a!

and

P(2)~kW6;aukW87;a8!5
2p

\
d~ekW

6
2ekW8

7
!

3S J

2ND 2

(
n,n8

e[ i (kW2kW8)(RW n2RW n8)]

3^Sn
6Sn8

7 &. ~12b!

Following Haas,9 we express the spin-correlation fun
tions appearing in Eqs.~12a!, and~12b! in terms of the gen-
eralized susceptibility per unit volume
8-3
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x i j ~qW !5
1

V

~gmB!2

kBT (
n,m

e[ iqW •(RW n2RW m)]3$^SniSm j&2^Sni&

3^Sm j&%, ~13!

where i , j 5x,y,z. For a simple cubic~lattice constanta)
collinear ferromagnet, with one magnetic atom per unit c
x i j is diagonal and can be written as

x i~qW !5@~xh
i !211Aq2#21 ~14!

for small values ofqW , wherexh
i is the susceptibility per uni

volume of a single domain in a homogeneous magnetic fi
and

A5
VkBTCa2

2N~gmB!2S~S11!
. ~15!

The transport relaxation rate for a Bloch stateukW6&, with
energyekW

6 is then given by9

1

tkW
6 [

1

t~ekW
6

!
5

2p

\
kBTS J

2NgmB
D 2

V(
kW8

@xz~kW82kW !

3d~ekW
6

2ekW8
6

!12xx~kW82kW !d~ekW
6

2ekW8
7

!#. ~16!

Inserting the explicit form of the susceptibilities and pe
forming the sum overkW8, we finally obtain, for spin-disorde
scattering,
in
te
e
o

12511
l,

ld

1

t~ekW
6

!
5

1

16A2p

Am* kBT

\2AekW
6 S J

NgmB
D 2

V2

3F 1

A
lnS 11

8m* A

\2
xh

zekW
6D

1
2

A
lnS 11

2m* A

\2
xh

x~ekW
6

1ekW
7

12AekW
6

ekW
7

!

11
2m* A

\2
xh

x~ekW
6

1ekW
7

22AekW
6

ekW
7

!
D G .

~17!

In the molecular-field approximation, we have9

MW 5M satẑBS~gmBSuFW u/kBT!, ~18!

whereBS is the Brillouin function for a spinSacted upon by
the effective field

FW 5m0gMW 1BW a . ~19!

Here g is the molecular field constant andBW a is the ap-
plied external field, so that

xh
x5xh

y5M /Ba ~20!

and

xh
z5$@M sat~]BS /]F !#212m0g%21. ~21!

The antisymmetric scattering responsible for the obser
anomalous Hall effect has its origin in the matrix eleme
given in Eq. ~6!. For it to appear linearly in the transitio
probability, we need to compute the latter to third order
the matrix elements,13,14,16which leads to
P(3)~kW6;aukW86;a!'
2p

\
d~ekW

6
2ekW8

6
!ReF ^kW86;auH2ukW6;a& (

kW9,s9,a9

^kW6;auH1ukW9s9;a9&^kW9s9;a9uH1ukW86;a&

ekW
6

2ekW9
s91 id

G ,

~22!
where the real part is derived by use of the identity

1

ekW
s
2ekW9

s91 id
5PS 1

ekW
s
2ekW9

s9 D 2 ipd~ekW
s
2ekW9

s9 !. ~23!

In contrast to Kondo and Maranzana, we allow for sp
flip exchange scattering to and from the summed-over in
mediate states, but the inelasticity in energy has again b
neglected. Inserting the appropriate matrix elements, we
tain
-
r-
en
b-

P(3)~kW6;aukW86;a!5
2p

\ S J

2ND 2

C~ukWkW8!d~ekW
6

2ekW8
6

!

3~ k̂3 k̂8!• ẑ3 (
kW9,s9

d~ekW
6

2ekW9
s9 !

3DS
(3)~kW ,kW8,kW9! ~24!

with
8-4
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DS
(3)~kW ,kW8,kW9!5 (

n,p,q
ei [(kW2kW8)•RW n1(kW92kW )•RW p1(kW82kW9)•Rq

W ]

3@^Snz~Spz2s!~Sqz2s!&1^SnzSp
7Sq

6&#.

~25!

In the spirit of molecular field theory, we now assume th
the sum over three-spin correlation functions can be limi
to those terms in whichn5p or n5q, and then make the
following decoupling:

DS
(3)~kW ,kW8,kW9!.s(

p,q
@ei (kW92kW8)•(RW p2RW q)1ei (kW92kW )•(RW p2RW q)#

3@^~Spz2s!~Sqz2s!&1^Sp
7Sq

6&#, ~26!

which, with the definition of the generalized susceptibil
~13!, leads to

DS
(3)~kW ,kW8,kW9!5V

kBT

~gmB!2
s@xz~kW92kW8!1xz~kW92kW !

12xx~kW92kW8!12xx~kW92kW !#. ~27!

The sum over intermediate states in Eq.~24! is now iden-
tical to the one appearing in the expression for the trans

relaxation rate of Eq.~16!, with ekW9
s95ekW9

6 or ekW9
7 for spin

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

P(3)~kW6;aukW86;a!52C~ukWkW8!d~ekW
6

2ekW8
6

!•~ k̂3 k̂8!

3 ẑ•
1

t~ekW
6

!
s, ~28!

where we have used the fact that the relaxation rate o
particular Bloch state only depends on its energy. Given
interaction with the above angular dependence, we can
the exact result derived by Fert17 for the Hall resistivityrH
@his Eq.~15!#, to define the relaxation rate for antisymmetr
scattering

1

tas~ekW
6

!
5

V

8p3E d3k8P(3)~kW6;aukW86;a!k̂8• ŷ

5C̃k
1

t~ekW
6

!
s, ~29!

where, for the interaction proposed by Maranzana14

C̃M5
m0egmB

2p2\
51.794310215 m. ~30!

For the mechanism, suggested by Kondo13 to explain the
anomalous Hall effect in gadolinium metal,
12511
t
d
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se

C̃K5
m* VcelllV1

2

6p2SD2
2 \2

, ~31!

whereVcell is the volume of the unit cell.
In our comparison with experiment, the constantC̃ in Eq.

~29! will be treated as a free parameter.

B. Experimental results and analysis

1. Temperature-dependent electrical resistivity in
zero magnetic field

The temperature-dependent electrical resistivity ari
from several scattering processes, which we shall, as us
consider as independent~Matthiessen’s rule!. From the
theory developed above we can calculate the conductivit
the coupled spin-up and spin-down charge carriers in
presence of spin-disorder scattering only according to

ssd
6 ~Ba ,T!52

2e2

3m*
E

2`

`

tsd
6 ~e!~e2e0

6!g6~e!
] f 0~e!

]e
de

~32!

with the Fermi function

f 0~e!5
1

11expS e2z

kBT D , ~33!

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

g6~e!5
3

4p2 S 2m*

\2 D 3/2

~e2e0
6!1/2. ~34!

The relaxation timestsd
6 (e)[t(ekW

6) are given by Eq.
~17!. In the absence of a magnetic field and in the tempe
ture range considered here, the system is unpolarizede0

1

5e0
2), and the relaxation time is the same for both sp

orientations. We can then define the spin-disorder resisti
as

rsd~0,T!5@ssd
1 ~0,T!1ssd

2 ~0,T!#21. ~35!

In order to calculate the contributionrph of the electron-
phonon interaction to the resistivity, we use the model t
was recently suggested by Mandrus and collaborators18 for
LaB6. The electrons are assumed to be scattered by local
low-frequency Einstein oscillators, corresponding to the
most independent motion of the rare-earth ions in their bo
‘‘cages,’’ as well as by Debye-type phonons due to the c
lective motion of the boron framework. In a first step, w
apply the model, described in detail in Ref. 18, to fit t
resistivity data of YbB6.19 In this compound, the Yb cation
also adopt a divalent configuration but they carry no m
netic moment. We then renormalize the obtained Einst
frequency by the square root of the mass ratio between
and Eu, leading touE5168 K for EuB6. The Debye fre-
quency (uD51160 K), to which the results are not sensitiv
8-5
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to start with, is left unchanged. Next, we have to account
the resistivityrd arising from the scattering of the condu
tion electrons at point defects. We anticipate the char
carrier density to be high enough to efficiently screen
latter and therefore, the corresponding relaxation rate ca
considered as temperature independent. The total resist
is then given by

r~0,T!5rsd~0,T!1rph~0,T!1rd~0,T!1rcont, ~36!

where rcont is a ~small! contribution arising from nonidea
electrical contacts to the sample, and which we assume t
independent of temperature and magnetic field.

In the next step we compare Eq.~36! with the measured
temperature-dependent resistivity. To begin with, we pos
late that the mobile charge carriers in the conduction b
originate from the transfer of electrons from doubly and s
gly occupied levels of B6 vacancies. The existence of suc
defects has been invoked by Noack and Verhoeven20 to ex-
plain their gravimetric data on zone refined LaB6. Their for-
mation energy has been shown to be substantially sm
than that of six widely separated B vacancies.21 An excellent
fit is obtained in the range 40 K<T<100 K with a constant
carrier concentration of 1.431025 m23 or 1023/unit cell,
which corresponds to a Fermi energyEF of 54 meV. At
elevated temperatures, the experimental data suggest
electrons from a narrow ‘‘band’’ of defect states which, f
reasons that are elucidated below, we associate with com
sating ionized acceptors in the form of Eu vacancies, s
to populate the conduction band. The experimental d
are well reproduced if we assume a concentration
631025 m23 defect levels, with a Lorentzian energy distr
bution centered at 19 meV below the conduction band e
~i.e., 73 meV belowEF) and a full width at half maximum of
9 meV. Finally, our fit requires the density of mobile char
carriers to increase by 40% as the temperature is redu
from 40 K to 22.5 K. This increase can be explained by
early onset of magnetic short range order,22 nucleated by the
presence of defects, which locally reduces the activation
ergy of the donor states. The different components of
resistivity, their sum, and the measured curve are displa
in Fig. 1. The experimentalr(T) is in excellent agreemen
with previous data reported by Weill and collaborators23

However, both these data sets yield systematically hig
values of the resistivity than those observed by ot
groups24–27 except one28 which provides data only up to 9
K. At room temperature we find~in units of 1026 V m) 11.8,
compared to 6.1,24 8.0,25 3.2,26 and 7.3.27 This again demon-
strates the sensitivity of the system to the growth conditio
as do the residual resistivity data displayed in Fig. 1
Ref. 6.

In contrast to earlier work,26 where the contribution from
electron-phonon scattering to the room temperature resi
ity was estimated to be less than 3%, our analysis shows
this mechanism actually dominates above 125 K and is
sponsible for over 60% of the total resistivity at room te
perature. This contribution would be even more dominan
it was not for the thermally activated increase of mob
charge carriers with increasing temperature mentioned
12511
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lier. Due to the small size ofrd1rcont, an unambiguous
estimate of the contact term is not possible at this stage
requires the analysis of the magnetoresistance given be
The variation of the charge-carrier density with temperat
is summarized in Fig. 2.

2. Magnetoresistance

The magnetization of our sample as a function of t
applied magnetic field is displayed for a large number
temperatures in Fig. 3, which also shows the results of a
using Eq.~18! to all measured temperatures and fields abo
30 K. The latter yields a saturation magnetization of (8.
60.04)3105 A/m, in excellent agreement with the value o
8.863105 A/m expected for divalent europium, and an e
fective molecular field parameterg55.1560.05. Besides

FIG. 1. The total measured resistivityr of EuB6 is represented
by open circles. The calculated contributions due to scattering
phonons and magnetic excitations are shown by open squares
closed triangles, respectively. The closed diamonds represen
combined contribution to the resistivity of the scattering by po
defects and of the nonideal contacts. The solid line represents
total calculated resistivity in zero external field above 20 K.

FIG. 2. Itinerant carrier densityn(T) in EuB6 at high tempera-
tures, obtained from the separation of the total resistivity into
magnetic, a phononic, and an impurity contribution~see Fig. 1!.
8-6
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ELECTRONIC TRANSPORT IN EuB6 PHYSICAL REVIEW B 69, 125118 ~2004!
the Weiss field,g contains the Lorentz field@gL5(1/3)#,
negligible in higher-TC materials, and the demagnetizin
field (gD'20.93 for our geometry!. The Curie temperature
of an infinite size bulk sample is determined by the first t
terms and amounts to 13.6 K, close to the temperatur
which neutron-scattering experiments29 reveal the onset o
spontaneous magnetic order.

The parameters also allow to calculate the longitudi
and transverse susceptibilities using Eqs.~21! and ~20!, re-
spectively, as well as the shift of the bottoms of the spin
and spin-down conduction bands, induced by the nonz
magnetization, via Eq.~5!. The latter leads to a redistributio
of charge carriers between the two bands which, in tu
requires an adjustment of the chemical potential with resp
to the band minima. The Eu-vacancy levels will also, to
lesser extent, be affected by the magnetization. The s
down states will rise in energy and progressively em
themselves into the~spin-up! conduction band. At some
temperature-dependent value of the field, the latter w
merge with the spin-up Eu-vacancy states. Due to the P
principle, the transport properties will not be affected, ho
ever.

The resistivity may now be calculated as follows. For
values of the applied field and temperature, we define
average relaxation rates

1

tsd
6

5
1

ssd
6 ~Ba ,T!

n6e2

m*
~37!

due to spin-disorder scattering. According to the model
Mandruset al.18 the electron-phonon relaxation rate is pr
portional to the Fermi velocity and hence, becausevF
;n1/3, we can write

FIG. 3. Bulk magnetizationM of EuB6 as a function of applied
magnetic fieldBa oriented perpendicularly to the platelet-shap
sample. All data for temperatures above 30 K, where fitted acc
ing to Eq.~18!, yielding the parametersM sat andg. The solid lines
represent the mean-field calculations for all temperatures u
these parameters. Good agreement between this type of calcu
and experiment prevails to even lower temperatures.
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1

tph
6

5S n6

~n/2! D
1/3 1

tph
0

5
e2

m*
nS n6

~n/2! D
1/3

rph~0,T!. ~38!

Finally, we assume that the~weak! scattering by point
defects is field independent, which leads to the total aver
relaxation rate

1

t̄6
5

e2

m* Fn6
1

ssd
6 ~Ba ,T!

1nS 2n6

n D 1/3

rph~0,T!

1nrd~0,T!G , ~39!

and to the total resistivity in the presence of a magnetic fi

r~Ba ,T!5
m*

e2
~n1t̄11n2t̄2!211rcont. ~40!

In passing we note a spin polarization of the itinera
electrons, arising from a redistribution of the charge carri
between the spin-up and spin-down bands, resulting from
opposite shifts of the band edgese0

1 ande0
2 described by Eq.

~5!. These shifts alone leave the density of mobile cha
carriers constant but the negative shift of the majority ba
leads to a transfer of carriers from localized defect to itin
ant band states.

The free parameters in the model are the exchange
pling constantJ, the effective massm* , the contact resistiv-
ity rcont, and the charge-carrier densityntot(Ba). The best
agreement with experiment is obtained forJ50.18 eV, m*
50.22me , where me is the free-electron mass, andrcont
51.531027 V m. A 10% ~correlated! variation of the pa-
rameters still produces reasonable results. Our optim
value for the exchange coupling constant is very close to
one quoted by Ryset al.8 for divalent europium~0.188 eV!
and our value form* compares well with the density o
states massmDOS50.26me yielded by the LSDA band-
structure calculation.4 The absolute values of the carrier de
sitiesn6(Ba) depend strongly onJ andm* , but their relative
changes are identical for all parameters.

Figure 4 displays the measured curves forr(Ba ,T) at
22.5, 40, 60, 80, 125, and 175 K. The solid lines repres
the calculations at the corresponding temperatures and fie
We note a perfect agreement at temperatures above 60 K
22.5 K and fields less than;2 T, strong polarization effects
induce a substantial variation ofn(Ba) which is difficult to
model. Nevertheless, the calculated curve reproduces
measured results to within 5%. For stronger magnetic fie
the measured curve forr(Ba) decreases more slowly with
increasing magnetic field, reflecting a further reduction of
spin-disorder scattering and an increase of the charge-ca
density. Eventually,r(Ba) flattens out and subsequently in
creases slightly towards the highest fields, which we interp
as the onset of conductivity through a second band,
scribed in more detail in the section on the low-temperat

d-

g
ion
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transport. The charge carriers in this second band are h
with a concentration increasing from 0 at 4 T tonh

50.831025 m23 at 5.5 T.
In Figs. 5~a! and 5~b! we display the electron densitiesn1

andn2 in the spin-up and spin-down band, respectively,
the same temperatures and fields for whichr(Ba) was cal-
culated. With decreasing temperature, the polarization eff
lead to a stronger enhancement ofn1 and a corresponding
reduction ofn2 with increasing field. At 60 Kn2 vanishes at
'4.5 T, leaving a fully polarized conduction band. At 40
n2 vanishes at 3 T and at 22.5 K already at 1.4 T. As m
tioned before, an increasing concentration of holes has t
introduced below 40 K in order to explain the high-fie
(Ba.4 T) data. The only plausible mechanism for this
happen is that, e.g., at 22.5 K and 4 T, the top of the s
moment up valence band which, according to the calcula
of Massiddaet al.4 should experience an~upward! shift of
the order of 15% of that of the bottom of the conducti
band, touches the Fermi levelEF . Note that this is not in
contradiction with the existence of ionized~i.e., occupied by
electrons! acceptor states belowEF .

FIG. 4. Magnetoresistivity of EuB6 at 22.5, 40, 60, 80, 125, an
175 K, between 0 and 5.5 T. The solid lines are the results of
resistivity calculations described in the text.
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3. Hall effect

In a magnetic conductor, the Hall resistance consists
two contributions, namely, the ordinary partrH

ord, due to the

Lorentz forceevW 3BW acting on the electrons, and the anom
lous partrH

mag, which results from the antisymmetric scatte
ing of itinerant charge carriers by the disordered local m
ments on the magnetic ions.30 The spin-flip exchange
scattering mixes the states of the spin-up and spin-down c
duction bands, which can therefore be considered as a si
entity. Therefore the ordinary Hall resistivity is related to t
total density of mobile charge carriers,ntot by the usual re-
lation

rH
ord52

1

ntote
B ~41!

with BW 5BW a1m0(12gD)MW .
In Fig. 6 we display the measured Hall resistivityrH as a

function of applied field for 22.5, 60, 125, and 275 K, t
gether withrH

ord computed with the charge-carrier densiti
obtained from the fit to the magnetoresistivity data. The d
ference between the measured Hall resistivity andrH

ord is
largest at low temperatures and in small fields, where
spin-up and spin-down carrier densities are most sensitiv
fluctuations in the magnetization~see Fig. 5!.

We attempted to model this difference, which we inte
pret as the anomalous Hall resistivityrH

mag, using the relax-
ation rate for antisymmetric scattering given by Eq.~29!.
Treating C̃ as a free parameter in a fit torH

mag with
rH

mag5(sH
mag,11sH

mag,2)21, and inserting the Hall conduc
tivities obtained from Eq.~32! with tsd replaced bytas ,
yields the curves shown in Fig. 7 and the optimum va
C̃ ' (6.660.5)310211 m, exceeding that ofC̃M @Eq. ~30!#
by more than four orders of magnitude. Using the value
m* obtained from our fit to the magnetoresistivity, the sp
orbit coupling constantl5164 meV for the intermediate
4 f 6 configuration31 and the lattice constanta54.185 Å, we
can write the corresponding coefficient for the Kon
mechanism as

e

s

at
nd
FIG. 5. The charge-carrier concentration
n1(Ba) ~a! and n2(Ba) ~b! in the spin moment
up and spin moment down band, respectively,
22.5, 40, 60, 80, 125, and 175 K between 0 a
5.5 T. Note the different scales of they axis.
8-8
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ELECTRONIC TRANSPORT IN EuB6 PHYSICAL REVIEW B 69, 125118 ~2004!
C̃K51.77310213
V1

2

D2
2

m. ~42!

For C̃K to adopt the optimum value obtained from the
to rH 2 rH

ord would require the ratioV1 /D2 to be of the
order of 20, which is utterly unrealistic. According to x-ra
photoemission experiments,32 the lower bound onD2 (7F0
final state! is ;0.7 eV andV1 is expected to be smaller. I
appears that discrepancies of that order are the rule for
tems with half-filled 4f shells in their ground state, such a
gadolinium and Gd compounds.13,33

IV. LOW-TEMPERATURE TRANSPORT

At temperatures below 8 K, electron-phonon scattering
negligibly small, and the only contributions to the resistiv

FIG. 6. Measured Hall resistivitiesrHall(Ba) and calculated or-
dinary Hall resistivitiesrH

ord of EuB6 at 22.5, 60, 125, and 275 K
between 0 and 5.5 T. The empty symbols showrHall(Ba), the full
symbols displayrH

ord.

FIG. 7. Calculated and experimentally derived anomalous H
resistivitiesrH

mag(Ba) of EuB6 at 22.5, 60, 125, and 275 K betwee
0 and 5.5 T. The empty symbols show the difference between
measured Hall resistivityrH and the corresponding calculated ord
nary contributionrH

ord. The full symbols display the calculate
anomalous Hall resistivitiesrH

mag.
12511
s-

is

are rsd , rd , and rcont. In Figs. 8 and 9, the data for th
magnetoresistance and the Hall resistance are plotted fo
4, and 8 K. At 2 K, r(Ba) increases by a factor of'7
between 0 and 5.5 T. In fields exceeding 1.5 T,r(Ba) is
nearly quadratic inBa for all three temperatures. This obse
vation strongly suggests that two bands with opposit
charged carriers participate in the conduction of electri
current. ForBa.1.5 T, we therefore use a standard tw
band model34 to simultaneously describerH(Ba) andr(Ba).
This leads to

R5
R1r2

21R2r1
21R1R2~R11R2!Ba

2

~r11r2!21~R11R2!2Ba
2

~43a!

and

ll

e

FIG. 8. The measured~m! magnetoresistivity datar(Ba) for
EuB6 are displayed for 2, 4, and 8 K between 0 and 5.5 T. The
calculated~c! curves are obtained for the corresponding tempe
tures, using the two-band model captured by Eqs.~43a! and ~43b!.

FIG. 9. The measured~m! Hall resistivity datarH(Ba) for EuB6

are displayed for 2, 4, and 8 K between 0 and 5.5 T. The calcula
~c! curves are again obtained, using the two-band model capt
by Eqs.~43a! and ~43b!.
8-9
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r5
r1r2~r11r2!1~r1R2

21r2R1
2!Ba

2

~r11r2!21~R11R2!2Ba
2

1rcont, ~43b!

whereR1 , R2 , r2, andr2 depend on temperature and on t
applied field. The Hall ‘‘constant’’R is the proportionality
factor betweenrH(Ba) and Ba ; R1 and R2 are the Hall
‘‘constants’’ for the conduction and the valence band, resp
tively.

At 8 K and in zero external field, the ordered Eu mome
is of equal magnitude29 as the net moment per Eu ion in th
field direction at 22.5 K andBa55.5 T. Hence we expect to
find the same concentration of electronsne'6.131025 m23

in the ~fully polarized! conduction band and the sam
value of R1(8 K, 0 T)'21.0•1027 m3 A21 s21 in both
cases. Similarly nh'0.831025 m23 and R2(8 K, 0T)
'7.731027 m3 A21 s21. We determiner1 andr2 under the
same conditions as follows. First we note@Fig. ~8!# that the
contribution from spin-disorder scattering to the total res
tivity is negligibly small forBa>1.5 T. For applied fields in
excess of this valuer1 (r2) is therefore entirely due to th
scattering of electrons~holes! by point defects, and is pro
portional to the density of electrons~holes!, with no explicit
dependence onBa . This allows us to extrapolate this contr
bution, which we callr1d (r2d), to zero applied field as
follows:

r1d~8 K,0 T!5r1d~22.5 K,5.5 T!

5
ne~22.5 K,0 T!

ne~22.5 K,5.5 T!
r1d~22.5 K,0 T!

'0.6631027 V m, ~44!

where the carrier densities can be read off Fig. 5, a
r1d(22.5 K, 0 T) is obtained from Fig. 1 andrcont deter-
mined in the preceding section. From the two-band mo
and in the absence of spin-disorder scattering it follows t
r2d(8 K, 0 T)'1.4431026 V m. Considering the ratio o
the effective masses and the carrier concentrations for
two bands, we find that the relaxation time of the holes
approximately three times shorter than that of the electro
Enhancing the applied field from 0 to 5.5 T induces a m
notonous enhancement of the ordered Eu moment and
the magnetization. This in turn enhances the overlap betw
the valence band and the conduction as well as the do
spin-up bands, leading to a net increase in the density
mobile charge carriers. From the fit of our experimental d
to Eqs. ~43a! and ~43b! for Ba>1.5 T we obtain ne
56.731025 m23 and nh56.131025 m23 at magnetic satu-
ration. The growth rate is roughly proportional
(M /M sat)

3/2, as expected for parabolic bands. The resid
spin disorder resistivity in zero field amounts to less th
131027 V m @see Fig. 8#.

Below 5 K the elementary excitations of the system
magnetic Eu ions are spin waves.29 From a comparison o
the zero-field resistivities at 2 and 4 K we seethat the scat-
tering of the charge carriers by these collective modes, wh
should be proportional toT2, can be neglected. The fiel
dependence of the~Hall! resistivity at these two temperature
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is again well reproduced by the two-band model, on wh
we have imposed the constraint that the resulting values
R1,2 andr1,2 at full magnetization are the same as at 8 K

Our low-temperature magnetoresistance data comp
well with those of Su¨llow et al.3 In particular, we observe the
same qualitative differences at low fields betweenr(H) at
2 K, 4 K ~4.9 in Ref. 3! and 8 K~10 K in Ref. 3!. At higher
temperatures the spontaneous magnetization is much lo
than the saturation value29 and hence, in zero magnetic field
the spin-disorder scattering is significant. It is, however, s
pressed by a weak external magnetic field.3

V. DISCUSSION

In this paper we offer a consistent, quantitative descr
tion of the magnetoresistance and the Hall effect in Eu6
over a wide range of temperatures above and below the m
netic phase transition. From our analysis, the following p
ture of the electronic structure of this compound emerg
For T.20 K and no applied magnetic field, EuB6 is a
heavily ~self-! doped, strongly compensatedn-type semicon-
ductor. The donors are B6 vacancies, whose energy leve
form a narrow ‘‘band’’ centered above the chemical pote
tial, and possibly trivalent impurities, which we have n
glected. The acceptors are cation vacancies, always pre
in the hexaborides, whose energy levels also form a nar
‘‘band’’ just above the top of the valence band@Fig. 10~a!#.
At 22.5 K, the intrinsic band gap is of the order of 14 me
and the chemical potential lies;66 meV above the bottom
of the conduction band. Upon application of a magnetic fie
the Eu ions acquire a net moment in the field direction. T

FIG. 10. ~Color online! Schematic electronic excitation spe
trum of EuB6 around the chemical potentialm at T522.5 K. A
possible arrangement of the conduction band, the valence ban
acceptor, and a donor defect band is plotted for~a! Ba50 T, ~b!
Ba54 T, ~c! Ba55.5 T. From left to right in each panel: valenc
band, acceptor levels~cation vacancies!, conduction band, dono
levels~B6 vacancies!. All energies are given in meV. The up arrow
and down arrows denote the spin moment up and spin mom
down subbands, respectively,m(0) is the chemical potential for
Ba50 T, whereasm denotes the chemical potential at the corr
sponding fields. The distribution of the charge carriers over the f
different bands is explained in the text. Note that in~b! and~c! the
conduction subband for the down moment lies far above the che
cal potential and is thus irrelevant for our purposes.
8-10
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ELECTRONIC TRANSPORT IN EuB6 PHYSICAL REVIEW B 69, 125118 ~2004!
latter couples to the conduction electrons through the
change HamiltonianH1, leading to a splitting of the conduc
tion band proportional to the magnetization in first order. T
acceptor levels, the wave functions of which are mainly co
posed ofdz2 orbitals reaching out from the neighboring ca
ions, suffer a splitting of similar size, while that of the don
levels and especially that of the valence band, which b
couple to the Eu moments only indirectly through hybridiz
tion with the cation’sd orbitals, will be smaller.39 These
splittings lead to a redistribution of the charge carriers
tween the different bands and, in our model, at
temperature-dependent critical value of the applied fie
e.g., 1.4 T at 22.5 K, the spin-down conduction band
emptied itself completely. At that point, the magnetizati
has reached only 25% of its saturation value. As the app
field and the magnetization are further enhanced, the to
the spin-down valence band moves closer to the s
consistently determined chemical potential@Fig. 10~b!#, until
it crosses it. At 5.5 T (M /M sat'0.65) the situation is that o
Fig. 10~c!. Once the saturation magnetization has be
reached, the carrier densities in the valence and the con
tion band stay constant.

This picture is consistent with the observation of two
lipsoidal pockets in de Haas–van Alphen~dHvA! and
Shubnikov–de Haas experiments, performed at fields ab
5 T.6,35 It also offers a natural explanation for the weak te
perature dependence of the dHvA frequencies, even ac
TC ,6 since these are only affected by deviations of
4 f -electron based magnetization from its saturation value
view of the sensitivity of the system to defects, our carr
concentrations are in very reasonable agreement with
ones quoted in Refs. 6 and 35.

A further test of our interpretation is provided by the r
flectivity experiments of Degiorgi and collaborators.2,36 In
Fig. 11 we display the bare plasma frequency

FIG. 11. Bare plasma frequencyvp of EuB6, obtained from the
calculated itinerant charge-carrier densities, vs temperature in
magnetic field.vp is calculated using Eq.~45! and the optical
masses provided by the band-structure calculations (me

opt

50.24me , mh
opt50.29me).
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~45!

as a function of temperature in zero field, calculated with
carrier densities obtained from our fits and the optical mas
provided by the band-structure calculations of Ref. 4 (me

opt

50.24me , mh
opt50.29me). Our results compare well with

the data of Ref. 2. In particular, we reproduce, even qua
tatively, the steep rise ofvp below TC . The decrease of the
computed plasma frequency at temperatures between 30
and 100 K is consistent with the observed red shift of
plasma edge in Ref. 2.

Figure 12 shows the dependence of the plasma freque
on magnetization obtained from our model. In Ref. 36,vp

2

was found to be proportional toM for 1.6 K<T<35 K and
0 T<Ba<7 T. Again, our results are compatible with th
behavior, but suggest that the relation between the two qu
tities may be more complex.

Finally we compare our model with the ARPES and bu
sensitive XAS and SXE data of Ref. 5, which were obtain
in the temperature range between 20 and 30 K. The existe
of an X-point electron pocket was assumeda priori in our
theoretical ansatz, relying on the validity of these experim
tal results. The authors of Ref. 5 attribute the feature labe
‘‘band 1’’ in their paper to the emission from the valenc
band. The fact that its dispersion is much weaker in Eu6
than in CaB6 and SrB6, and the value of its binding energ
of ;1.2 eV, leads us to interpret it as an emission from
Eu 4f shell. According to our model, the emission from th
valence band should start at a binding energy of;0.1 eV,
which is not seen in ARPES. This may be due to the fact t
the exposed@100# face consists of metal atoms only and th
the electrons, originating from the boron network, cann
escape from the solid at the given photon energies. Ano
complication is the observed time-dependent surf
relaxation.5 The SXE and XAS data are consistent with o
interpretation of the ARPES data.

ro

FIG. 12. Squared bare plasma frequencyvp
2 of EuB6 vs the

relative bulk magnetizationM /M sat at 2, 8, 22.5, 40, 60, and 80 K
vp is calculated using Eq.~45! and the optical masses provided b
the band-structure calculations (me

opt50.24me , mh
opt50.29me).
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VI. CONCLUSION

Although ‘‘real’’ EuB6 is a heavily doped, strongly com
pensated, and therefore very disordered magnetic semi
ductor, many of its properties can be satisfactorily descri
by a relatively simple model, taking into account the tw
main intrinsic sources of imperfections, namely, Eu and6
vacancies. Our microscopic treatment aboveTC is limited to
the range of temperatures where mean-field theory can
used to describe the magnetic properties of the compo
We expect the behavior aroundTC ~and the critical tempera
ture itself! to be sample dependent, as the~Ruderman-Kittel-
Kasuya-Yosida! coupling between magnetic ions is mediat
by the conduction electrons whose concentration is a fu
tion of the magnetization.

The electronic transport in the temperature regime aro
the phase transition was carefully investigated by Su¨llow
et al.3 They interpreted their data to indicate the formation
small magnetic polarons, growing in size with increasi
magnetization, as was previously suggested by Nyhuset al.22

The eventual overlap of these polarons is claimed to lea
the sudden metallization of their sample at 15.5 K and
bulk Curie temperature is identified at 12.6 K. Their inte
pretation is based on the observation of two field sensi
modes in the Raman spectrum of this compound.22 The sym-
metry of these modes as well as their temperature and
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ions with a half-filled 4f shell. In our opinion the order o
magnitude discrepancy between theory and experiment
respect to the anomalous Hall effect is not caused by un
estimating the mixing matrix elementV1, as this would re-
flect itself in the resistivity as well. It must therefore be co
nected with the multiplicity of the intermediate states whi
can be coupled by the spin-orbit interaction. The lowest
ergy term for the 4f 6 configuration is characterized byL
53 and S53, with a degeneracy of 49 in the absence
spin-orbit coupling. Whereas the unit operator, relevant
the resistivity, only has diagonal matrix elements, the sp
orbit operator, which splits the term into seven multiplet le
els J50,1, . . . ,6, hasmatrix elements between states sat
fying the selection ruleDJz50,61, within every subspace
corresponding to a given value ofJ. This leads to 133 pos
sible transitions instead of 49, still not enough to account
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