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Electrical transport properties and small polarons in Eu1ÀxCaxB6
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Temperature- and field-dependent resistivityr(T,H) and Hall effect measurements have been carried out for
the Eu12xCaxB6 (x50.2, 0.4, 0.6, and 0.9! compounds. The replacement of Eu with Ca invoked drastic
changes in ther(T) although Ca and Eu are isoelectronic. While Eu0.8Ca0.2B6 showed a phase transition
similar to that of pure EuB6, the r(T) of Eu12xCaxB6 with x50.4 and 0.6 showed a rapid increase at low
temperatures (T&10 K). The upturn of ther(T) was suppressed as the magnetic field increased, resulting in
negative magnetoresistance~MR!. For Eu0.1Ca0.9B6, the MR changed from positive at 10 K&T&50 K to
negative atT'2 K. It was found that the observed exoticr(T) is due to the change of the effective carrier
densityne f f and Hall mobilitymH determined from the Hall measurements. Analysis of the Hall mobility based
on a small polaronic model showed that the carrier transport is dominated by hopping between the polaron sites
in a nonadiabatic regime with four-site hopping for the Eu-rich side and three-site hopping for the Eu-poor side
of the compounds. This polaronic scenario of the transport is consistent with the observedr(T,H), MR(T),
ne f f(T,H), andmH(T) variation.

DOI: 10.1103/PhysRevB.67.125102 PACS number~s!: 71.20.Eh, 71.38.Ht
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I. INTRODUCTION

The hexaboride compounds (RB6, R5Ca, Sr, La, Ce,
Sm, Eu, and Gd! have been studied extensively over the l
few decades because of their variety of physical propert
Recently, it was found that the small amount of La doping
CaB6 induced weak ferromagnetism at high temperat
(Tc'600 K) even though it has no partially filledd or f
orbitals that are essential for the magnetism.1 Much theoret-
ical and experimental effort has been devoted to clarify
this intriguing property.2–5 Based on a band calculation o
CaB6,6 from which we can derive the compound’s semim
tallic character, many theoretical models, such as the fe
magnetic phase of a dilute electron gas, doped excitonic
sulator, and conventional itinerant magnetism, have b
suggested to explain the weak ferromagnetism observe
high temperatures. However, a more detailed calculation,
so-calledGWapproximation,7 has shown that the CaB6 has a
sizable semiconducting gap of about 0.8 eV at theX point in
the Brillouin zone and suggested that magnetism occurs
on the metallic side of a Mott transition in the La-induc
impurity band in Ca12xLaxB6. An investigation of the ex-
perimental band gap, using angle-resolved photoemis
spectroscopy~ARPES!, supported the results of theGW
calculation.8 At present, understanding of the origin of th
weak ferromagnetism in CaB6 is far from complete.

Another class of hexaborides that exhibits exotic m
netic properties is EuB6. This compound showed two con
secutive phase transitions at low temperatures (Tc1'15 K
andTc2'12 K) and colossal magnetoresistance at the tr
sition of Tc1515 K.9–11 Hirsch proposes that EuB6 is a me-
tallic magnetism, driven by an effective mass reducti
equivalent band broadening.12 Süllow et al.mentions that the
higher transition temperature is a metallization tempera
due to an increase in the number of itinerant electrons
that the lower one is a bulk Curie temperature of long-ran
ferromagnetic order.13 Considerable changes in the electron
0163-1829/2003/67~12!/125102~8!/$20.00 67 1251
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excitation spectrum were also noticed during optical refl
tivity measurement, suggesting either an increase in ca
density or a reduction of the effective mass of carrier at
two transition temperatures.10

The study of doped compounds of Eu0.8Ca0.2B6 provoked
more intriguing questions concerning the ground states of
compound. The carrier density of Eu0.8Ca0.2B6, determined
by Hall measurement, was not in between EuB6 and CaB6
and increased at the phase transition at a much higher
than EuB6.14 Thus, it is of great interest to study the seri
compounds of Eu12xCaxB6 systematically in terms of the
phase transition and carrier density. We tuned the Ca dop
ratio in the single-crystalline compounds of Eu12xCaxB6 (x
50.2, 0.4, 0.6, 0.9! and studied their electronic transpo
properties by using field- and temperature-dependent ele
cal and Hall resistivities.

II. SAMPLE PREPARATION AND EXPERIMENTAL
TECHNIQUES

The single-crystalline Eu12xCaxB6 (x50.0, 0.2, 0.4, 0.6,
0.9, and 1.0! compounds were synthesized by using a bo
thermal method. High-purity powders of CaCO3, Eu2O3,
and B were mixed thoroughly with stoichiometric ratio, u
ing the following chemical formula: 6xCaCO313(1
2x)Eu2O3 1 2(212 x)B → 6Eu12xCaxB6 1 6xCO2 1 (3
2x)B2O3. The mixed and pelletized samples were sinte
at 1450 °C for 1 day in an argon atmosphere. After confir
ing the single phase of the polycrystalline samples us
x-ray diffraction ~XRD!, the prepared polycrystalline com
pounds were placed in an alumina crucible together with
flux with a mass ratio of Eu12xCaxB6 : Al 5 1 : 50 and heat
treated from 1450 to 600 °C with a cooling rate of 5 °C/h
an oxygen-free atmosphere under flowing argon gas. Th
flux was removed by using NaOH solution. The typical d
mensions of single-crystalline compounds, used in longitu
nal and Hall resistivity measurements, is about (3.061.0)
©2003 The American Physical Society02-1
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3(1.560.4)3(1.060.5) mm3.
The grown crystals were confirmed by powder XRD to

a single phase of CaB6-type structure without noticeable im
purity signals. The lattice parameter of each compound
Eu12xCaxB6 was estimated from the 2u position of the@110#
diffraction peak, which is the most intensive of the peaks
a diffraction pattern. The estimated lattice parameters w
plotted as a function ofx in Fig. 1, indicating a systemati
change of the lattice constant with varyingx values. The
@110# diffraction peaks with variousx values were also plot
ted in the inset, representing a gradual shift of the peak fr
low 2u for x50.0 to high 2u for x51.0. This is clear evi-
dence of a uniform doping of Ca in the Eu site and v
versa.

The resistivity was measured using four-point contact a
low-frequency~33.3 Hz! ac techniques. To reduce the co
tact resistance (<1 V), we coated the gold~Au! pad at con-
tact points using a sputtering system in an ultrahigh vacu
~UHV! after surface polishing. The current was driven alo
the long direction of the sample, and the magnetic field w
applied perpendicular to the direction of the current. T
Hall measurement was similar to that of the resistivity,
cluding a low-frequency~33.3 Hz! ac technique and gold
coating at contact points. However, to eliminate the long
dinal resistivity, we used a five-contact, rather than a fo
contact, technique. We carried out voltage balancing usin
balance meter to minimize the geometrical effect and s
tracted the remaining longitudinal voltage by changing
applied field direction, because the Hall voltage changes
polarity with respect to the magnetic field while the polar
of the longitudinal voltage remains the same.

III. RESULTS AND DISCUSSION

A. Electrical resistivity

Figure 2~a! represents the temperature-dependent ele
cal resistivity r(T) of Eu12xCaxB6 (x50.2, 0.4, 0.6, and
0.9! and the inset of CaB6. The r(T) of CaB6, which was

FIG. 1. Lattice constant vs Ca concentration~x! in Eu12xCaxB6,
determined from the angular position of@110# diffraction peak. In-
set: @110# diffraction peaks with increasingx values from left to
right.
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synthesized by a borothermal reduction method by mix
stoichiometric ratios of Ca and B, shows a semiconduct
temperature dependence. This temperature dependen
quite similar to that of the Ca11dB6 sample in Ref. 5, which
was considered to be a defect-free sample grown by ad
extra Ca during single-crystal growth. This indicates that
preliminary reaction of the borothermal reduction process
the formation of polycrystalline CaB6 is to provoke single
crystals of high quality with initial nominal composition.

The replacement of Eu by Ca induced a drastic chang
the r(T), in terms not only of its magnitude, but also tem
perature dependence. The magnitude of ther(T5300 K) of
the Eu12xCaxB6 (x50.2, 0.4, 0.6, and 0.9! was much low-
ered, compared with CaB6 in the inset, to below 0.1V cm
for the whole measured temperature range exceptT,10 K
for x50.4 and 0.6. For comparison, ther(T5300 K) was
plotted as a function ofx in Eu12xCaxB6 in Fig. 2~b!. As can
be seen in Fig. 2, a rapid increase ofr(T) was observed for
the samples ofx50.4 and 0.6 at low temperatures (T
<10 K). Details ofr(T) for each sample of Eu12xCaxB6
will be presented later. Bearing in mind the argument t
free carriers might be created by defect states in the CaB6, it
is likely that defects will be introduced in Eu12xCaxB6 by
mixing Ca and Eu, resulting in lower resistivity values. How

FIG. 2. ~a! Resistivityr vs temperatureT from 300 K to 2 K for
Eu12xCaxB6 (x50.2, 0.4, 0.6, and 0.9!. Inset:r(T) vs T for CaB6,
~b! r(T5300 K) vsx.
2-2
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ever, there is no clear systematic change ofr(T) depending
on the density of Eu~or Ca! elements, as can be seen in F
2~b!. Further, the drastic change of temperature depende
~see below! indicates that the electronic transport propert
of Eu12xCaxB6 are qualitatively different from those o
CaB6.

Ther(T) curve of Eu0.8Ca0.2B6 is plotted in Fig. 3 and its
temperature derivative is shown in the inset. Ther(T) and
dr(T)/dT of EuB6 from Ref. 15 were also plotted togethe
for comparison. The phase transition of Eu0.8Ca0.2B6 at TM
'15 K was manifested by a sharp drop of ther(T) and a
slight upturn just above theTM due to spin disorder scatte
ing, which has the same characteristics as those of EuB6, as
can be seen in Fig. 3. However, its temperature derivativ
Eu0.8Ca0.2B6 in the inset of Fig. 3 showed only one broa
peak corresponding to the lower transition in EuB6 and large
suppression of the sharp peak in EuB6 corresponding to the
higher transition, which is similar to the behavior of a sm
amount of the La-doped compound Eu12xLaxB6 in Ref. 15.
The high-temperature resistivity showed a broad maxim
near T5100 K instead of a metallic temperature depe
dence.

The r(T) of Eu0.8Ca0.2B6 in this study is significantly
different from ther(T) in Ref. 14 for the same compound
First, the magnitude of the resistivity of Eu0.8Ca0.2B6 in this
study is smaller than that in Ref. 14 by one or two orders
magnitude. The resistivity of pure EuB6 in Ref. 9, which was
grown by the same growth method as the borothermal red
tion, also showed much lower values than the other repo
data by an order of magnitude. Because EuB6 was consid-
ered as a metallic compound, the single crystals in this st
look to be of higher quality than the other previously r
ported ones. Second, the phase transition temperature a
onset of the resistivity drop,TM515 K, is clearly higher
than theTM55.3 K in Ref. 14. Finally, the resistivity below
TM approached a zero value down toT52 K and no indica-
tion of the upturn ofr(T) at low temperatures was found i
this study, contrary to the data in Ref. 14. It will be of inte
est to extend resistivity measurements to lower temperat
below T52 K. In spite of these differences, care should

FIG. 3. Resistivityr vs temperatureT from 300 K to 2 K for
Eu0.8Ca0.2B6 and EuB6. Inset: temperature derivative of ther(T) vs
T.
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taken to compare the physical properties of samples gro
~or prepared! by different methods, because most of t
physical properties were found to be highly sample dep
dent in a hexaboride system.

The r(T) of Eu12xCaxB6 (x50.4, 0.6, and 0.9! are plot-
ted in Figs. 4~a!, 4~b!, and 4~c!, respectively, under variou
magnetic fields~H! as indicated. The inset of Fig. 4~a! is an
expanded plot of ther(T) and the insets of the Figs. 4~b! and
4~c! show the magnetoresistance ratio MR[@r(H)2r(H
50)#/r(H50) of the corresponding samples. UnderH

FIG. 4. Resistivityr vs temperatureT in various magnetic fields
as indicated for Eu12xCaxB6: ~a! x50.4, ~b! x50.6, and~c! x
50.9. Insets:~a! expanded plot at low temperature,~b! and ~c!
magnetogesistance ratio~MR! vs T.
2-3



le

yin
of
ha
o
d
-

llic
th

a
ur

-

r

as
re

g

he

th

e

rge

rap-

-
ith

JONG-SOO RHYEE, B. K. CHO, AND H.-C. RI PHYSICAL REVIEW B67, 125102 ~2003!
50, the three compounds showed rapid increase in ther(T)
at low temperatures belowT'10 K. This behavior at low
temperatures indicates a quite significant change of e
tronic state, compared with that of EuB6 and Ca0.2Eu0.8B6 in
Fig. 3. We did not observe a phase transition accompan
the sharp drop in ther(T), but, instead, a rapid increase
the resistivity, i.e., gaplike behavior. It was also noticed t
ther(T) of Eu0.4Ca0.6B6, which is higher than the other tw
in its magnitude for the whole temperature range, showe
negative slope in terms ofT, a semiconductinglike tempera
ture dependence, while ther(T) of Eu0.1Ca0.9B6, which is
lower than the other two, showed positive slope, a meta
like behavior, at high temperatures. The magnitude of
low-temperature increase and ther(T52 K) are largest for
Eu0.6Ca0.4B6 and lowest for Eu0.1Ca0.9B6.

Magnetic-field-dependentr(T,H) of the above three
samples are also presented in Fig. 4. Remarkably, the m
netic field of 2 T completely suppressed the low-temperat
increase of the resistivity for Eu0.6Ca0.4B6 and changed the
electronic state from a gaplike to a metallic state atT
52 K, which was clearly evident in the inset of Fig. 4~a!.
With further increasing fields, ther(T) fell continuously,
resulting in no upturn in ther(T) for the whole temperature
range in Eu0.6Ca0.4B6. Although a similar field and tempera
ture dependence was also observed in the Eu0.4Ca0.6B6 com-
pound, metallic behavior was not observed even atH
57 T. The MR(T) for Eu0.4Ca0.6B6 is shown in the inset of
Fig. 4~b!, which is qualitatively the same as that fo
Eu0.6Ca0.4B6 ~not shown!. The observed MR values atT
52 K are about2100% and280% for Eu0.6Ca0.4B6 and
Eu0.4Ca0.6B6, respectively. This negative MR behavior w
also reported in EuB6 near the phase transition temperatu
at T'15 K, where the negative MR was explained in term
of carrier localization by magnetic polarons.16 The field de-
pendence of ther(T) for Eu0.1Ca0.9B6 looks significantly
different from the other two compounds. Although the ma
netic field suppressed the resistivity atT52 K, the metallic
state was not found even atT52 K and H57 T and, in-
stead, broad minima were observed for all fields of 0<H
<7 T. As a result, we observed positive MR behavior in t
measured temperature range except very nearT52 K, as
can be seen in the inset of Fig. 4~c!. The MR value is
'240% atT52 K andH57 T and'40% atT58 K and
H51 T for Eu0.1Ca0.9B6.

B. Hall effect and charge carrier density

We measured the Hall resistivityrH5VHd/I of
Eu12xCaxB6 (x50.2, 0.4, 0.6, and 0.9! at various fixed tem-
peratures between 2 K and 300 K, whereVH is the Hall
voltage,d the sample thickness, andI the applied current.
TherH(T) of Eu0.8Ca0.2B6 in this study is qualitatively con-
sistent with that in Ref. 14. TherH exhibited linear behavior
at both highT ~large negative slope! and lowT ~small nega-
tive slope! with internal magnetic inductionB5m0H, where
H is the external magnetic field andm0 is the permeability of
free space. At intermediate temperatures, deviation from
linear behavior was observed at inductionsB, which de-
creases with decreasing temperature. The deviations wer
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terpreted as a transition of the electronic state from cha
carrier poor at highT regions to charge carrier rich at low-T
regions. The calculated charge carrier density increased
idly near the transitionT and is'831018 cm23 at high T
and'831020 cm23 at low T ~5 2 K!, which agrees nicely
with the values in Ref. 14.

The measuredrHs of Eu12xCaxB6 (x50.4, 0.6, and 0.9!
are plotted in Figs. 5~a!, 5~b!, and 5~c!, respectively, in terms
of magnetic induction. For Eu0.6Ca0.4B6, similar rH to
Eu0.8Ca0.2B6 was observed, i.e., charge carrier rich at lowT
regions and charge carrier poor at high-T regions and transi-
tions at intermediate-T regions. However, the transition oc
curred at a much reduced temperature compared w

FIG. 5. Isothermal Hall resistivityrxy vs magnetic induction at
various temperatures as indicated for Eu12xCaxB6: ~a! x50.4, ~b!
x50.6, and~c! x50.9.
2-4
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ELECTRICAL TRANSPORT PROPERTIES AND SMALL . . . PHYSICAL REVIEW B 67, 125102 ~2003!
Eu0.8Ca0.2B6. For Eu0.4Ca0.6B6 and Eu0.1Ca0.9B6, therH had
a quite different nature, as can be seen in Figs. 5~b! and 5~c!.
The rH showed a linear dependence on the magnetic ind
tion for the whole temperature and field range except aT
52 K for the Eu0.4Ca0.6B6. No charge-carrier-rich state wa
found even atT52 K and, consequently, no deviation fro
linear behavior of therH .

Using the Hall coefficientRH5rH /B, the effective
charge carrier concentrationne f f and Hall mobilitymH were
calculated by the relationsne f f521/(RHe) and umHu
5RH(B51T)/r and are plotted in Fig. 6 for Eu12xCaxB6
(x50.4, 0.6, and 0.9!. The ne f f of Eu0.6Ca0.4B6 is almost
independent ofT and B at high temperatures withne f f'3
31019 and increased rapidly at low temperatures bel
'20 K with increasing magnetic induction for theB>2 T.
This behavior is qualitatively similar to thene f f of
Eu0.8Ca0.2B6, as mentioned above and as in Ref. 14. By co

FIG. 6. Effective charge carrier densityne f f vs temperature in
various magnetic inductions as indicated for Eu12xCaxB6: ~a! x
50.4, ~b! x50.6, and~c! x50.9. Insets: Hall mobilityumHu vs
temperature for each compound.
12510
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trast, the increase ofne f f was much reduced atB51 T, re-
sulting in almost no increase of effective charge carriers. T
Hall mobility fell continuously with decreasingT from
umHu'8.231023 m2/(V s) at T5100 K to '5.8
31027 m2/(V s) atT52 K as seen in the inset of Fig. 5~a!.

It is worthy of note that themH of the Eu0.8Ca0.2B6 ~not
shown! has a temperature dependence similar to that
Eu0.6Ca0.4B6. However, themH of Eu0.8Ca0.2B6 showed a
broad maximum atT'60 K, exactly the same feature as
Ref. 14, and theumHu'7.831022 m2/(V s) at T5100 K,
umHu'8.731022 m2/(V s) at maximumT, and umHu'1.8
31022 m2/(V s) at T52 K. These values of mobility for
the Eu0.8Ca0.2B6 are higher, by one or two orders of magn
tude, than those for the same compound in Ref. 14. T
means that the low resistivity in this study for Eu0.8Ca0.2B6
~see Fig. 3!, compared with the result in Ref. 14 for the sam
compound, is probably not due to high carrier concentrat
but due to the high mobility of carriers. Also, the higherumHu
for Eu0.8Ca0.2B6 than Eu0.6Ca0.4B6 may be a result of more
intermixing of Eu and Ca elements.

Thene f f for Eu12xCaxB6 (x50.6 and 0.9! @Figs. 6~b! and
6~c!# showed significantly different temperature depende
at low temperatures. For Eu0.4Ca0.6B6, dramatic suppression
of the ne f f at T52 K andB51 T and reduced reduction o
ne f f with higher magnetic induction were observed, as
Fig. 5~b!. The increase of thene f f was not found at the high
est field available. The calculatedumHu revealed an almos
linear decrease fromumHu'5.431023 m2/(V s) at T
5100 K andumHu'1.031023 m2/(V s) at T52 K, which
is similar to theumHu of Eu0.6Ca0.4B6 in terms of theT de-
pendence and its magnitude. For Eu0.1Ca0.9B6, the reduction
of ne f f at low temperatures occurred for the whole fie
range of 1 T<B<7 T with almost the same amount. How
ever, the amount of reduction in Eu0.1Ca0.9B6 is significantly
smaller than that in Eu0.4Ca0.6B6. The estimatedumHu @inset
of Fig. 5~c!# increased linearly with decreasingT from
umHu'2.231022 m2/(V s) at T5100 K, reached a broad
maximum of umHu'2.831022 m2/(V s) at T516 K, and
fell rapidly to umHu'1.431022 m2/(V s) atT52 K. Again,
the magnitude of theumHu of Eu0.1Ca0.9B6 is comparable to
that of Eu0.8Ca0.2B6 and higher than those of Eu0.6Ca0.4B6
and Eu0.4Ca0.6B6.

For comparison, the calculatedne f f are plotted together in
Fig. 7 as a function ofx, T, andH. As can be seen, a dramat
change inne f f was found forx50.2 and 0.4 in terms ofT
andH. The variation in thene f f(T,H) decreased asx values
increased.

Because the charge carrier density and its mobility are
general, closely linked to electronic transport properties,
temperature- and field-dependentne f f andmH , presented in
this work, can be utilized to explain the intriguing properti
of the resistivity in Eu12xCaxB6 compounds. It is surprising
that ther(T) of Eu0.1Ca0.9B6, where Eu is found to be iso
electric with Ca, showed metallic behavior with a mu
lower value than pure CaB6. Because some of CaB6, which
is believed not to be prepared well and considered to be
deficient, often shows low resistivity, introducing Eu el
ments in Ca sites in Eu0.1Ca0.9B6 can induce, somehow, de
2-5
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fect states, resulting in an increase of charge carriers. H
ever, it is far from clear how the carriers are created and w
defect states are involved in the process. In addition, a
relation between the Eu concentration and carrier concen
tion in Eu12xCaxB6 compounds was not observed in th
study and cannot be understood in this context. Further,
high mobility of carriers in the Eu0.1Ca0.9B6 seems to resul
in the lowest resistivity among the Eu12xCaxB6 compounds
in this study.

An anomalous increase ofr(T) at low temperatures an
the observed MR behavior of Eu12xCaxB6 compounds can
be understood qualitatively in terms of carrier density a
mobility. As already published in Ref. 14, the phase tran
tion in Eu0.8Ca0.2B6 accompanied a large increase of t
ne f f , leading to drastic reduction ofr(T) as shown in Fig. 3.
For Eu12xCaxB6 with x50.4, 0.6, and 0.9, a significant re
duction of ne f f was established at low temperatures a
small fields. Thus, the upturn of ther(T) at H50 Oe is due
to the charge carrier density reduction. The field effect
ne f f is largest in Eu0.6Ca0.4B6 among the three compound
resulting in a large negative MR and change of electro
state from gap like to metallic. The smallest effect ofne f f
was seen in Eu0.1Ca0.9B6, resulting in a small MR and les
change of electronic state~the resistivity change! with the
applied field. The effect in Eu0.4Ca0.6B6 was in between. It is
clear that the observed field dependence of electronic tr
port is closely related to the Eu concentration
Eu12xCaxB6.

C. Nonadiabatic small polaron

According to the Friedman-Holstein model for the Ha
effect in small polarons,17 the Hall mobility is very sensitive
to the geometric arrangement of the polarons~or hopping
sites! and to the characteristics of carrier hopping betwe
them at high temperatures. In anadiabaticregime, the carrier
can follow the motion of the lattice and will possess a hi

FIG. 7. Three-dimensional plot of the data in Fig. 6 forx
50.2, 0.4, 0.6, and 0.9 in Eu12xCaxB6.
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probability of hopping to the adjacent site. In anonadiabatic
regime, the carrier cannot follow the lattice vibrations a
the time required for a carrier to hop from one site to othe
large compared to the duration of a coincidence event
tween two polaron sites. Based on the model, the Hall m
bility can be expressed as for a three-site hopping model
nonadiabatic regime,18

mH5
ea2

2h
JS p

4kBTWH
D 1/2

expS 2
1

3

WH

kBTD , ~3.1!

wherea is the distance between neighboring hopping siteJ
is the hopping integral, andWH is the hopping activation
energy, and for three-site hopping in an adiabatic regime

mH5
1

2
ea2S v0

2pkBTD f ~T!expS 2
1

3

WH2J

kBT D , ~3.2!

where v0 is the longitudinal optical phonon frequenc
f (T)51 for J!kBT, and f (T)5kBT/J for J@kT. The Hall
mobility for a four-site hopping model in a nonadiabatic r
gime is

mH}S \v0

kBT D 3/2

expS 2
1

3

WH

kBTD . ~3.3!

The Hall mobility for Eu0.8Ca0.2B6 and Eu0.6Ca0.4B6 could
be expressed in terms of Eq.~3.3! and is plotted in Fig. 8 for
50 K<T<100 K where a linear slope for four-site hoppin
in a nonadiabatic regime is shown. By contrast, the mobi
for Eu0.1Ca0.9B6 showed a linear slope for three-site hoppi
in a nonadiabatic regime@Eq. ~3.1!#. The mobility for
Eu0.4Ca0.6B6 is in between, which followed the linear beha
ior in both Eqs.~3.1! and ~3.3! ~not shown!. This indicates
that the Hall mobility of Eu12xCaxB6 compounds is gov-
erned by the hopping process between magnetic polaron
high temperatures. The four-site hopping is dominant in E
rich compounds, consistent with the cubic crystal structu
Further, the hopping process changes gradually from fo
site hopping to three-site hopping as the Eu concentra
decreases. So in the intermediate region of Eu concentra

FIG. 8. Plot for Hall mobilityumHu in a nonadiabatic small po
laron hopping model, showing that the Eu12xCaxB6 (x50.2) works
well in the four-neighbor hopping sites and the Eu12xCaxB6 (x
50.9) in three-neighbor hopping sites~see text!.
2-6
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ELECTRICAL TRANSPORT PROPERTIES AND SMALL . . . PHYSICAL REVIEW B 67, 125102 ~2003!
in Eu0.4Ca0.6B6, both Eqs.~3.1! and~3.3! could describe the
Hall mobility because, we believe, the polaron lattice can
be separated explicitly as a triangular or cubic structu
From the linear slope in Fig. 8, the activation energiesWH
were estimated to be'254.3 K ~21.8 meV!, '355.8 K
~30.5 meV!, and'56 K ~4.8 meV! for x50.2, 0.4, and 0.9,
respectively. It was known that the high-temperature reg
where three- and four-site hopping can be distinguished
around and higher thanWH/5. This constraint satisfies th
temperature range (50 K<T<100 K) in Fig. 8 where we
observed a different slope for the two different hopping p
cesses.

This polaronic behavior of the transport seems to ag
well with the observed resistivity and MR variations wi
temperature and field. For Eu0.8Ca0.2B6, the trapped charge
carriers at the formed polarons would be released by for
tion of a polaron band at the ferromagnetic transition te
perature. The ferromagnetic transition does not occur
Eu0.6Ca0.4B6, so the charge carriers would be remained
trapped in the polarons, resulting in the rapid increase of
r(T) at low temperatures@Figs. 2 and 4~a!#. The applied
magnetic field helps to increase the size of polarons and
hopping probability of the carriers, consequently resulting
the negative MR behavior. In addition, the smaller activat
energy in Eu0.8Ca0.2B6 than Eu0.6Ca0.4B6 is probably due to
the low carrier mobility of Eu0.6Ca0.4B6 because low carrie
mobility is known to be conducive to the formation of p
larons. Although it is likely that the low MR in Eu0.1Ca0.9B6
is related to the low activation energy of the polarons,
polaron response to the applied field, such as the pos
MR, looks not to agree qualitatively with the above polar
scenario. Perhaps, the different MR behavior is due to
hopping process depending upon three-site hopping or f
site hopping. In order to understand fully the MR behavior
Eu0.1Ca0.9B6, a detailed microscopic description of the p
laronic state in this compound would be necessary.

IV. CONCLUSIONS

Electrical transport and Hall measurements were car
out for the series of Eu12xCaxB6 (x50.2, 0.4, 0.6, and 0.9!
compounds, which were prepared by a borothermal red
tion process prior to the crystal growth in Al flux. The cryst
of Eu0.8Ca0.2B6 exhibited a phase transition atTM515 K,
which is similar to that of pure EuB6, and showed much
lower resistivity compared with the same compound in R
14, probably due to higher charge carrier mobility rather th
larger carrier density. However, the compounds ofx50.4,
0.6, and 0.9 revealed no phase transition~no sudden drop in
resistivity! and, instead, a rapid increase in resistivity at lo
temperatures (T&10 K). An applied magnetic field reduce
the resistivity at low temperatures, resulting in a negat

*Electronic address: chobk@kjist.ac.kr
1D. P. Young, D. Hall, M. E. Torelli, Z. Fisk, J. L. Sarrao, J. D
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Zysler, Nature~London! 397, 412 ~1999!.

2M. E. Zhitomirsky, T. M. Rice, and V. I. Anisimov, Nature~Lon-
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MR at T52 K of 2100%, 280%, and240% for x50.4,
0.6, and 0.9, respectively. A positive MR ('40%) was also
observed in the Eu0.1Ca0.9B6 at an elevated temperature o
T'10 K with H51 T.

It was found that the observed exoticr(T,H) was closely
related to the variation of the charge carrier density and m
bility, determined by Hall measurement. The change
ne f f(T,H) was sensitive to the Eu concentration
Eu12xCaxB6 compounds. While thene f f increased rapidly
nearTM for pure EuB6, even atH50 G, the increase oc
curred atH51 T and 2 T forx50.2 and 0.4 compounds
respectively. Furthermore, a sharp reduction ofne f f was ob-
served at lowT and H for the x50.6 compound and the
reduction was suppressed with increasingH without a net
increase ofne f f , even atH57 T. For the x50.9 com-
pound, a broad increase of thene f f at 10 K&T &50 K and a
sharp reduction atT&10 K were observed and are almo
magnetic field independent.

The measured Hall mobility could be expressed well
terms of the activation of carriers in small polarons. Bas
upon the Friedman-Holstein model, the Hall mobility in th
Eu-rich side in Eu12xCaxB6 compounds was governed by
carrier hopping between polarons in a nonadiabatic proc
with four neighboring hopping sites. For the Eu-poor side
Eu12xCaxB6 compound, the hopping occurred in the sam
process with three neighboring hopping sites. The small
laronic model looked to agree nicely with the observed tra
port properties, such asr(T,H), MR(T), ne f f(T,H), and
mH(T). By contrast, the positive MR in Eu0.1Ca0.9B6 was not
understood in this polaronic model at present. It would be
interest to study the compounds with more dilute Eu conc
tration.

It should be noted that the polarons were found in Ram
scattering studies—so far, in small La-doped Eu12xLaxB6
(0.0<x<0.05) compounds in a narrow temperature ran
just above the magnetic phase transition temperature.19 The
observation of the polaronic behavior in the Eu12xCaxB6
compounds indicates that the polarons may exist in a w
temperature and composition range of hexaboride co
pounds than has hitherto been supposed. In particular,
polarons in Eu0.1Ca0.9B6 may have important implications
for the magnetism found in pure CaB6. In fact, a similar
rapid upturn ofr(T) at low temperatures was found in som
CaB6 compounds, which showed metallicr(T) at high tem-
peratures and weak ferromagnetism.5 Therefore, it would be
very interesting to study the electronic transport properties
Ca12xEuxB6 (x<0.1).
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