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Electrical transport properties and small polarons in Eu;_,Ca,Bg
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Temperature- and field-dependent resistiyity,H) and Hall effect measurements have been carried out for
the Ey_,CaBg (x=0.2, 0.4, 0.6, and 0)9compounds. The replacement of Eu with Ca invoked drastic
changes in the(T) although Ca and Eu are isoelectronic. Whiley K, ,Bg showed a phase transition
similar to that of pure Eug the p(T) of Eu,_,CaBg with x=0.4 and 0.6 showed a rapid increase at low
temperaturesT=10 K). The upturn of thep(T) was suppressed as the magnetic field increased, resulting in
negative magnetoresistan@R). For Ey ;Ca Bg, the MR changed from positive at 10sKT<50 K to
negative affT~2 K. It was found that the observed exofi€T) is due to the change of the effective carrier
densityn, ¢ and Hall mobility .y 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 obpéfved, MR(T),
Nets(T,H), and uy(T) variation.

DOI: 10.1103/PhysRevB.67.125102 PACS nunider71.20.Eh, 71.38.Ht

[. INTRODUCTION excitation spectrum were also noticed during optical reflec-
tivity measurement, suggesting either an increase in carrier
The hexaboride compoundfkBgs, R=Ca, Sr, La, Ce, density or a reduction of the effective mass of carrier at the
Sm, Eu, and Grhave been studied extensively over the lasttwo transition temperaturés.
few decades because of their variety of physical properties. The study of doped compounds of &g, ,Bg provoked
Recently, it was found that the small amount of La doping inmore intriguing questions concerning the ground states of the
CaB; induced weak ferromagnetism at high temperaturecompound. The carrier density of f4Ca ,Bg, determined
(T,~600 K) even though it has no partially filled or f by Hall measurement, was not in between guhd CaB
orbitals that are essential for the magnetfsMuch theoret- and increased at the phase transition at a much higher rate
ical and experimental effort has been devoted to clarifyinghan EuB.* Thus, it is of great interest to study the series
this intriguing property > Based on a band calculation of compounds of Eu ,CaBg systematically in terms of the
CaB;,® from which we can derive the compound’s semime-phase transition and carrier density. We tuned the Ca doping
tallic character, many theoretical models, such as the ferraratio in the single-crystalline compounds of EyCaBg (X
magnetic phase of a dilute electron gas, doped excitonic in=0.2, 0.4, 0.6, 0.9 and studied their electronic transport
sulator, and conventional itinerant magnetism, have beeproperties by using field- and temperature-dependent electri-
suggested to explain the weak ferromagnetism observed atl and Hall resistivities.
high temperatures. However, a more detailed calculation, the
so-calledGW approximatior’, has shown that the Cgfas a Il. SAMPLE PREPARATION AND EXPERIMENTAL
sizable semiconducting gap of about 0.8 eV atXhgoint in TECHNIQUES
the Brillouin zone and suggested that magnetism occurs only
on the metallic side of a Mott transition in the La-induced The single-crystalline Eu ,CaBg (x=0.0, 0.2, 0.4, 0.6,
impurity band in Ca_,LaBg. An investigation of the ex- 0.9, and 1.D compounds were synthesized by using a boro-
perimental band gap, using angle-resolved photoemissiotihermal method. High-purity powders of CagOEW,0s,
spectroscopy(ARPES, supported the results of thew  and B were mixed thoroughly with stoichiometric ratio, us-
calculation® At present, understanding of the origin of the ing the following chemical formula: %CaCQ+3(1
weak ferromagnetism in CaBs far from complete. —X)Ew,O5 + 2(21—- x)B — 6Ey_,CaBg + 6XCO, + (3
Another class of hexaborides that exhibits exotic mag-—x)B,0;. The mixed and pelletized samples were sintered
netic properties is Euf This compound showed two con- at 1450 °C for 1 day in an argon atmosphere. After confirm-
secutive phase transitions at low temperatureg 415 K ing the single phase of the polycrystalline samples using
andT.,~12 K) and colossal magnetoresistance at the tranx-ray diffraction (XRD), the prepared polycrystalline com-
sition of T.;=15 K.%~* Hirsch proposes that EyBs a me-  pounds were placed in an alumina crucible together with Al
tallic magnetism, driven by an effective mass reductionflux with a mass ratio of Eu ,CaBg : Al = 1 : 50 and heat
equivalent band broadenifi§Sullow et al. mentions that the treated from 1450 to 600 °C with a cooling rate of 5 °C/h in
higher transition temperature is a metallization temperaturan oxygen-free atmosphere under flowing argon gas. The Al
due to an increase in the number of itinerant electrons anflux was removed by using NaOH solution. The typical di-
that the lower one is a bulk Curie temperature of long-rangamensions of single-crystalline compounds, used in longitudi-
ferromagnetic order’ Considerable changes in the electronicnal and Hall resistivity measurements, is about ¢3100)
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FIG. 1. Lattice constant vs Ca concentratignin Eu, _,CaBg, e ' . . . ]
determined from the angular position [@f10] diffraction peak. In- | ® ]
set: [110] diffraction peaks with increasing values from left to L |
right. 0142 (b) Eu,,CapBy |

X (1.5+0.4)X (1.0=0.5) mnr.

The grown crystals were confirmed by powder XRD to be
a single phase of CaBype structure without noticeable im-
purity signals. The lattice parameter of each compound of I ]
Eu,_,CaBg was estimated from the@position of the[110] 0.04 |- -
diffraction peak, which is the most intensive of the peaks in - 1
a diffraction pattern. The estimated lattice parameters were I °
plotted as a function ok in Fig. 1, indicating a systematic o000 e
change of the lattice constant with varyizgvalues. The 0.0 02 04 06 08 10
[110] diffraction peaks with varioug values were also plot- X
ted in the inset, representing a gradual shift of the peak from
low 26 for x=0.0 to high 2 for x=1.0. This is clear evi-
dence of a uniform doping of Ca in the Eu site and vice
versa.

The resistivity was measured using four-point contact andynthesized by a borothermal reduction method by mixing
low-frequency(33.3 H2 ac techniques. To reduce the con- stoichiometric ratios of Ca and B, shows a semiconducting
tact resistance<1 (1), we coated the gol@Au) pad at con-  temperature dependence. This temperature dependence is
tact points using a sputtering system in an ultrahigh vacuunguite similar to that of the Ga ;B85 sample in Ref. 5, which
(UHV) after surface polishing. The current was driven alongwas considered to be a defect-free sample grown by adding
the long direction of the sample, and the magnetic field wagxtra Ca during single-crystal growth. This indicates that the
applied perpendicular to the direction of the current. Thepreliminary reaction of the borothermal reduction process for
Hall measurement was similar to that of the resistivity, in-the formation of polycrystalline CaBis to provoke single
cluding a low-frequency33.3 H2 ac technique and gold crystals of high quality with initial nominal composition.
Coating at contact pOintS. However, to eliminate the |0ngitu- The rep|acement of Eu by Ca induced a drastic Change in
dinal reSiStiVity, we used a ﬁve'ContaCt, rather than a fOUr'the p(T)’ in terms not On|y of its magnitude’ but also tem-
contact, technique. We carried out voltage balancing using gerature dependence. The magnitude ofdfie= 300 K) of
balance meter to minimize the geometrical effect and subiye Ey_,CaBg (x=0.2, 0.4, 0.6, and 0)9vas much low-
tracted the remaining longitudinal voltage by changing thegred, compared with CaBin the inset, to below 0.1) cm
applied field direction, because the Hall voltage changes itg the whole measured temperature range exeplo K
polarity with respect to the magnetic field while the polarity for x=0.4 and 0.6. For comparison, th&T =300 K) was
of the longitudinal voltage remains the same. plotted as a function af in Eu,_,Ca,By in Fig. 2(b). As can

be seen in Fig. 2, a rapid increasepdfT) was observed for
Ill. RESULTS AND DISCUSSION the samples ofx=0.4 and 0.6 at low temperatured (
<10 K). Details ofp(T) for each sample of Eu,CaBg
will be presented later. Bearing in mind the argument that

Figure Za) represents the temperature-dependent electrifree carriers might be created by defect states in the;CiaB
cal resistivity p(T) of Eu;_,CaBg (x=0.2, 0.4, 0.6, and is likely that defects will be introduced in Eu,CaBg by
0.9 and the inset of CaB The p(T) of CaB;, which was  mixing Ca and Eu, resulting in lower resistivity values. How-

0.08 - -1

300K) (Q-cm)

p(T=

FIG. 2. (a) Resistivityp vs temperaturd from 300 K b 2 K for
Ey,_,CaBg (x=0.2, 0.4, 0.6, and 0)9Inset:p(T) vs T for CaB;,
(b) p(T=300 K) vsx.

A. Electrical resistivity
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FIG. 3. Resistivityp vs temperaturd from 300 K b 2 K for
Euw, &Ca -Bg and EuR. Inset: temperature derivative of tp€T) vs
T.

ever, there is no clear systematic change @f) depending
on the density of Eqor Ca elements, as can be seen in Fig. &
2(b). Further, the drastic change of temperature dependenc&
(see below indicates that the electronic transport properties ™
of Ey,_,CaBg are qualitatively different from those of
CaB;. o
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The p(T) curve of Ey {Ca, B¢ is plotted in Fig. 3 and its o | T B35ass 5 T Eu, ,Ca, B
temperature derivative is shown in the inset. @) and ’ v88Bodoooo0o o000
dp(T)/dT of EuBg from Ref. 15 were also plotted together -~ PU P PO PO

. L 0 10 20 30 40 50
for comparison. The phase transition of 50& Bg at Ty B —

~15 K was manifested by a sharp drop of th€l) and a
slight upturn just above th€&,, due to spin disorder scatter-
ing, which has the same characteristics as those of Fa8
can be seen in Fig. 3. However, its temperature derivative of
Euw, §Ca -Bg in the inset of Fig. 3 showed only one broad
peak corresponding to the lower transition in Eud large
suppression of the sharp peak in Eug®rresponding to the
higher transition, which is similar to the behavior of a small
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amount of the La-doped compoundEyLa,Bg in Ref. 15. g oo 00
The high-temperature resistivity showed a broad maximum
near T=100 K instead of a metallic temperature depen- Eu,,Ca, B,

dence.
The p(T) of Euy¢Ca -Bg in this study is significantly o 2 4 e s 10

different from thep(T) in Ref. 14 for the same compound. T(K)

First, the magnitude of the resistivity of E§Ca, B¢ in this

study is smaller than that in Ref. 14 by one or two orders of FIG. 4. Resistivityp vs temperaturd in various magnetic fields

magnitude. The resistivity of pure Egih Ref. 9, which was as indicated for Ey,CaBg: (a) x=0.4, (b) x=0.6, and(c) x

grown by the same growth method as the borothermal reduc=9-9- Insets:(@) expanded plot at low temperaturéh) and (c)

tion, also showed much lower values than the other reportefiagnetogesistance rativR) vs T.

data by an order of magnitude. Because Eudas consid-

ered as a metallic compound, the single crystals in this studiaken to compare the physical properties of samples grown

look to be of higher quality than the other previously re-(or preparedl by different methods, because most of the

ported ones. Second, the phase transition temperature as pimysical properties were found to be highly sample depen-

onset of the resistivity dropT =15 K, is clearly higher dent in a hexaboride system.

than theT, =5.3 Kin Ref. 14. Finally, the resistivity below The p(T) of Ey;,_,CaBg (x=0.4, 0.6, and 0.Pare plot-

Ty approached a zero value downTe-2 K and no indica- ted in Figs. 4a), 4(b), and 4c), respectively, under various

tion of the upturn ofp(T) at low temperatures was found in magnetic fieldgH) as indicated. The inset of Fig(a is an

this study, contrary to the data in Ref. 14. It will be of inter- expanded plot of thg(T) and the insets of the Figs(¥) and

est to extend resistivity measurements to lower temperature¥c) show the magnetoresistance ratio ME p(H) — p(H

below T=2 K. In spite of these differences, care should be=0)]/p(H=0) of the corresponding samples. Under
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=0, the three compounds showed rapid increase iphi¢
at low temperatures beloW~10 K. This behavior at low

temperatures indicates a quite significant change of elec

tronic state, compared with that of EyBnd Cg ,Euy gBg in

Fig. 3. We did not observe a phase transition accompanying
the sharp drop in the(T), but, instead, a rapid increase of &
the resistivity, i.e., gaplike behavior. It was also noticed thatg -

the p(T) of Euy .Ca& ¢Bg, Which is higher than the other two

in its magnitude for the whole temperature range, showed ¢

negative slope in terms @f, a semiconductinglike tempera-
ture dependence, while thgT) of EuyCa ¢Bg, Which is

lower than the other two, showed positive slope, a metallic-
like behavior, at high temperatures. The magnitude of the

low-temperature increase and th€T=2 K) are largest for
Euy Ca.sBe and lowest for Egl,Cay Bg.
Magnetic-field-dependenp(T,H) of the above three

samples are also presented in Fig. 4. Remarkably, the mac
netic field of 2 T completely suppressed the low-temperature

increase of the resistivity for EYCa, ,Bg and changed the
electronic state from a gaplike to a metallic state Tat
=2 K, which was clearly evident in the inset of Figaj
With further increasing fields, the(T) fell continuously,
resulting in no upturn in the(T) for the whole temperature
range in Ey {Ca /Bg. Although a similar field and tempera-
ture dependence was also observed in thgEa, Bs com-
pound, metallic behavior was not observed evenHat
=7 T. The MR(T) for Euy .Ca& ¢Bs is shown in the inset of

Fig. 4(b), which is qualitatively the same as that for

Euw ¢Ca 4Bg (not shown. The observed MR values &t
=2 K are about—100% and—80% for Ey (Ca B and

Euw .Ca ¢Be, respectively. This negative MR behavior was
also reported in EuBnear the phase transition temperature g
at T~15 K, where the negative MR was explained in terms &

of carrier localization by magnetic polarotsThe field de-
pendence of the(T) for Euy,Ca oBg looks significantly

different from the other two compounds. Although the mag-

netic field suppressed the resistivity st 2 K, the metallic
state was not found even dt=2 K andH=7 T and, in-
stead, broad minima were observed for all fields efH

<7 T. As aresult, we observed positive MR behavior inthe 18

measured temperature range except very Aeal K, as
can be seen in the inset of Fig(ch The MR value is
~—40% atT=2 KandH=7 T and~40% atT=8 K and
H=1 T for Ey, ;C& oBe.

B. Hall effect and charge carrier density

We measured the Hall resistivitypy=Vyd/l of
Eu,_,CaBg (x=0.2, 0.4, 0.6, and 0)&at various fixed tem-
peratures betwee2 K and 300 K, whereVy is the Hall
voltage,d the sample thickness, ardthe applied current.
The py(T) of Euy {Ca -Bg in this study is qualitatively con-
sistent with that in Ref. 14. They, exhibited linear behavior
at both highT (large negative slopeand lowT (small nega-
tive slopg with internal magnetic inductioB= u,H, where
H is the external magnetic field and, is the permeability of
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FIG. 5. Isothermal Hall resistivity,, vs magnetic induction at
various temperatures as indicated for; E\CaBg: (a) x=0.4, (b)
x=0.6, and(c) x=0.9.

terpreted as a transition of the electronic state from charge
carrier poor at hight regions to charge carrier rich at low-
regions. The calculated charge carrier density increased rap-
idly near the transitioT and is~8x 10 cm 2 at highT
and~8x10?° cm 3 at low T (= 2 K), which agrees nicely
with the values in Ref. 14.

The measure@ys of Eu_,CaBg (x=0.4, 0.6, and 0.9
are plotted in Figs. @), 5(b), and 5c), respectively, in terms
of magnetic induction. For EuCa Bg, similar py to
Eu, {Cay -Bg Was observed, i.e., charge carrier rich at [dw

free space. At intermediate temperatures, deviation from theegions and charge carrier poor at highegions and transi-

linear behavior was observed at inductioBs which de-

tions at intermediat@- regions. However, the transition oc-

creases with decreasing temperature. The deviations were iourred at a much reduced temperature compared with
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0.010 trast, the increase ofyss was much reduced &=1 T, re-

sulting in almost no increase of effective charge carriers. The
Hall mobility fell continuously with decreasing from
|uy|~8.21073m?/(Vs) at T=100K to ~5.8
X10 " m?/(Vs) atT=2 K as seen in the inset of Fig(a.

It is worthy of note that thew,, of the Ey ¢Ca, Bg (not
shown has a temperature dependence similar to that in
Eu Cay.sBs. However, thewy of EuyCa Bg showed a
broad maximum afT~60 K, exactly the same feature as in
Ref. 14, and thduy|~7.8x1072 m?/(Vs) at T=100 K,
|y ~8.7X107°2 m?/(Vs) at maximumT, and |uy|~1.8
X102 m?/(Vs) at T=2 K. These values of mobility for
the Ey Ca, ,Bg are higher, by one or two orders of magni-
tude, than those for the same compound in Ref. 14. This
means that the low resistivity in this study for &, ,Bg
(see Fig. 3, compared with the result in Ref. 14 for the same
compound, is probably not due to high carrier concentration
but due to the high mobility of carriers. Also, the higher;|
for Euy ¢Ca -Bg than Ey (Ca sBg may be a result of more
intermixing of Eu and Ca elements.

Thengss for Ey,_,CaBg (x=0.6 and 0.9[Figs. 6b) and
6(c)] showed significantly different temperature dependence
at low temperatures. For EyCa, {Bg, dramatic suppression
of thengs; at T=2 KandB=1 T and reduced reduction of
Nes; With higher magnetic induction were observed, as in
Fig. 5b). The increase of the.¢; was not found at the high-
est field available. The calculatég,| revealed an almost
linear decrease from|uy|~5.4x103m?(Vs) at T
=100 K and|uy|~1.0<10 3 m?/(Vs) atT=2 K, which
is similar to the|uy| of Euy ¢Cay Bg in terms of theT de-
pendence and its magnitude. ForgEQa, Bg, the reduction
of ngf; at low temperatures occurred for the whole field
T(K) range of 1 =B=<7 T with almost the same amount. How-

0 10 20 30 40 50 60 70 80 90 100 ever, the amount of reduction in E&C&).QBa is significantly
TK) smaller than that in EuCa)¢Bs. The estimatedi,u.H| [inset
of Fig. 5c)] increased linearly with decreasing from

FIG. 6. Effective charge carrier density; vs temperature in | uy|~2.2<10"2 m?/(Vs) at T=100 K, reached a broad
various magnetic inductions as indicated for; E{CaBgs: (a) X maximum of | uy|~2.8X 102 m2/(V s) at T=16 K, and
=0.4, (b) x=0.6, and(c) x=0.9. Insets: Hall mobility|uy| vs  fell rapidly to |uy|~1.4X10 2 m?/(Vs) atT=2 K. Again,
temperature for each compound. the magnitude of théuy| of Eu,,Cay oBg is comparable to

that of Ey ¢Ca -Bg and higher than those of EtCa Bg
Etp.sCa.Bs. FOr Eh.CayeBs and Eip 1Ca oBg, thepy had  and Ey ,Cay ¢Bs.
a quite different nature, as can be seen in Figis) &nd Sc). For comparison, the calculateq;; are plotted together in
The py, showed a linear dependence on the magnetic inducrig. 7 as a function of, T, andH. As can be seen, a dramatic
tion for the whole temperature and field range except at change inn.s; was found forx=0.2 and 0.4 in terms of
=2 K for the Ey Ca& ¢Bs. NO charge-carrier-rich state was andH. The variation in then.¢(T,H) decreased asvalues
found even aff=2 K and, consequently, no deviation from increased.
linear behavior of they . Because the charge carrier density and its mobility are, in

Using the Hall coefficientR,=py/B, the effective general, closely linked to electronic transport properties, the
charge carrier concentratiory¢; and Hall mobility uy were  temperature- and field-dependemnt; and u, presented in
calculated by the relationsg;=—1/(Rye) and |uy|  this work, can be utilized to explain the intriguing properties
=Ry(B=1T)/p and are plotted in Fig. 6 for Eu,CaBs  of the resistivity in Ey_,CaBg compounds. It is surprising
(x=0.4, 0.6, and 0.0 The ne¢; of Euy¢Cay B is almost  that thep(T) of Eu, ;Cay Bg, Where Eu is found to be iso-
independent oflf and B at high temperatures withg¢i~3 electric with Ca, showed metallic behavior with a much
X 10" and increased rapidly at low temperatures belowlower value than pure CaB Because some of CgBwhich
~20 K with increasing magnetic induction for tfg=2 T. is believed not to be prepared well and considered to be Ca
This behavior is qualitatively similar to thengsy of  deficient, often shows low resistivity, introducing Eu ele-
Eu, £Ca -Bg, as mentioned above and as in Ref. 14. By coniments in Ca sites in ByCa, Bg can induce, somehow, de-

4.0x102' |-

25x102 |1

O mJ 4080

e = -1/(R,e) (em®)

1.0x10%' |

1.2x10"

1.0x10% |}

0.8x10"™ [

Ny =-1/(Re) (cm®)

0.6x10" |,

3.1x108 |

3.0x10"8
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FIG. 8. Plot for Hall mobility| uy| in a nonadiabatic small po-
laron hopping model, showing that the EyCaBg (x=0.2) works
well in the four-neighbor hopping sites and the,ExCaBg (x
=0.9) in three-neighbor hopping sitésee text

. (32

the time required for a carrier to hop from one site to other is
defect states are involved in the process. In addition, a coRility can be expressed as for a three-site hopping model in a
study and cannot be understood in this context. Further, the e
in the lowest resistivity among the Eu.CaBg compounds  wherea is the distance between neighboring hopping sites,
the observed MR behavior of Eu,CaBg compounds can

(O] f T 1 WH_J
nobil _ _ 2keT) (DR 3 T
tion in Ew, {Ca ,Bg accompanied a large increase of the
duction of ney; was established at low temperatures andmobility for a four-site hopping model in a nonadiabatic re-
312

Ness is largest in EygCa 4Bs among the three compounds, MHx(ﬁwo) exp{ 1L WH)_ (3.3
was seen in E4iCa B, resulting in a small MR and less be expressed in terms of E@®.3) and is plotted in Fig. 8 for
clear that the observed field dependence of electronic trang-

Euy .Ca B is in between, which followed the linear behav-

C. Nonadiabatic small polaron
According to the Friedman-Holstein model for the Hall erned by the hopping process between magnetic polarons at

siteg and to the characteristics of carrier hopping betweerFurther, the hopping process changes gradually from four-

FIG. 7. Three-dimensional plot of the data in Fig. 6 for probability of hopping to the adjacent site. Imanadiabatic
~0.2, 0.4, 0.6, and 0.9 in Eu,CaBs. regime, the carrier cannot follow the lattice vibrations and
fect states, resulting in an increase of charge carriers. Howla'geé compared to the duration of a coincidence event be-
ever, it is far from clear how the carriers are created and whaiveen two polaron sites. Based on the model, the Hall mo-
relation between the Eu concentration and carrier concentrdlonadiabatic regimé,
tion in Ey,_,CaBg compounds was not observed in this 2 - 112 1 W

H
iy caor b i N OV
high mobility of carriers in the EgyCay jBg Seems to result 2h "\ 4kgTWH 3 kT
in this study. . is the hopping integral, antV, is the hopping activation

An anomalous increase @f(T) at low temperatures and energy, and for three-site hopping in an adiabatic regime,
be understood qualitatively in terms of carrier density and 1,
mobility. As already published in Ref. 14, the phase transi- HH=5ed
Nets, leading to drastic reduction i(T) as shown in Fig. 3. where wq is the longitudinal optical phonon frequency,
For Ey_,CaBg with x=0.4, 0.6, and 0.9, a significant re- f(T)=1 for J<kgT, andf(T)=kgT/J for J>kT. The Hall
small fields. Thus, the upturn of th§T) atH=0 Oe is due 9iMme is
to the charge carrier density reduction. The field effect of
resulting in a large negative MR and change of electronic kT 3 kgT
state from gap like to metallic. The smallest effectrmf; The Hall mobility for Eu (Cay ;8¢ and Etg (Cay 4B could
change of electronic statghe resistivity changewith the . . .

e : : .. B0 K=T=100 K where a linear slope for four-site hopping
applied field. The effect in EtiCa.gBs was in between. Itis in a nonadiabatic regime is shown. By contrast, the mobility
: : ._Tor Eu, 1Ca Bg showed a linear slope for three-site hopping
port is closely related to the Eu concentration in in a nonadiabatic regiméEq. (3.1]. The mobility for
Eu, _,CaBs.
ior in both Egs.(3.1) and (3.3 (not shown. This indicates
that the Hall mobility of Ey_,CaBg compounds is gov-
effect in small polaron$’ the Hall mobility is very sensitive high temperatures. The four-site hopping is dominant in Eu-
to the geometric arrangement of the polardos hopping  rich compounds, consistent with the cubic crystal structure.
them at high temperatures. In adiabaticregime, the carrier site hopping to three-site hopping as the Eu concentration
can follow the motion of the lattice and will possess a highdecreases. So in the intermediate region of Eu concentration

125102-6



ELECTRICAL TRANSPORT PROPERTIES AND SMAL. .. PHYSICAL REVIEW B 67, 125102 (2003

in Euy..Ca ¢Bg, both Egs.(3.1) and(3.3) could describe the MR atT=2 K of —100%, —80%, and—40% forx=0.4,
Hall mobility because, we believe, the polaron lattice cannoD.6, and 0.9, respectively. A positive MR=@40%) was also
be separated explicitly as a triangular or cubic structureobserved in the EuCay Bg at an elevated temperature of
From the linear slope in Fig. 8, the activation energids T~10 K withH=1 T.
were estimated to be=254.3 K (21.8 meV}, ~355.8 K It was found that the observed exofi€T,H) was closely
(30.5 meV, and=~56 K (4.8 me\j for x=0.2, 0.4, and 0.9, related to the variation of the charge carrier density and mo-
respectively. It was known that the high-temperature regionbility, determined by Hall measurement. The change of
where three- and four-site hopping can be distinguished, is.{(T,H) was sensitive to the Eu concentration in
around and higher thaw/,,/5. This constraint satisfies the Eu,_,CaBg compounds. While then.¢; increased rapidly
temperature range (50KT=<100 K) in Fig. 8 where we nearTy for pure EuB, even atH=0 G, the increase oc-
observed a different slope for the two different hopping pro-curred atH=1 T and 2 T forx=0.2 and 0.4 compounds,
cesses. respectively. Furthermore, a sharp reductiomgf; was ob-
This polaronic behavior of the transport seems to agregerved at lowT and H for the x=0.6 compound and the
well with the observed resistivity and MR variations with reduction was suppressed with increaskgwithout a net
temperature and field. For E§Ca ;Bg, the trapped charge increase ofng;, even atH=7 T. For thex=0.9 com-
carriers at the formed polarons would be released by formapound, a broad increase of thg;; at 10 K<T <50 K and a
tion of a polaron band at the ferromagnetic transition tem-sharp reduction alT <10 K were observed and are almost
perature. The ferromagnetic transition does not occur inmagnetic field independent.
Ew Cay sBs, S0 the charge carriers would be remained as The measured Hall mobility could be expressed well in
trapped in the polarons, resulting in the rapid increase of théerms of the activation of carriers in small polarons. Based
p(T) at low temperature$Figs. 2 and 4a)]. The applied upon the Friedman-Holstein model, the Hall mobility in the
magnetic field helps to increase the size of polarons and thEu-rich side in Ey_,CaBs compounds was governed by a
hopping probability of the carriers, consequently resulting incarrier hopping between polarons in a nonadiabatic process
the negative MR behavior. In addition, the smaller activationwith four neighboring hopping sites. For the Eu-poor side of
energy in EysCa, ,Bg than Ey (Ca Bg is probably due to Eu,_,CaBs compound, the hopping occurred in the same
the low carrier mobility of Ey¢Ca 4B because low carrier process with three neighboring hopping sites. The small po-
mobility is known to be conducive to the formation of po- laronic model looked to agree nicely with the observed trans-
larons. Although it is likely that the low MR in BuCa Bs  port properties, such as(T,H), MR(T), ne(T,H), and
is related to the low activation energy of the polarons, they,,(T). By contrast, the positive MR in ByCa, B Was not
polaron response to the applied field, such as the positivanderstood in this polaronic model at present. It would be of
MR, looks not to agree qualitatively with the above polaroninterest to study the compounds with more dilute Eu concen-
scenario. Perhaps, the different MR behavior is due to theration.
hopping process depending upon three-site hopping or four- It should be noted that the polarons were found in Raman
site hopping. In order to understand fully the MR behavior ofscattering studies—so far, in small La-doped, Elia,Bg
Ew.1Ca oBs, a detailed microscopic description of the po- (0.0<x<0.05) compounds in a narrow temperature range

laronic state in this compound would be necessary. just above the magnetic phase transition temperatiifée
observation of the polaronic behavior in the ;ExyCaBg
IV. CONCLUSIONS compounds indicates that the polarons may exist in a wider

: . temperature and composition range of hexaboride com-
Electrical transport and Hall measurements were carriedl, \nqs than has hitherto been supposed. In particular, the
out for the SEres of BuCaBs (x=0.2, 0.4, 0.6, and 0)9 olarons in Ey,Ca iBg may have important implications
c_ompounds, W.h'Ch were prepared by.a borothermal redu or the magnetism found in pure CgBIn fact, a similar
tion process prior tc_) t_he crystal growth m_AI flux. The crystal rapid upturn ofp(T) at low temperatures was found in some
of .EUO-?C%@B.? eXh'b'ﬁed 6; phase iransition hmiv':15 K, h CaB; compounds, which showed metali€T) at high tem-
which is similar to that of pure Eup and showed muc peratures and weak ferromagnetidiherefore, it would be

lower resistivity compared with the same compound in Refy oy interesting to study the electronic transport properties of
14, probably due to higher charge carrier mobility rather tharbaiy EuBq (xg<0 1) y port prop
s <0.1).

larger carrier density. However, the compoundsxef0.4,
0.6, and 0.9 revealed no phase transitioa sudden drop in
resistivity) and, instead, a rapid increase in resistivity at low

temperaturesT=10 K). An applied magnetic field reduced  This work was supported by Korea Research Foundation
the resistivity at low temperatures, resulting in a negativeGrant No. KRF-2002-070-C00032.
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