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Structural, transport, magnetic, and thermal properties of EugGa;sGesq
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EuGa¢Geyg is the only clathrate known so far where the guest positions are fully occupied by a rare-earth
element. Our investigations show that, in addition to the previously synthesiz&hEGe;, modification with
clathrate-I structure, there exists a second modification with clathrate-VIlI structure. Polycrystalline samples of
both phases behave as local-moment ferromagnets with relatively low Curie tempe{Hiusesnd 36 K The
charge-carrier concentrations are rather srt@aB and 12.5% 10°° cm 2 at 2 K) and, together with the low
Curie temperatures, point to a semimetallic behavior. Both the specific heat and the thermal conductivity are
consistent with the concept of guest atoms “rattling” in oversized host cages, leading to low thermal conduc-
tivities (“phonon glasses). However, the electron mobilities are quite low, which, if intrinsic, would question
the properties of an “electron crystal”, commonly presumed in “filled-cage” materials. The dimensionless
thermoelectric figure of merit reaches values of 0.01 at 100 K.
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[. INTRODUCTION conductor (“Kondo insulator”®) may be obtained. This

Clathrates are solids made up of large cages of silicoryvould not only be exciting in view of the expected good
germanium, or tin(or, in the well-known gas hydrates, of thermoelectric propertie§n addition to the above-discussed
H,O) that encapsulate guest atoms. All cages are tightlyjow « values for clathrates, one expects large thermop@&ver
joined, their constituent atoms being tetrahedradip¥like)  values for Kondo insulatoysbut also because strongly cor-
bonded. Until recently, clathrates with mostly two different related electron phenomena could be studied in a completely
structure typegl and Il) have been reported. From these, anew system, which is quite different from all Kondo insula-
large variety of materials can be created by partial substitutors known so far.
tion of cage atoms and/or by introducing guest atoms into the Up to now we have focused our studies on Ge-containing
cages. clathrates. To our knowledge, the only clathrate where a

The bonding situation of clathrates may, in a first approxi-100% occupation of the guest sites by a rare-earth element is
mation, be understood in terms of the Zintl concefihe  found is EyGa¢Ges. In Refs. 4, 5, and 6, this compound
more electropositive guest atoms donate electrons to theas shown to crystallize in the clathrate-I structure. Our in-
more electronegative cager hos} atoms such that the cage vestigations, however, reveal thatd&a Ge;y exists intwo
atoms complete their valence requiremefastet rule and  modifications, the second one being of the so-called
build a covalently bonded cage structure. The guest atoms)athrate-VIlIl structur€. Both EyGasGey, modifications,
on the other hand, are ionically bonded to the host framewhich we shall refer to as th8 and a phase, respectively,
work. Since in this way all valence electrons are used irorder ferromagnetically. We are currently trying to modify
covalent bonds, one might expect clathrates to be semicorihe Ga-Ge framework in order to suppress the magnetic or-
ductors. In reality, the situation is more complex and semider and to establish a heavy-fermion semiconducting or
conducting clathrates appear to be rather an exception thatondo-insulating state.

the rule.
The clgu_m of Slackthat cl_athrates_ containing guest atoms Il SAMPLE PREPARATION AND STRUCTURAL
are promising thermoelectric materials encouraged a number ANALYSIS

of groups worldwide to work on this topic. He proposed that
clathrates behave as “phonon glasses and electron crystals”: EusGa¢Geyq was prepared from the elements by melting
Atoms located in oversized atomic cages are believed to urthem in a high frequencyHF) furnace under argon atmo-
dergo large local anharmonic vibrations, somewhat indepersphere. The elements were placed, with the atomic ratio
dent of the other atoms in the crystal. This “rattling” may Eu:Ga:Ge=8:16:30 (Eu, 99.9 mass%, Lamprecht, further
resonantly scatter acoustic-mode, heat-carrying phonons amtistilled in vacuum; Ga, 99.999 99 mass%, Chempur; Ge,
thus lead to very low and “glasslike” thermal conductivities 99.999 mass%, ABCRinto an open glassy-carbon crucible,
x (“phonon glasses). Supposing thatc is phonon domi- which was positioned in a quartz tube inside the coil of the
nated, this will increase the thermoelectric figure of merit,HF furnace. The crucible was slowly heated to a maximum
Z=S%0/ k, only if the charge carrier@nd therefore also the temperature of about 950 °C, cooled down to about 750 °C,
electrical conductivityo) are much less affected by the rat- and then cooled to room temperature. The x-ray diffraction
tling than the heat-carrying phonons and thus behave as elepattern of the as-cast sample showed that the majority phase
trons in a crystalline latticé“electron crystals’. (about 95% has a clathrate-I-type structure with a primitive
Our hope is that by introducing suitable rare-earth ele-unit cell. In order to get a single-phase sample, annealing for
ments with an unstablef4shell as guest atoms into an ad- 4 days at 687 °C was performed. Inspection of the x-ray
equate semiconducting host framework, a narrow-gap semdiffraction pattern of the annealed sample revealed that the
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TABLE |. Selected crystallographic dat293 K).

Compound
Structure type
Crystal

Molar mass
Space group; formula units

Pearson code

Unit cell dimensions

[powder, Huber image plate Guinier camera,
internal standard LaBs, a = 4.15695(6) A]
Data collection

[single crystal, Stoe IPDS]

Data correction

Structure refinement

a-EugGamGeao

BagGa;6Snsp (clathrate-VIH)
gray metallic fragment,

size 0.10x0.09x0.03 mm
4508.9 amu

143m (No.217),Z=1
cl54

a=10.6281(2) A, V = 1200.51(4) A%,
45 reflections (20° < 20 < 999),
ACuK ) = 1.540598 A

220 exposures, Ag = 1°;
4° <20 < 48°,
AAgK ) = 0.56087 A

numerical absorption correction,

#=19.7 mm; min. and max.
transmission: 0.206, 0.411
SHELXL-97 (16 variable parameters)

,B-EUsGalsGe:;o

clathrate-1

gray metallic fragment,
size 0.09x0.05x0.03 mm
4508.9 amu

Pm3n (No.223),Z=1
cP54

a=10.7056(2) A, V = 1226.97(4) A%
60 reflections (18° < 20 < 98°),
ACuKy) = 1.540598 A

250 exposures, Ag =0.8;
4° < 20 < 48°,
A(AgK,) = 0.56087 A

numerical absorption correction,
H=193 mm’'; min, and max.
transmission: 0.177,0.512
SHELXL.-97 (21 variable parameters)

N(hkl) measured / unique 6820, 386 14293, 377

N’ (hkl) with I > 2-6(T) 304 250

Rg(F), wRy(F*) 0.038, 0.046 (I > 2-0(I)) 0.032, 0.063 (I > 2-0(D)
Ra(F), wRu(F*) 0.066, 0.051 0.060, 0.067

sample was indeed single phased, but the unit cell was noMost parts of thex-phase sample have an average grain size
body-centered cubic and somewhat smaller. Thus, anothef 4(2) um, but several regions have larger crystallites with
structural modification of EyGaGe;, [isotypic to diameters of up to 6Qum. The crystallites of thes-phase
BagGayeSiyo (Ref. 8] had been discovered, representing asample are elongated, with lengths of 400—-8ath and
low-temperature or so-called modification. The differential ~ widths of 150—44Qum.
thermal analysi§DTA) revealed that the phase transforma- The structures ofv- and B-EugGayGeyg, as determined
tion takes place at about 696°C and that the highfrom single-crystal x-ray intensity data collected on a Stoe
temperature op modification exists in a range of only 3°C, |pps diffractometer at room temperature, are depicted in
melting congruently at 699 °C. Single-phase samples of thigjg, 1. The structures were refined using the full-matrix
B modification were obtained by annealing for 14 days afjgast-squares progrdreHeLxL and the atomic coordinates of
697.°C. C_:rystallographlc data of both modifications are S“mBagGaerbo and SgGa,Gey,,® respectively, as starting val-
marized in Table I. . . ues. Both structures are characterized by covdiggtnet-
EugGaysGeyo Coexists with, at least, two ternary phases of, ;. (E=Ga, Ge of fourfold bonded (4) E atoms with
approximate ~ compositions Eu@beg,_ (x~2) and polyhedral cages occupied by Eu atoms. Thehase has

Er%s(fe?‘lxlﬁlzlosjaxn(wxiﬁ;i).tgg ggtalrépur?rf-;r;dvf é?:aiiﬁg:]yé 4 wo kinds of polyhedral cage&,, pentagonal dodecahedra
Y pies, 2660 NG 5 ntered by Eul anB,, tetrakaidecahedra centered by Eu2.

in water after annealing at adequate temperatures. Both x-ra H : . :
powder diffractometry and optical metallography showed no! N€re are two Eul (& sites and six Eu2 (@ siteg atoms
traces of foreign phases. The chemical analyisiductively ~ Per EwGaGes formula unit. Thea phase has only one

coupled plasma methpdof a single-phase sample of YPe Of cage centered by Eu ¢8site). This cage can be
a-EuGaGey, annealed at 687°C gave the compositiondescr'bed as a distortefl,g, 5 polyhedron, derived from a
Elro1Gai6.01G80.1(2). Both forms of EyGayGey, are Eog pentagonql dodecahedron by breaklng thHeeE bonds
gray with metallic luster and are stable in air. Thdorm is ~ and creating nine new ones by adding three nibatoms. In
more brittle than the form. The measured values of the the @ phase, the point configuration of the Eu siteééx(xx)

Vickers microhardness of the and 8 forms are 330 Hand ~ ¢@n be derived from that of a primitive cubR; point con-

470 H,, respectively. The densities, measured on fragmentfiguration[P, (3 )] by deformation in such a way that

of the samples used for the transport measurements, asgound each & 000 site, instead of a cube, a four-capped
6.3(1) and 6.21) g/cn? for the « and8 modification, respec- tetrahedron(“stella quadrangulaj is formed. The central
tively. Thus, within the experimental uncertainty, no devia-Eu, tetrahedron has 5.590-A-long edges and the Eu caps lie
tion from the ideal densities of 6.24 and 6.10 gfarould be  at a distance of 5.652 Afrom the vertices of the centraj Eu
found. The grain sizes of the samples used for the transpotétrahedron. Characteristic for th@ phase is the noninter-
measurements were determined optically on etched surfacesecting three-fold rod packing formed by the Eu2 sites along
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IIl. EXPERIMENTAL

(a) a-EugGa,Ges,

We have measured the electrical resistiyitythe magne-
toresistance, the Hall coefficieRy, , the thermopowe§, the
thermal conductivityx, the specific heaC,, the magnetic
susceptibility y, and the magnetizatioM in varying tem-
perature(2—400 K and magnetic-field0—13 T) ranges for
both «- and B-EusGa¢Gesg. All electrical transport mea-
surements were done using a standard four-point ac tech-
nique. For the thermal transport measurements the usual
steady-state method was employed. The specific heat was
obtained by using a2relaxation-type method, and the mag-
netic measurements were done utilizing a superconducting
quantum interference device magnetometer.

IV. RESULTS AND DISCUSSION

Investigation of physical properties reported so far on
EusGa, sGeyg was through measurements of the thermal con-
ductivity, thermopower, and electrical resistivitas well as
Raman scatterifg and neutron diffractiofi,all on 8-phase
samples.

In Fig. 2 we show the temperature dependences of the
electrical resistivityp(T) for both an «- and a B-phase
sample of EgGagGe;y. The room-temperature values of
p(T) are with 760 and 63@() cm for thea- and B-phase
sample, respectively, distinctly smaller than for the
(B-phase sample reported in Ref. 5. The overall temperature
dependence of our samples is metallpositive dp/dT).
the (100) directions. The atomic coordinates and the anisoHowever, pronounced anomalies are preceded by a negative
tropic atomic-displacement parameters of- and  dp/dT, with maximum absolute values at 9.6 and 37 K for
B-EusGa¢Geyg and of BaGagGeyg are given in Table 1l.  the a- and B8-phase sample, respectivelyf. inset of Fig. 2.

The displacement ellipsoid of the Eu2 atoms in fh@hase These anomalies are indicative of magnetic phase transitions.
is platelike and a better description can be obtained by reThe negativedp/dT may be due to scattering from critical
placing each Eu2 (#) site with a Eu2 (24k) site with a  fluctuations above the phase-transition temperatures. Our ob-
quarter occupation. Unlike in Ref. 8, we used this split-siteservation of these anomalies is in contrast to previous
model also for the structure refinement ofgBa@yGey,. I Tesults where thep(T) data of a B-phas¢ EusGayGes

the a phase, however, the displacement ellipsoid of the gpample show no sign of a phase transition. Our magnetic and
atoms is much less flattened than that of the Eu2 atoms in tHf€rmal measurements, to be presented below, however,
3 phase. Therefore, no split sites were introduced. prove that t_he' magnetic phase transitions are intrinsic and

Since Ga and Ge cannot be distinguished by x rays, Wéerromagnetlc n .”?‘t“re-
assumed in our structure refinements that the Ga and Gg The Hall coefficient of bgtg Eéﬁai@G;”O sgmplesKand of
atoms are randomly distributed among theites. However, 3GayGey was measured between 2 and 300 K in mag-

: - netic fields up to 13 T. The temperature dependences of the
a shortEg-EZ bond(?.449 Ain thep phqse may indicate a Hall coefficientRy(T), of a- andB-EugGasGeypat 13 T are
preferential occupation of thE2 sites with Ge atoms. All

: shown in Fig. 3. For thex-phase sampleRy,(T) changes
other E-E bond lengths are in the range 2.471-2.503 A'slightly fror?w —16%10°° pm3/C at p2 E( t)o _131
consistent with a rather random distribution of the Ga and G&, 14-% 3/¢ at room temperature corresponding, in é one-

atoms. A comparison of the shortéstE distances ire- and  p5nd model. to 0.47 and 0.49 electrons pesEayGey, for-
B-EusGaeGey with the corresponding values determined i ynit (3.9 and 4. 107° cm %), respectively. For the

for SrzGayeGeyo and BaGaysGeyo is given in Table lll. The  g_phase sampleRy(T) varies nonmonotonically with tem-
shortest Eu-Eu distance in-EugGaysGeyo is 5.562 A. In perature and is—3.2x10°° m¥/C at 2 K and —3.8
B-ElgGaysGey it is, with 5.23 A, distinctly shorter. The av- x107° m®C at 300 K corresponding, in a one-band model,
erage distance between Eu and Ehatoms of the surround- to 2.4 and 2.0 electrons per fbia,Geyo formula unit (2.0

ing cage is 3.633 A for-EugGaysGeyy. For B-EugGagGeyy  and 1.7 10 cm™3), respectively. For BiGasGes,

the average EUuE- and Eu2-E distances are 3.482 and 3.846R,,(T) varies smoothly between 12.1x10° m®/C at 2 K

A, respectively. A compilation of important Eu-Eu and Eu- and—11.4x10 ° m®/C at 300 K corresponding, within the
distances is given in Table IV. one-band model, to concentrations of 0.64 and 0.68 electrons

FIG. 1. Crystal structures af- and B-EugGa;¢Ges.
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TABLE Il. Atomic coordinatesA) and anisotropic-displacement parameterd) (&t T= 293 K (standard deviations in parenthests
a-EugGaygGeyg in (a), B-EugGaysGeyg in (b), and BaGa,Gey, [space grou®m3n (No. 223, a=10.7840(2) Az=1, Rq(F)=0.017 for
351 reflections with >20(1); wR,(F?)=0.029 for 378 unique reflectiohin (c). E=0.348Gat+ 0.652Ge for allE sites.

(@)

Atom Pos x y z Un Un, U Up Uis Uxn Uy

Eu 8¢ 0.1860(1) «x X 0.0459(5) U, . Un -0.0141(4) Uy, Uiz 0.0459(5)
E1l 12d - 1/4 1/2 0 0.0122(9) 0.0166(6) U, 0 0 0 0.0152(4)
E2 22 O 0 0 0.013(1) Uy Uy 0 0 0 0.013(H
E3  24g 0.41596(9) x 0.1441(1) 0.0134(4) Uy 0.0119(6) -0.0010(6) 0.0008(4) Us 0.0129(3)
E4 8¢ 03652(1) x x 0.01154) Uy Uy, —0.0011(6) U, Uy 0.0115(4)
()

Atom Pos x y ‘ b4 Uy, Un Us; Uy U Uy Uy

Eul 22 0 0 0 0.0166(4) Uy, Un 0 0 0 0.0166(4)
Eu2'® 24k 0.2441(9) 1/2 -0.0413(4) 0.021(2) 0.069(3) 0.046(2) 0 -0.0053) O 0.045(1)
El 6c /4 0 172 0.011¢(1)  0.0108(6) Uxp 0 0 0 0.0110(5)
E2 16i 0.18396(6) x x 0.0097(3) Uy Un -0.00093y U;, U 0.0097(3)
E3 24k O 0.3092(1)  0.1169(1) 0.0115(5) 0.0096(5) 0.0099() O 0 -0.0012(4) 0.0103(2)
Ew2 64 U4 12 0 0021 01954 U, .0 o o0 0.137G)
©

Atom Pos x y z Un Unp U Uy Uz Uy Ueq

Bal 2a O 0 0 0.0076(2) Uy, Uy 0 0 0 0.0076(2)
Ba2' ¥ 24k 0.2441(9) 172 -0.0413(4) 0.014(1) 0.028(2) 0.022(2) 0 -0.000(7) O 0.021(1)
El 6c 1/4 0 12 0.0082(3) 0.0062(2) Ux 0 0 0 0.0069(2)
E2 16i 0.18452(2) x X 0.0059(1) Uy, Un -0.0008(1) U, Uy, 0.0059(1)
E3 24k O 0.30843(3) 0.11813(3) 0.0072(2) 0.0059(2) 0.0064(2) © 0 =0.0007(1) 0.0065(1)
Ba2 64 14 12 0 00139 004823) Un 0o o 0 0.0368(2)

Y Eu2' (Ba2" is the split position of Eu2 (Ba2); occupancy = 0.25.

TABLE IlI. Shortest interatomiE-E distancedA) for a-EugGa¢Geyy, B-EugGaeGeyy, SiGasGey, (Ref. 24, and BaGaGey,.

a-EugGa, 6Gesp ,B-EllsGamGBm SI‘gGamGem BagGamGem
daVe dave davc dave
E(1) - 4E(3) 2.501(1) 2.501 E(1)- 4E(3) 2.490(1) 2490 E(1)- 4EQ3) 2.497(0) 2.497 E(1)- 4E(3) 2.508(0) 2.508

EQ) - 4E(4) 2.481(1) 2.481  EQ)- E(2) 2.4492) 2478 EQ2)- E(Q2) 2.448(1) 2.482 E(2)- E(2) 2.446(1) 2.488

3E(3) 2.488(1) 3E(3) 2.493(0) 3E(3) 2.502(0)
EQ3)- E(4) 2.471(2) 2.500
2E(1) 2.501(1) E(3) - 2E(2) 2.488(1) 2.492 E(3)-2E(2) 2.493(0) 2.499 E(3)-2E(2) 2.502(0) 2.515
E@3) 2.526(1) E(1) 2.490(1) E(1) 2.497(1) E(1) 2.508(0)
E(3) 2.503(2) E@3) 2.513(0) E(3) 2.548(1)

E(4)-3E3) 2.471(1) 2474
E(2) 2.481(2)
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TABLE IV. Shortest interatomi&-Eu and Eu-Eu distanced).

a—EU3Ga15GC30 | ﬂ-EUgGaléGew
Eu - 6E(1) 3.938(1) Eu(1)- 8E(2) 3.411(1) 5.624(3)
E(2) 3.423(1) 12E(3) 3.539(1) Eu(1)-12Eu(2) 5.945(0) 5.973(4)
3E(3) 3.486(2) 6.410(4)
6E(3) 3.560(2) Eu(2) - 4E(1) 3.785(0)
E(4) 3.3002) 8E(2) 3.978(1) 5.624(3)
3E(4) 3.495(2) 8E(3) 3.592(1) Eu(2)- 4Eu(l) 5.985(0) 5.973(4)
3E(3) 5.104(2) 4E(3) 4.150(1) 6.410(4)
Eu-3Eu 5.562(2) Eu(2- E(1) 3.438(8) 5.23(1)
3Eu  5.590(2) 2E(1) 3.856(7) 2Eu(2) 5.353(0) 5.30(1)
3Eu  5.652(2) E(1) 4.068(7) 5.39(1)
6Eu  7.758(2) 2E(2) 3.623(4)
2E(2) 3.768(2) 5.799(7)
2E(2) 4.204(3) 6.028(6)
2E(2) 4.371(3) 6.262(6)
2E(3) 3.411(8) 6.400(6)
2E(3) 3.414(7) 8Eu(2) 6.556(0) 6.504(7)
E@3) 3.704(4) 6.638(5)
2E(3) 3.724(7) 6.767(6)
2E(3) 4.183(2) 6.993(7)
E(3) 4.579(4) 7.100(6)
7.249(7)

per BgGa,sGey, formula unit (5.2 and 5.5 10%° cm™3),
respectively. While for BgGa §Ge; the Hall resistivitypy is
a linear function of the magnetic field, for both- and

B-EusGa¢Geyp the py VS H curves are nonlinear at tempera-

ast1? p,,(B)=RyB+ RsuoM(B), whereR, and R are the
normal and the spontaneous Hall coefficients, respectively,
Mo IS the vacuum permeability, ard the sample’s volume
magnetization. ThusRy(B)=py(B)/B should be a linear

tures belowT <. In the following, we analyze these nonlinear function of M (B)/B. That this relation holds for botk- and
pu(H) curves in terms of the anomalous Hall effect.
The anomalous Hall effect arises from the spin-orbit cou-Hall coefficient R,, which correspond to the intercept of
pling between localized moments and itinerant electronsthese linear fits, are displayed in Fig. 3 by the full symbols.
which produces an extra electric field with the same orientaFor thea-phase sample the correction is quite snilaélow
tion as that induced by the Lorentz force in the normal Hall5%), but for theg-phase sample it is rather importauop to
effect. The Hall resistivity of such a material can be written70%). The value ofR, at 2 K corresponds to an electron

800_""I""l""l""l""l AL | L
o a—EuBGal 6Ge30
700 - © AEuGa Ge, _:
—~ 600 [
g
[#)
@] [
3500
QU
400 £ .
300 0 20 40 60 80 ]
TSNS BT AT AT | | | SRS U ST N DS AN S WS BT U
0 50 100 150 200 250 300 350 400

T (K)

B-EusGa ¢Geyg is shown in Fig. 4. The values of the normal

concentration of 3.810%° cm™3 (12.5<10°° cm™3) or to
0.46 (1.5 electrons per EyGa¢Ge;y formula unit for the

-15.0 T T ————r — -2.5
L . oo,
OooQ e DDDDD‘:‘ 130
155 F coduonoa™
o~ o - -3.
Q o o 33 :W
- 00 =
QE Co500 o -4.0 S
W "160 - Eo
;’: @BuGa,Ge, 45 3
165 L R, of a-phase ] so
L BEuGa Ge, 7 ="
R, of fphase ] ss
_17.0‘ L MR e | L N ’
1 10 100

T (K)

FIG. 3. Temperature dependences of the Hall coeffidgnat

FIG. 2. Temperature dependences of the electrical resistivitd3 T of a- and B-Eu;Ga sGesg. The values of the normal Hall
p(T) of a- and B-EusGa,sGe;y. The inset shows a closeup of the coefficient R, (Ry corrected for the anomalous Hall effeare

low-temperature data.

plotted as full symbols. Lines are to guide the eyes.
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-10 : 10 T —
AEnGa Ge, I T.=36K 1
L = 2K 100 £ CZ‘ <
* 10K 3 E ]
6 12 A 30K = g o a—EugGamGemj
= v 50K = E - © pEuGa Ge, 1
— (o)
i {0 = 3 10f o 3
i 3
= -14 Bw 3 -
= A X
[~ ~ :SE'
] N 1k
-16 5K F
10K ]
R 1 . 1 L 1 . I L 1 R -10 L
0.0 0.1 0.2 0.3 0.1

uMIB

T (K)

FIG. 4. Ry(B)=pu(B)/B plotted vs uoM(B)/B for both a-
andB-EusGa Geyy. Linear behavior with the intercept correspond-
ing to Ry, and the slope corresponding R, is expected in the
presence of an anomalous Hall efféct. tex).

FIG. 5. Magnetic susceptibilitieg of a- and B-Eu;Ga;¢Gey,
measured in a magnetic field of 0.1 T as a function of temperature
T. The inset shows magnetization vs fieM(H), curves at 2 K.

a-phase sample g-phase sampje The ratio Rg/R, is  sured in magnetic fields of 0.1 T. At the lowest temperatures,
smaller than 1 for thex-phase sample, a value typical for x(T) is almost constant but starts to decrease strongly above
ferromagnetic semiconductors. For thg&phase sample, approximately 8 and 20 K for the- and g-phase sample,
R./Ry is of the order of 10, a value between those typical forrespectively. Upon cooling the samples in zero magnetic
ferromagnetic semiconductors and ferromagnetic métals. field (data not showy a spontaneous magnetizatiwrbuilds
The charge-carrier concentrations of both the and the up at 10.5 and 36 K for the- and 8-phase sample, respec-
B-phase sample are low when compared to simple metalgively. This behavior is typical for ferromagnetic phase tran-
Even so, they correspond to a substantial deviation from zersitions with Curie temperatures: of 10.5 and 36 K. An
as postulated by the Zintl rufelt remains to be clarified analysis of the critical behavior of the zero-field magnetiza-
whether the charge carriers are intrinsic to,EgGey or  tion M just aboveT, M 1 (T—T¢)?, yields the same val-
result from a slight off-stoichiometry of the samples investi-ues for T¢ with y=0.95 and 0.8 for thex- and B-phase
gated here. A composition §Bas 556346 Would, for ex-  sample, respectively. Well above the phase transitig(¥)
ample, result in the 0.46 electrons per formula unit found forhas Curie-Weiss-type temperature dependences with effec-
the a-phase sample at 2 K. The Hall mobilities estimatedtive magnetic moments of 7u.& and 7.9« per Eu ion and
from the Ry data, corrected for the anomalous Hall effect,with Weiss temperatures of 11 and 34 K for the and
and from the electrical-resistivity data of Fig. 2 are relatively 8-phase sample, respectively. The moments are in good
low, with 58 and 17 cffVs at 2 K, and 20 and 7 cf{Vs  agreement with the moment of 7.8 expected for a free
at 300 K for thea- and B-phase sample, respectively. This E?* ion and the Weiss temperatures are close to the Curie
means that the charge carriers are either strongly scatteréemperatures. The magnetization vs field curves at(ihget
(large scattering rat@®r that they have enhanced effective of Fig. 5 are typical for soft ferromagnetda (B) first in-
massesi* . Large scattering rates can have various originscreases steeply with the field and then saturates to a constant
In heavily doped semiconductors, e.g., scattering from thealue, the saturation magnetization. Within our experimental
impurities, results in mobilities comparable to those foundresolution 10 O@, no hysteresis was observed. The satu-
for EugGaycGeyo. This raises the question whether samplesration magnetization of g expected for a free E ion is
with improved quality have lower carrier concentrations andalmost reached for both samples at 2 K and 5.5 T. Thus, both
higher mobilities. An intrinsic source of large scattering ratesa- and B-EusGa sGesg may be classified as local-moment
in EugGayeGeyo could be the disorder introduced by Ga on ferromagnets, with Eu being in its El state in the entire
the Ge framework.To check for the possibility of enhanced temperature range.
effective masses, calorimetric measurements should be ex- An interesting question is which mechanism may be re-
tended to lower temperatures to obtain a better estimate a&ponsible for the ferromagnetic ordering of JB&Ge;,.
the electronic specific heat. For B&a,Ge;y, where no  All Eu-Eu distances being larger than 5.23 (Aable V)
magnetic contribution covers the low-temperature behaviorexcludes the direct exchange interaction between the local-
the effective mass is of the order 1. However, a non-zed 4f moments. The indirect exchange interaction between
negligible interaction between the charge carriers and thdf moments via the charge carriers is much more long
anharmonic vibrations of the guest atoms, leading to an erranged and must be responsible for the ferromagnetism. In
hanced m*, may not be excluded in EGa¢Gey. In  this Ruderman-Kittel-Kasuya-YoshiddRKKY) formalism,
BasGeys, this interaction was shown to be strong, leading tothe conduction-electron spin polarization around a localized
very small Hall mobilities(0.6 cnf/V's at 2 K).241° moment has an oscillatory component, the period of which
Figure 5 shows the temperature dependences of the madepends on the charge-carrier concentration. The fact that the
netic susceptibilityy(T) of a- and B-Eu;GasGeyy, mea- interaction is ferromagnetic strongly suggests that the second
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FIG. 8. Temperature dependence of the specific BgaT) of
BagGaGeyq. The total fit and its three contributioria Debye, an
Einstein, and an electronic teymas discussed in the text, are
shown.

FIG. 6. F(R)=[2kgR cos(ZR)— sin(%:R)]/R* of a- and
B-EusGa¢Geyg at the respective Curie temperatures. The vertical
lines are placed at the shortest Eu-Eu distances.

F(5.562 A) for a-EusGaycGey, directly corresponds to a
magnetic moment lies within the first oscillation of the stronger indirect exchange interaction and thus to a higher
RKKY function around a given moment. A long period of T for the 8 modification.
this function is, of course, in agreement with a small charge- The temperature dependences of the specific GgéT)
carrier concentration. Using the standard formulation for theof «- and 8-EusGa ¢Gey, are shown in Fig. 7. Pronounced
exchange Hamiltoniatf, we write Hq= CZi iF(Ri ))SiS; \-type anomalies are observed in the temperature ranges of
with  F(R)=[2keR cos(XR) — sin(XR)]/R* and esti- the ferromagnetic phase transitions discussed above. We
mate, using the charge-carrier concentrations atdeter-  have attempted to separate the three contributions to the total
mined from the Hall constants, that the interaction betweerspecific heat, namely, the lattice contributi@) (T), the
two 4f moments is ferromagnetic at distances smaller tharlectronic contributiorC.(T), and the magnetic contribution
10 A for a-EuGaGeyy and 6.5 A for B-EugGaygGey,. Cn(T). In a first approximation B#saGe;, may be con-
The shortest Eu-Eu distances are 5.562 A far- sidered as a nonmagnetic reference compound of
EugGasGey and 5.23 A for B-EusGayGey, (taking split  EugGayGes.
sites into accountAt these distances; is, in absolute value, Cp(T) of BagGaeGey is also shown in Fig. 8. A good
larger for thes- than for thea-phase sample. This is illus- description of these data is obtained with,(T)=C(T)
trated in Fig. 6, wheré=(R) is plotted as a function of the +C4(T). The electronic term is calculated from the Hall
distanceR from a given magnetic moment with spgy. The  coefficient, assuming that the effective mass of the charge
factor C in Hg, is the same for botlr- and B8-EugGa sGey. carriers is equal to the free-electron mass. This term amounts
Thus, the higher absolute valueBf5.23 A) for 8- than of  to 21% of the total specific heat at 3 K and becomes rela-
tively smaller at higher temperatures. The lattice contribution
was fitted to the sum of a Debye and an Einstein term. The fit

1400
- parameters are the Debye tempera®fg, the Einstein tem-
1200 perature®¢, and the numberdl, and Ng of Debye and
1000 I Einstein oscillators per formula unit, taking into account that
= I their sum is 54, the number of atoms per formula unit. We
g 800 obtain ®;=355 K, ®=80 K, Np=39, andNg=15. The
§ total fit and the three contributions, name@,(T) and the
;g 600 Debye and the Einstein contribution @ (T), are shown in
400 Fig. 8. Very similar results were obtained forgGiey¢Gesg
(data not shown ©@5,=358 K, O=79 K, Np;=38, and
200 Ng=16.
0 [ To obtain the magnetic contributior,,(T) to the total

Cp(T) of a- and B-EusGay¢Gey, the lattice contribution of

BagGayGeyy, determined as discussed above, and the elec-

tronic contributions of thex- and B-phase sample, respec-
FIG. 7. Temperature dependences of the specific Ggél) of tively, were subtracted from th€,(T) data. As above, the

a- and B-EusGa,¢Geyy. The magnetic contributiong,,(T) of the  electronic contributions were estimated from the Hall coeffi-

two modifications, obtained as explained in the text, are shown ircients, assuming that the effective charge-carrier mass is the

the inset. free-electron massC,(T) of a- and B-EusGa¢Gesy are

T (X)
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shown in the inset of Fig. 7. The Curie temperatures, deter-
mined in aC,(T)/T plot with an entropy-balancing geomet-
ric construction, are in good agreement with those deter-
mined from the magnetization measurements. Integrating
over C,(T)/T up to T yields magnetic entropies of 15.4
and 24.9 J/K per mole Eu for the- and B-phase sample,
respectively. These values are approximately 90% and 145%
of the theoretical valuRIn(2S+1) with S=7/2, whereR is

the gas constant. Thus, the magnetic phase transitions ob-
served in both samples are clearly bulk effects and cannot be
ascribed to impurities. The relatively poor agreement with
the theoretical entropy value is most probably due to
BagGa sGeyg not being a perfect reference system, as will be
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further outlined below. T®

In Ref. 17 it was suggested that the rattling of the guest FIG. 9. Temperature dependences of the thermop&{€} of
atoms in the cages corresponds to truly localized vibrationse- and 8-EusGay¢Geyo. The low- and higher-temperature limits of
These may be described by a quantized harmonic oscillatdhe free-electron diffusion thermopowgy (cf. tex) are plotted as
(Einstein oscillator. The Einstein frequency of such an os- straight lines.
cillator is given bywg=+/(K/m), whereK is the force con-
stant andn the mass of the rattleK is larger, the smaller the introduced for the Ba2 site, i.8l.{(Ba2) contains contribu-
volume mismatch between the rattler and the cage. The cad®ns from both rattling and static disorder.
atoms, on the other hand, are considered as part of a Debye FOr ElsGa,cGey, the Einstein and Debye temperatures es-
solid. Considering the structure of Faa¢Gesy, Where, per timated from the room-temperature atomic-displacement pa-
formula unit, two Ba atomgBal sitg are located inE,, rameters(Table I are @g=45 K and®,=214 K for the
polyhedra and six Ba atom@a2 sit9 are located inE,, «-Phase sample ar@lg; =75 K, ©g,=45 K (using the split
polyhedra, one may expect two different Einstein frequensSite Eu2), and ©p=245 K for the g-phase sample. The
cies, a larger one for the smaller cages and a smaller one féiitice specific-heat curve€, (T), generated from these pa-
the larger cages. To account for this situation we tried to fifameters give only a poor agreement with the measured
the lattice contribution to the specific heat of B Gey,  Cp(T) data. For the8-phase sample we improved the agree-
with two sets of Einstein oscillators. However, the number ofment by fitting®y, to the data well above the Curie tempera-
parameters in the fitting was too large to give meaningfutture, whereC¢(T) andC,(T) are negligibly small, keeping
results and the quality of the fit was not improved with re-the Einstein temperatures fixed to the above values. Fitting
spect to the one where just one set of Einstein oscillators wa#e Einstein temperatures is not possible due to the large
used. Thus, from the specific-heat measurements we have feagnetic contribution at temperatures up to approximately

evidence for the presence of two subsets of Einstein oscillab0 K. We obtain®p =302 K. For thea phase sample, on the:
tors with distinctly different Einstein frequencies in other hand, we could fit both the Debye and the Einstein

BagGayGes. temperature using thé,(T) data above 30 K, wher€,(T)

As pointed out in Ref. 18, the atomic-displacement pa-and Cy(T) are negligibly small. Very good agreement with
rameters at room temperature may be used to estimate tfige data is obtained fo®p=364 K, @g=72 K, andNp
Einstein temperatures, the Debye temperature, and the roor=38 (Ng=16). If this fit is taken as a phonon background,
temperature thermal conductivity of any compound withthe entropy below th€(T)/T curve is found to agree well
small static disorder. We have calculated the Debye temperavith the theoretical value.
ture ®p and the Einstein temperaturddc=17%wg/kg for For B-EugGay6Gey, Raman-scattering experiments have
both Ba sites in BsGa,¢Geyo, using the isotropic displace- been performed The vibrational mode that was associated
ment parameters o given in Table II. For the Ba2 sité).,  with the guest atoms in thE,, polyhedra has a Raman shift
of the split-site Ba2 was used. We obtai® ;=300 K and  of 23 cmi * (33 K), in rough agreement witk® z,=45 K.
®g;=121 K and ®g,=72 K for the Bal and Ba2 site, The mode associated with guest atoms in g polyhedra
respectively. The average Einstein temperatug,, is not Raman active.
=(20g;+60¢)/8=84 K, where 2 and 6 are the multiplici- The fact that the fits of the lattice specific heats of
ties of the Bal and the Baz2 site, is in good agreement witlBagGa;Ge;y and a-EugGagGeyy yield Ng=15 and Ng
the result of our fit of the lattice specific heat of&8,sGe;y; =16, respectively, instead of @r the eight guest atoms per
discussed above. This indicates thiat,does indeed describe formula unij indicates that making a clear-cut distinction
the rattling of the Ba atoms in the cages and that anyetween the guest atoms as Einstein oscillators and the
static-disorder contribution is small. Using the atomic-framework atoms as Debye oscillators is oversimplified. This
displacement parameters given in Ref. @z and ®, of is in agreement with Raman-scattering restliisat give evi-
BagGayGey, were estimateld to be 51 and 275 K, respec- dence for a hybridization between some of the rattle modes
tively. The smaller@¢ value as compared to our findings associated with vibrations of the guest atoms inEhagpoly-
may be due to the fact that in Ref. 8, no split positions werehedra of the clathrate-1 structure and low-frequency modes
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6 S— . —_—r reaches a maximum of 20% at 100 K farEusGa¢Ge;g,

[ < ) and of 60% at 50 K foB-EusGasGesq. In spite of the same
composition, both the absolute values and the temperature
dependences of, (T) are quite different for the two modi-
fications. For B-EuGaeGeyp, «(T) was measured
previously® «, of our sample is 1.5 times greater at 100 K
and decreases more strongly with decreasing temperature
than k of the sample of Ref. 5. The overall behavior, how-
ever, is similar for bothB-phase samples being typical of
highly disordered, even amorphous, solids. The origin of this
o0 @FuGa Ge, - amorphouslike thermal conductivity was discussed in a num-
° /;Eu:Ga::GejZ ber of publicationg! The essence is that the heat-carrying
, ) L acoustic phonons, which are framework derived, are as-
10 100 sumed to be strongly scattered from the anharmonic vibra-

T (K) tions of the cage atoms, leading to a dip in the thermal con-
ductivity in the temperature range 4—35 K. While for the
FIG. 10. Temperature dependences of the lattice thermal Consgmple of Ref5 a pronounced dip is observed at approxi-
ductivity « (T) of a- and 8-EusGaysGeso on a double-logarithmic  mately 20 K, this feature is much less pronounced for the
scalg. The lines are fits to the_data ol_)tair_led as exple_tined in the te)gample investigated here. In factx (T) of our
Th(_e |ns§t shows the electronic contributioag T) obtained as ex- B-EusGa,Gey, sample closely resembles(T) of amor-
plained in the text phous SiQ.?! The k, (T) data of theB-EugGayGey, sample

associated with the framework atoms. In addition, opticaf Ref. 5 were fitted in Re‘fl. 22 to a phenomenological model
modes of the clathrate-1 framework were calculd®ad ap-  Put forward by Cohret al.” In this model,« (T) is calcu-
pear with appreciable weight above 90 ¢h(130 K), a fre-  lated  from the kinetic gas-theory —expressiom,
quency that is not too far from the Einstein frequencies of the= (v/3)[;°C(w)|(»)dw with a Debye specific heat and,
guest atoms. assuming the validity of Matthiessen’s rule, a phonon
The temperature dependence of the thermop@( &), of  mean free path that is the sum of terms representing tun-
both a- and B-EusGa,(Gey, is plotted in Fig. 9. The rela- neling states(TS), resonant scatteringres, and Rayleigh
tively large negative values db are in agreement with a (R) scattering: |=(l7¢+ ot +1g5)  t+1mn, with 173
relatively small concentration of electronlike charge carriers=A(% w/kg) tanh Gw/2kgT) + (A/2) (kg /o +B 1T 3) 1,
as extracted from our Hall-effect measurements. Previously ! = 32 | C,w?T?/[(0?— 0?)? + yj0’w?], and I5*
published S(T) data@ on B-EuGaGey, are qualitatively =D(hw/kg)*. The lower limit onl was assumed to be a
similar to ours, with an absolute value 8t room tempera- constant);,. In Ref. 22 the Debye temperature was fixed to
ture twice as large as for our sample, however. The diffusior® ;=270 K, the average sound velocityde= 2600 m/s, and
thermopower is, in the free-electron approximation, giventhe Einstein temperatures corresponding to the resonant fre-
by?® Sy=m?k3T/3en at very low temperatures and i85 quencies t® g, =% w; /kg=53 K and® g, = 82 K. The other
=7r2k2BT/e7; at higher temperatures; is the Fermi energy, parameters, i.elmin, A B, Ci, Cs, y1, 2, andD were
which is related to the charge-carrier concentration. Thealetermined by fitting. We used a slightly different approach.
other symbols have their usual meaning. The straight lines ifiVe fixed the Debye temperature =302 K, as deter-
Fig. 9 are calculated from these relations taking the chargemined from the fit of theC,(T) data of 3-EusGay¢Ge;o with
carrier concentrations at 2 and 300 K. T8€T) data are of fixed Einstein temperatures as discussed above. Correspond-
the same order as these rough estimates,0f), indicating  ingly, the sound velocity was fixed t@=(0@pkg/#)/
that the diffusion thermopower is an important contribution(672n)Y3=2873 m/s, where is the number of atoms per
to the total thermopower. Undoubtly, there will also be aunit volume. We further fixed the Einstein temperature of the
phonon-drag contributionSy(T), but the simple relatic?  Eul site to®g,=75 K and of the Eu2 site t&g,=45 K, as
SgocT3 does not give a satisfying description of the low- obtained from the atomic-displacement parameters, and we
temperature data. We further notice that no significansetC,/C;=3, corresponding to the ratio of the multiplicities
anomalies are observed at the respective Curie temperatures the Eu2 and Eul sites. We further fixed =vy,=1.5,
of both samples. This indicates that both the magnon drag/hich is the value obtained from the fit of the
thermopower and the anomalous magnetic thermop§wer a-EugGayGey, data to be presented below. Fitting the other
are, most probably, unimportant in gbia;sGeyg. parameters to the dataf. solid line in Fig. 10 yields |,
Figure 10 displays the temperature dependences of the 4.3x10°° m, A=1.4x10° m ! K™ !, B=3.9x10 2
lattice thermal conductivity x (T) of both a- and K72 C;=3.1x10°° m ! s?2K 2 andD=3.3 m 1K 4
B-EuGaGeyg in a semilogarithmic plot. The electronic All parameters are in overall agreement with those obtained
contribution ko(T) shown in the inset of Fig. 10, was esti- in Ref. 22(if the sign error of the exponent &, andC, in
mated from the electrical resistivity using the Wiedemann-Ref. 22 is corrected for For the a-phase sample we set
Franz law, xo(T) = m?k3/(3€?)T/p(T), and was subtracted ©,=364 K, v=3396 m/s, anddc=72 K, as determined
from the total measured thermal conductivikg(T)/ « (T) from the fit of theC(T) data of a-EusGay¢Ge;, discussed

x (W/Km)

0.1
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on various physical properties of faa Ge;q single crystals
appeared® In a brief statement, the existence of a second
modification (called @ phase in the present papds an-
nounced, in agreement with our findings.

V. PERSPECTIVE

In summary, we have synthesized and investigated the
clathrate EgGa¢Geyq in its two modifications, the well-
known B phase with the clathrate-I structure and the new
phase with the clathrate-VIIl structure. Polycrystalline
samples of both phases are local-moment ferromagnets, yet
with relatively low Curie temperatures. The temperature de-
pendences of the electrical resistivities are metallic in nature,
but the charge-carrier concentrations are quite small, as ex-
pected from the charge-balanced Zintl count. The small Hall

FIG. 11. Temperature dependences of the dimensionless thermBjObi”tieS might, if intrinsic to EyGay¢Geyo, be related to
electric figure of meritZT(T), of a- and B-EuGa,Ges,. structural disorder on the Ga-Ge framework and/or to a non-

negligible interaction between the charge carriers and the

above. The best fit to the dataf. solid line in Fig. 10 is rattle modes of the guest atoms. The latter possibility would

obtained forl ..=3.7%10° 2 m A=2.2x10° m * KL question the validity of the concept of an electron cry<fa
B=6.0x102 K2 C=32x10° m-ls 2K-2 7:1_5' EusGaGey,. However, measurements on high-quality
andD=024 mlK-* again a reasonable set of par:am-smgle crystals are needed to test whether the mobilities in
eters. The raticA/B, a measure of the density of strongly EugGa,Gey are indeed |.nt.r|n5|cally lOW' The .specmc—heat
coupled tunneling statédjis much larger for thes- than for and the thermal-conductivity data provide evidence for the
the a-phase sample. Thié is plausible if one assumes that th(:existence of _rattling guest atoms and for the strong scgttering
tunneling states correspond to the static positional disorde(?f heat-tca:crymghacoustlcl pgh(%rrl]ontshfrom them, n line W'tth the
induced by the split site EU2which is only present in thg concept of a phonon glassine thermopower 1S negative |
phase. The larger value &f for the 8- than for thea-phase and appears to be dommqted by the diffusion term. The di-
sample indicates greater mass-density variations in th enS|onIes§ figure OT merit rea(;hes values Of.0'01 at 100 K.
former compound. In all, the lattice contributions of the ther- h order to improve it, the carrier qoncentratlon should be
mal conductivity of bothr- and B-Eu,Gay(Ges, may be well decreasedwhich should lead to a higher absolute value of
described by a model in which, in add?tionoto mass—densit)}he thermopowdr and/or the charge-carner _mob|I|t|es In-
scattering, two scattering mechanisms related to the ﬁIIed(—:reaéSGd'G Cl;)rret?tlt)ﬁ \r'lve 'arT t?,”?-? t_to S“ggtly :.nocti]fy
cage structure are taken into account: The resonant scatteri @500 Dy DO chemical substitutions and application

is directly related to the rattling of the guest atoms in the® hydrostatlc pressure in order to suppress the_z fe”"mf?‘g'
oversized cages and the scattering from tunneling states mﬁ?t'sm e_md to promote a strongly correlated semiconduciing
be associated with cage atoms tunneling between differe ondo-insulating state.

split sites.

Finally, we present the dimensionless thermoelectric fig-
ure of merit,ZT, as a function of temperature in Fig. 14T We thank H. Borrmann and R. Cardoso Gil for the single-
increases monotonically with temperature for both samplesrystal x-ray diffraction and R. Niewa for the DTA measure-
and reaches values of 0.01 at 100 K. ments. Useful discussions with P. Thalmeier are also ac-

During the review process of the present paper, a repotnowledged.
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