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Structural, magnetic, thermal, and transport properties
of X8Ga16Ge30 „XÄEu, Sr, Ba… single crystals

B. C. Sales, B. C. Chakoumakos, R. Jin, J. R. Thompson, and D. Mandrus
Solid State Division, Oak Ridge National Laboratory Oak Ridge, Tennessee 37831-6056

~Received 26 December 2000; revised manuscript received 15 March 2001; published 6 June 2001!

Structural, magnetic, electrical and thermal transport, and heat-capacity measurements are reported on single
crystals of Eu8Ga16Ge30, Sr8Ga16Ge30, and Ba8Ga16Ge30. These compounds all crystallize in a cubic type-I ice
clathrate structure, and are of interest as potential thermoelectric materials. Neutron-diffraction measurements
were made on a single crystal of Eu8Ga16Ge30 that was grown using isotopically pure Eu153. Nuclear density
maps clearly show that Eu atoms at the 6d sites~1

4,
1
2,0! can move away from the cage center to one of four

nearby positions. Ferromagnetism is observed in Eu8Ga16Ge30 for temperatures below 32 K, with the preferred
direction of the Eu spins along the~100! axis. Ferromagnetism in these heavily doped semiconductors
('1021 electrons/cm3) is likely due to a Rudermann-Kittel-Kasuya-Yoshida-type interaction. A large~'10%
at 8 T! negative magnetoresistance was measured near the Curie temperature of Eu8Ga16Ge30. The lattice
thermal conductivities of Eu8Ga16Ge30 and Sr8Ga16Ge30 single crystals show all of the characteristics of a
structural glass. The thermal conductivity of Ba8Ga16Ge30 is low at room temperature~1.3 W/m K!, but
exhibits a temperature dependence characteristic of a crystal. A magnetic field has no significant effect on the
thermal conductivity of any of the crystals for temperatures between 2 and 300 K. Heat-capacity measurements
indicated Einstein contributions from each of the rattlers, with characteristic temperatures of 60, 53, and 30 K
for Ba, Sr, and Eu atoms respectively. No superconductivity was observed in heavily doped single crystals of
Ba8Ga16Ge30 for temperatures above 2 K, contrary to a previous report.

DOI: 10.1103/PhysRevB.63.245113 PACS number~s!: 72.15.Jf, 61.12.2q, 75.30.2m
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I. INTRODUCTION

One of the more interesting ideas in the area of therm
electric materials research is the concept of designing a s
that conducts heat like a glass but maintains the good e
trical properties associated with crystals.1 The essence of this
idea is to synthesize semiconducting compounds in wh
one of the atom types is weakly bound in an oversiz
atomic cage. Such an atom will undergo large localized
brations, and will be referred to as a ‘‘rattler.’’ If the cha
acteristic vibration frequency of the rattler is low enough, t
rattler can resonantly scatter the acoustic phonons that c
most of the heat in a crystal, which can result in a crys
with a very low lattice thermal conductivity. If most of th
electronic conduction takes place via the framework ato
~i.e., electronic bands associated primarily with the ato
that form the cages!, then a good thermoelectric material ca
result. The validity of this concept was first demonstrated
a class of cubic compounds known as filled skutterudi
that were shown to have superior thermoelectric propertie
the 700–1000-K temperature range.2–5

The thermal conductivity of glasses,k, is not only very
small,6,7 but displays a universal temperature dependenck
varies asT2 below 1 K, has a plateau in the region from 1
to 20 K, and is roughly independent of temperature ab
100 K. This behavior is qualitatively different from ordinar
crystalline behavior, in whichk reaches a maximum betwee
20 and 50 K, and shows no plateau. Although filled skutte
dites exhibit a low lattice thermal conductivity, the tempe
ture dependence ofk is still characteristic of a crystalline
solid.4

Recently Nolas and co-workers8,9 reported a cubic crys
0163-1829/2001/63~24!/245113~8!/$20.00 63 2451
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talline semiconductor Sr8Ga16Ge30 with good electronic
properties, but with a lattice thermal conductivity that exh
ited all of the characteristics of a structural glass. A lar
number of similar semiconducting compounds10–12 with the
same cubic structure are isotypic with a type-I ice clathra
The structural simplicity of the semiconducting clathrat
makes them ideal candidates to study the microscopic or
of glasslike heat conduction in a crystalline solid. We a
particularly interested in understanding why certain rattl
produce a glasslike thermal conductivity, while others on
lower the thermal conductivity. In the present paper we foc
on the properties of three crystalline semiconductors all w
the same cubic clathrate crystal structure: Eu8Ga16Ge30,
Sr8Ga16Ge30, and Ba8Ga16Ge30. The Eu rattler is of particu-
lar interest, because it carries a large magnetic moment
can be probed using an external magnetic field.

II. EXPERIMENTAL METHODS

A. Crystal growth

Large ~1 cm3! single crystals of Eu8Ga16Ge30,
Sr8Ga16Ge30, and Ba8Ga16Ge30 were grown by slowly cool-
ing ~1–2 °C/h! molten stoichiometric mixtures of the ele
ments in carbon-coated evacuated silica tubes. When
temperature attained a value some 50–70 °C below the m
ing point, the cooling was stopped for 3–5 days before co
ing to room temperature at 2 °C/min. The measured melt
points of Eu8Ga16Ge30, Sr8Ga16Ge30, and Ba8Ga16Ge30 were
68865, 77065, and 96365 °C, respectively, as determine
by differential thermal analysis. The melting points for the
and Ba compounds are in good agreement with the va
reported previously.10,13 For the Ba and Sr compounds, e
©2001 The American Physical Society13-1
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emental Ba~99.9% Alfa Aesar! and Sr~99.95% Alfa Aesar!
pieces were first arc melted together in an argon atmosp
with Ge @99.9999% zone-refined rods from Oak Ridge N
tional Laboratory~ORNL!% pieces to form BaGe2 or SrGe2.
The exact compositions of the binary compounds were
termined from the weight losses, assuming that only Ba o
was lost as vapor. The prereacted BaGe2 and SrGe2 solids
were somewhat air sensitive, and hence were weighed
handled in an inert atmosphere. Appropriate amounts of
and Ga were arc melted together with the binary compou
to form polycrystalline Sr8Ga16Ge30, and Ba8Ga16Ge30. Poly-
crystalline Eu8Ga16Ge30 could be prepared in a way simila
to the Sr and Ba compounds, but it was also possible
directly arc melt Eu metal ingots~99.99%, Ames Labora
tory! together with appropriate amounts of Ge and Ga
form polycrystalline Eu8Ga16Ge30. Once the ternary clathrat
phases were formed, they were stable in air. The polyc
talline material was loaded into a carbon-coated silica tu
and thermally processed into a single crystal as descr
above. For the single-crystal neutron experiments, isot
cally pure153Eu was used in the synthesis, rather than natu
Eu which strongly absorbs neutrons. For the neutr
scattering, magnetic-susceptibility, heat-capacity, and th
mal and electrical transport measurements, single crys
were cut to the appropriate size using a low-speed diam
saw. Polished faces of the single crystals were exami
using energy-dispersive x-ray diffraction, optical micro
copy, Laue x-ray back-reflection, and neutron transmiss
to ensure that the crystals were homogeneous and of
appropriate 8-16-30 composition. Since these clathrates h
a cubic crystal structure, there was no attempt in the pre
experiments to measure transport properties along spe
crystallographic directions.

Several polycrystalline samples of Eu8Ga16Ge30 were an-
nealed in a dynamic vacuum of about 131026 torr at 550 °C
for five days, in an attempt to improve the crystallinity a
lower the carrier concentration, which was typically abo
1021electron/cm3 in as-prepared polycrystalline samples. A
ter annealing, however, a completely different crystal str
ture was obtained. This structure is isomorphic with anot
cubic clathrate phase Ba8Ga16Sn30, first reported in Ref. 10.
The Eu8Ga16Ge30 clathrate phase has a space group ofI -43m
~No. 217! and a lattice constant of 10.62 Å. The properties
this phase will be reported elsewhere.

B. Measurements

Powder x-ray-diffraction measurements were made us
Cu Ka radiation and a commercial SCINTAG diffractomet
equipped with a nitrogen cooled Ge detector. Real-time x-
Laue measurements were made using a commercial sy
from Multiwire Laboratories Ltd. Single-crystal neutron
diffraction experiments from 10 to 295 K were conducted
ORNL’s High Flux Isotope Reactor using a four-circle ne
tron diffractometer and a closed-cycle liquid-heliu
refrigerator.14 Chemical composition information was ob
tained directly using a Princeton Gamma Tech energy
persive x-ray system and an International Scientific Ins
ments scanning electron microscope. Metallograp
24511
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investigations were performed on polished surfaces us
standard optical microscopy techniques. Magnetic susce
bility and magnetization measurements were made from
300 K in applied fields from 0.001 to 6.5 T using a comme
cial superconducting quantum interference device magn
meter from Quantum Design. Electrical and thermal tra
port data from 10 to 300 K were obtained using a clos
cycle helium refrigerator system described in det
elsewhere.4 Resistivity, Hall, and ac susceptibility measur
ments were made in a commercial physical property m
surement system~PPMS! from Quantum Design. Hall data
were taken using the standard Hall geometry and a sam
rotator that reversed the direction of the field with respec
the sample. In addition, thermal conductivity and Seeb
measurements were made from 2 to 300 K with a therm
transport option~TTO! for the PPMS from Quantum Design
Cyclic heat pulses were applied to the sample, while
temperature gradient was monitored by two thin film Cern
chip thermometers. The data was fit in real time to a d
time-constant model using a nonlinear least-squares t
nique. There was excellent agreement between the the
conductivity and Seebeck data obtained with the home-b
closed-cycle refrigerator system and the data obtained w
the TTO for the PPMS.

III. RESULTS AND DISCUSSION

A. Crystallography, ‘‘rattling,’’ and tunneling

The compounds Eu8Ga16Ge30, Sr8Ga16Ge30, and
Ba8Ga16Ge30 crystallize in the same cubic crystal structur
space groupPm-3n, and are isotypic with the type-I hydrat
structureX8 ~H2O!46 of the ice clathrate.10,14,15~Fig. 1! This
crystal structure consists of two types of large polyhed
cages consisting of 24 and 20 vertices, respectively. A G
Ga atom randomly occupies each of the vertices.14 The alka-
line earth or Eu atoms reside at or near the center of e

FIG. 1. Models of the Eu8Ga16Ge30, Sr8Ga16Ge30, and
Ba8Ga16Ge30 crystal structures. The cubic crystal structure is co
posed of two types of polyhedra that consist of either 20 or
vertices~XE24 or XE20!. Gallium and germanium atoms are ra
domly distributed among all of the vertices. The Sr, Ba, or
atoms are located at the center of each polyhedral cage. The s
group is Pm-3n with a typical lattice constant of about 10.7 Å
This structure is isotypic, with a type-I ice clathrate structure.
3-2
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cage. If these compounds are treated as Zintl phases,16 it is
easy to rationalize why they should be semiconductors. E
Ge is covalently bonded to four other Ge or Ga atoms. T
is similar to the bonding found in elemental Ge. Ga has o
less bonding electron than Ge, which is formally compe
sated by the two electrons per atom, donated by Eu, Sr
Ba. In the Zintl concept, the strongly electropositive catio
~Eu, Ba, and Sr! simply provide the necessary charge
complete the outer electron shells of the Ge and Ga anion10

This simple picture is consistent with experimental results
lightly doped Sr8Ga16Ge30 and Ba8Ga16Sr30,

8,13 as well as
detailed calculations of the electronic structure.17,18

The room-temperature lattice constants of the three c
pounds are similar: 10.70 Å~Eu8Ga16Ge30!, 10.72 Å
~Sr8Ga16Ge30!, and 10.78 Å~Ba8Ga16Ge30!. The typical ef-
fective ionic radii for Eu, Sr, and Ba in a high coordinatio
environment are 1.35, 1.44, and 1.60 Å, respectively, wh
would suggest a much larger change in the clathrate la
constant. The small variation in lattice constant attests to
weak bonding between the caged atoms and framework
oms of the host. This is particularly true for the cations~Ba,
Eu, or Sr! that reside in the larger of the two types of cag
with 24 vertices. Single-crystal neutron structure refineme
from room temperature to 10 K indicate no change in crys
structure or space group other than a shift in the lattice c
stant due to normal thermal contraction with decreas
temperature.14

One of our principal interests in these compounds is
connection between atomic displacement parame
~ADP’s! and the lattice thermal conductivity. For sever
classes of thermoelectric compounds that contain wea
bound atoms~rattlers!, it is possible to estimate the lattic
thermal conductivity, Debye temperature, and Einstein te
perature of the rattler from room-temperature crystallogra
data.19,20 For the three clathrate compounds discussed in
present paper, however, this analysis does not work v
well, and becomes increasingly poor for the smaller cati
~Sr and Eu!. The ability of the Sr and Eu atoms to mov
away from the cage center to one of four nearby sites~con-
sistent with the space group!14 produces a large compone
to the ADP parameter that only weakly depends on temp
ture ~Fig. 2!. It is not clear if this weakly temperature
dependent value of the mean-square displacement~ADP
value! is due to the static displacement of the Eu or Sr ato
to one of the four nearby sites, or to motion between the f
sites with a small activation barrier. If some dynamic moti
occurs between the four sites, however, it is not obvious h
to analyze the ADP data.

Single-crystal neutron-diffraction data were used to de
mine the nuclear density at the center of the large cage~6d
site, 1

4,
1
2,0! for the Ba and Sr clathrates at 15 K and the

clathrate at 40 K. The data were generated using a differe
Fourier map in which the Ba, Sr, or Eu atoms at this s
were removed from the structural model~Fig. 3!. The
nuclear density gives the probability of finding the Ba, Sr,
Eu nucleus at different positions near the center of the ca
The Ba nuclear density is broad, but centered at the cente
the cage. Combined with the temperature dependence o
ADP values~Fig. 2!, these data suggest that the Ba atoms
24511
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this cage can be treated as Einstein oscillators with an E
stein temperature of about 64 K. This value is consistent w
fits to the low-temperature heat-capacity data
Ba8Ga16Ge30, which give an Einstein temperature for the B
of 60 K. The Ba atoms appear to behave as normal ratt
similar to the La, Ce, Yb, and Tl atoms in th
skutterudites,4,21,22or the Tl atoms in Tl2SnTe5.

22,23

The Sr nuclear density is even broader than that for the
atoms~Fig. 3!, and indicates a substantial probability for th
Sr atom to move off the site center about 0.3 Å to one of fo
crystallographically equivalent positions~e.g., 1

4,0.53,0!.14

From the ADP and nuclear density data alone, it is imp
sible to determine if this corresponds to a static displacem
of the Sr atoms or to some dynamic motion between the f
off-center sites and the center of the cage. Recent l
temperature ultrasonic attenuation measurements~0.3–10 K!
on a Sr8Ga16Ge30 single crystal24 provided direct evidence o
a relatively high concentration of tunneling states, a feat
normally associated with bulk glasses like SiO2. These states
are most likely associated with the ability of the Sr atoms
tunnel among the four sites. From the temperature dep
dence of the ADP data~slope!, an Einstein temperature of 8
K is estimated. This value is substantially higher than
value of 53 K extracted from low-temperature heat-capac
data, and 46 K estimated from the lowest Raman mo
frequency.25 These disparate values indicate that it is n
appropriate to analyze the Sr ADP data using an isola
harmonic oscillator. This does not mean, however, that th
is not a characteristic Einstein mode associated with the
motion, only that this value cannot be determined from
ADP data in any simple analysis.

The Eu nuclear density distribution~Fig. 3! clearly shows
the tendency of the Eu atoms to move away from the
center. Four separate peaks are resolved in the nuclear
sity maps, each approximately 0.4 Å from the center of
cage~0, 0.257, and 0.536!. The Eu ADP data from this site
are almost independent of temperature~Fig. 2!, and hence no
Einstein temperature can be determined from these data.

FIG. 2. Isotropic atomic displacement parametersUeq for Eu,
Sr, and Ba atoms at the center of the larger polyhedral cages~XE24;
see Fig. 1! as determined by single-crystal neutron structure refi
ments at each temperature.Ueq measures the average mean-squ
displacement of the atom about a crystallographic position at
center of the cage~6d site: 1

4,
1
2,0!, averaged over all directions.
3-3
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increase in the Eu ADP values below 40 K~Fig. 2! is prima-
rily due to additional magnetic scattering from a ferroma
netic alignment of the Eu magnetic moments which has
been accounted for in these ADP data. Low-tempera
heat-capacity data suggest an Einstein temperature of a
30 K, a value in good agreement with the lowest Ram
mode frequency of 33 K.25 Low-temperature ultrasonic at
tenuation and elastic constant measurements on crysta
Eu8Ga16Ge30 are in progress.

B. Magnetic measurements

Magnetic susceptibility and magnetization measureme
were made on a single-crystal bar of Eu8Ga16Ge30 from 5 to
300 K in applied fields between 0.001 and 4 T. The magn
susceptibility data between 75 and 300 K~Fig. 4! are accu-
rately described by a Curie-Weiss law with an effective m
netic moment of 8.1mB which is about 2% larger that th
Eu12 free ion value of 7.93mB ~mB is the Bohr magneton!.
The Curie temperatures obtained from Curie-Weiss fits to
susceptibility data taken at 0.1 and 4 T are 35.7 and 34.5 K

FIG. 3. Nuclear density at the Ba, Sr, or Eu site located at1
4,

1
2,

and 0 for Ba8Ga16Ge30 and Sr8Ga16Ge30 at 15 K and Eu8Ga16Ge30 at
40 K ~aboveTc! in difference Fourier maps determined from sing
crystal neutron-diffraction data. This site corresponds to the ce
of a large cage composed of 24 atoms of Ge or Ga~see Fig. 1!. The
amplitude along the vertical direction is proportional to the pro
ability of finding the nucleus at a particular position. For all thr
figures, the area in thex-y plane is 1.531.5 Å2. It is likely that the
Sr and Eu atoms can tunnel among the four nearby sites tha
located between 0.3 and 0.5 Å from the cage center.
24511
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respectively, which suggests the onset of ferromagnetic
dering at about 35 K. This conclusion is verified by lo
temperature magnetization data~Fig. 5!. Below Tc , the
spontaneous magnetization is expected to decrease to ze
Tc is approached as (Tc2T)b, whereb is typically between
0.33 and 0.37.26 Analysis of the low-field magnetization dat
assuming this power law gives a Curie temperature of 33
The saturation magnetization corresponds to a magnetic
ment per Eu ion of 7mB ~the free-ion value!. The lack of any
significant hysteresis in the magnetization upon cycling
magnetic field between 0 and 6 T at temperatures below 35
K implies that Eu8Ga16Ge30 is a soft ferromagnet with a very
small coercive field of order 1–10 G. This is not unusual
an s-state ion. Single-crystal neutron structure refinem
measurements at 12 K also show ferromagnetic order,
indicate that in zero applied magnetic field the magnetizat
is directed along the~100! direction. The soft ferromag-
netism of Eu8Ga16Ge30 is similar to that observed for the
filled skutterudite EuFe4Sb12 which has a higher ordering
temperature of 100 K.27

er

-

re

FIG. 4. Inverse magnetic susceptibility (H/M ) vs temperature
for a Eu8Ga16Ge30 single crystal measured in fields of 0.1 and 4
Curie-Weiss fits to the data from 80 to 300 K indicate an effect
magnetic moment of 8.13mB per Eu ion, and Curie-Weiss tempera
tures of 35.7 and 34.5 K, respectively. The measured effective
ment is about 2% larger than the Eu12 free-ion value of 7.94mB i.e.,
g@J(J11)#1/2.

FIG. 5. Magnetization vs applied magnetic field for tempe
tures between 5 and 150 K. The saturation magnetization is nea
free ion value of 7mB per Eu ion~i.e., g J!.
3-4
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The large separation distance between neighboring E12

ions in the Eu8Ga16Ge30 structure~about 5.4 Å!, and the poor
bonding between the Eu12 ions and Ga and Ge atoms form
ing the cage, suggests that the magnetic order in this mat
occurs via a Rudermann-Kittel-Kasuya-Yoshida~RKKY ! in-
direct exchange interaction.28,29In the RKKY interaction, the
Eu magnetic moments are coupled together through
conduction-electron spins. An interesting feature of this
teraction is that it oscillates in sign~i.e., ferromagnetic or
antiferromagnetic! as a function of distance from an Eu ato
with a magnitude and period that depends on the conduc
electron density. At low carrier densities, the Eu mome
can only order via direct dipole-dipole interactions which
weak ~ordering temperatures obtained via this mechan
are typically less than 1 K!. Since Eu8Ga16Ge30 is a semicon-
ductor, it should be possible to change the ordering temp
ture and perhaps the type of magnetic order by varying
carrier concentration. Initial attempts to change the car
concentration in this compound significantly have not be
successful, partially because of the close proximity of
other cubic clathrate crystal structure mentioned in Sec. I

C. Heat capacity

Heat-capacity measurements were made on Eu8Ga16Ge30,
Sr8Ga16Ge30, and Ba8Ga16Ge30 single crystals from 2 to 300
K in magnetic fields from 0 to 8 T. The zero-field heat c
pacity data for all three compounds are shown in Fig.
Above 80 K, the heat-capacity data are the same within
experimental error of 1%, and well described by a Deb
heat capacity with a Debye temperature of about 300 K. T
magnetic contribution to the Eu clathrate heat capacity,Cm ,
is estimated by subtracting the Ba clathrate data from tha
the Eu. This difference is shown in Fig. 7 for applied ma
netic fields of 0 and 8 T. In zero magnetic field the jump
Cm at Tc535 K is about 24 J/K mole Eu, which is compa
rable to a value of 20.1 J/K mole Eu that is expected fr
mean-field theory for magnetic moments with a spin of7

2.
30

Mean-field theory, however, is not expected to accura
describe the zero-field magnetic contribution of the heat
pacity of any real material because of a number of unreali

FIG. 6. Heat capacity vs temperature for Eu8Ga16Ge30,
Sr8Ga16Ge30, and Ba8Ga16Ge30 single crystals from 2 to 300 K in
zero applied magnetic field. Above 80 K, the data from the th
crystals are the same within61%. The inset shows only the low
temperature data from the three samples~top curve: Eu data; middle
curve: Sr data; lower curve: Ba data!.
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simplifications. For example, aboveTc , magnetic fluctua-
tions that significantly contribute toCm are not treated in a
mean-field picture of the phase transition, and at low te
peratures spin waves are not considered. The magnetic
capacity at 8 T is significantly broadened in temperatur
This is not surprising, since each Eu ion has a magn
moment of 7mB , which in a field of 8 T corresponds to an
effective temperature of 40 K (7mBH/kB).

The magnetic entropy that is removed from the
spin system during the transition from free paramagne
spins to the ferromagnetic ground state should be equa
R ln(2J11)5R ln 8517.28 J/K mole Eu. The magnetic en
tropy can be determined experimentally by integratingCm /T
from 0 to about 150 K using the data shown in Fig. 7. Th
results in a calculated entropy of about 28 J/K mole E
which is significantlylarger thanR ln 8. Initially we thought
that this additional entropy~aboutR ln 4! might be associated
with a freezing out of the motion of the Eu atoms among
four sites~see Fig. 3!. This analysis, however, is not correc
Although the heat-capacity data from the three clathrates
virtually identical above 80 K, at low temperatures~5–30 K!
the low-energy Einstein modes are significantly differe
Below about 30 K, the Ba clathrate heat-capacity data are
a good reference for the lattice heat capacity of the Eu cla
rate. From fits to the low-temperature heat-capacity data,
estimate the characteristic Einstein temperatures for Ba,
and Eu atoms to be 60, 53, and 30 K, respectively. Th
values agree well with Raman data from the Sr and Eu cla
rates, which give low-energy modes at 46 and 33
respectively,25 as well as with detailed lattice-dynamic
calculations.18 The difference in entropy between Einste
oscillators with Einstein temperatures of 60 and 30 K
aboutR ln 4, which accounts for the apparent excess in
magnetic entropy from the data in Fig. 7.

D. Thermal conductivity

The lattice thermal conductivity of single crystals
Eu8Ga16Ge30, Sr8Ga16Ge30, and Ba8Ga16Ge30 from 2 to 300
K are displayed in Fig. 8 in both linear and~inset! logT vs

e

FIG. 7. Magnetic contribution to the heat capacity determin
by subtracting the Ba8Ga16Ge30 heat-capacity data from that o
Eu8Ga16Ge30. Note that in this figure the heat capacity is given p
mole of Eu atoms, whereas in the previous figure it was given
mole of atoms.
3-5
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logklattice plots. The linear plots are more relevant for app
cations, while the log-log plots are traditionally used in d
cussing phonon scattering mechanisms. The lattice the
conductivity was estimated from the total thermal conduc
ity data using the Wiedemann-Franz approximation and
resistivity data shown in Fig. 9. The lattice thermal condu
tivity data from the Eu and Sr clathrates are similar to t
reported previously on polycrystalline samples8,9,12 although
no clear ‘‘resonant dip’’12 was seen in any of our sample
only a broad plateau in the 10–20-K temperature range.
possible that electron-phonon scattering from the high car
concentrations in our crystals ('131021electrons/cm3!
washes out a ‘‘resonant dip.’’

The thermal conductivity of glasses,k, is not only very
small,6,7 but also displays a universal temperature dep
dence:k varies asT2 below 1 K, has a plateau in the regio
from 10 to 20 K, and is roughly independent of temperat
above 100 K. This behavior is qualitatively different fro
ordinary crystalline behavior, in whichk reaches a maximum
between 20 and 50 K and shows no plateau. The differe
between crystalline and glasslike behavior is illustrated
Fig. 8. The Eu and Sr clathrates show a typical glass
thermal conductivity. Although the present data do not
tend below 2 K, previous thermal conductivit
measurements9 on Sr8Ga16Ge30 below 1 K showed approxi-
mately aT2 temperature dependence, and tunneling sta
were measured using ultrasonic attenuation measureme24

FIG. 8. Lattice thermal conductivity vs temperature f
Eu8Ga16Ge30, Sr8Ga16Ge30, and Ba8Ga16Ge30 single crystals. Inset
shows same data displayed as logklattice vs logT. Application of a
magnetic field of 8 T had no significant effect on the thermal c
ductivity data~,62%!.

FIG. 9. Resistivity vs temperature for three single-crys
samples.
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The lattice thermal conductivity of the Ba clathrate is lo
and is about the same as that for vitreous silica~1.3 W/m K!
at room temperature. This low value is partially due to t
rattling of the Ba atoms, which effectively scatter the aco
tic phonons that carry most of the heat. The temperat
dependence of the lattice thermal conductivity
Ba8Ga16Ge30, however, is like that of a normal crystallin
solid.

The lattice thermal conductivity of all three compoun
was measured in a magnetic field of 8 T. Within experime
tal error ~63%!, the field had no effect on heat transport
these materials. This result was surprising for the Eu cla
rate, since in this compound the Eu rattlers clearly hav
large effect on the lattice thermal conductivity in zero fie
This null result may imply a small spin coupling to th
acoustic phonons.

We have suggested previously24 that both ‘‘rattling’’ and
‘‘tunneling’’ states appear to be necessary to produce a
glasslike thermal conductivity in these clathrate single cr
tals. As noted previously,25,31 single crystals with well-
defined defects or localized modes are the best material
which to study the origin and effects of tunneling states
the low-temperature properties of solids. The semicondu
ing clathrate crystals may prove to be ideal systems for qu
titative studies of specific structural features that produ
tunneling states. The nuclear density data shown in Fig
may be regarded as a ‘‘shapshot’’ of the tunneling state
the Sr and Eu clathrate crystals. Interesting recent work
Ref. 31 provided additional insight into the origin of tunne
ing states and the glasslike thermal conductivity. These
thors found that if amorphous silicon is hydrogenated,
low-temperature tunneling states associated with glas
disappear—even though the solid is structurally amorpho
These data clearly show the importance of understand
which specific structural features actually result in a glass
thermal conductivity.

E. Electrical transport

The electrical resitivities of Eu8Ga16Ge30, Sr8Ga16Ge30,
and Ba8Ga16Ge30 were measured from 2 to 300 K in variou
magnetic fields from 0 to 8 T. The zero-field resistivity da
are shown in Fig. 9 for three single crystals. The resistiv
data from the Sr and Ba crystals are typical of heavily dop
semiconductors. The Eu8Ga16Ge30 resistivity data show the
effects of the ferromagnetic phase transition below about
K. The rapid drop in the resistivity for temperatures less th
35 K is characteristic of the loss of spin disorder scatter
that occurs below the magnetic ordering temperature.32,33For
temperatures less than 34 K, the resistivity is approxima
proportional toT2, although we do not attach any theoretic
significance to this observation. The magnetoresistance o
three compounds was investigated. Only for a Eu clathr
near its Curie temperature~Fig. 10! was the magnetoresis
tance significant, amounting to about a 10% decrease in
sistance with an applied field of 8 T. A magnetoresistance
this magnitude nearTc is consistent with the suppression
spin-disorder scattering due to the increased magnetiza
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of the sample in a large field.32,33The magnitude of the spin
disorder resistivity in the present sample is about 30mV cm.

The Seebeck coefficient versus temperature is shown
all three crystals in Fig. 11. The room-temperature values
50–55mV/K are typical for heavily doped semiconductor
The measured room-temperature carrier concentrations
the crystals are'1021electrons/cm3, which implies electron
mobilities of 10–15 cm2/V s. These values are similar t
those previously reported,9,13 and are reasonably high fo
such heavy doping. The Hall mobility of the carriers i
creases with decreasing temperature, which would sug
that the scattering of the carriers is dominated by acou
phonons. A more detailed analysis of the scattering mec
nisms, however, would be more appropriate for crystals w
much lower carrier concentrations, which to date we ha
not been able to grow. Assuming a single parabolic band
scattering by acoustic phonons implies an electron effec
mass of 3m0 , wherem0 is the free-electron mass. This rel
tively high effective mass suggests that the conduction b
may be degenerate~multivalleyed!.4

F. Superconductivity

Previous work34 reported superconductivity at 7.
60.5 K in a polycrystalline sample of Ba8Ga16Ge30. Moti-
vated by this report, we carefully examined two single cr
tals of Ba8Ga16Ge30 for any evidence of superconductivit
using heat capacity, resistivity, and ac susceptibility m
surements. For temperatures above 2 K, we did not obs
any evidence of superconductivity in the single crystals. I
possible that the carrier concentration in our crystals was

FIG. 10. Resistivity vs temperature of Eu8Ga16Ge30 in magnetic
fields of 0 and 8 T.

FIG. 11. Seebeck coefficient vs temperature.
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low to result in superconductivity, although th
carrier concentrations were high for a semiconduc
('1021electrons/cm3). A more likely explanation is that the
samples studied previously had small amounts of an impu
phase such as Ga or BaGe2— both of which can be supercon
ducting in the 1–8-K temperature range.35,36

IV. SUMMARY AND CONCLUSIONS

Large single crystals of Eu8Ga16Ge30, Sr8Ga16Ge30, and
Ba8Ga16Ge30 have been grown. The Ba, Sr, and Eu atoms
the 6d site ~1

4,
1
2,0! in this structure exhibited large ADP

indicating a large mean-square displacement of each a
type about its equilibrium position~Fig. 2!. The Ba ADP
data could be analyzed using an Einstein oscillator mode
describe the Ba motion, but for the Sr and Eu atoms the A
data were further complicated by the ability of the Sr and
atoms to move away from the center of the cage~1/4, 1/2,
and 0 positions! to one of four nearby positions~Fig. 3!. In
this situation it is not clear how to extract characteristic E
stein temperatures from the ADP data. Low-temperat
heat-capacity measurements, however, indicated appr
mate Einstein temperatures of 60, 53, and 30 K for the
Sr, and Eu atoms, respectively.

The electrical transport data from the three crystals
similar. All three compounds have similar carrier concent
tions ('1021cm23), mobilities ~10–15 cm2/V s!, and carrier
effective masses ('3me). Preliminary Hall measurement
indicate that the mobility increases with decreasing tempe
ture, a feature consistent with the scattering of carriers
acoustic phonons.

There is a sriking difference, however, between the latt
thermal conductivity of the Ba clathrate and the lattice th
mal conductivity of the Sr and Eu clathrates. The lattice th
mal conductivities of the Eu and Sr clathrates are similar
that of a bulk oxide glass like SiO2 ~Fig. 8!. The room-
temperature lattice thermal conductivity of the Ba clathrate
low ~1.3 W/m K! which is about the same as the room te
perature value for vitreous silica. The temperature dep
dence, however, is much like a normal crystalline solid~Fig.
8!. It is suggested that, at least for this family of compoun
both rattling and tunneling statesare necessary to produce
true glasslike thermal conductivity. The nuclear dens
maps shown in Fig. 3 may, in fact, represent a ‘‘shapsh
of tunneling states in the Eu and Sr clathrate crystals.

Magnetic measurements on a Eu8Ga16Ge30 single crystal
showed ferromagnetic order with a Curie temperature of
K and an easy direction for Eu spins along the~100! direc-
tion ~Figs. 4 and 5!. Very little hysteresis was found durin
either temperature or magnetic-field sweeps, implying a v
small coercive field of the order of 1–10 G. The weak bon
ing and large separation distance between Eu spins sug
that magnetic ordering occurs via a RKKY interaction.

Eu8Ga16Ge30 exhibited a negative magnetoresistance
10% nearTc in a field of 8 T. This result is consistent wit
the suppression of spin-disorder scattering due to the
creased magnetization of the sample in an applied magn
field. No superconductivity was detected in heavily dop
Ba8Ga16Ge30 single crystals at temperatures above 2 K. A
3-7
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nealing polycrystalline Eu8Ga16Ga30 samples in a dynamic
vacuum resulted in a phase with a completely different cr
tal structure. This structure is isomorphic with another cu
clathrate phase, Ba8Ga16Sn30 first reported in Ref. 10. The
Eu8Ga16Ga30 clathrate phase has the space group ofI -43m
~No. 217! and a lattice constant of 10.62 Å. The properties
this phase will be reported elsewhere.
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