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Crystal and magnetic structure of Eu4Ga8Ge16
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The antiferromagnetic ordering and crystal structure of the clathrate compound Eu4Ga8Ge16 was investi-
gated using multitemperature neutron and synchrotron x-ray powder diffraction. High-resolution low-Q neu-
tron data were measured at long wavelength (l54.2 Å) between 1.5 and 15 K for an accurate description of
the magnetic structure, whereas high-Q diffraction patterns were collected using neutrons of wavelength 1.9 Å
at the same temperatures to determine the nuclear structure precisely. The structure orders antiferromagneti-
cally at about 8 K with ferromagnetic chains parallel to thea axis. The intrachain Eu-Eu distance, 4.1216~1! Å
at 1.5 K, is significantly shorter than the distance observed in the ferromagnetic clathratesb-Eu8Ga16Ge30

~5.23 Å! anda-Eu8Ga16Ge30 ~5.56 Å!. Antiferromagnetic coupling to the nearest and next-nearest chains at
distances of 5.99 and 6.98 Å, respectively, leads to an overall antiferromagnetic structure. A fit to a power law
of the temperature dependence of the ordered Eu21 magnetic moment results in a moment of 7.01(7)mB at 0
K in agreement with the 7mB for the free ion value of Eu21. The temperature dependence of the crystal
structure was investigated from 11 K to room temperature using synchrotron x-ray powder diffraction. Analysis
of the atomic displacement parameters with Einstein and Debye models givesQE582(3) K for the guest atom
andQD5266(4) K for the framework atoms. Based onQD the lattice contribution to thermal conductivity is
estimated to be 0.0125 W/cm K.

DOI: 10.1103/PhysRevB.68.174428 PACS number~s!: 75.50.Ee, 61.10.Nz, 61.12.Ld, 72.15.Eb
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I. INTRODUCTION

In recent years clathrate structures have been inten
investigated due to their potential use as thermoelec
materials.1–8 The inorganic clathrate structures consist
semiconducting frameworks with oversized voids occup
by guest atoms. They can be classified into different ty
depending on the framework geometry.9 The most studied
class of materials is the type-I structures containing
framework atoms and 8 guest atoms in the unit cell giv
typical stoichiometries ofM8A8B38 and M8A16B30 depend-
ing on the nature of the guest atom~M! and the framework
dopant~A!. Recently several groups have also focused on
type-II structures with stoichiometryM24B136, which con-
tains a very large 28-atom cage that can therefore accom
date larger guest atoms such as caesium or rubidium.10,11 A
new type of clathrate, Eu4Ga8Ge16 ~Refs. 12 and 13! was
discovered as a minority phase during synthesis of the m
netic type-I clathrate Eu8Ga16Ge30.14 So far, relatively few
magnetic clathrates have been synthesized,15,16 but there is
potentially a large interest in such systems since they co
provide excellent examples of magnetic semiconduc
~Kondo insulators, heavy fermion systems!. In Paper II we
report the magnetic susceptibility, the spin-flop phase d
gram, Mössbauer spectra, and heat capacity
Eu4Ga8Ge16.17 In the present paper, Paper I, we examine
detail both the magnetic and the crystal structure
Eu4Ga8Ge16 based on multitemperature neutron and s
chrotron x-ray powder-diffraction data.

II. EXPERIMENT

A. Neutron powder diffraction

The data were recorded on a powder sample of153Eu
enriched Eu4Ga8Ge16. The enriched sample was prepared
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the flux growth technique12 using 98.7% enriched153Eu ~Oak
Ridge National Laboratory!.18 The product contains a mix
ture of the Eu4Ga8Ge16 phase and Ge~diamond structure!,
and separation of the two phases is difficult without loss
the costly enriched Eu4Ga8Ge16 phase. However, there i
only limited overlap between the Eu4Ga8Ge16 and Ge phases
in the diffraction pattern and the mixture could therefore
used ‘‘as is.’’ The total weight of the synthesis product co
taining both phases was about 300 mg.

The neutron-diffraction experiments were performed
the quasicontinuous neutron spallation source~SINQ! at the
Paul Scherrer Institute~PSI! in Switzerland. A 4-mm cylin-
drical textured aluminum sample holder was used, wh
does not interfere with the low-Q region~Q is the scattering
vector! of Eu4Ga8Ge16 where the magnetic peaks are obse
able. Two different neutron powder diffractometers we
used in order to obtain precise information about both
magnetic and the crystal structures. The low-Q data were
collected using the DMC neutron powder diffractometer
cated at the cold neutron source at SINQ. A vertically foc
ing ~002! graphite monochromator was used to select n
trons of wavelength 4.2 Å. The DMC instrument is equipp
with a banana-shaped position sensitive detector coverin
total of 80° with 400 channels at 0.2° intervals. Two diffra
tion patterns with extremely good statistics were measure
1.5 and 15 K, i.e., below and above the magnetic-pha
transition temperature. These data sets were used to d
mine and refine the magnetic structure. In addition, a se
diffraction patterns with less precise statistics were collec
at different temperatures between 1.5 and 30 K in orde
monitor the temperature dependence of the magnetic or
The temperature was changed in small steps across the p
transition always stepping from low to high temperature
order to minimize possible magnetic hysteresic effects.
©2003 The American Physical Society28-1
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addition to the low-Q diffraction data, high-Q data were re-
corded on the HRPT powder diffractometer at SINQ. T
instrument is situated at the thermal neutron source
equipped with a large position sensitive detector contain
1600 channels at 0.1° intervals covering a total scatte
angle span of 160°. The~511!-reflection from a vertically
focusing Ge monochromator provided a wavelength of 1.8
Å. Diffraction patterns were measured at 1.5 and 15 K. T
sample environment in both experiments was controlled b
helium cryostat~Orange ILL type!, which was moved intac
between the two instruments. The sample was never
moved from the cryostat nor heated above 30 K during
experiment.

B. Crystal structure refinement

The crystal structure was refined against the high te
perature data~15 K! from both DMC and HRPT using the
Rietveld refinement programFULLPROF.19 The starting model
was taken from the single-crystal x-ray-diffraction study
Bryan et al.12 For the HRPT data the aluminum peaks fro
the sample container were excluded from the fit. For
DMC data a single Ge peak was removed. The absorp
correction and scale factor were found to heavily influen
the atomic displacement parameters~ADP’s!. The sample ab-
sorption coefficient was measured at 1.884 Å (mR
50.226), whereas the 4.194-Å value was obtained by m
tiplication of the wavelength ratio. In order to get a stab
and physically meaningful refinement, the ADP’s were fix
to the values obtained from synchrotron powder-diffract
data recorded at matching temperatures. From HRPT re
ments the percentage mol fraction of Ge was found to
24.0~4!%.

The Eu4Ga8Ge16 system has a framework structure b
longing to the orthorhombic space groupCmcm. Refinement
of the nuclear diffraction pattern gave lattice parameters
a54.1216(1) Å, b511.2470(2) Å, andc513.1945(2) Å
at 15 K. The framework is built from Ga and Ge with thre
unique sites each having a multiplicity of 8. The distributi
of Ge and Ga over the framework is difficult to determine
x-ray diffraction, because the scattering power differs
only one electron. The somewhat larger difference in
neutron-scattering lengths between Ga and Ge~7.29 and 8.19
fm, respectively! may allow determination of preferred si
ting. However, the problems with the ADP’s prevented co
clusive determination of the exact framework siting. Cha
oumakoset al. concluded based on single-crystal neutro
diffraction data on Eu8Ga16Ge30 that the framework in tha
structure is fully disordered,14 although accurate maximum
entropy method analysis of single-crystal x-ray diffraction
Ba8Ga16Ge30 and Sr8Ga16Ge30 indicate a Ga preference for
specific site (6c of space group number 223!.4 In the present
refinements a model containing randomly distributed Ga
Ge atoms at each framework site was employed. In the
fined model the Eu atoms are located in the centers of
framework voids at the 4c site in space groupCmcm (y
'0.207). The agreement factors for the different models
listed in Table I.
17442
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C. Synchrotron x-ray powder diffraction

High-resolution synchrotron powder-diffraction measu
ments were carried out at the beam line BL02B2 at SPrin
Japan. The large Debye-Scherrer camera with an image p
detector was used to record the data.20 A small fraction of the
enriched sample used for the neutron experiment was se
in a 0.1-mm glass capillary. The capillary was mounted in
helium Displex refrigerator~1 K precision!. The incident
x-ray wavelength (l50.42061 Å) was determined by cal
bration on a standard CeO2 sample (a55.411 102 Å). The
image plates were scanned with a pixel resolution of 1
mm. Datasets were recorded from 11 to 300 K in steps
about 20 K. The exposure time was 10 min in all cas
except for the 11-K data, where 90 min exposure time w
used. All data sets extend from 2u53° to 2u575° with a
step size of 0.01°. Rietveld refinements were performed
ing GSAS.21 Besides the Eu4Ga8Ge16 phase, the Ge impurity
was also modeled. The background was described by an
terpolation formula linear in 2u. Due to the small diameter o
the capillary and the high energy of the incoming x ray
absorption effects are negligible. The molar fraction of G
refined to 31.8~1!%. The displex induces jumps in the bac
ground around 38.5° and 49.3°; the regions 37.98°–40.
and 48.50°–50.00° were excluded from the fit. Figure
shows the agreement obtained at 11 K, but the quality of
fit is similar at all temperatures. The refined structural para
eters are listed in Table II.

III. RESULTS AND DISCUSSION

A. Magnetic structure

The magnetic structure originates from the 4f electrons of
the ionically bound Eu guest atoms. From Mo¨ssbauer data it
is known that Eu is in the12 oxidation state.17 The 12
oxidation state of Eu is in accordance with the Zintl conce
where the electropositive guest atoms donate electrons to
framework. The DMC data measured above the pha
transition temperature were subtracted from the 1.5-K dat
reveal the magnetic peaks~assuming that the crystal structu
is unchanged!. The diffraction patterns as well as the diffe
ence pattern are shown in Fig. 2. The first magnetic pea
the diffraction pattern would correspond to the~001! reflec-
tion of the crystal cell if allowed by symmetry. The absen
of peaks below~001! suggests there is no magnetic sup
structure, i.e., the magnetic unit cell coincides with the cr
tal. The antiferromagnetic structure was investigated us
different models for the direction of the magnetic momen
For each model the magnetic structure factor was compa
with the measured data. A model accounting for the inten
ties of the magnetic diffraction peaks have the moments
the four Eu atoms in the unit cell along the following dire
tions: m15(U,V,W), m25(2U,2V,2W), m3
5(U,V,W), m45(2U,2V,2W), whereU, V, andW are
the magnetic moments along thea, b, and c axes, respec-
tively. This model was used in the programFULLPROF to fit
the magnetic moments.20 The crystal structure was fixed a
the values from the measurement above the phase trans
Free refinement of this model gaveU56.13(5)mB and W
8-2
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TABLE I. Crystallographic details for Eu4Ga8Ge16 from neutron powder-diffraction experiments. A sixth
order polynomial background function was used.T5temperature,l5wavelength,mR5absorption correc-
tion. The agreement factors are defined byRp5Suyo,i2yc,i u/Suyo,i u, Rwp5@Swi uyo,i

2yc,i u2/Swi uyo,i u2#1/2, x25Swi uyo,i2yc,i u2/s i
2, RI5SuI o2I cu/SuI ou, RF5SuFo2Fcu/SuFou, Rmagnetic is

similar to RF but for the magnetic peaks,ma is the magnetic moment along thea axis.

Crystal structure Moment along
a andc axis

Moment alonga axis

Instrument HRPT DMC HRPT DMC HRPT DMC
T ~K! 15.0 15.0 1.5 1.5 1.5 1.5
l ~Å! 1.884 4.194 1.884 4.194 1.884 4.194
mR 0.226 0.503 0.226 0.503 0.226 0.503
No. data points 2763 912 2763 912 2763 912
No. Eu4Ga8Ge16 nuclear reflections 235 21 235 21 235 21
No. Ge nuclear reflections 11 11 11
No. magnetic reflections (I hkl.1%•I 001) 5 16 5 16
Background parameters 6 6 6 6 6 6
Nuclear profile parameters 12 4 2 1 2 1
Nuclear parameters 14 12
Magnetic profile parameters 6 4 6 4
Magnetic parameters 4 4 3 3
Total no. of parameters 32 22 18 15 17 14
Rp ~%! 6.13 6.64 6.71 9.80 6.73 10.3
Rwp ~%! 8.23 8.43 8.69 12.3 8.71 12.8
x2 14.7 6.01 14.8 17.8 14.9 19.0
RI(Eu4Ga8Ge16) ~%! 13.0 8.05 10.5 7.51 10.6 8.03
RF(Eu4Ga8Ge16) ~%! 9.90 5.96 7.1 4.73 7.09 5.13
RI(Ge) ~%! 4.68 4.28 4.31
RF(Ge) ~%! 2.17 2.41 2.43
R(magnetic) ~%! 10.4 10.1 9.98 11.6
ma(mB) 6.13~5! 6.55~5!

mc(mB) 1.77~18!

m tot(mB) 6.38~6! 6.55~5!
.
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51.77(18)mB . No moment alongb (V) was detected, and
the refinement gave a total magnetic moment of 6.38(6)mB
at 1.5 K. The magneticR factor is 10.1% for this model
Using the space group, the position of the europium ato

FIG. 1. Synchrotron x-ray powder diffraction at 15 K. Cross
are the data points, and the solid line the Rietveld model. The
tom shows the difference pattern.
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and the propagation vector as input to the programSARAH

the possible directions of the magnetic moments w
calculated.22 Based on Landau theory for second-order ph
transitions, the component should be along either thea, b, or
c axis.23 Taking these symmetry arguments into account,
magnetic moments along theb andc axis were forced to zero
and only the moment alonga was refined. This model gave
magnetic moment of 6.55(5)mB at 1.5 K, but the magneticR
factor increased to 11.6%. This is higher than the model w
the moment along both thea and c axes. Nevertheless, th
a-axis model is supported by careful susceptibil
measurements.17 No improvement in the refinement was o
tained by including aspherical terms in the scattering exp
sion ~decrease of the Lande´ g factor!. It should be noted tha
the structural disorder of the Eu atoms is quite large alo
the c axis ~see below!. Disorder of the Eu atoms could po
tentially be modeled with a magnetic component along thc
axis. The most convincing model based on the agreem
with theory and susceptibility measurements places the m
netic moments solely parallel to thea axis. The crystal and
magnetic structures are sketched in Fig. 3. The magn
structure can be described as one-dimensional chains run
parallel to thea axis. The magnetic moment of the atom
t-
8-3
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TABLE II. Crystallographic details for Eu4Ga8Ge16 from synchrotron powder-diffraction data. The definitions of the agreement fac
are given in Table I. H1, H2, and H3 refer to the framework atoms~Ga/Ge!.

T ~K! 11 30 45 60 75 90 110 130

No. data points 6795 6795 6795 6795 6795 6795 6795 6795
No. reflections 4975 4996 4976 4980 4981 4982 4983 4987
No. parameters 66 66 66 66 66 66 66 66
Rp ~%! 3.04 3.54 3.54 3.51 3.50 3.59 3.46 3.36
Rwp ~%! 4.61 5.37 5.35 5.24 5.26 5.40 4.99 4.85
x2 ~%! 38.09 5.91 5.81 5.74 5.72 5.83 5.29 5.42
RI ~%! 3.21 3.81 3.92 4.04 3.79 3.84 3.90 4.22
a 4.121 92~5! 4.122 14~5! 4.122 45~5! 4.122 87~5! 4.123 37~5! 4.124 01~6! 4.124 86~5! 4.125 96~5!

b 11.2470~1! 11.2475~2! 11.2483~2! 11.2491~2! 11.2503~2! 11.2520~2! 11.2541~2! 11.2568~2!

c 13.1954~2! 13.1965~2! 13.1973~2! 13.1981~2! 13.1996~2! 13.2013~2! 13.2039~2! 13.2068~2!

y(Eu) 0.206 96~7! 0.206 85~8! 0.206 89~8! 0.207 19~7! 0.207 06~7! 0.207 26~8! 0.207 08~7! 0.207 42~8!

U11(Eu) (1024 Å 2) 30~4! 31~4! 36~5! 29~4! 39~5! 50~5! 51~5! 59~5!

U22(Eu) (1024 Å 2) 65~4! 59~5! 65~5! 67~5! 65~5! 65~5! 78~5! 94~6!

U33(Eu) (1024 Å 2) 111~4! 115~5! 116~5! 137~5! 156~5! 157~6! 170~6! 167~6!

y(H1) 20.070 23~9! 20.0700~1! 20.0700~1! 20.0696~1! 20.0696~1! 20.0695~1! 20.0700~1! 20.0698~1!

z(H1) 0.343 64~8! 0.343 42~9! 0.343 46~9! 0.343 63~9! 0.343 62~9! 0.3436~1! 0.343 42~9! 0.343 59~9!

U(H1) (1024 Å 2) 13~3! 24~3! 27~3! 22~3! 31~3! 30~3! 41~3! 50~3!

y(H2) 0.026 90~8! 0.0271~1! 0.0271~1! 0.0267~1! 0.0266~1! 0.0265~1! 0.026 55~9! 0.0264~1!

z(H2) 0.408 30~9! 0.4088~1! 0.4087~1! 0.4085~1! 0.4083~1! 0.4082~1! 0.4082~1! 0.4086~1!

U(H2) (1024 Å 2) 21~3! 18~3! 17~3! 18~3! 23~3! 25~3! 32~3! 36~3!

y(H3) 0.243 99~9! 0.2439~1! 0.2439~1! 0.2441~1! 0.2441~1! 0.2440~1! 0.2443~1! 0.2440~1!

z(H3) 0.447 74~8! 0.448 02~9! 0.447 98~9! 0.448 11~9! 0.448 15~9! 0.448 17~10! 0.448 13~9! 0.448 00~9!

U(H3) (1024 Å 2) 32~3! 38~3! 36~3! 43~3! 47~3! 54~4! 55~3! 64~4!

a 5.652 36~4! 5.652 49~5! 5.652 70~5! 5.652 99~5! 5.653 34~5! 5.653 81~5! 5.654 32~5! 5.655 11~5!

U(Ge) (1024 Å 2) 13~1! 16~1! 18~1! 19~1! 22~1! 25~1! 28~1! 32~1!

165 180 195 210 225 240 260 280 300

6795 6795 6795 6795 6795 6795 6795 6795 6795
4991 4996 5002 5006 5084 5009 5009 5009 5095
66 66 66 66 66 66 65 65 65

3.36 3.42 3.48 3.56 3.37 3.55 3.51 3.44 3.52
4.81 4.83 4.81 4.97 4.66 4.96 4.86 4.85 4.84
5.37 5.31 5.41 5.67 5.13 5.35 5.58 5.52 5.64
4.49 4.52 4.53 5.14 5.14 4.84 5.39 5.18 5.64

4.127 65~6! 4.128 52~6! 4.129 54~6! 4.130 26~6! 4.131 04~6! 4.131 37~6! 4.133 03~5! 4.134 22~5! 4.135 10~5!

11.2610~2! 11.2629~2! 11.2650~2! 11.2668~2! 11.2686~2! 11.2692~2! 11.2735~2! 11.2753~2! 11.2774~2!

13.2113~2! 13.2136~2! 13.2160~2! 13.2180~2! 13.2201~2! 13.2209~2! 13.2257~2! 13.2279~2! 13.2297~2!

0.207 68~8! 0.207 70~8! 0.207 69~8! 0.207 72~8! 0.207 70~8! 0.207 73~8! 0.207 77~8! 0.208 02~8! 0.208 26~8!

72~5! 86~5! 83~5! 108~6! 112~6! 108~6! 107~6! 129~6! 128~6!

106~6! 115~6! 129~6! 139~6! 134~6! 141~6! 165~7! 163~7! 190~7!

180~6! 184~6! 195~6! 206~6! 215~6! 234~6! 268~7! 257~7! 282~7!

20.0698~1! 20.0697~1! 20.0696~1! 20.0695~1! 20.0695~1! 20.0698~1! 20.0696~1! 20.0694~1! 20.0695~1!

0.3437~1! 0.343 79~9! 0.3439~1! 0.3439~1! 0.3437~1! 0.3435~1! 0.3435~1! 0.3437~1! 0.3438~1!

59~3! 61~4! 67~4! 72~4! 71~4! 77~4! 77~4! 76~4! 79~4!

0.0264~1! 0.0264~1! 0.0264~1! 0.0262~1! 0.0264~1! 0.0263~1! 0.0266~1! 0.0267~1! 0.0267~1!

0.4086~1! 0.4089~1! 0.4084~1! 0.4082~1! 0.4083~1! 0.4083~1! 0.4083~1! 0.4085~1! 0.4085~1!

43~3! 52~4! 58~4! 60~4! 63~4! 67~4! 69~4! 75~4! 78~4!

0.2436~1! 0.2439~1! 0.2439~1! 0.2440~1! 0.2440~1! 0.2441~1! 0.2439~1! 0.2044~1! 0.2438~1!

0.447 87~9! 0.447 99~9! 0.448 07~9! 0.4482~1! 0.448 37~9! 0.4481~1! 0.4481~1! 0.4481~1! 0.4479~1!

69~4! 80~4! 82~4! 86~4! 88~4! 89~4! 99~4! 102~4! 107~4!

5.656 36~5! 5.656 97~5! 5.657 72~5! 5.658 30~6! 5.658 77~6! 5.658 83~7! 5.660 46~5! 5.661 12~5! 5.661 68~5!

35~1! 38~1! 43~1! 47~1! 50~1! 52~2! 60~2! 63~2! 66~2!
174428-4
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CRYSTAL AND MAGNETIC STRUCTURE OF Eu4Ga8Ge16 PHYSICAL REVIEW B 68, 174428 ~2003!
within the chains order ferromagnetically, whereas the m
netic moment of the nearest- and next-nearest-neigh
chains order antiferromagnetically. Even though the order
of the magnetic moments is one dimensional, the magn
exchange interaction is three dimensional as indicated in
by the sharp lambda-shaped heat-capacity anomaly at
phase transition.17 The minimum Eu-Eu distance is the intra
chain distance of 4.12 Å. The Eu atoms in the neare
neighbor chains are at distances of 5.99 Å and the Eu in
next-nearest-neighbor chains are at distances of 6.98 Å~Fig.
3!.

The minimum Eu-Eu separation in the ferromagnet E
~NaCl structure! is 3.64 Å. An explanation for exchange in
teraction in EuO was proposed by G. ter Matenet al.24 It
follows the principles of superexchange seen in MnO, wh
the magnetization is mediated via the oxygen atom. T
kind of exchange is unlikely in the case of clathrates,

FIG. 2. Neutron powder-diffraction patterns measured with lo
wavelength at the DMC. The upper curve is above phase-trans
temperature at 15 K, the curve in the middle is below the pha
transition temperature at 1.5 K, and the lower curve is the differe
between the 1.5- and the 15-K data. The reflection indices
shown at the bottom. The plot is on a logarithmic scale to enha
subtle features, and the curves have been shifted for clarity.

FIG. 3. The magnetic structure of Eu4Ga8Ge16. The unit-cell
content has been depicted with large europium atoms and sm
framework atoms. The perspective is along thea axis with theb-c
axis in the plane of the paper. The Eu-Eu distances are shown
17442
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cause the distance to the framework atoms~3.37 Å! is large
compared with the distance in the oxide~2.57 Å!. The inter-
chain distance in Eu4Ga8Ge16 is short compared with dis
tances in other Eu-containing clathrates. Kasuya alternativ
proposed that the exchange in EuO takes place throug
virtual transfer of magnetic 4f electrons to the vacant 5d
orbital, extending to the neighboring 4f orbital.25 The elec-
trons then couple ferromagnetically viad-f interaction. The
exchange proposed by Kasuya can account for the interc
magnetic order, but not for the antiferromagnetic ordering
the chains in Eu4Ga8Ge16. The alternating exchange intera
tion between intrachain and interchain atoms may be
plained by the Ruderman-Kittel-Kasuya-Yosida~RKKY !
exchange.26 The RKKY exchange has been suggested to
responsible for the ordering in the ferromagnetic clathra
b-Eu8Ga16Ge30 ~5.23 Å! and a-Eu8Ga16Ge30 ~5.56 Å!,14

where the distances are between those observed
Eu4Ga8Ge16. Assuming the RKKY exchange is responsib
for the ordering in Eu4Ga8Ge16, it may be possible to chang
~or even suppress! the magnetic ordering by controlling th
exact framework stoichiometry, i.e., by affecting the charg
carrier concentration. Our sample is ap-type conductor,12

whereas Paschenet al. have reportedn-type conductivity,
with an antiferromagnetic ordering temperature at 9 K16

However, it must be kept in mind that the material of cour
is not a free-electron gas and significant deviations from
RKKY model are probable. The size of the exchange int
action is proportional to the electron scattering length, i
the exact composition of the sample and the framework
order. This could explain differences in transitions tempe
tures among different samples. Note, however, that it is
ficult to rule out small systematic errors in temperatu
recording, when comparing different studies on Eu4Ga8Ge16
carried out with different instruments.

B. Temperature dependence of the magnetic structure

As described in Sec. II A, diffraction data around th
phase-transition temperature were measured at the D
neutron powder diffractometer in the range 1.5–30 K w
decreased temperature steps close to the phase transitio
at the lowest temperatures. These diffraction patterns

g
n

e-
e

re
e

ler

FIG. 4. Neutron powder-diffraction patterns as a function
temperature.
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shown between 1.5 and 8.5 K in Fig. 4. The plot shows h
the magnetic Bragg peaks increase in the diffraction pat
with decreasing temperature. All the diffraction patter
shown in Fig. 4 are obtained for fixed monitor count but w
considerably less statistics than in the 1.5- and 15-K d
used for the refinement of the magnetic structure discusse
Sec. III A. For the refinement of the 1.5-K data with le
statistics all the structural parameters were fixed to the va
found from the refinement of the 1.5-K data with good s
tistics, and only the scale factor, the background, and
zero point were refined. The scale factor obtained from
fit was then used as a common scale factor in the subseq
refinements of the higher temperature data, where the b
grounds, zero-point shifts and the magnetic moments w
the only variable parameters.

The unit-cell parameters were refined at each tempera
but no systematic change was observed within the preci
of the data. Figure 5 shows the resulting temperature de
dence of thea-axis magnetic moment from refinement of th
multitemperature data. The temperature dependence o
magnetic moments was fitted to the expressionm(T)
5m(0 K)(12T/TN)b. The magnetic moment at 0 K i
found to bem(0 K)57.01(7)mB in agreement with the mag
netic moment of the free Eu21 ion. A simple extrapolation of
the experimental data to 0 K leads to the slightly lower value
of ;6.75mB . The critical temperatureTN57.88(7) K is in
accordance with the phase-transition temperature obse
by other methods, and the critical exponent isb50.26(2).
The data were also refined with a model having the magn
moment components along thea andc axes~not shown!. For
this model the fit to the power law gave:m(0 K)
56.9(1)mB , TN57.8(1) K, andb50.24(3), i.e., statisti-
cally identical values.

It is also possible to observe the phase transition in
background below the magnetic peaks. In Fig. 6, the te
perature dependence of the diffuse scattering below the
Bragg peak (2u518.4°) close to the Ne´el temperature is
shown. AsTN is approached from above, the diffuse scatt
ing of the magnetic moments increases due to short-ra
order of the magnetic moments and a divergence is obse

FIG. 5. The refineda-axis magnetic moment as a function
temperature. The solid curve is a fit to the power law describe
the text. The dashed curve is a guide to the eye.
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at the transition temperature. BelowTN the long-range order
becomes dominant and gradually the diffuse scattering
appears.

C. Temperature dependence of the crystal structure

In the past few years many studies have focused on
thermal conductivity in open framework structures with t
specific aim of understanding the role of the loosely bou
guest atoms for the thermal properties.27,28 In a series of
papers Sales and co-workers have shown that a basic
tallographic parameter, the isotropic mean-square displa
ment parameterU iso, can provide very useful information o
the thermal conductivity of crystalline materials.28 In this
description the vibrations of the framework atoms are
proximated by the Debye model, while the vibrations of t
guest atoms are approximated with the Einstein model. F
lowing Bentienet al.7 and Bürgi and co-workers,29,30 the Eu
atomic displacement factors~ADP’s! can be written as

^U2&5d21
\2

2mkBQE
coth

QE

2T
, ~1!

where a temperature-independent disorder parameterd has
been introduced into the normal Einstein oscillator expr
sion. In Fig. 7 the Einstein equation is fitted to the refined
ADP’s. The plot also shows the ADP’s of the framework a
of the Ge impurity. These can be fitted to a Debye mode

^U2&5d21
3\2T

mkBQD
2 S F~QD /T!1

1

4
•

QD

T D . ~2!

For the framework atoms of Eu4Ga8Ge16 the mass weighted
average value for the three different sites is used. The res
of the fits are shown in Table III. For the Eu guest atom th
is a clear disorder along thec axis. This suggests that E
atoms are not placed in the centers of the cages although
present data do not allow discrimination between a very s

in

FIG. 6. The temperature dependence of the background sca
ing below the magnetic 001 peak (2u518.4°) showing a cusp
close toTN . The inset shows the entire data range, and the s
curve serves as a guide to the eye.
8-6
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low potential with a minimum in the center and one with
~small! maximum at the average Eu position. The Eu dis
der gives a plausible explanation for why the modeling of
magnetic moments gave a component along thec axis in an
unconstrained model. It should be noted that the choice
model for the Eu guest atom is somewhat arbitrary.
equally good fit of the Eu ADP’s can be obtained if a Deb
model is used. Nevertheless, use of an Einstein model yi
an Einstein temperature, which is excellent agreement w
values obtained from modeling of completely differe
physical quantities~heat capacity and Mossbauer data!, and
this supports that the guest atoms to a first approximation
be considered as independent oscillators. From the A
modeling of the framework atoms we obtain a Debye te
perature of 266~4! K for the Eu4Ga8Ge16 phase and 311~4! K
for the Ge impurity phase. The value for Ge is somew
lower than one value of 360 K reported in the literature31

The thermal expansion has also been extracted from the
etveld refinement results and discussed elsewhere.32

In Paper II the measured heat capacity of Eu4Ga8Ge16
was fitted to a Debye model givingQD5314(4).17 It may be
argued that accurate single-crystal data normally will g
more reliable estimates of ADP’s than powder data. Ho
ever, the present synchrotron powder diffraction data h
the advantage that no extinction or absorption corrections
needed. These corrections can significantly influence
ADP’s. Furthermore, in the present case we use a fit to

FIG. 7. The ADP’s along the different axes for Eu, the isotrop
ADP’s for the framework atoms~Ge/Ga!, and the ADP’s for the Ge
impurity. The framework and the impurity~Ge! ADP’s have been
fitted to a Debye model, and the Eu ADP’s to an Einstein mode

TABLE III. Parameters obtained from Einstein and Debye fits
the ADP’s.

QE ~K! QD ~K! d2 ~Å2!

^U11&Eu 88~2! 0.0008~3!

^U22&Eu 83~2! 0.0034~4!

^U33&Eu 74~2! 0.0092~5!

^U iso&Ga/Ge 266~4! 0.0006~2!

^U iso&Ge ~impurity! 311~4!
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independent data sets with the full Debye model rather t
a simple room-temperature approximation to one data po
Our data also have a very high resolution in reciprocal spa
which facilitates accurate modeling of the ADP’s. Hea
capacity measurements are ‘‘contaminated’’ by small con
butions from the electrons and significantly larger contrib
tions from the magnetic heat capacity. These contributi
must be subtracted from the measured data assuming se
approximations. All in all the value extracted from the mu
titemperature ADP’s probably is the most accurate.

From the Debye temperature@QD5266(4) K# obtained
from the ADP fits we can estimate the lattice contribution
the thermal conductivity.28 The Debye temperature gives th
speed of sound in the solid. The heat capacity was meas
at 266 K to beCn51.79 J/cm3 K and the mean free path o
the phonons may be approximated by the mean Eu-Eu s
ration in the unit cell~5.7 Å!. The lattice contribution to the
thermal conductivity can now be estimated fromkLattice
5 1

3 VsdCn . At 266 K we obtain 0.0125 W/cm K for
Eu4Ga8Ge16, which is in between typical values of skutteru
dites and type-I clathrates. Since the lattice thermal cond
tivity is a slowly changing function of temperature, we ma
also take this value to be valid at room temperature. It
possible to estimate the thermoelectric figure of merit
room temperature, knowing the Seebeck coefficient and e
trical conductance, which is 40mV/K and 130 S/cm, respec
tively, at room temperature.12 The electric contribution to the
thermal conductivity is estimated from Wiedemann-Fra
law ke /sT52.2231028 W V/K2. This gives a dimension-
less figure of meritZT5T(S2s/k) equal to 4.631023,
which is too low for room-temperature thermoelectric app
cations.

IV. CONCLUSION

In this study the antiferromagnetic structure of t
Eu4Ga8Ge16 clathrate is established based on neutr
powder-diffraction measurements. The magnetic mom
was found to have intrachain ferromagnetic order along tha
axis. Each Eu chain has an interchain antiferromagnetic
dering with the nearest- and next-nearest-neighbor
chains. Modeling the temperature dependence of the ord
magnetic moment to a power law results in a 0-K magne
moment value of 7.01(7)mB , which is in agreement with the
value for the free Eu21 ion. From multitemperature synchro
tron powder-diffraction data structural parameters were
termined by the Rietveld method. Analysis of the Eu ADP
gave evidence for structural disorder along thec axis on the
guest atom sites. Modelling of the framework ADP’s with
Debye model provided an estimate of the Debye tempera
of 266~4! K. This subsequently gives a lattice contribution
the thermal conductivity of 0.0125 W/cm K and a room
temperature thermoelectric figure of merit of 4.631023.
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