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Temperature dependent synchrotron powder diffraction and single crystal neutron diffraction data are used
for probing the vibrational states and disorder in type I clathrates Ba8Ga16Si30, Ba8Ga16Ge30, Ba8In16Ge30, and
Sr8Ga16Ge30. If an empirical disorder term is included, the temperature dependence of the atomic displacement
factorssADPsd of the framework and guest atoms can be described by a Debye and Einstein model, respec-
tively. None of the guest atoms in the large cages are located in the center and the vibrational frequenciessuEd
are of the order 80 K or larger for all structures, in good agreement with theoretical predictions. Even though
the Sr ADPs are larger than the Ba ADPs in all the clathrates, the data show thatuE of Sr in Sr8Ga16Ge30 is
larger than for the Ba atoms. This is due to stronger guest-host chemical bonding in Sr8Ga16Ge30. SinceuE of
Sr has been reported to be much smaller in the literature we have also measured the specific heat of
Sr8Ga16Ge30 with Ba8Ga16Ge30 as a reference. It is found that localized excitations with a characteristic energy
of approximately 35 K exist in both compounds, however, the total number of states is too low to be associated
with either tunneling states or localized vibration of each of the guest atoms.
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I. INTRODUCTION

Recently a surge of interest in thermoelectric materials
has been caused by the discovery of new promising materials
with open framework structures.1,2 Particular interest has
concerned inorganic clathrates, Fig. 1, which have been stud-
ied with a plethora of techniques.3–11 A large number of el-
emental compositions can form the clathrate type I structure
and common to the different compositions is the total num-
ber of 184 valence electrons per unit cell. For this reason
chemists often regard the clathrates as Zintl phases,12 where
the encapsulated guest atoms donate their valence electrons
to the framework. This leads to complete filling of thesp3

orbitals of the tetrahedrally coordinated framework atoms
and the clathrates therefore are expected to be semiconduc-
tors. The simple Zintl picture of the clathrates was recently
confirmed to be quite accurate by a theoretical charge density
analysis study.13 There are two basic hypotheses for the good
thermoelectric properties of the clathrates. First, the semi-
conducting framework provides a high Seebeck coefficient
sSd and electrical conductivityssd. Second, the acoustic
phonons are resonantly scattered from the loosely bound
guest atoms14,15 which leads to a very low thermal conduc-
tivity skd. Together, these properties result in high values of
the thermoelectric figure of meritZT=S2s /kT, whereT is
the temperature. The conversion efficiency for thermoelectric
cooling or power generation increases monotonically with
ZT.

The crystal structures of Ba8Ga16Si30, Ba8Ga16Ge30,
Ba8In16Ge30, and Sr8Ga16Ge30 have been reported by a num-
ber of different authors using varying levels of crystallo-
graphic sophistication. Both single crystal and powder dif-
fraction data have been reported, and neutron, conventional
x-ray, and synchrotron x-ray diffraction have been

used.6–9,11,16–19The strong focus on crystal structure determi-
nations of clathrates is due to the fact that subtle structural
details such as the exact sitting of dopant atomsse.g., Ga in
Ga/Ge clathratesd or possible structural disorder of the guest
atoms can greatly affect the thermoelectric properties.18 Thus
accurate structural information is a prerequisite for any de-
tailed understanding of the physical properties of the sys-

FIG. 1. The clathrate type I structure. The large dark atoms are
M1 sBa/Srd on the 2a site, the large gray atoms M2sBa/Srd on the
6d site. The small, black, gray and light gray atoms are Ga/Si/ In on
the 6c sH6cd, 16i sH16id, and 24k sH24kd sites, respectively.
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tems. Forb-Eu8Ga16Ge30 sRef. 8d fin the following referred
to as Eu8Ga16Ge30 sRef. 9dg and Sr8Ga16Ge30 sRefs. 8 and
20d it is generally accepted that the guest atom in the large
cagesM2d is displaced away from the cage center and disor-
dered over four sites in thes100d planes24k sited. At least in
the case of Sr8Ga16Ge30 this is a crude approximation. First,
modeling of diffraction data with a 24j site, which corre-
sponds to a 45° rotation of the split site in thes100d plane,
model data equally well.21,22 Second, fourth-order anhar-
monic temperature factors can also be used for modeling the
disorder.23 Third, maximum entropy methodsMEMd analysis
of x-ray diffraction data7 indicates that the “equilibrium” po-
sition is distributed over a surface normal to thes100d plane
and shaped like an elongated torus. This also appears to be
the case for Eu8Ga16Ge30 where difference Fourier maps,
from neutron diffraction, indicate that the Eu equilibrium
position in the large cage is doughnut- or torus-shaped.22 For
Ba containing clathrates elaborate crystallographic analysis
has been carried out, and based on maximum entropy
method sMEMd nuclear density analysis and modeling of
atomic displacement parameterssADPd it was shown that
both types of Ba atoms are disordered in the Ba8Ga16Si30
structure.7,24 However, in the literature it is not always ac-
knowledged that also in Ba containing systems the guest
atoms are disordered.8 This is despite the fact that it is pos-
sible to refine x-ray diffraction data with a split site for Ba in
the large cage of Ba8Ga16Ge30 sRefs.9,18d and Ba8Ga16Si30.

18

One problem with barium containing clathrates has been the
interpretation of the low temperature lattice thermal conduc-
tivity skLd data of Ba8Ga16Ge30, Sr8Ga16Ge30, and
Eu8Ga16Ge30.

8,25 For Sr8Ga16Ge30 and Eu8Ga16Ge30 samples
a glasslikekL is observed, whilen-type Ba8Ga16Ge30 has a
“normal” crystal-like kL. This was interpreted as being re-
lated to the lack of structural disorder on the Ba guest atom
sites in Ba8Ga16Ge30. However, it was recently discovered
that p-type Ba8Ga16Ge30 samples, just like Sr8Ga16Ge30 and
Eu8Ga16Ge30, have a glass-likekL.26 The thermal conductiv-
ity data therefore are not in contradiction with the Ba guest
atom disorder revealed in other crystallographic studies.7,24

Nevertheless, in order to investigate the structural differences
between different clathrates in detail, we have decided to
reinvestigate the crystal structures of Ba8Ga16Si30,
Ba8Ga16Ge30, Ba8In16Ge30, and Sr8Ga16Ge30 using exactly
the same technique, multitemperature synchrotron powder
diffraction, to minimize systematic errors between the stud-
ies. As an example there is up to 80% variation in the frame-
work atomic displacement parameterssADPsd reported in
different studies of Ba8Ga16Ge30 and this makes comparative
analysis difficult. Furthermore, analysis of multitemperature
diffraction data using the full Debye and Einstein models has
never previously been reported. By systematically studying
four representative clathrate systems with varying guest at-
oms sBa or Srd, dopant atomssGa or Ind, and framework
atomssSi or Ged it is possible to make a direct comparison of
important physical quantities such asuE anduD with limited
influence of systematic errors. It will be shown that the com-
parative analysis reveals a hitherto unrecognized discrepancy
between Raman spectroscopy and heat capacity data on the
one hand and theoretical calculations and diffraction data on
the other.

The paper is outlined as follows. First, a short summary of
the experimental details is given. This is followed by a thor-
ough analysis of the temperature dependence of the frame-
work atomic displacement parameterssADPsd of
Ba8Ga16Si30 obtained from single crystal neutron
diffraction.24 These results are compared with the ones from
synchrotron powder diffraction experiments to show that
synchrotron powder diffraction can be used as a tool for
obtaining accurate crystallographic parameters. The tempera-
ture dependence of the ADPs of the four compounds is ana-
lyzed in terms of Debye and Einstein models and it will be
shownsid that information about the framework disorder can
be extracted,sii d positional disorder of the guest atoms in the
large cage appears to be the rule rather than an exception as
is also the case for sodium containing silicon clathrates,27

and siii d there is no clear cut distinction between fully or-
dered and disordered guest atoms, but rather a continuous
change between different clathrates. To explore the vibra-
tional states further we also measured the specific heatsCpd
of Ba8Ga16Ge30 and Sr8Ga16Ge30 and compare it to the
complementary information from the temperature depen-
dence of the ADPs. Our analysis shows that if tunneling
states are present they either have a low total number of
states or the energy scale of the excitations is belowkBT of
the specific heat measurement. Finally, we show the results
of MEM analysis of the multitemperature neutron diffraction
data to obtain more unbiased information of the guest atom
disorder in Ba8Ga16Si30.

II. EXPERIMENT

A. Single crystal neutron diffraction

Multitemperature single crystal neutron diffraction data
were collected on the SCD instrument at the Intense Pulsed
Neutron Source, Argonne National Laboratory, during two
separate beam time allocations. Analysis of these data focus-
ing on the guest atom motion was reported earlier.24 Here we
briefly repeat the most important experimental details. Dur-
ing the first allocationstwo weeksd data were collected at 15,
100, 150, 200, and 300 K, and during the second allocation
stwo weeksd at 450, 600, and 900 K. The crystal was a
rectangular-shaped prism of dimensions 3.833.8
32.0 mm3 grown by the flux method.28 For the high tem-
perature measurements the crystal volume had to be slightly
reduced to fit inside the furnace. Both sets of measurements
were carried out with the crystal wrapped tightly in alumi-
num foil and fastened on an aluminum pin by tiny amounts
of glue, thus avoiding glue directly on the crystal. The SCD
instrument employs the white beam of a spallation source,
and the diffractometer is equipped with a position sensitive
area detector. The instrument usesv fixed at 45° and differ-
ent volumes of reciprocal space are recorded by settingf
and x at a number of values. Only neutrons having wave-
lengths between 0.7 and 4.2 Å were considered as observed.
The number of significant reflections is reduced at higher
temperatures due to the much increased thermal vibration
and the smaller crystal volume. Local Argonne National
Laboratory programs were used for the data acquisition, data
reduction, and initial structure refinements.29 The intensities
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were corrected for the Lorentz factor and normalized based
on the measured spectral distribution of the incident beam
and detector efficiency. The data were also corrected for
absorption using the measured crystal morphology
fmastrue absorption at 1.8 Åd=0.0509 cm−1, msstotal
scatteringd = 0.1768 cm−1g. Neutron absorption cross sec-
tions were taken from Sears.30 Further experimental details
are listed in Table I.

B. Powder synchrotron x-ray diffraction

High-resolution synchrotron powder diffraction measure-
ments were carried out at the beam line BL02B2 at SPring8,
Japan. A large Debye-Scherrer camera with an image plate
detector was used to record the data.31 The samples were
sealed in 0.1 mm glass capillaries, which were mounted in a
helium Displex refrigerator and the temperature was con-
trolled to within 1 K. For the Ba8In16Ge30 sample, the tem-
perature control was obtained with a nitrogen gas flow sys-
tem. The incident x-ray wavelengthsl=0.44998 Åd was
determined by calibration on a standard CeO2 sample sa
=5.411102 Åd. The use of high energy radiation in combina-
tion with minute samples effectively reduces systematic er-
rors such as extinction, absorption, and anomalous scatter-
ing. The image plates were scanned with a pixel resolution of
100 mm. Data sets were recorded between 15 and 300 K.
Rietveld refinements were performed usingGSAS.32 The
backgrounds were described by an interpolation formula lin-
ear in 2u s36 parametersd, and the peak profiles by a pseudo-
Voigt function sthree parametersd. All data sets extend from
2u=3° to 2u=75° with a step size of 0.01°, although for
Ba8In16Ge30 the high order reflections were weak, and only
data with 2u,44° were used in the refinements. The displex
refrigerator induces jumps in the background and the regions
47°–52° and 59°–61° were excluded from the fit. Figures
2sad–2sdd show the observed and modeled diffraction dia-
grams for the four different structures at 300 K. Crystallo-
graphic details and refined structural parameters are given in
Tables. II–V.

C. Synthesis

All compounds were synthesized according to previously
reported methods in Ref. 7, although the Sr8Ga16Ge30 and

Ba8Ga16Ge30 samples are not from the same batch as the
samples studied in Ref. 7. All samples aren-type. A study of
the crystallographic differences betweenn- and p-type
Ba8Ga16Ge30 is in preparation.33

III. Ba 8Ga16Si30 SINGLE CRYSTAL NEUTRON DATA

The clathrate type I structure consists of a cubic lattice of
pentagonal dodecahedras20 atomd, Fig. 1. The internal voids
of the structure are tetrakaidecahedras24 atomsd cages joined
at the hexagonal faces. Each unit cell contains two small
dodecahedra and six large tetrakaidecahedra. For the four
materials studied here the polyhedra are formed by tetrahe-
drally bonded Ga, In, Si, or Ge atoms. The guest atomssBa
and Srd in the small cages we denote M1s2a sited, and the
guest atoms in the large cages M2s6d sited. The M2 atoms
form a linear chain through the structure “broken” by the
hexagonal windows of the framework. A framework that
consists of one type of atoms only, or a framework that con-
sists of several types of completely random positioned at-

oms, will havePm3̄n symmetry with three different frame-
work sites with Wyckoff notation 6c, 16i, and 24k, and
atoms on these sites are referred to as H6c, H16i, and H24k,
respectively.

Initial refinements of the multiwavelength time-of-flight
neutron data were carried out with the programGSAS.32 Each
framework site was constrained to be fully occupied but the
relative Ga/Si content was allowed to vary unconstrained.
The positions and the temperature factors of the Ga and Si
atoms were kept identical. Since the 300 K data set is the
largest, this was used for deducing the Ga/Si occupation,
which refined to 0.626s9d/0.374s9d, 0.111s6d/0.889s6d, and
0.425s7d/0.575s7d for the 6c, 16i, and 24k site, respectively.
The Ga atoms prefer the six-ring environment of the 6c sites,
whereas the Si atoms prefer the perfect tetrahedral arrange-
ment of the 16i site. The refined occupation corresponds to a
stoichiometry of Ba8Ga15.7s2dSi30.3s2d suggesting ann-type
sample.10,26,34,35Refinements at the other temperatures give
identical results within the estimated standard uncertainties.

Based on the initial structural refinements the data were
corrected for extinction and equivalent reflections were av-
eraged with programSORTAV,36 see Table I. For later use, the
unit cell expansion was parameterized as seen from the upper

TABLE I. Experimental details for the neutron data on Ba8Ga16Si30. The internal agreement factorsRId is
calculated from extinction corrected structure factors. For all data setsssinu /ldmax is approximately 1.1 Å−1.

TsKd a sÅd V sÅ3d rcalcsg/cm3d Nmeas/Nuniq RI

15 10.4293s10d 1134.4s3d 4.462s1d 2958/861 0.0425

100 10.4311s10d 1134.9s3d 4.460s1d 2933/855 0.0520

150 10.4285s10d 1134.1s3d 4.463s1d 2822/843 0.0545

200 10.4289s11d 1134.2s4d 4.463s1d 2745/829 0.0531

300 10.4432s9d 1138.9s3d 4.444s1d 3692/868 0.0668

450 10.5028s11d 1158.6s4d 4.369s1d 1686/617 0.0731

600 10.5115s14d 1161.4s5d 4.358s2d 1274/537 0.0603

900 10.5541s16d 1175.6s5d 4.306s2d 818/337 0.0808

CRYSTAL STRUCTURES, ATOMIC VIBRATION, AND… PHYSICAL REVIEW B 71, 144107s2005d

144107-3



left inset in Fig. 3. Already at this point it may be noted that
the 450 K data point appears to be an outlier. We have ex-
tensively analyzed the structure factor residuals after refine-
ment of the 450 K data, but we have not been able to find
systematic trends like particularly large errors in the high
order data, or in the strong data or in certain regions of
reciprocal space. Subsequent structure factor fitting was car-
ried out with the programXD.37 As mentioned in the Intro-
duction several models describing the disorder of the guest
atom in the large cage of Sr8Ga16Ge30 fit the data equally
well.21–23 In the present case the equivalent split site model
for Ba2 diverges for all data sets, because the positional pa-
rameter correlates with the anisotropic ADPs. Therefore a
split site model with Ba2 on the 24j site and isotropic ADPs
was used. Using the 24j site to describe the disorder only
introduces one independent positional parameter, whereas
the 24k site involves two independent positional parameters
and refinements become less stable. Finally, also the anhar-
monic model of Ref. 23 was employed. Ga and Si atoms on
identical sites were constrained to have the same positional
and thermal parameters, and in Table VI the refinement re-
siduals for the different structural models are listed. The split
site model and the anharmonic model do not improve the
residuals orx2 significantly. Tables VII and VIII contain se-
lected structural parameters of the three models. For the
framework atoms there is no systematic change in the posi-
tions of the atoms with temperature. In the isotropic split-
model Ba2 tends to move away from the center of the cage

FIG. 2. sColor onlined Observed and calculated diffraction pat-

terns at 300 K as a function of 2u for Ba8Ga16Si30, Ba8Ga16Ge30,

Ba8In16Ge30, and Sr8Ga16Ge30. Curves below the diffraction pat-

terns are the observed intensities minus the model intensities. The

insets show that detailed features are also observed at higher 2u

angles.

FIG. 3. Isotropic mass and site averaged framework atomic dis-
placement parameterssUisod as a function of temperaturesTd for
Ba8Ga16Si30 obtained from single crystal neutron diffraction. Curve
sad is a fit to a Debye model withuD=387s11d K, d=0.043s3d Å,
gG=3.5s10d. Curvesbd is a fit to the same model but with the 900 K
data point excludedfuD=403s7d K, d=0.046s1d Å, gG=6.1s8dg.
Line scd is a high temperature approximation of the Debye model
with uD=336s3d. It is seen that linescd crosses approximatelys0,0d
as expected if no disorder and zero-point vibration is present. Curve
sdd shows that a fit to all data points withd=0 is poor fuD

=321s11d K, gG=−1.7s27dg. The lower right inset showsUiso for
Mg as a function of temperaturesRef. 39d. The solid curve is fit to
a Debye model without disorderfuD=333s3d K and gG=2.2s2dg.
The upper left inset shows the volumesVd of the unit cell of
Ba8Ga16Si30 as a function of temperature. The solid lines are a
parameterization used for modelingUisosTd, see text.
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with increasing temperature. The physical significance of this
result should be treated with some care since the positional
parametersyd may correlate with the isotropic ADPs of Ba2.
However, the model free MEM nuclear densities described
below support the result. Further discussion of this aspect
can be found in Ref. 24. Below 300 K the thermal param-
eters for Ga/Si on the 16i site are slightly higher than the
thermal parameters for the other two sites. This agrees with

the refined occupation, where it was found that light mass Si
dominates on this site.

In the following we analyze the temperature dependence
of the ADPs of the framework atoms. We have not made a
detailed analysis for each framework site but compressed the
data by calculating a mass and site averaged isotropic ADP
sUisod. Figure 3 showsUiso as a function of temperature. In
the Debye model38

TABLE II. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on Ba8Ga16Si30.
The guest atom in the small cavity, M1, is ats0, 0, 0d, and in the large cavity, M2, ats1/4, 1/2, 0d. One framework atom, H6c is located on
the s1/4, 0, 1/2d 6c special position.

T sKd 20 35 50 65 80 95 110 125

Exposure timesmind 30 30 30 30 30 30 30 30

No. of data points 6358 6359 6358 6358 6358 6358 6369 6360

No. of reflections 2244 2244 2244 2244 2250 2250 2250 2250

No. of parameters 55 55 55 55 55 55 55 55

Rp s%d 3.05 3.23 2.91 3.03 3.13 2.97 2.97 2.96

Rwp s%d 4.62 4.98 4.35 4.60 4.83 4.51 4.46 4.55

x2 s%d 6.68 7.76 5.71 6.55 7.17 6.22 5.99 6.17

RI s%d 5.42 5.55 5.36 5.42 5.43 5.37 5.51 5.57

asÅd 10.5004s1d 10.5017s1d 10.5019s1d 10.5033s1d 10.5047s1d 10.5058s1d 10.5068s1d 10.5080s1d
U11=U22=U33 sM1d s10−5 Å2d 349s19d 399s21d 455s19d 454s20d 498s22d 515s21d 540s21d 596s22d
U11 sM2d s10−5 Å2d 439s39d 531s44d 580s38d 577s41d 616s45d 713s43d 729s43d 801s44d
U22=U33 sM2d s10−5 Å2d 1638s29d 1720s32d 1776s28d 1884s31d 1912s33d 2003s32d 2131s32d 2246s33d
Occupancy SisH6cd 0.388s2d 0.398s2d 0.393s2d 0.391s2d 0.385s2d 0.394s2d 0.395s2d 0.396s2d
Occupancy SisH16id 0.916s2d 0.917s2d 0.919s2d 0.915s2d 0.917s2d 0.920s2d 0.918s2d 0.918s2d
Occupancy SisH24kd 0.601s2d 0.592s2d 0.595s2d 0.595s2d 0.596s2d 0.598s2d 0.597s2d 0.597s2d
x=y=z sH16id 0.1852s1d 0.1855s1d 0.1855s1d 0.1854s1d 0.1855s1d 0.1854s1d 0.1853s1d 0.1853s1d
y sH24kd 0.3063s1d 0.3062s1d 0.3062s1d 0.3063s1d 0.3062s1d 0.3061s1d 0.3061s1d 0.3062s1d
z sH24kd 0.1187s1d 0.1192s1d 0.1192s1d 0.1192s1d 0.1191s1d 0.1193s1d 0.1193s1d 0.1194s1d
Uiso sFramed s10−5 Å2d 407s18d 409s20d 421s17d 430s18d 452s20d 467s19d 496s19d 538s19d
T sKd 150 175 200 225 250 275 300

Exposure timesmind 30 30 30 30 30 30 30

No. of data points 6358 6358 6359 6358 6358 6359 6359

No. of reflections 2253 2253 2253 2256 2256 2256 2256

No. of parameters 55 55 55 55 55 55 55

Rp s%d 2.97 3.01 2.89 2.90 2.93 3.08 3.04

Rwp s%d 4.56 4.63 4.53 4.51 4.54 4.60 4.61

x2 s%d 6.23 6.49 6.27 6.24 6.42 6.74 7.17

RI s%d 5.47 5.48 5.39 5.32 5.39 5.68 5.88

asÅd 10.5107s1d 10.5132s1d 10.5154s1d 10.5176s1d 10.5201s1d 10.5263s1d 10.5271s1d
U11=U22=U33 sM1d s10−5 Å2d 634s23d 691s24d 739s24d 777s25d 831s26d 875s27d 911s25d
U11 sM2d s10−5 Å2d 875s46d 944s49d 1061s50d 1097s50d 1187s52d 1303s55d 1375s55d
U22=U33 sM2d s10−5 Å2d 2380s35d 2496s37d 2631s38d 2765s38d 2933s40d 3056s55d 3188s41d
Occupancy SisH6cd 0.387s2d 0.387s2d 0.387s2d 0.390s2d 0.384s2d 0.394s2d 0.394s2d
Occupancy SisH16id 0.915s2d 0.919s2d 0.920s2d 0.923s2d 0.924s2d 0.927s2d 0.925s2d
Occupancy SisH24kd 0.598s2d 0.598s2d 0.599s2d 0.601s2d 0.600s2d 0.603s2d 0.601s2d
x=y=z sH16id 0.1854s1d 0.1854s1d 0.1855s1d 0.1855s1d 0.1854s1d 0.1854s1d 0.1853s1d
y sH24kd 0.3062s1d 0.3061s1d 0.3060s1d 0.3060s1d 0.3059s1d 0.3059s1d 0.3059s1d
z sH24kd 0.1192s1d 0.1193s1d 0.1193s1d 0.1193s1d 0.1192s1d 0.1191s1d 0.1192s1d
Uiso sFramed s10−5 Å2d 574s20d 608s21d 639s21d 668s21d 723s22d 761s23d 826s20d
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Uiso =
3"2T

mkBuD
2 F T

uD
E

0

uD/T x

ex − 1
dx+

uD

4TG + d2, s1d

whereT is the temperature,m is the average mass,uD is the
Debye temperature, andd is an empirical term describing
temperature independent disorder. The Debye model as-
sumes that the unit cell has a fixed volume as a function of
temperature. By introducing the Grüneisen parametersgGd
one can circumvent this and make the expression volume
dependent. From the definition ofgG, DvsTd /vsT0d=−gG

DVsTd /VsT0d,38 it is seen thatuD can be rewritten as
uDsT0dh1−gGfVsTd−VsT0dg /VsT0dj. In the following T0

=0 K is used. Using the experimentally determined lattice
constantssupper inset in Fig. 3d and fitting the above equa-

tion by numerical methods we obtainuDsT0d=387s11dK,
gG=3.5s10d, and d=0.044s2d Å fcurve sad in Fig. 3g. The
900 K data point is slightly lower than predicted by the
model. This can be due tothermal diffuse scatteringsTDSd
which can give significant contributions to the Bragg peaks
at high temperatures. TDS increases with scattering angle
and to a first approximation it correlates 100% with the ther-
mal parameters.38 The effect of noncorrected TDS is thus to
make the ADPs smaller. We have repeated the fitting with the
900 K data point excluded, but with respect touD andd this
gives essentially the same resultfcurve sbd, uD=403s7d K,
gG=6.1s8d, d=0.046s1d Åg. If the data points at and above
300 K are fitted to a model withgG constrained to zero one
obtainsuD=336 K andd<0. The dotted straight linescd is
the high temperature approximation of the Debye model with

TABLE III. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on
Ba8Ga16Ge30. The guest atom in the small cavity, M1, is ats0, 0, 0d, and in the large cavity, M2, ats1/4, 1/2, 0d. One framework atom, H6c

is located on thes1/4, 0, 1/2d 6c special position.

T sKd 15 40 50 60 100 150 200 250

Exposure timesmind 50 50 50 50 50 50 50 50

No. of data points 6593 6593 6593 6593 6597 6596 6593 6593

No. of reflections 2426 2394 2394 2394 2397 2397 2402 2402

No. of parameters 49 49 49 49 49 49 49 49

Rp s%d 1.55 1.66 1.66 1.76 1.79 2.08 1.59 1.63

Rwp s%d 2.71 2.56 2.54 2.63 2.71 2.89 2.49 2.51

x2 s%d 3.71 2.99 2.62 2.63 2.63 0.62 2.61 2.69

RI s%d 3.52 3.30 3.16 3.52 3.46 4.43 3.74 4.12

asÅd 10.74394s5d 10.74398s5d 10.74398s5d 10.74366s6d 10.75032s6d 10.75247s6d 10.75618s5d 10.76035s6d
U11=U22=U33 sM1d s10−5 Å2d 449s21d 518s20d 526s20d 571s22d 614s23d 691s25d 816s22d 937s24d
U11 sM2d s10−4 Å2d 846s42d 883s39d 920s40d 903s42d 1045s46d 997s49d 1410s45d 1547s48d
U22=U33 sM2d s10−5 Å2d 2747s33d 2828s31d 2860s32d 2923s34d 3151s37d 3319s40d 3820s36d 4192s39d
x=y=z sH16id 0.18456s3d 0.18457s3d 0.18458s3d 0.18465s3d 0.18462s3d 0.18473s4d 0.18461s3d 0.18464s3d
y sH24kd 0.30859s5d 0.30857s5d 0.30859s5d 0.30852s5d 0.30850s5d 0.30838s6d 0.30851s5d 0.30845s5d
z sH24kd 0.11803s5d 0.11799s5d 0.11806s5d 0.11808s5d 0.11821s5d 0.11785s6d 0.11816s5d 0.11818s5d
Uiso sFramed s10−5 Å2d 453s8d 498s8d 513s8d 535s9d 597s9d 616s10d 759s9d 873s10d
T sKd 300

Exposure timesmind 50

No. of data points 6593

No. of reflections 2414

No. of parameters 49

Rp s%d 1.65

Rwp s%d 2.55

x2 s%d 2.96

RI s%d 3.51

asÅd 10.76388s5d
U11=U22=U33 sM1d s10−5 Å2d 1053s23d
U11 sM2d s10−5 Å2d 1752s51d
U22=U33 sM2d s10−5 Å2d 4482s41d
x=y=z sH16id 0.18458s4d
y sH24kd 0.30845s5d
z sH24kd 0.11821s5d
Uiso sFramed s10−5 Å2d 957s10d
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uDsT0d=336 K andd=0. Line scd shows that disorder does
not need to be introduced to model the high temperature data
well. However, if thed2 term is excluded when modeling all
the data, the fit deteriorates significantly. This is linesdd of
Fig. 3, where d has been constrained to zerofuD
=321s11d K, gG=−1.7s27dg. For comparisonUiso for metal-
lic magnesium, based on literature data,39 has been inserted
in Fig. 3. The solid line in the inset is a fit withuD

=333s3d K, gG=2.2s2d and d constrained to zero. A litera-
ture value foruD is 340 K,40 indeed in good agreement.

It is obvious from the above analysis that within the De-
bye model the low and high temperature ADPs are not in
accordance with each other. Although it can be interpreted as
if the phonon dispersion relation may not be of Debye type
we believe that it is a consequence of positional disorder on
the framework sites. The distribution of Ga and Si on the

TABLE IV. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on
Ba8In16Ge30. The guest atom in the small cavity, M1, is ats0, 0, 0d, and in the large cavity, M2, ats1/4, 1/2, 0d. One framework atom, H6c

is located on thes1/4, 0, 1/2d 6c special position.

T sKd 105 120 135 165 180 195 225 240

Exposure timesmind 10 10 10 10 10 10 10 10

No. of data points 4099 4099 4099 4099 4099 4099 4099 4099

No. of reflections 748 748 748 748 748 748 750 750

No. of parameters 54 54 54 54 54 54 54 54

Rp s%d 4.76 5.63 5.38 4.66 4.66 4.58 4.53 4.49

Rwp s%d 7.79 9.22 8.95 7.73 7.72 7.57 7.60 7.56

x2 s%d 6.38 9.07 8.38 6.16 6.07 5.90 5.93 5.92

RI s%d 4.91 5.89 6.09 5.11 5.16 5.14 5.22 5.44

asÅd 11.0984s6d 11.0996s6d 11.1017s6d 11.1061s6d 11.1081s6d 11.1101s6d 11.1154s6d 11.1175s7d
U11=U22=U33 sM1d s10−4 Å2d 71s20d 74s21d 79s21d 96s21d 106s22d 114s22d 129s23d 127s23d
U11 sM2d s10−4 Å2d 145s8d 148s42d 161s42d 181s43d 193s44d 223s46d 250s48d 257s48d
U22=U33 sM2d s10−4 Å2d 831s39d 850s40d 868s41d 895s41d 902s42d 909s42d 953s44d 957s44d
Occupancy InsH6cd 0.472s38d 0.464s39d 0.489s39d 0.481s39d 0.488s39d 0.495s39d 0.498s39d 0.501s39d
Occupancy InsH16id 0.803s40d 0.790s40d 0.804s40d 0.813s39d 0.829s40d 0.815s40d 0.827s41d 0.825s41d
Occupancy InsH24kd 0.761s34d 0.755s34d 0.769s34d 0.778s34d 0.795s34d 0.789s35d 0.801s35d 0.798s35d
x=y=z sH16id 0.1844s2d 0.1843s2d 0.1844s2d 0.1844s2d 0.1844s2d 0.1844s2d 0.1843s2d 0.1843s2d
y sH24kd 0.3049s3d 0.3050s3d 0.3048s3d 0.3049s3d 0.3049s3d 0.3048s3d 0.3048s3d 0.3048s3d
z sH24kd 0.1166s3d 0.1167s3d 0.1165s3d 0.1165s3d 0.1166s3d 0.1166s3d 0.1165s3d 0.1166s3d
Uiso sFramed s10−5 Å2d 1451s83d 1455s84d 1515s85d 1690s87d 1685s88d 1755s90d 1882s92d 1938s94d
T sKd 255 285 300

Exposure timesmind 10 10 10

No. of data points 4099 4099 4099

No. of reflections 750 738 740

No. of parameters 54 54 54

Rp s%d 4.40 4.32 4.21

Rwp s%d 7.43 7.41 7.18

x2 s%d 5.77 6.24 7.99

RI s%d 4.41 5.18 4.30

asÅd 11.1195s7d 11.1242s6d 11.1455s10d
U11=U22=U33 sM1d s10−4 Å2d 138s23d 157s24d 174s37d
U11 sM2d s10−4 Å2d 266s49d 285s49d 425s72d
U22=U33 sM2d s10−4 Å2d 962s44d 1014s45d 940s71d
Occupancy InsH6cd 0.512s40d 0.517s40d 0.487s85d
Occupancy InsH16id 0.824s41d 0.828s41d 0.826s72d
Occupancy InsH24kd 0.804s35d 0.817s35d 0.787s69d
x=y=z sH16id 0.1843s2d 0.1844s2d 0.1840s3d
y sH24kd 0.3049s3d 0.3047s3d 0.3046s5d
z sH24kd 0.1166s3d 0.1166s3d 0.1170s4d
Uiso sFramed s10−5 Å2d 1986s94d 2086s95d 2306s144d
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three framework sites is almost random even though they
have preferred sites. From this it follows that each frame-
work site has an almost random distribution of Ga/Si as
nearest neighbors. This leads to small differences in the bond
lengths and the framework atoms therefore have a distribu-
tion of positions around their respective crystallographic
sites. We therefore believe thatd is a measure of the average
displacement away from the positions obtained from model-
ing of the diffraction data. This is also supported by the fact
that the differences in covalent bond lengths between
GauGa, SiuSi, and GauSi bonds are of the same mag-
nitude asd.

IV. SYNCHROTRON POWDER DIFFRACTION DATA

For each sample and temperature the diffraction pattern
has been modeled with an ordered, harmonic model with
isotropic ADPs, except for M2 where anisotropic ADPs were
used. The ADPs for all framework sites are constrained to be
the same. For Ba8Ga16Si30 and Ba8In16Ge30 the distribution
of Ga/ In and Si/Ge, respectively, on the three framework
sites was also refined. For Ba8Ga16Ge30 and Sr8Ga16Ge30 this
is not possible since the x-ray contrast between Ga and Ge is
too small. The Ba8In16Ge30 powder sample contained two
foreign phases. One could be identified as Ge, which was
included in the modeling. This adds three more parameters to
the modelsunit cell parameter, ADP, and relative amountd.
The Ge content was refined to approximately 2.5%satomicd.
The second phase could not be identified but comparing the
intensities of the unique peaks with the intensities of the
main phase peaks we estimate the amount to be lowfprob-
ably less than 1%satomicdg. Inclusion of the Ge impurity in
the Rietweld refinement changes the fitted parameters for
Ba8In16Ge30 insignificantly. The same is very likely to be the

case for the unidentified phase. Figure 2 contains the diffrac-
tion patterns at 300 K and the corresponding model patterns
for each sample. It is seen that the residuals of the modeling
are slightly larger for Ba8In16Ge30. This is probably due to
the unidentified phase and shorter measurement time. Tables
II–V summarize some of the experimental details and param-
eters obtained from the modeling. Table IX contains bond
lengths and angles. For both Ba8Ga16Si30 and Ba8In16Ge30
the refined framework atom distribution is almost indepen-
dent of temperature with a variation of less than three stan-
dard deviations. For Ba8Ga16Si30 the average Si occupation
is 0.390, 0.920, and 0.598 on the 6c, 16i, and 24k site, re-
spectively, and this corresponds to a refined stoichiometry
Ba8Ga14.6Si31.4. These results are within 5% of the values
obtained from the neutron diffraction experiments and simi-
lar to other literature values.11,16 For Ba8In16Ge30 the corre-
sponding occupations of Ge are 0.493, 0.815, and 0.790 on
the 6c, 16i, and 24k site, respectively, which are similar to
previously reported conventional x-ray powder diffraction
values.11 The refined occupancies correspond to
Ba8In11.1Ge34.9. In Ref. 17 it is proposed that vacancies ap-
pear in Ba8In16Ge30 when the composition is off-
stoichiometricsBa8InxGe42−3/4xh4−1/4x, whereh represents a
vacancyd to balance the electron count. Comparison of our
lattice parameter at 300 K with Ref. 17 suggests that the
stoichiometry is Ba8In13Ge32.25h0.75. We are, however, not
able to refine the presence of vacancies because this leads to
a large correlation between the thermal and occupational pa-
rameters. Instead, we have tested models where a fixed num-
ber of vacanciessNvd were introduced. This changes the
framework ADPs of the orderNv /46 and this is less than 4%
for any realistic amount of vacancies.

In Ba8Al16Ge30 the 6c and 24k sites are occupied com-
pletely by Al and Ge, respectively, whereas the 16i site is

TABLE V. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on Sr8Ga16Ge30.
The guest atom in the small cavity, M1, is ats0, 0, 0d, and in the large cavity, M2, ats1/4, 1/2, 0d. One framework atom, H6c is located on
the s1/4, 0, 1/2d 6c special position.

T sKd 20 50 110 160 210 260 300

Exposure timesmind 90 80 80 80 80 80 80

No. of data points 6396 6396 6396 6396 6396 6396 6396

No. of reflections 2369 2369 2371 2371 2379 2386 2386

No. of parameters 49 49 49 49 49 49 49

Rp s%d 1.32 1.30 1.28 1.25 1.22 1.23 1.26

Rwp s%d 1.99 1.94 1.91 1.88 1.88 1.88 1.98

x2 s%d 3.21 2.83 2.44 2.32 2.36 2.40 2.93

RI s%d 8.71 9.05 9.28 9.21 8.75 9.37 8.61

asÅd 10.6926s1d 10.6965s1d 10.7016s1d 10.7083s1d 10.7155s1d 10.7219s1d 10.7274s1d
U11=U22=U33 sM1d s10−4 Å2d 94s5d 97s5d 104s5d 113s5d 133s5d 139s5d 149s5d
U11 sM2d s10−4 Å2d 198s11d 201s11d 214s11d 249s12d 255s12d 292s13d 339s14d
U22=U33 sM2d s10−4 Å2d 1382s13d 1370s13d 1370s13d 1373s13d 1399s13d 1413s13d 1420s14d
x=y=z sH16id 0.18395s4d 0.18401s4d 0.18403s4d 0.18398s4d 0.18400s5d 0.18397s5d 0.18386s5d
y sH24kd 0.30963s6d 0.30961s6d 0.30958s6d 0.30961s6d 0.30957s6d 0.30953s6d 0.30953s7d
z sH24kd 0.11736s6d 0.11742s6d 0.11742s6d 0.11762s6d 0.11761s6d 0.11768s6d 0.11770s6d
Uiso sFramed s10−5 Å2d 857s12d 871s12d 930s13d 1036s13d 1147s14d 1237s15d 1324s18d
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shared by Al and Ge.16 In Ba8Ga16Ge30 and Sr8Ga16Ge30 the
x-ray contrast between Ga and Ge is small, but MEM analy-
sis of single crystal x-ray diffraction data7 and resonant pow-
der diffraction measurements41 indicate that Ga has the same
site preferences as in Ba8Ga16Si30. Although earlier measure-

ments indicated that Ga and Ge have no preferred sites in
Sr8Ga16Ge30, Ba8Ga16Ge30, and Eu8Ga16Ge30.

21,22 the grow-
ing number of experiments indicate that all clathrates with a
framework consisting of group III and IV elements do have
preferred sites. The group III element tends to have a large

TABLE VI. Refinement residuals for the single crystal neutron data. In model 1 the guest atoms are
located at the centers of the cages, whereas in model 2 the Bas2d atoms are disordered at site 24j . Model 1
employs anisotropic harmonic ADPs on all atoms, whereas in model 2 Bas2d is isotropic. In model 3
anharmonic Gram-Charlier expansions to fourth order are included on the guest atoms. The first line lists
RsFd, second lineRwsFd, third line RsF2d, fourth lineRwsF2d, and fifth line goodness of fit.

T sKd Model 1 Model 2 Model 3 MEM

15 RsFd 0.0460 0.0459 0.0464 0.0468

RwsFd 0.0272 0.0270 0.0268 0.0269

RsF2d 0.0648 0.0647 0.0652

RwsF2d 0.0534 0.0531 0.0534

Goof 1.061 1.0539 1.049

100 RsFd 0.0532 0.0530 0.0523 0.0522

RwsFd 0.0267 0.0265 0.0264 0.0261

RsF2d 0.0732 0.0725 0.0716

RwsF2d 0.0519 0.0516 0.0513

Goof 1.077 1.0711 1.070

150 RsFd 0.0520 0.0522 0.0515 0.0517

RwsFd 0.0263 0.0261 0.0257 0.0259

RsF2d 0.0707 0.0706 0.0698

RwsF2d 0.0513 0.0510 0.0503

Goof 1.058 1.0510 1.041

200 RsFd 0.0526 0.0525 0.0528 0.0539

RwsFd 0.0276 0.0271 0.0269 0.0271

RsF2d 0.0712 0.0699 0.0706

RwsF2d 0.0536 0.0529 0.0523

Goof 1.031 1.0162 1.009

300 RsFd 0.0547 0.0554 0.0546 0.0568

RwsFd 0.0300 0.0302 0.0299 0.0296

RsF2d 0.0712 0.0726 0.0712

RwsF2d 0.0588 0.0590 0.0585

Goof 1.305 1.3105 1.303

450 RsFd 0.0752 0.0741 0.0742 0.0705

RwsFd 0.0365 0.0363 0.0360 0.0350

RsF2d 0.1040 0.1024 0.1024

RwsF2d 0.0697 0.0693 0.0688

Goof 1.187 1.178 1.149

600 RsFd 0.0728 0.0724 0.0751 0.0692

RwsFd 0.0322 0.0320 0.0311 0.0308

RsF2d 0.0944 0.0942 0.0945

RwsF2d 0.0627 0.0625 0.0605

Goof 1.149 1.1436 1.113

900 RsFd 0.0806 0.0808 0.0819 0.0799

RwsFd 0.0432 0.0429 0.0426 0.0426

RsF2d 0.1180 0.1166 0.1167

RwsF2d 0.0847 0.0839 0.0833

Goof 1.717 1.6996 1.704

CRYSTAL STRUCTURES, ATOMIC VIBRATION, AND… PHYSICAL REVIEW B 71, 144107s2005d

144107-9



occupancy on the 6c site, and with the exception of
Ba8Al16Ge30, the group IV element prefers the 16i site, while
the 24k site is more equally occupied by both groups.

The ADPs listed in Tables II–V for all measurements have
been plotted in Fig. 4 as a function of temperature. The plots
also include the ADPs obtained from the single crystal neu-
tron diffraction data on Ba8Ga16Si30. It is seen that the ADPs
from the single crystal neutron data are within 5%–10% of
the ADPs from the powder synchrotron data. This demon-
strates that accurate positional and thermal parameters can be
obtained from synchrotron powder diffraction data. This
point is indeed quite far reaching. Iversenet al. have shown
that even in the most accurate single crystal diffraction stud-
ies there are often systematic differences between the ADPs
determined separately from x-ray and neutron diffraction
data.42 Only if extreme care is taken in the experimental
reduction of systematic errors and in the data analysisse.g.,
use of flexible aspherical electron density modelsd can iden-
tical parameters be obtained. It is generally assumed that
powder data are less accurate than single crystal data, and for
thermal parameters, especially, single crystal neutron data
rank the highest. While this undoubtedly is true in many
cases, it is not necessarily so for high symmetry inorganic
crystal structures containing heavy elements. Such crystals
often have substantial absorption and anomalous scattering
effects at the wavelengths used at conventional single crystal
x-ray diffractometerssMo Kad. Furthermore, extinction ef-
fects can be severe in the low order data due to a high degree
of crystal perfection. It was for these reasons we decided to
collect short wavelength synchrotron powder data in thin
capilariess0.1 mmd. Simulation of absorption effects in our
powder data predict that they are negligible. Due to the com-
bined use of a powder sample and short wavelength, extinc-
tion effects are also supressed and the powder furthermore
takes care of potential twinning. Finally, the anomalous scat-
tering is minimized due to the short wavelength. The fact
that single crystal neutron and synchrotron powder diffrac-
tion in the present case give very similar ADPs adds confi-
dence to the comparative analysis and physical correctness of
the results.

TABLE VII. Fractional coordinates for Bas2d s1/4,y, y+1/2d in
the 24j split-model with isotropic ADPssmodel 2 in Table VId and
Ga/Sis2d sx x xd s16id and Ga/Sis3d s0 y zd s24kd obtained from
single crystal neutron data on Ba8Ga16Si30. Bas1d and Ga/Sis1d are
located ons0 0 0d and s1/4 0 1/2d, respectively. The positional
parameters of the framework atoms do not change within the stan-
dard deviation between models 1, 2, and 3.

T sKd y sBa2d x Ga/Si2 y Ga/Si3 z Ga/Si3

15 0.4912s2d 0.18533s3d 0.30621s4d 0.11922s4d
100 0.4899s2d 0.18542s4d 0.30615s5d 0.11917s4d
150 0.4894s2d 0.18535s4d 0.30624s5d 0.11926s5d
200 0.4884s2d 0.18539s4d 0.30610s5d 0.11925s4d
300 0.4872s3d 0.18554s4d 0.30596s6d 0.11917s5d
450 0.4861s5d 0.18554s7d 0.30590s8d 0.11964s8d
600 0.4850s5d 0.18551s6d 0.30593s8d 0.11985s8d
900 0.4799s8d 0.1855s1d 0.3066s1d 0.1192s2d

FIG. 4. TemperaturesTd dependence of the framework and guest
atomic displacement parameterssADPd U. M1 are guest atoms lo-
cated on the highly symmetric 2a site, M2 are guest atoms located
on the 6d site. H6c, H16i, and H24k are framework atoms on the 6c,
16i, and 24k sites. Note that the scale on they axis is different for
U22=U33 for M2. Data points are obtained from the modeling of
synchrotron powder diffraction patterns. The solid curves are the
corresponding data obtained from single crystal neutron diffraction
on Ba8Ga16Si30. For the upper three graphs the dotted curves are
ordered Einstein models of the ADPs assuming the guest atom mass
is 137.327 g/molsBad and with an Einstein temperature of 130,
100, and 70 K, respectively. The dotted curve in the lower graph is
an ordered Debye model of the ADPs assuming that the framework
atom mass is 42.57 g/molsweighted average of Ga and Sid and
with a Debye temperature of 350 K. In all dotted curvesd=0 has
been used. The error bars are of the same size as the data points
except for U11=U22=U33 s2a sited and U11 s6d sited for Ba in
Ba8In16Ge30 where representative error bars at 285 K have been
included.
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In the following we analyze the temperature dependence
of the ADPs of the guest and framework atoms in the same
manner as the ADPs obtained from the single crystal neutron
diffraction. The Debye model is used to describe the ADPs of
the framework atoms and is given by Eq.s1d, while we use
an Einstein model to describe the thermal motion of the

guest atoms.24 The ADP in the Einstein model is38,43

Uxx
2 =

"2

2mkBuE,xx
coth

uE,xx

2T
+ d2 s2d

whereuE is the Einstein temperature and the subscript refer
to the direction or plane of the vibration. In this equation ad2

TABLE VIII. Atomic displacement parameterssADPd obtained from refinement of single crystal neutron data with a normal anisotropic
and ordered model of Ba8Ga16Si30 smodel 1 in Table VId. First line is Bas1d s2ad, second line is Bas2d s6dd, third line is Ga/Sis1d s6cd, fourth
line is Ga/Sis2d s16id and fifth line is Ga/Sis3d s24kd. The ADPs of the framework atoms do not change more than one standard deviation
between models 1, 2, and 3.

T sKd U11 sÅ2d U22 sÅ2d U33 sÅ2d U12 sÅ2d U13 sÅ2d U23 sÅ2d

15 Bas1d 0.0031s2d 0.0031s2d 0.0031s2d 0 0 0

Bas2d 0.0040s4d 0.0131s3d 0.0131s3d 0 0 0

Ga/Sis1d 0.0044s3d 0.0036s2d 0.0036s2d 0 0 0

Ga/Sis2d 0.0049s1d 0.0049s1d 0.0049s1d −0.0005s1d −0.0005s1d −0.0005s1d
Ga/Sis3d 0.0043s2d 0.0038s1d 0.0038s1d 0 0 0.0001s1d

100 Bas1d 0.0043s2d 0.0043s2d 0.0043s2d 0 0 0

Bas2d 0.0063s5d 0.0188s4d 0.0188s4d 0 0 0

Ga/Sis1d 0.0063s3d 0.0046s2d 0.0046s2d 0 0 0

Ga/Sis2d 0.0058s1d 0.0058s1d 0.0058s1d −0.0005s1d −0.0005s1d −0.0005s1d
Ga/Sis3d 0.0052s2d 0.0049s2d 0.0050s1d 0 0 −0.0001s1d

150 Bas1d 0.0050s3d 0.0050s3d 0.0050s3d 0 0 0

Bas2d 0.0080s5d 0.0219s4d 0.0219s4d 0 0 0

Ga/Sis1d 0.0070s3d 0.0054s2d 0.0054s2d 0 0 −0.0006s1d
Ga/Sis2d 0.0063s1d 0.0063s1d 0.0063s1d −0.0006s1d −0.0006s1d 0.0000s2d
Ga/Sis3d 0.0059s2d 0.0049s2d 0.0059s2d 0 0

200 Bas1d 0.0064s3d 0.0064s3d 0.0064s3d 0 0 0

Bas2d 0.0096s5d 0.0258s5d 0.0258s5d 0 0 0

Ga/Sis1d 0.0074s3d 0.0064s2d 0.0064s2d 0 0 0

Ga/Sis2d 0.0072s1d 0.0072s1d 0.0072s1d −0.0005s1d −0.0005s1d −0.0005s1d
Ga/Sis3d 0.0071s2d 0.0062s2d 0.0066s2d 0 0 0.0001s2d

300 Bas1d 0.0092s4d 0.0092s4d 0.0092s4d 0 0 0

Bas2d 0.0119s7d 0.0339s6d 0.0339s6d 0 0 0

Ga/Sis1d 0.0095s4d 0.0087s3d 0.0087s3d 0 0 0

Ga/Sis2d 0.0095s1d 0.0095s1d 0.0095s1d −0.0008s2d −0.0008s2d −0.0008s2d
Ga/Sis3d 0.0097s2d 0.0078s2d 0.0089s2d 0 0 −0.0004s2d

450 Bas1d 0.0133s6d 0.0133s6d 0.0133s6d 0 0 0

Bas2d 0.0239s13d 0.0467s10d 0.0467s10d 0 0 0

Ga/Sis1d 0.0142s7d 0.0136s5d 0.0136s5d 0 0 0

Ga/Sis2d 0.0141s2d 0.0141s2d 0.0141s2d −0.0011s3d −0.0011s3d −0.0011s3d
Ga/Sis3d 0.0149s4d 0.0125s4d 0.0138s4d 0 0 −0.0002s3d

600 Bas1d 0.0182s7d 0.0182s7d 0.0182s7d 0 0 0

Bas2d 0.0289s14d 0.0566s11d 0.0566s11d 0 0 0

Ga/Sis1d 0.0218s9d 0.0185s5d 0.0185s5d 0 0 0

Ga/Sis2d 0.0187s2d 0.0187s2d 0.0187s2d −0.0024s3d −0.0024s3d −0.0024s3d
Ga/Sis3d 0.0203s4d 0.0179s4d 0.0184s3d 0 −0.0013s3d

900 Bas1d 0.0295s15d 0.0295s15d 0.0295s15d 0 0 0

Bas2d 0.0400s33d 0.0883s26d 0.0883s26d 0 0 0

Ga/Sis1d 0.0309s20d 0.0273s12d 0.0273s12d 0 0 0

Ga/Sis2d 0.0240s5d 0.0240s5d 0.0240s5d −0.0041s5d −0.0041s5d −0.0041s5d
Ga/Sis3d 0.0314s12d 0.0248s12d 0.0320s8d 0 0 −0.0036s8d
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term has been added to describe possible temperature inde-
pendent disorder.24 Since the present data only extend up to
300 K, anharmonic effects have negligible influence on the
ADPs, and the Grüneisen parameter and the temperature de-
pendence of the unit cell volume have not been included in
the model. The results of the fitting of the two models are
given in Table X. Figure 4 also contains model calculations
with d=0 in order to illustrate thatd.0 is needed for a good
description of the data. For Ba8Ga16Si30 the neutron and syn-
chrotron powder diffraction data essentially lead to the same
results. For the Ba containing clathrates,uD increases from
approximately 200 to 400 K with decreasing framework
atom mass. The magnitude agrees well withuD obtained
from measurements of the specific heat of Ba8Ga16Ge30 and
Sr8Ga16Ge30 whereuD is of the order 320–360 K.9,26 As for
the single crystal neutron data on Ba8Ga16Si30 d
<0.05–0.10 Å is needed for a good modeling of the tem-
perature dependence of the framework ADPs. It is interesting
that d for the framework atoms in Ba8In16Ge30 is twice as
large as for the two other Ba containing clathrates. This can
be explained by the larger variation between the Inu In,
GeuGe, and InuGe bond lengths compared with the other
framework types. Figure 5 shows the lattice parameters as a
function of temperature. It is seen that there is a tendency for
the samples with lowestuD to have the largest coefficient of
thermal expansionsa=1/a·]a/]Td. Although there exists no
trivial relationship betweenuD and a this result is not sur-
prising and adds confidence to the result that Ba8In16Ge30 has
an extraordinarily lowuD.

uE for both guest atoms is also listed in Table X for all
four compounds. It is somewhat surprising that alluE values
for the Sr atoms in Sr8Ga16Ge30 are larger than the corre-
sponding values in any of the Ba containing clathrates. One
could expect thatuE was lower for Sr because of the larger

ADPs, but theoretical values ofuE andd from Ref. 18, ob-
tained from density functional theorysDFTd, predict the
same trends. In a simple model this observation could par-
tially be explained by the larger mass of Ba compared to Sr
if it is assumed that the forces acting on the guest atoms are
the same. However, the trend can be fully reproduced when
the chemical bonding in clathrates is scrutinized within the
quantum theory of atoms in molecules.13 Gatti et al. carried
out ab initio calculations on Ba8Ga16Ge30 and Sr8Ga16Ge30 to
obtain the electron density of model clathrates having differ-
ent Ga distributions. These electron densities were subse-
quently subjected to Bader topological analysis. We will not
reproduce the many detailed arguments but merely note that
the physical origin for the guest atom disorder is due to an
energy gain when many weak guest-host bonds in a fully
symmetrical clathrate cage are replaced by a few much stron-
ger and shorter chemical bonds in the asymmetrical case.
The few strong bonds have more covalent and directional
character than the many weak bonds. The interesting point in
the present context is that the tendency for strong directional
bonding is larger for Sr8Ga16Ge30 than for Ba8Ga16Ge30.
Thus there is a stronger guest-frame interaction in
Sr8Ga16Ge30 than in Ba8Ga16Ge30, and this results in higher
rattling frequencies. The chemical bond explanation goes
even further, since it is also observed that the guest-
framework bonding is stronger in the large cage of
Sr8Ga16Ge30 than in the small cage, whereas the opposite is
true for Ba8Ga16Ge30. This is also reproduced in our values
of the Einstein temperatures, Table X. Thus for Sr8Ga16Ge30
uE is higher for Sr2 than for Sr1, whereas for the Ba contain-
ing clathrates the opposite is observed.

Before continuing we want to make a distinction between
two “types” of structural disorder for the guest atoms, even
though their basic origin is the same. The first type is the

TABLE IX. Bond lengthssin Åd and anglessin degd. M denotes the guest atoms at sites 2a and 6d, and H the framework atoms at 6c,
16i, and 24k.

Ba8Ga16Si30 Ba8Ga16Ge30 Ba8In16Ge30 Sr8Ga16Ge30

M1−H16i 3.379s2d 3.4412s7d 3.557s7d 3.4161s9d
M1−H24k 3.457s1d 3.5556s6d 3.639s5d 3.5527s7d
M2−H6c 3.72188s3d 3.80560s2d 3.9418s4d 3.79271s9d
M2−H16i 3.9043s5d 3.9963s2d 4.142s2d 3.9868s3d
M2−H24k 3.5602s7d 3.6209s4d 3.768s4d 3.6002s5d
H6c−H24k 2.463s1d 2.5027s6d 2.636s5d 2.4878s7d
H16i −H16i 2.359s3d 2.439s1d 2.541s13d 2.458s2d
H16i −H24k 2.4295s8d 2.4971s4d 2.567s4d 2.4922s5d
H24k−H24k 2.510s2d 2.545s1d 2.601s10d 2.525s1d

H24k−H6c−H24k 108.20s2d 108.74s1d 108.6s1d 108.99s2d
H24k−H6c−H24k 112.05s5d 111.94s3d 111.3s2d 110.43s3d
H16i −H16i −H24k 109.10s4d 108.44s2d 109.2s2d 108.00s3d
H24k−H16i −H24k 109.84s4d 110.49s2d 109.8s2d 110.90s2d
H6c−H24k−H16i 105.87s5d 106.13s2d 105.5s2d 106.37s3d
H6c−H24k−H24k 123.98s2d 124.53s1d 124.3s1d 124.78s2d
H16i −H24k−H16i 106.83s6d 105.43s3d 106.2s3d 104.63s3d
H16i −H24k−H24k 106.64s3d 106.62s2d 107.1s1d 106.55s2d
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case where the guest atom actually is located in the “center”
of any given cage in the structure, but due to differences in
the local bonding environment throughout the crystalssemi-
random framework positioningd the guest atom will be
slightly displaced away from the crystallographic center po-
sition from unit cell to unit cell. In the analysis of Gattiet
al.,13 this situation is expected for the Ba atom in the small
cage of Ba8Ga16Ge30. This type of disorder will lead tod
.0 in the analysis of the ADPs even though the atom is
located close to the center of any given cage. The second
type of structural disorder is the case where it is energetically
favorable for the guest atom to be displaced away from the
center of the cage and form stronger directional bonds to the
side of the cage, i.e., the situation for Sr in the large cage of
Sr8Ga16Ge30. This type of disorder also leads tod.0 and
can be either static or dynamicstunnelingd depending on the
shape and magnitude of the potential. A dynamic system
with tunneling states requires that several potential minima
for the guest atom exist within thesamecage. When consid-
ering the asymmetric chemical interactions in any given
cage, which always has a specific asymmetric distribution of
Ga atoms, it seems likely that the guest atom is preferably
displaced to one side of the cage. Thus a multiminima po-
tential cannot be symmetric such as, e.g., the four-level po-
tential used in recent tunneling models.44 As stated in the
Introduction there is no clear evidence that the disordered
position is specifics24j or 24kd, but rather a torus-shaped
nuclear density has been observed in Ba8Ga16Ge30,
Sr8Ga16Ge30, and Eu8Ga16Ge30. This suggests that the ob-
served nuclear density by crystallographic methods predomi-
nantly is a spatial average of different guest atom positions in
different cages rather than a time average due to tunneling.
In this picture we expect that all guest atoms in all structures

are disordered. This is what is demonstrated in Table X,
whered.0 is needed for a good modeling of the ADPs for
all guest atoms. For the guest atoms on the 2a site ssmall
caged d<0.05 Å in the Ba containing clathrates. Sinced is
of the same magnitude as differences in BauGe and
BauGa bonds this could be interpreted as being due to dif-
ferences in the composition of the cages, i.e., the first type of
disorder. For Sr on the 2a site in Sr8Ga16Ge30 d<0.09 Å and
as expected from the chemical bond analysis of Gattiet al.
this Sr atom moves slightly off centerssecond type of disor-
derd. For the guest atoms on the 6d sited in the f100g direc-
tion varies from about 0.05 to 0.13 Å whereasd in the s100d
plane varies from about 0.1 to 0.35 Å going from
Ba8Ga16Si30 to Sr8Ga16Ge30. In terms of the above model,
this is a strong indication that the guest atoms in the large
cages are displaced away from the center of the cagessecond
type of disorderd.

V. SPECIFIC HEAT CAPACITY

From specific heatsCpd measurements on Ba8Ga16Ge30 uE

has been estimated to be approximately 80 K9,26 and 60 K.8

This is in reasonable agreement with the results obtained
from the temperature dependence of the ADPs, where aver-
aging over all modessTable Xd gives uE=93 K. However,
for Sr8Ga16Ge30 the agreement is less good. We obtainuE
=104–163 K from the temperature dependence of the ADPs,
which is much higher thanuE=55 K8 and 80 K9 obtained by
specific heat measurements and 46 Ks32 cm−1d from Raman
spectroscopy.45 Unfortunately the density of Einstein atoms
is not reported in Ref. 8. In Refs. 9 and 26 the densities are
approximately 16 per unit cellsu.c.d and 10 per u.c., which
is larger than expected if only the guest atoms have localized
vibrations. To investigate the disagreement between the val-
ues of uE obtained from specific heat/Raman spectroscopy
and the temperature dependence of the ADPs, we have mea-
sured CpsTd of one Ba8Ga16Ge30 sample and one
Sr8Ga16Ge30 sample, the result is shown in the inset of Fig. 6.
For Eu8Ga16Ge30 Cp is dominated by the magnetic ordering
below approximately 60 K35 and this compound is therefore
not relevant for comparison. At the lowest temperatures the
magnetic contribution exceeds the phononic contribution by
almost one order of magnitude and heat capacity datacannot
be used for probing the existence of tunneling states in
Eu8Ga16Ge30.

44 In the main panel we have plottedDCp
=Cp,measured−Cp,Debye, where

Cp,DebyesTd = 9NDRS T

uD
D3E

0

uD/T x4ex

sex − 1d2dx s3d

is the specific heat from a normal Debye model. We have
useduD=312 K, obtained from the temperature dependence
of the ADPs of the framework atomssTable Xd, and ND
=46 which is the number of framework atoms. We choose to
plot data in this manner because of the large normal
phononic contribution toCp which disguises information
about localized vibrations. Included in the graph are also
model calculations with

FIG. 5. Lattice parameter normalized to the 300 K value
sa/a300 Kd as a function of temperaturesTd for the four clathrates.
Data has been calculated from Tables II–V. Sincea300 K for
Ba8Ga16Ge30 and Ba8In16Ge30 are slightly larger than expected and
appear to be outliers,a300 K has been obtained by extrapolating a
linear fit of asTd data above 150 K.a300 K,Ba8Ga16Si30

=10.5303 Å,
a300 K,Ba8Ga16Ge30

=10.7643 Å, a300 K,Ba8In16Ge30
=11.1649 Å, and

a300 K,Sr8Ga16Ge30
=10.7282 Å scompare values witha300 K from

Tables II–Vd. The almost temperature independent coefficients of
the thermal expansionsa=1/a·]a/]Td are listed in the inset.
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DCpsTd = aT+ o
i

3NE,iRSuE,i

T
D2 euE,i/T

seuE,i/T − 1d2 , s4d

where the first term represents the electronic contribution
linear inT and the second term is Einstein contributions from
localized vibrations. For Ba8Ga16Ge30 a relatively good
agreement betweenDCp and the model is obtained witha
=0.035 J/sK2 mold /u.c. and two Einstein oscillators having
NE1+NE2=8, uE1=80 K sNE1=6.5 per u.c.d and uE2=42 K
sNE2=1.5 per u.c.d, respectively. For Sr8Ga16Ge30 a
=0.040 J/sK2 mold /u.c., uE1=80 K sNE1=6.5 per u.c.d and
uE2=33 K sNE2=1.5 per u.c.d. The magnitude ofa is consis-
tent with a pure electronic contribution. If the modelfEq.
s4dg only contains one Einstein oscillator a poor reproduction
of the data is obtained. The wavy feature inDCpsTd around
50–200 K that cannot be reproduced by our model may be
due to flaws in the Debye model. This again emphasizes that
the specific heat data may not give reliable information about
the localized vibrations in cases where there is a large normal
phononic contribution toCp. Nevertheless, the main point is

to show that the difference inCpsTd between Ba8Ga16Ge30
and Sr8Ga16Ge30 is relatively small.

Since NE1 and NE2 are almost 6 and 2, respectively, it
would be tempting to relate the corresponding Einstein tem-
peratures to the localized vibration of the guest atoms in the
large and small cages, respectively. For Sr8Ga16Ge30 this
would also agree with the Raman spectroscopic data. None-
theless,uE2=42 K sBa8Ga16Ge30d and 33 K sSr8Ga16Ge30d
are too low compared with the values obtained from the tem-
perature dependence of the ADPs and the theoretical calcu-
lations. Instead we offer an alternative explanation for the
apparent disagreement betweenuE derived from theory and
the ADPs on one hand, and fromCpsTd and Raman spectros-
copy on the other. The theoretical value ofuE sRef. 18d was
calculated on an energy scale of the order 0.01–1 eV
s100–10 000 Kd. For this reason the calculation does not in-
clude nonharmonic features at the “bottom of the potential
floor” that could result in a noneven separation of the lowest
harmonic oscillator energy levels of say 35–45 K or lower.
Considering that each cage is chemically different this sug-
gests that the energy separation may vary from cage to cage.

TABLE X. Einstein temperaturesQEd, Debye temperaturesQDd, and disorder parametersdd obtained
from fitting the models described in the text to the ADPs as a function of temperature. Theoretical values
sQE,theory,dtheoryd are calculated with the use of density functional theory in Ref. 18.

QE sKd QE,theory sKd QD sKd d sÅd dtheory sÅd

U11=U22=U33 Ms1d
Ba8Ga16Si30—neutrona 124 146 0.040

Ba8Ga16Si30—x-ray 127 146 0.052

Ba8Ga16Ge30 124 129 0.059

Ba8In16Ge30 87 0.045

Sr8Ga16Ge30 151 101 0.087

U11 Ms2d
Ba8Ga16Si30—Neutrona 98 106 0.046

Ba8Ga16Si30—x-ray 101 106 0.057

Ba8Ga16Ge30 101 79 0.081

Ba8In16Ge30 65 0.098

Sr8Ga16Ge30 104 120 0.128

U22=U33 Ms2d
Ba8Ga16Si30—Neutrona 69 59 0.103 0.13b

Ba8Ga16Si30—x-ray 77 59 0.120 0.13b

Ba8Ga16Ge30 73 55 0.157 0.42b

Ba8In16Ge30 65 0.277 ,0.60b,c

Sr8Ga16Ge30 163 107 0.368 0.81b

Uiso H6c, H16i, H24k

Ba8Ga16Si30—Neutron 387 0.044

Ba8Ga16Si30—x-ray 416 0.045

Ba8Ga16Ge30 312 0.056

Ba8In16Ge30 203 0.098

Sr8Ga16Ge30 313 0.082

aResults have been taken from Ref. 24.
bIn Ref. 18 the distance from the center of the cage to the atom is calculated. This is in principler
=Îd11

2 +d22=33
2 , however,r is dominated byd22=33 sinced22=33.d11 as can be seen from the table.

cThis result is for Ba8In16Sn30 sRef. 18d, and the result for Ba8In16Ge30 is expected to be smaller.
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If uE2 was to be related to the “normal” localized thermal
vibration of the guest atoms,NE2 should be of the same order
as the number of guest atoms in the unit cell. As the tem-
perature increases the guest atoms are thermally exited into
states where small anharmonic deviations on the potential
floor have little influence. In this caseuE obtained from the
ADPs and high temperatureCpsTd corresponds to those cal-
culated in Ref. 18. It has been suggested that tunneling
states, related to the off-center position of the guest atoms,
exist in Eu8Ga16Ge30 and Sr8Ga16Ge30.

4,8,20,25Recently also a
specific four-well tunneling model for Eu8Ga16Ge30 was
proposed.44 However, above it was argued that the potential
in each cage must be slightly asymmetric due to the semir-
andom distribution of the framework elements. Furthermore,
if the non-Debye and nonelectronic contribution toCpsTd is
interpreted as a contribution from tunneling states, then the
analysis of the low temperatureCpsTd gives NE2

<1.5 per u.c. for Sr8Ga16Ge30 and Ba8Ga16Ge30. This shows
that the total number of states is too low to be related to the
guest atoms in each of the large cages.

VI. MEM NUCLEAR DIFFERENCE DENSITIES

In the previous sections indirect evidence for the guest
atom disorder in type I clathrates was obtained through
analysis of refined ADPs. It is possible to obtain a direct

verification of the disorder by analysis of the same data with
the maximum entropy methodsMEMd. The MEM for analy-
sis of accurate diffraction data has been extensively pre-
sented in the literature.46 Initial MEM analysis of the
Ba8Ga16Si30 single crystal neutron data was presented in Ref.
24. Here we extend the analysis by calculating MEM nuclear
differencedensities at all temperatures. As before we have
used the programMEED47 with nonuniform prior sNUPd
densities.48 The NUPs were obtained by a structure factor
aliasing method proposed by Roversiet al.49 and imple-
mented in the programASF.50 The NUPs were calculated
with 28 structure factor copies and a cutoff value of 10−9. In
the present study the NUPs correspond to the nuclear densi-
ties of assemblies of ordered nuclei having anisotropic har-
monic motion. Thus we have not biased the MEM calcula-

FIG. 6. The main graph showsDCpsTd=Cp,meas−Cp,Debye. The
solid curves are model calculations of the specific heat in a system
with two Einstein oscillators and an electronic contribution
Cp,electronic=aT. For the solid curve imposed on the Ba8Ga16Ge30

data Einstein temperaturessuEd of 80 and 42 K were used and the
numbers of Einstein atomssNEd were 6.5 per u.c. and 1.5 per u.c.,
respectively. The corresponding numbers for Sr8Ga16Ge30 are uE

=80 and 33 K, withNE=6.5 per u.c. and 1.5 per u.c., respectively.
For the electronic contributiona=0.035 and 0.04 J/sK2 mold /u.c.
for Ba8Ga16Ge30 and Sr8Ga16Ge30, respectively. Dashed curves are
Einstein contributions withuE=33, 42, and 80 K withNE=1.5 per
u.c., 1.5 per u.c., and 6.5 per u.c., respectively. The inset shows the
measured specific heatsCp,measd of Ba8Ga16Ge30 scirclesd and
Sr8Ga16Ge30 ssquaresd as a function of temperaturesTd. The solid
curve is the specific heat from a Debye model with 46 atoms per
unit cell su.c.d and a Debye temperaturesuDd of 312 K sCp,Debyed.

FIG. 7. MEM difference densities,rsMEMd−rsNUPd, in the
s001d plane through Bas1d from 15 to 900 K. The difference densi-
ties are plotted on a logarithmic scale, 0.012532N sn=0, . . . ,6d,
and solid contours are positive and dotted contours are negative.
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tions with modeled anharmonicity from the conventional
least-squares procedure. In all MEM calculations a 128
31283128 pixel grid was used and iterations were stopped
at x2=1. The crystallographicR-factors corresponding to the
final MEM densities are listed in Table VI. It should be
stressed that the MEM calculations were not “difference”
calculations, i.e., calculations based on structure factor dif-
ferencessDF=Fobs−Fmodeld. They were “normal” total den-
sity calculations started from a NUP. Chakoumakos and co-
workers have used nuclear densities extensively for
discussion of disorder in thermoelectric clathrates.21,22 In
these studies straightforward nuclear densities for the guest
atoms were obtained from Fourier analysis. For Ba2 in
Ba8Ga16Ge30 the nuclear density is broad, but centered at the
center of the cage. One problem is that Fourier maps are
prone to termination effectssripplesd, and it is well estab-
lished that MEM maps are superior to direct Fourier maps.51

However, even in the MEM nuclear density there are no
clear effects of disorder for Ba8Ga16Si30 ssee Fig. 2 of Ref.
24d. In Figs. 7–9 MEM nucleardifference densities are
shown for Ba1 and Ba2. These are not to be confused with
the Fourier difference densities of Refs. 21 and 22, where
model structure factors for part of a structure are subtracted
from the observed structure factors in Fourier space. Our
maps are calculated by subtraction of the NUPs from the
final MEM density. The NUP is based on a model with struc-
turally ordered guest atoms located in the centers of the cavi-
ties having anisotropic, harmonic thermal motion. For Ba2
there is at all temperatures a negative difference density in
the center of the cavity surrounded by a positive region, Figs.
9 and 10. Since we do not expect extensive anharmonic mo-
tion at 15 K, the low temperature features around Ba2 in the
difference density must be interpreted as structural disorder.
The features appearing in the difference density above room
temperature can be ascribed to anharmonic effects. The an-

FIG. 8. MEM difference densities,rsMEMd−rsNUPd, in the
s100d plane through Bas2d from 15 to 900 K. Contours as in Fig. 8.

FIG. 9. MEM difference densities,rsMEMd−rsNUPd, in the
s001d plane through Bas2d from 15 to 900 K. Contours as in Fig. 8.
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isotropic thermal parameters used in the NUP may limit the
resolving power of the difference density by modeling some
guest atom disorder. However, had we used isotropic thermal
parameters in the NUP, anisotropic motion would be super-
imposed on the structural disorder, and the difference density
features would be difficult to assign as structural disorder.
When the anisotropic NUP is different from the final MEM
at the lowest temperature, it is a strongsconservatived evi-
dence of disorder. The MEM difference densities suggest that
the Ba2 disorder is temperature dependent with the negative
central area increasing in size at higher temperatures. This
means that on average the guest atoms are located farther
from the cage center at high temperatures. The small peak
maxima in the positive distribution changes direction from
temperature to temperature, and shows directly the almost
equivalence between the 24j and 24k disorder sites. The true
disorder position is probably represented by a cylindrical
volume. Note that the excessivesghostd features observed at
450 K once again illustrate the relatively poorer quality of
this data set. For Ba1 the difference density features are less
pronounced, but basically follow the same trend as for Ba2.
The MEM nuclear difference density reveals structural dis-
order on the Ba1 site possibly with onset of anharmonic
motion above room temperature. Figures 7–9 clearly illus-
trate that the resolving power of difference densities is higher
than for normal nuclear densities.24 This is a well-known
result in crystallography. In x-ray charge density analysis
various types of deformation densities are commonly used
for enhancing subtle electronic detailsse.g., orbital hybrid-
ization, lone pairs, covalent bonding, etc.d.52 We have previ-
ously reported MEM difference electron densities for
Sr8Ga16Ge30 and Ba8Ga16Ge30.

7 Nuclear difference densities
are the logical extensions of such analysis to problems of
subtle structural disorder.

VII. CONCLUSION

The structural properties of Ba8Ga16Si30, Ba8Ga16Ge30,
Ba8In16Ge30, and Sr8Ga16Ge30 have been investigated by
synchrotron and neutron diffraction. It has been shown that
the temperature dependence of the framework ADPs can be
described well with a Debye model if a temperature indepen-

dent disorder parameter is included. The magnitude ofd de-
scribes variation of the equilibrium position due to the semi-
random positioning of the framework atoms.d increases with
increasing variation of the framework covalent bond lengths.
Similarly, an Einstein model with a temperature independent
d has been used for describing the temperature dependence
of the guest atom ADPs. It has been shown thatnoneof the
guest atoms in the large cages are located in the center. This
conclusion is corroborated by MEM nuclear difference den-
sity maps.

Application of an Einstein model for the guest atoms in-
dicates thatuE for all vibrational modes of Sr in Sr8Ga16Ge30
is larger than for Ba in any of the Ba containing clathrates.
This is somewhat surprising due to the large ADPs observed
for Sr, but nonetheless in good agreement with theoretical
predictions. Comparison of the ADP results with theory and
CpsTd data shows thatuE obtained from the ADPs are related
to vibrations in the full potential formed by the cages. How-
ever, smalleruE values fromCpsTd have been reported in the
literature relative to values obtained by theory and the ADPs.
We have therefore reinvestigated the low temperatureCpsTd
of Ba8Ga16Ge30 and Sr8Ga16Ge30. The new analysis shows
that a nonelectronic and non-Debye contribution toCpsTd is
present. The density of states is localized with a characteris-
tic energy of approximately 35 K. The total number of states
is around 1 state per u.c. and this is too small to be directly
related to vibrations in the potential formed by the cages.
Instead we suggest that it is related to nonharmonic features
at the bottom of the potential well.
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