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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 | clathratg&BgSizo, BagGa ¢Geso, Bagln sGeso, and
SrGaeGey. If an empirical disorder term is included, the temperature dependence of the atomic displacement
factors(ADPs) 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 freqégncies
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 shod:tbaBr in SgGa;Gesg is
larger than for the Ba atoms. This is due to stronger guest-host chemical bondingmSe;,. Sincedg of
Sr has been reported to be much smaller in the literature we have also measured the specific heat of
SreGa ¢Geyp With BagGaygGesg 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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l. INTRODUCTION used®°11.16-19The strong focus on crystal structure determi-
_ ) ) ~nations of clathrates is due to the fact that subtle structural
Recently a surge of mterest in thermoelec_trl_c mate”@'%etails such as the exact sitting of dopant atéeng., Ga in
has been caused by the discovery of new promising materialga/Ge clathratesor possible structural disorder of the guest
with open .framevv.ork structurés"-: Particu_lar interest has 3toms can greatly affect the thermoelectric propeffidus
concerned inorganic clathrates, Fig. 1, which have been stuggcyrate structural information is a prerequisite for any de-

ied with a plethora of techniquési' A large number of el-  tajled understanding of the physical properties of the sys-
emental compositions can form the clathrate type | 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 ph&sesere

the encapsulated guest atoms donate their valence electrol
to the framework. This leads to complete filling of thg®
orbitals of the tetrahedrally coordinated framework atoms
and the clathrates therefore are expected to be semicondu?
tors. The simple Zintl picture of the clathrates was recently
confirmed to be quite accurate by a theoretical charge densit'
analysis study? There are two basic hypotheses for the good
thermoelectric properties of the clathrates. First, the semi-
conducting framework provides a high Seebeck coefficient
(9 and electrical conductivity(o). Second, the acoustic
phonons are resonantly scattered from the loosely bounc
guest atom$-15which leads to a very low thermal conduc-
tivity (k). Together, these properties result in high values of
the thermoelectric figure of merfT=So/ T, whereT is

the temperature. The conversion efficiency for thermoelectric
cooling or power generation increases monotonically with
ZT.

The crystal structures of B@&aSiz, BagGasGes,
Bagln,Gey,, and SgGa;¢Gesyg have been reported by a num-
ber of different authors using varying levels of crystallo-  FIG. 1. The clathrate type I structure. The large dark atoms are
graphic sophistication. Both single crystal and powder dif-m1 (Ba/Sp on the 2 site, the large gray atoms MBa/S) on the
fraction data have been reported, and neutron, conventional site. The small, black, gray and light gray atoms are Ga/Si/In on
x-ray, and synchrotron x-ray diffraction have beenthe & (Hgo), 16 (Hyg), and 2& (Hyy) sites, respectively.
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tems. ForB-EusGa¢Geyy (Ref. 8 [in the following referred The paper is outlined as follows. First, a short summary of
to as EYGaGesy (Ref. 9] and SgGaGey (Refs. 8 and  the experimental details is given. This is followed by a thor-
20) it is generally accepted that the guest atom in the largeugh analysis of the temperature dependence of the frame-
cage(M2) is displaced away from the cage center and disorwork atomic  displacement parameter§ADPs)  of
dered over four sites in tl”(G.OO) plane(24k site). At least in BaﬁGaﬂ_GSI3O obtained from Sing|e Crys‘[a| neutron
the case of §GayGey this is a crude approximation. First, diffraction24 These results are compared with the ones from
modeling of d|f£ract|on data with a 24site, which corre-  gynchrotron powder diffraction experiments to show that
sponds to a 45° rotation 10;‘2the split site in t#00) plane,  gynchrotron powder diffraction can be used as a tool for
model data equally wel.*> Second, fourth-order anhar- opyaining accurate crystallographic parameters. The tempera-
monic tergnpgrature factors can also be used for modellng thﬁjre dependence of the ADPs of the four compounds is ana-
g:«sgrif,@ di;rhalr:?forr??j);trglijr:gigg':;%p%;?et;]hec{(‘ueﬂgul\i/lli)t)ﬁﬂ;l}’lsplcs)- lyzed in terms of Debye and Einstein models and it will be
shown(i) that information about the framework disorder can

sition is distributed over a surf . I ) .
ace normal to 1160 plane £ extracted(ii) positional disorder of the guest atoms in the

and shaped like an elongated torus. This also appears to tF .
the case for EgGa,Gey, Where difference Fourier maps, (&'9€ Cad€ appears 0 be_ the rule rgther thgn an exception as
from neutron diffraction, indicate that the Eu equilibrium IS @ls0 the case for sodium containing silicon clathréfes,

position in the large cage is doughnut- or torus-shap&hr and (iii ) there_z is no clear cut distinction between fuIIy_ or-
Ba containing clathrates elaborate crystallographic analysidéred and disordered guest atoms, but rather a continuous
has been carried out, and based on maximum entropghange between different clathrates. To explore the vibra-
method (MEM) nuclear density analysis and modeling of tional states further we also measured the specific (@at
atomic displacement paramete8DP) it was shown that Of BagGaeGey and SgGaeGesp and compare it to the
both types of Ba atoms are disordered in the®®Si;, COmplementary information from the temperature depen-
structure’-24 However, in the literature it is not always ac- dence of the ADPs. Our analysis shows that if tunneling
knowledged that also in Ba containing systems the guesitates are present they either have a low total number of
atoms are disorderédThis is despite the fact that it is pos- States or the energy scale of the excitations is bedgWof

sible to refine x-ray diffraction data with a split site for Ba in the specific heat measurement. Finally, we show the results
the large cage of B&a Gey, (Refs.?18) and BaGaeSizo 8 of MEM analysis of the multitemperature neutron diffraction
One problem with barium containing clathrates has been théata to obtain more unbiased information of the guest atom
interpretation of the low temperature lattice thermal conducdisorder in BgGa;Sizo.

tivity (k) data of BaGagGey, SkGagGe; and

EusGay¢Gey.82° For SEGa,Geyy and EyGay(Gey, samples Il. EXPERIMENT

a glasslikex, is observed, while-type BgGa¢Gesg has a
“normal” crystal-like « . This was interpreted as being re-
lated to the lack of structural disorder on the Ba guest atom Multitemperature single crystal neutron diffraction data
sites in BaGaGey,. However, it was recently discovered were collected on the SCD instrument at the Intense Pulsed
that p-type BaGasGeyy samples, just like $6a,sGe;p and  Neutron Source, Argonne National Laboratory, during two
Eu;GayGey,, have a glass-like, .26 The thermal conductiv- separate beam time allocations. Analysis of these data focus-
ity data therefore are not in contradiction with the Ba guesing on the guest atom motion was reported eaffiégtere we
atom disorder revealed in other crystallographic stu@if@és. briefly repeat the most important experimental details. Dur-
Nevertheless, in order to investigate the structural differenceing the first allocatioritwo weeks data were collected at 15,
between different clathrates in detail, we have decided td00, 150, 200, and 300 K, and during the second allocation
reinvestigate the crystal structures of g BaygSiy,  (two week$ at 450, 600, and 900 K. The crystal was a
BagGa¢Gey, Baglni¢Gesy, and SgGaeGeyy using exactly  rectangular-shaped  prism  of  dimensions >388

the same technique, multitemperature synchrotron powdex 2.0 mn? grown by the flux methoé® For the high tem-
diffraction, to minimize systematic errors between the studperature measurements the crystal volume had to be slightly
ies. As an example there is up to 80% variation in the framereduced to fit inside the furnace. Both sets of measurements
work atomic displacement parametdsDPs) reported in  were carried out with the crystal wrapped tightly in alumi-
different studies of BgGa,sGe;p and this makes comparative num foil and fastened on an aluminum pin by tiny amounts
analysis difficult. Furthermore, analysis of multitemperatureof glue, thus avoiding glue directly on the crystal. The SCD
diffraction data using the full Debye and Einstein models hasnstrument employs the white beam of a spallation source,
never previously been reported. By systematically studyingand the diffractometer is equipped with a position sensitive
four representative clathrate systems with varying guest ai@area detector. The instrument usesixed at 45° and differ-
oms (Ba or S), dopant atomgGa or In, and framework ent volumes of reciprocal space are recorded by seiting
atoms(Si or Ge it is possible to make a direct comparison of and y at a number of values. Only neutrons having wave-
important physical quantities such ésand 6, with limited  lengths between 0.7 and 4.2 A were considered as observed.
influence of systematic errors. It will be shown that the com-The number of significant reflections is reduced at higher
parative analysis reveals a hitherto unrecognized discrepandégmperatures due to the much increased thermal vibration
between Raman spectroscopy and heat capacity data on thed the smaller crystal volume. Local Argonne National
one hand and theoretical calculations and diffraction data ohaboratory programs were used for the data acquisition, data
the other. reduction, and initial structure refinemeftsThe intensities

A. Single crystal neutron diffraction
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TABLE I. Experimental details for the neutron data orgBa;¢Sizo. The internal agreement facttR)) is
calculated from extinction corrected structure factors. For all data(siet8/\) .y is approximately 1.1 AL

T(K) a(A) V (A3 peadg/cnr) Nmead Nunig R

15 10.429810) 1134.43) 4.4621) 2958/861 0.0425
100 10.431110) 1134.93) 4.46Q1) 2933/855 0.0520
150 10.428610) 1134.13) 4.4631) 2822/843 0.0545
200 10.428011) 1134.24) 4.4631) 2745/829 0.0531
300 10.443L) 1138.93) 4.4441) 3692/868 0.0668
450 10.502811) 1158.64) 4.3691) 1686/617 0.0731
600 10.5118614) 1161.45) 4.3582) 1274/537 0.0603
900 10.554116) 1175.85) 4.3062) 818/337 0.0808

were corrected for the Lorentz factor and normalized base8a;Ga,sGe;y samples are not from the same batch as the
on the measured spectral distribution of the incident beansamples studied in Ref. 7. All samples aréype. A study of
and detector efficiency. The data were also corrected fothe crystallographic differences between and p-type
absorption using the measured crystal morphologyBasGa,sGey, is in preparatiort?

[ us(true absorption at 1.8 ¥&0.0509 cm, u(total

scattering = 0.1768 cm']. Neutron absorption cross sec-

tions were taken from Sea?$ Further experimental details ~ !ll- B2 gGayeSizo SINGLE CRYSTAL NEUTRON DATA

are listed in Table I. The clathrate type | structure consists of a cubic lattice of
pentagonal dodecahedi20 aton), Fig. 1. The internal voids
B. Powder synchrotron x-ray diffraction of the structure are tetrakaidecahe(4 atom$ cages joined

High-resolution synchrotron powder diffraction measure-at the hexagonal faces. Each unit cell contains two small

ments were carried out at the beam line BLO2B2 at SPringBdodecahedra and six large tetrakaidecahedra. For the four
%mterials studied here the polyhedra are formed by tetrahe-

Japan. A large Debye-Scherrer camera with an image pla X
detector was used to record the d#tahe samples were rally bpnded Ga, In, S, or Ge atoms. The guest atChes
gnd Sy in the small cages we denote M2a site), and the

sealed in 0.1 mm glass capillaries, which were mounted in t atoms in the lar NG site). The M2 atom
helium Displex refrigerator and the temperature was conJuest atoms € large cages Sie). “e %o S
form a linear chain through the structure “broken” by the

trolled to within 1 K. For the Bgln,¢Geyg sample, the tem- .
perature control was obtained with a nitrogen gas flow Syshexa_gonal windows of the framework. A framework that
consists of one type of atoms only, or a framework that con-

tem. The incident x-ray wavelengtth=0.44998 A was sists of several types of completely random positioned at-
determined by calibration on a standard Ge€ample (a yP P y P

=5.411102 A. The use of high energy radiation in combina- ©MS, Will havePm3n symmetry with three different frame-

tion with minute samples effectively reduces systematic erVork sites with Wyckoff notation 6 16, and 24, and

rors such as extinction, absorption, and anomalous scattef0Ms on lthese sites are referred {0 g, Mg, and Ha
ing. The image plates were scanned with a pixel resolution of€SPECtiVely.

100 um. Data sets were recorded between 15 and 300 K. Initial refinements of the multiwavelength time-of-flight
Rietveld refinements were performed usiegas® The — eutron data were carried out with the prograsas3? Each

backgrounds were described by an interpolation formula "njramework site was constrained to be fully occupied but the

ear in 29 (36 parametejsand the peak profiles by a pseudo- relative Ga/Si content was allowed to vary unconstrained.

Voigt function (three parametersAll data sets extend from 1€ Positions and the temperature factors of the Ga and Si
26=3° to 20=75° with a step size of 0.01°, although for atoms were kept identical. Since the 300 K data set is the

Bagin,cGey, the high order reflections were weak, and On|ylargest, this was used for deducing the Ga/Si occupation,

data with 22<44° were used in the refinements. The displexWhICh refined to 0'62(@)/0'37_‘(9)' 0'111(6,)/0'889(6)' .and
refrigerator induces jumps in the background and the regiong'4237)/o'5737) for the GC’_ 16' and 24( site, respect!vely.
47°-52° and 59°-61° were excluded from the fit. FiguresThe Ga atoms prefer the six-ring environment of thesides,
2(a)-2(d) show the observed and modeled diffraction dia-Whereas the Si atoms prefer the perfeqt tetrahedral arrange-
grams for the four different structures at 300 K. Crystallo-Ment of the 16site. The refined occupation corresponds to a
graphic details and refined structural parameters are given fioichiometry of BgGays 12 Sis0.a2) suggesting am-type
Tables. II-V. samplel926:3435Refinements 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-
All compounds were synthesized according to previouslyeraged with prograrsorTAv,%6 see Table 1. For later use, the
reported methods in Ref. 7, although the®&xGe;y and  unit cell expansion was parameterized as seen from the upper

C. Synthesis
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FIG. 3. Isotropic mass and site averaged framework atomic dis-
placement parametef®;;,) as a function of temperatur@) for
BiE s BagGaSizg obtained from single crystal neutron diffraction. Curve
o £ ih ;i A i (a) is a fit to a Debye model witlp=387(11) K, d=0.0433) A,
e s A W/ | v6=3.510). Curve(b) is a fit to the same model but with the 900 K
. gz ey e \ | data point excluded 6,=4037) K, d=0.0461) A, y5=6.1(8)].
Line (c) is a high temperature approximation of the Debye model
with 65=336(3). It is seen that linéc) crosses approximately,0)
as expected if no disorder and zero-point vibration is present. Curve
(d) shows that a fit to all data points witd=0 is poor [6p
0.0 10.0 20.0 30.0 40.0 50.0 60.0  70.0 =321(11) K, yg=-1.7427)]. The lower right inset show;s, for
o o o Mg as a function of temperatuf®ef. 39. The solid curve is fit to
[ y . — : ] a Debye model without disordéwp=3333) K and y5=2.22)].
i i The upper left inset shows the volun{®) of the unit cell of

6.0

w‘*yuf\ " parameterization used for modelitl(T), see text.

| -y wﬂﬁ - BagGaysSizg as a function of temperature. The solid lines are a
‘ V ] T .‘
r

I \
i 4 AN s e left inset in Fig. 3. Already at this point it may be noted that

e 3 WG S0 o Wo o we @5 o the 450 K data point appears to be an outlier. We have ex-
P W A ‘ — tensively analyzed the structure factor residuals after refine-
L 1 ‘ ro— ment of the 450 K data, but we have not been able to find
e systematic trends like particularly large errors in the high
55 55 5 o ord_er data, or in the strong data or in certain regions of
reciprocal space. Subsequent structure factor fitting was car-
—_— ried out with the progranxp.3” As mentioned in the Intro-
i Sr8Ga16Ge30 duction several models describing the disorder of the guest
k3 17 atom in the large cage of §BaGeyq fit the data equally
: , well.21=22|n the present case the equivalent split site model
.-;;u..g.a.»»‘-;;_m“ Meadnoil for Ba2 diverges for all data sets, because the positional pa-
| [PT—————. - ) rameter correlates with the anisotropic ADPs. Therefore a
et . split site model with Ba2 on the 24ite and isotropic ADPs
I was used. Using the 24ite to describe the disorder only
ke A s introduces one independent positional parameter, whereas
the 24 site involves two independent positional parameters
and refinements become less stable. Finally, also the anhar-
10.0  20.0 30.0  40.0  50.0  §0.0  70.0 monic model of Ref. 23 was employed. Ga and Si atoms on
A-Theta, deg 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
terns at 300 K as a function ofXor BagGaysSizo, BasGaeGeso  site model and the anharmonic model do not improve the
BaginycGes, and SgGasGes,. Curves below the diffraction pat- residuals ory? significantly. Tables VII and VIII contain se-
terns are the observed intensities minus the model intensities. THSCted structural paramgters of the three modells. For thg
framework atoms there is no systematic change in the posi-
Zions of the atoms with temperature. In the isotropic split-
angles. model Ba2 tends to move away from the center of the cage

ey

X10E 4

FIG. 2. (Color online Observed and calculated diffraction pat-

insets show that detailed features are also observed at higher
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TABLE IlI. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction dajéag®a.
The guest atom in the small cavity, M1, is(&t 0, 0, and in the large cavity, M2, &./4, 1/2, 0. One framework atom, K is located on
the (1/4, 0, 1/2 6c special position.

T (K) 20 35 50 65 80 95 110 125
Exposure timgmin) 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
Ro (%) 3.05 3.23 2.91 3.03 3.13 2.97 2.97 2.96
Rup (%) 4.62 4.98 4.35 4.60 4.83 451 4.46 4.55
X2 (%) 6.68 7.76 5.71 6.55 7.17 6.22 5.99 6.17
R, (%) 5.42 5.55 5.36 5.42 5.43 5.37 5.51 5.57
a(h) 10.50041) 10.50171) 10.50191) 10.503%1) 10.50471) 10.50581) 10.50681) 10.508Q1)
U11=Uy=Uzs (M1) (10°A2%) 34919 39921) 45519 454(20) 498(22) 51521) 540(21) 596(22)
Uy (M2) (1075 A2 43939) 531(44) 580(38) 577(41) 616(45) 71343 72943) 801(44)
Ujo=Usz3 (M2) (1075 A?) 163829 172032 177628 188431 191233) 200332 2131320 224633
Occupancy Si{Hg) 0.3882) 0.3982) 0.3932) 0.3912) 0.3852) 0.3942) 0.3952)  0.3962)
Occupancy Si{H;g) 0.9162) 0917120 0.9192) 0.9152) 0917120 0.9202) 09182  0.9182)
Occupancy Si{Hpg) 0.6012) 0.5922) 0.5952) 0.5952) 0.5962) 0.5982) 0.5972)  0.5972)
x=y=2 (Hyg) 0.18521) 0.185%1) 0.185%1) 0.18541) 0.185%1) 0.18541) 0.18531) 0.18531)
y (Hog) 0.30631) 0.30621) 0.30621) 0.30631) 0.30621) 0.30611) 0.30611) 0.30621)
z (Hog) 0.11871) 0.11921) 0.11921) 0.11921) 0.11911) 0.11931) 0.11931) 0.11941)
Uiso (Frame (107° A2 407(18) 40920 421(17) 43018 452%20) 467(19) 496(19) 538(19)
T (K) 150 175 200 225 250 275 300

Exposure timgmin) 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

R, (%) 2.97 3.01 2.89 2.90 2.93 3.08 3.04

Rup (%) 4.56 4.63 453 451 454 4.60 4.61

X2 (%) 6.23 6.49 6.27 6.24 6.42 6.74 7.17

R, (%) 5.47 5.48 5.39 5.32 5.39 5.68 5.88

a(h) 10.51071) 10.51321) 10.51541) 10.51761) 10.52011) 10.52631) 10.52711)
Uy=Upp=Usz3 (M1) (10°A%) 63423 691(24) 73924) 777(25) 831(26) 87527 911(25)

Uyp (M2) (10°A2) 875(46) 94449 1061500 1097500 118752 130355 137555

Ugp=Uszz (M2) (10°A2) 238035  249637) 263138) 276538  293340) 305655  318841)

Occupancy Si{Hg) 0.38712) 0.38712) 0.38712) 0.3902) 0.3842) 0.3942)  0.3942)

Occupancy Si{H;g) 0.9182) 0.9192) 0.9202) 0.9232) 092420 0.9272) 0.9252)

Occupancy S{Hpg) 0.5982) 0.5982) 0.5992) 0.6012) 0.6002) 0.6032)  0.6012)

x=y=2 (Hyg) 0.18541) 0.18541) 0.185%1) 0.185%1) 0.18541) 0.18541) 0.18531)

y (Hog) 0.30621) 0.30611) 0.306G1) 0.306@1) 0.30591) 0.30591) 0.30591)

Z (Hog) 0.11921) 0.11931) 0.11931) 0.11931) 0.11921) 0.11911) 0.11921)

Uiso (Frame (107° A2 574(20) 608(21) 63921) 66821) 72322 761(23) 826(20)

with increasing temperature. The physical significance of thighe refined occupation, where it was found that light mass Si
result should be treated with some care since the positionalominates on this site.

parametefy) may correlate with the isotropic ADPs of Ba2.  In the following we analyze the temperature dependence
However, the model free MEM nuclear densities describedf the ADPs of the framework atoms. We have not made a
below support the result. Further discussion of this aspedfetailed analysis for each framework site but compressed the
can be found in Ref. 24. Below 300 K the thermal param-data by calculating a mass and site averaged isotropic ADP
eters for Ga/Si on the 16ite are slightly higher than the (U;s,). Figure 3 showdJ;,, as a function of temperature. In
thermal parameters for the other two sites. This agrees witthe Debye modé?
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TABLE lll. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on
BagGa Geyo. The guest atom in the small cavity, M1, is(@t 0, 0, and in the large cavity, M2, di/4, 1/2, Q. One framework atom, &
is located on thdé1/4, 0, 1/3 6c special position.

T (K) 15 40 50 60 100 150 200 250
Exposure timgmin) 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
Ro (%) 1.55 1.66 1.66 1.76 1.79 2.08 1.59 1.63
Rup (%) 2.71 2.56 2.54 2.63 2.71 2.89 2.49 2.51
X2 (%) 3.71 2.99 2.62 2.63 2.63 0.62 2.61 2.69
R, (%) 3.52 3.30 3.16 3.52 3.46 4.43 3.74 412
a(A) 10.743945) 10.743985) 10.743985) 10.743666) 10.750326) 10.752476) 10.756185) 10.7603%6)
Up=Upp=Uszs (M1) (105 A2 44921) 51820) 526(20) 571(22) 614(23) 691(25) 816(22) 937(24)
Uy (M2) (1074 A?) 84642 88339 920(40) 90342) 104546) 997(49) 141Q45) 154748)
U,,=Us3 (M2) (1075 A?) 274733 282831) 286032 292334)  315137) 3319400 382036) 419239
x=y=z (Hqg) 0.184563) 0.184573) 0.184583) 0.1846%3) 0.184623) 0.184734) 0.184613) 0.184643)
y (Hoa) 0.3085%5) 0.308575) 0.308595) 0.308525) 0.3085Q@5) 0.308386) 0.308515) 0.3084%5)
Z (Hou) 0.118035) 0.117995) 0.118065) 0.118085) 0.118215) 0.1178%6) 0.118165) 0.118185)
Uiso (Frame (1075 A2 4538) 499(8) 5138) 5359) 597(9) 616(10) 75909) 87310
T (K) 300

Exposure timgmin) 50

No. of data points 6593

No. of reflections 2414

No. of parameters 49

Ry (%) 1.65

Rup (%) 2.55

X (%) 2.96

R, (%) 3.51

a(h) 10.763885)

Uq1=Upp=Uzs (M1) (10° A% 105323

Uy (M2) (1075 A2 175251)

U,,=Us3 (M2) (10°° A?) 448241)

x=y=7 (Hqg) 0.184584)

y (Haoa) 0.30845%5)

Z (Hog) 0.118215)

Ui, (Frame (10°° A?) 957(10)

32T | T (07 « O ) tion by numerical methods we obtai6,(T,)=38711K,
Uisozm a—f e?‘—ldX+4_T +d%, (1)  4,=3.510), andd=0.0442) A [curve (a) in Fig. 3]. The

pL D70 900 K data point is slightly lower than predicted by the
: : . model. This can be due tithermal diffuse scatteringTDS)
whereT is the temperaturen s the average massp is the which can give significant contributions to the Bragg peaks

tlgeﬁ?ysr;?ur?gei:]aégreénzgtls d?srl)rzr:rplr'lrcr?é teDrerrtl) %esnc]gz'glgaqt high temperatures. TDS increases with scattering angle
P P N y . nd to a first approximation it correlates 100% with the ther-
sumes that the unit cell has a fixed volume as a function o

. ) h Lo al parameterd® The effect of noncorrected TDS is thus to
temperature. By introducing the Gruneisen paraméf@)  make the ADPs smaller. We have repeated the fitting with the

one can circumvent this and make the expression volumggg K data point excluded, but with respectégandd this
dependent. From the definition ofs, Aw(T)/w(To)==Ys  gives essentially the same resfturve (b), ,=4037) K,
AV(T)/V(Ty),%8 it is seen thatfp can be rewritten as ,.=6.18), d=0.0461) A]. If the data points at and above
Op(To{1 - ye[V(T)-V(T9]/V(Tp)}. In the following Ty 300 K are fitted to a model withg constrained to zero one
=0 K is used. Using the experimentally determined latticeobtains ;=336 K andd~0. The dotted straight lin€) is
constantqupper inset in Fig. Band fitting the above equa- the high temperature approximation of the Debye model with
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TABLE IV. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction data on
Bagln,¢Gezo. The guest atom in the small cavity, M1, is(@t 0, 0, and in the large cavity, M2, &i./4, 1/2, Q. One framework atom, §
is located on thdé1/4, 0, 1/3 6c special position.

T (K) 105 120 135 165 180 195 225 240
Exposure timgmin) 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
Ro (%) 4.76 5.63 5.38 4.66 4.66 4.58 4.53 4.49
Rup (%) 7.79 9.22 8.95 7.73 7.72 7.57 7.60 7.56
X2 (%) 6.38 9.07 8.38 6.16 6.07 5.90 5.93 5.92
R, (%) 4.91 5.89 6.09 5.11 5.16 5.14 5.22 5.44
a(R) 11.09846) 11.09966) 11.10176) 11.10616) 11.10816) 11.11016) 11.11546) 11.117%7)
Up=Ux=Uss (M1) (104A2)  71(20) 74(21) 79(21) 96(21) 106(22) 114(22) 12923 12723
Uy, (M2) (1074 A?) 1458) 14842) 161(42) 181(43) 193(44) 22346) 25048) 257(48)
Ujo=Usz3 (M2) (1074 A?) 831(39) 850(40) 86841) 895(41) 90242 90942 953(44) 957(44)
Occupancy In(Hge) 0.47238) 0.46439) 0.48939  0.48139) 0.48839) 0.49539) 0.49839 0.50139
Occupancy InHqg) 0.80340) 0.79040) 0.80440) 0.81339) 0.82940) 0.81540) 0.82441) 0.82541)
Occupancy In(H,4) 0.76134) 0.75534) 0.76934) 0.77834) 0.79534) 0.78935 0.80135 0.79835)
x=y=z (Hyg) 0.18442) 0.18432) 0.18442) 0.18442) 0.18442) 0.18442) 0.18432) 0.18432)
y (Hog) 0.30493) 0.305@3) 0.30483) 0.30493) 0.30493) 0.30483) 0.30483) 0.30483)
Z (Hog) 0.11663) 0.11643) 0.116%3) 0.116%3) 0.11663) 0.11663) 0.11653) 0.11663)
Uiso (Frame (1075 A2 145183) 145584) 151585  169087) 168588 175590) 188292 193894
T (K) 255 285 300

Exposure timgmin) 10 10 10

No. of data points 4099 4099 4099

No. of reflections 750 738 740

No. of parameters 54 54 54

R, (%) 4.40 4.32 4.21

Rup (%) 7.43 7.41 7.18

X2 (%) 5.77 6.24 7.99

R (%) 4.41 5.18 4.30

a(A) 11.119%7) 11.12426) 11.145%10)

Up=Up»p=Uszs (M1) (104 A2 13823 157(24) 17437

Uyp (M2) (1074 A2 266(49) 28549 425(72)

Uyp=Usz (M2) (1074 A2 96244) 101445 940(71)

Occupancy InHg) 0.51240) 0.51740) 0.48785)

Occupancy InH;g) 0.82441) 0.82841) 0.82G72

Occupancy In(H,g) 0.80435 0.81735  0.78769)

x=y=z (Hyg) 0.18432) 0.18442)  0.184Q3)

y (Hog) 0.30493) 0.30473)  0.30465)

PG 0.11663) 0.11663) 0.117Q4)

Uiso (Frame (107° A2 198694) 208695 2306144

0p(Tp)=336 K andd=0. Line (c) shows that disorder does =3333) K, yG=2.22) andd constrained to zero. A litera-
not need to be introduced to model the high temperature datarre value fordy is 340 K% indeed in good agreement.

well. However, if thed? term is excluded when modeling all It is obvious from the above analysis that within the De-
the data, the fit deteriorates significantly. This is I of bye model the low and high temperature ADPs are not in
Fig. 3, where d has been constrained to zerdp accordance with each other. Although it can be interpreted as
=321(11) K, ys=-1.7127)]. For comparisorU;, for metal-  if the phonon dispersion relation may not be of Debye type
lic magnesium, based on literature d&tdias been inserted we believe that it is a consequence of positional disorder on
in Fig. 3. The solid line in the inset is a fit witly  the framework sites. The distribution of Ga and Si on the
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TABLE V. Crystallographic details and refined parameters from Rietveld analysis of synchrotron powder diffraction dg@Gapsi84.
The guest atom in the small cavity, M1, is(&t 0, 0, and in the large cavity, M2, &./4, 1/2, 0. One framework atom, K is located on
the (1/4, 0, 1/2 6c special position.

T (K) 20 50 110 160 210 260 300
Exposure timgmin) 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
Ro (%) 1.32 1.30 1.28 1.25 1.22 1.23 1.26
Rup (%) 1.99 1.94 1.91 1.88 1.88 1.88 1.98
X2 (%) 3.21 2.83 2.44 2.32 2.36 2.40 2.93
R, (%) 8.71 9.05 9.28 9.21 8.75 9.37 8.61
a(A) 10.69261) 10.696%1) 10.70161) 10.70831) 10.715%1) 10.72191) 10.72741)
Up1=Ugp=Usz3 (M1) (104 A2 94(5) 97(5) 104(5) 1135) 1335) 13905) 14905)

Uy (M2) (1074 A2 198(11) 201(11) 214(11) 24912 25512) 29213 33914)
Ujo=Uszz (M2) (1074 A?) 138213 137013 137013 137313 139913 141313 1420114
x=y=z (Hyg) 0.1839%4)  0.184014) 0.184034) 0.183984) 0.184005) 0.183975)  0.183865)
y (Hou) 0.309636) 0.309616) 0.309586) 0.309616) 0.309576) 0.309536) 0.309537)

Z (Hag) 0.117366) 0.117426) 0.117426) 0.117626) 0.117616) 0.117686) 0.1177@6)
Uiso (Frame (1075 A2 85712 871(12) 930(13) 103413 114714 123715) 132418)

three framework sites is almost random even though thegase for the unidentified phase. Figure 2 contains the diffrac-
have preferred sites. From this it follows that each framedion patterns at 300 K and the corresponding model patterns
work site has an almost random distribution of Ga/Si ador each sample. It is seen that the residuals of the modeling
nearest neighbors. This leads to small differences in the bor@re slightly larger for Bgn,¢Gey,. This is probably due to
lengths and the framework atoms therefore have a distribithe unidentified phase and shorter measurement time. Tables
tion of positions around their respective crystallographicll-V summarize some of the experimental details and param-
sites. We therefore believe thaiis a measure of the average €ters obtained from the modeling. Table IX contains bond
displacement away from the positions obtained from modellengths and angles. For both ¢&8Siz, and Baln;cGeso

ing of the diffraction data. This is also supported by the factthe refined framework atom distribution is almost indepen-
that the differences in covalent bond lengths betweerlent of temperature with a variation of less than three stan-

Ga—Ga, Si—Si, and Ga—Si bonds are of the same mag- dard deviations. For B&a;Sizo the average Si occupation
nitude asd. is 0.390, 0.920, and 0.598 on the, @6, and 24k site, re-

spectively, and this corresponds to a refined stoichiometry
BagGa 4 ¢Siz1 4 These results are within 5% of the values
obtained from the neutron diffraction experiments and simi-
For each sample and temperature the diffraction pattertar to other literature value’é:1® For Bgln,sGey, the corre-
has been modeled with an ordered, harmonic model witlsponding occupations of Ge are 0.493, 0.815, and 0.790 on
isotropic ADPs, except for M2 where anisotropic ADPs werethe &, 16, and 24k site, respectively, which are similar to
used. The ADPs for all framework sites are constrained to bereviously reported conventional x-ray powder diffraction
the same. For B#a,Sisy and Baln,¢Gey, the distribution  values!* The refined occupancies correspond to
of Ga/ln and Si/Ge, respectively, on the three frameworkBagIn,; ;Ge;1 o In Ref. 17 it is proposed that vacancies ap-
sites was also refined. For Baa, sGe;p and SgGaGesgthis pear in BalnigGe;y when the composition is  off-
is not possible since the x-ray contrast between Ga and Ge &oichiometric(Bagln,Gess_3/4l14_1/4. Whereld represents a
too small. The Bgn;sGe;q powder sample contained two vacancy to balance the electron count. Comparison of our
foreign phases. One could be identified as Ge, which wakattice parameter at 300 K with Ref. 17 suggests that the
included in the modeling. This adds three more parameters tstoichiometry is Bgn;3Ge;, o4 1g 75 We are, however, not
the model(unit cell parameter, ADP, and relative amaunt able to refine the presence of vacancies because this leads to
The Ge content was refined to approximately 2.&%mig.  a large correlation between the thermal and occupational pa-
The second phase could not be identified but comparing theameters. Instead, we have tested models where a fixed num-
intensities of the unique peaks with the intensities of theber of vacanciegN,) were introduced. This changes the
main phase peaks we estimate the amount to be[pyab-  framework ADPs of the ordeX, /46 and this is less than 4%
ably less than 1%atomig]. Inclusion of the Ge impurity in  for any realistic amount of vacancies.
the Rietweld refinement changes the fitted parameters for In BagAl,¢Ge; the & and 24 sites are occupied com-
Bagln,sGeyg insignificantly. The same is very likely to be the pletely by Al and Ge, respectively, whereas the &fe is

IV. SYNCHROTRON POWDER DIFFRACTION DATA
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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 &% 8@ams are disordered at sitej2Model 1
employs anisotropic harmonic ADPs on all atoms, whereas in model (2) Ba isotropic. In model 3
anharmonic Gram-Charlier expansions to fourth order are included on the guest atoms. The first line lists
R(F), second lineR,(F), third line R(F?), fourth line R,(F?), and fifth line goodness of fit.

T (K) Model 1 Model 2 Model 3 MEM
15 R(F) 0.0460 0.0459 0.0464 0.0468
R.(F) 0.0272 0.0270 0.0268 0.0269
R(F?) 0.0648 0.0647 0.0652
Ry(F?) 0.0534 0.0531 0.0534
Goof 1.061 1.0539 1.049
100 R(F) 0.0532 0.0530 0.0523 0.0522
Ru(F) 0.0267 0.0265 0.0264 0.0261
R(F?) 0.0732 0.0725 0.0716
Ru(F?) 0.0519 0.0516 0.0513
Goof 1.077 1.0711 1.070
150 R(F) 0.0520 0.0522 0.0515 0.0517
Ru(F) 0.0263 0.0261 0.0257 0.0259
R(F?) 0.0707 0.0706 0.0698
Ru(F?) 0.0513 0.0510 0.0503
Goof 1.058 1.0510 1.041
200 R(F) 0.0526 0.0525 0.0528 0.0539
Ru(F) 0.0276 0.0271 0.0269 0.0271
R(F?) 0.0712 0.0699 0.0706
R.(F? 0.0536 0.0529 0.0523
Goof 1.031 1.0162 1.009
300 R(F) 0.0547 0.0554 0.0546 0.0568
R.(F) 0.0300 0.0302 0.0299 0.0296
R(F?) 0.0712 0.0726 0.0712
Ru(F?) 0.0588 0.0590 0.0585
Goof 1.305 1.3105 1.303
450 R(F) 0.0752 0.0741 0.0742 0.0705
Ru(F) 0.0365 0.0363 0.0360 0.0350
R(F?) 0.1040 0.1024 0.1024
Ru(F? 0.0697 0.0693 0.0688
Goof 1.187 1.178 1.149
600 R(F) 0.0728 0.0724 0.0751 0.0692
Ru(F) 0.0322 0.0320 0.0311 0.0308
R(F?) 0.0944 0.0942 0.0945
Ru(F?) 0.0627 0.0625 0.0605
Goof 1.149 1.1436 1.113
900 R(F) 0.0806 0.0808 0.0819 0.0799
Ru(F) 0.0432 0.0429 0.0426 0.0426
R(F?) 0.1180 0.1166 0.1167
Ru(F?) 0.0847 0.0839 0.0833
Goof 1.717 1.6996 1.704

shared by Al and G& In BagGa (Gey, and SgGa,¢Geyothe  ments indicated that Ga and Ge have no preferred sites in
x-ray contrast between Ga and Ge is small, but MEM analySr;Ga,Ge;o, BasGaysGeyo, and EyGa,¢Ge;o.2t?? the grow-

sis of single crystal x-ray diffraction ddtand resonant pow- ing number of experiments indicate that all clathrates with a
der diffraction measurementdndicate that Ga has the same framework consisting of group Ill and 1V elements do have
site preferences as in Baa;¢Sizg. Although earlier measure- preferred sites. The group Il element tends to have a large
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) . . . : _
TABLE VII. Fractional coordinates for B2) (1/4,y,y+1/2)in Ml - BagGaySizg

the 24 split-model with isotropic ADP$model 2 in Table V) and (:2 30+ o BagGajGex 4
Ga/Si2) (x xX (16i) and Ga/Si3) (0 y 2 (24k) obtained from oA & Baulni G
single crystal neutron data on §&a;sSiso. Ba(1) and Ga/Sil) are = 2811116730
located on(0 0 0) and (1/4 O 1/2, respectively. The positional P 201 > SrgGajGeso N
parameters of the framework atoms do not change within the stan- I, %Q
dard deviation between models 1, 2, and 3. )
I
TK) y(Ba2 x Ga/Si2  yGalSi3  zGalSi3 o

15 0.49122) 0.185333) 0.306214) 0.119224)
100 0.489%2) 0.185424) 0.3061%5) 0.119174)
150 0.48942) 0.1853%4) 0.306245)  0.1192@5)
200 0.48842) 0.185394) 0.3061Q@5)  0.1192%4)
300 0.48723) 0.185544) 0.305966) 0.119175)
450 0.48615) 0.185547) 0.3059Q8) 0.119648)
600 0.485(5) 0.185516) 0.305938)  0.1198%8)

900 0.479¢8)  0.18581) 0.306&1) 0.11922)

U, (10°A%

occupancy on the @& site, and with the exception of
BagAl 16Ge;q, the group IV element prefers theilite, while
the 24 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 Bi5a,¢Siy. 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. Iversenal. have shown I
that even in the most accurate single crystal diffraction stud- "« 5
ies there are often systematic differences between the ADPs
determined separately from x-ray and neutron diffraction a
data®? Only if extreme care is taken in the experimental ="
reduction of systematic errors and in the data analesi.,
use of flexible aspherical electron density mofiekn iden-
tical parameters be obtained. It is generally assumed that 00 1(']0 2(')0 360
powder data are less accurate than single crystal data, and for T(K)
thermal parameters, especially, single crystal neutron data
rank the highest. While this undoubtedly is true in many FIG. 4. Temperaturél) dependence of the framework and guest
cases, it is not necessarily so for high symmetry inorgani@atomic displacement parametéfsDP) U. M1 are guest atoms lo-
crystal structures containing heavy elements. Such crystalsated on the highly symmetricaxsite, M2 are guest atoms located
often have substantial absorption and anomalous scattering the @l site. Hs., Hig, and Hy, are framework atoms on the6
effects at the wavelengths used at conventional single crystabi, and 2« sites. Note that the scale on thieaxis is different for
x-ray diffractometerdMo Ka). Furthermore, extinction ef- U,,=Us; for M2. Data points are obtained from the modeling of
fects can be severe in the low order data due to a high degregnchrotron powder diffraction patterns. The solid curves are the
of crystal perfection. It was for these reasons we decided toorresponding data obtained from single crystal neutron diffraction
collect short wavelength synchrotron powder data in thinon BaGaeSis, For the upper three graphs the dotted curves are
capilaries(0.1 mm. Simulation of absorption effects in our ordered Einstein models of the ADPs assuming the guest atom mass
powder data predict that they are negligible. Due to the comis 137.327 g/mol(Ba) and with an Einstein temperature of 130,
bined use of a powder sample and short wavelength, extinct00, and 70 K, respectively. The dotted curve in the lower graph is
tion effects are also supressed and the powder furthermowmn ordered Debye model of the ADPs assuming that the framework
takes care of potential twinning. Finally, the anomalous scatatom mass is 42.57 g/mdlveighted average of Ga and)Sind
tering is minimized due to the short wavelength. The factwith a Debye temperature of 350 K. In all dotted curgss0O has
that single crystal neutron and synchrotron powder diffracbeen used. The error bars are of the same size as the data points
tion in the present case give very similar ADPs adds confiexcept forU;;=U,,=Us; (2a site) and U;; (6d site) for Ba in
dence to the comparative analysis and physical correctness Bégin,(Gey, where representative error bars at 285 K have been
the results. included.

33

U,=U,, (10°A%
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TABLE VIII. Atomic displacement parametef&DP) obtained from refinement of single crystal neutron data with a normal anisotropic
and ordered model of B&a;¢Sizo (Mmodel 1 in Table V). First line is Bd1) (2a), second line is BR) (6d), third line is Ga/Sil) (6c), fourth
line is Ga/S{2) (16i) and fifth line is Ga/SB) (24k). The ADPs of the framework atoms do not change more than one standard deviation
between models 1, 2, and 3.

T (K) Uy (A?) Uy, (A?) Uss (R?) Ug, (A?) Uys (A?) U,z (A?)
15 Bal) 0.00312) 0.00312) 0.00312) 0 0 0
Ba(2) 0.004@4) 0.01313) 0.01313) 0 0 0
Gal/Si1) 0.00443) 0.003&2) 0.00342) 0 0 0
Gal/Si2) 0.00491) 0.00491) 0.00491) -0.0005%1) -0.000%1) -0.000%1)
Gal/Si3) 0.00432) 0.00381) 0.00381) 0 0 0.00011)
100 B41) 0.00432) 0.00432) 0.00432) 0 0 0
Ba(2) 0.00635) 0.01884) 0.01884) 0 0 0
Gal/Si1) 0.00633) 0.00442) 0.00442) 0 0 0
Gal/Si2) 0.00581) 0.00581) 0.00581) -0.0005%1) -0.0005%1) -0.000%1)
Gal/Si3) 0.00522) 0.00492) 0.005@1) 0 0 -0.00011)
150 Bd41) 0.005@3) 0.005@3) 0.005@3) 0 0 0
Ba(2) 0.008@5) 0.02194) 0.02194) 0 0 0
Gal/Si1) 0.007@3) 0.00542) 0.00542) 0 0 —-0.00061)
Gal/Si2) 0.00631) 0.00631) 0.00631) -0.00061) -0.000641) 0.000G2)
Gal/Si3) 0.00592) 0.00492) 0.00592) 0 0
200 Bd1) 0.00643) 0.00643) 0.00643) 0 0 0
Ba(2) 0.00965) 0.02585) 0.02585) 0 0 0
Ga/Si1) 0.00743) 0.00642) 0.00642) 0 0 0
Ga/Si2) 0.00721) 0.00721) 0.00721) -0.000%1) -0.0005%1) -0.000%1)
Ga/Si3) 0.00712) 0.00622) 0.00662) 0 0 0.00012)
300 Bd41) 0.00924) 0.00924) 0.00924) 0 0 0
Ba(2) 0.01197) 0.03396) 0.03396) 0 0 0
Ga/Si1) 0.0095%4) 0.00873) 0.00873) 0 0 0
Gal/Si2) 0.0095%1) 0.009%1) 0.0095%1) -0.00082) -0.00082) -0.00082)
Gal/Si3) 0.00972) 0.00782) 0.00892) 0 0 —-0.00042)
450 B41) 0.01336) 0.01336) 0.01336) 0 0 0
Ba(2) 0.023913) 0.046710) 0.046710) 0 0 0
Gal/Si1) 0.01427) 0.01385) 0.01385) 0 0 0
Gal/Si2) 0.01412) 0.01412) 0.01412) -0.00113) -0.00113) -0.00113)
Gal/Si3) 0.01494) 0.012%4) 0.01384) 0 0 -0.00023)
600 Bd41) 0.01827) 0.01827) 0.01827) 0 0 0
Ba(2) 0.028914) 0.056411) 0.056611) 0 0 0
Gal/Si1) 0.02189) 0.018%5) 0.0185%5) 0 0 0
Gal/Si2) 0.01872) 0.01872) 0.01872) —-0.00243) -0.00243) -0.00243)
Gal/Si3) 0.02034) 0.01794) 0.01843) 0 -0.00133)
900 Bd1) 0.029515) 0.029515) 0.029515) 0 0 0
Ba(2) 0.040@G33) 0.088326) 0.088326) 0 0 0
Gal/Si1) 0.030920) 0.027312) 0.027312) 0 0 0
Gal/Si2) 0.024Q5) 0.024@5) 0.024@5) -0.00415) -0.00415) -0.00415)
Ga/Si3) 0.031412) 0.024812) 0.032@8) 0 0 -0.00368)

In the following we analyze the temperature dependencguest atoms? The ADP in the Einstein model %43
of the ADPs of the guest and framework atoms in the same 2 h? Ocxx .
manner as the ADPs obtained from the single crystal neutron U= 2Mks Og coth oT +d (2)
diffraction. The Debye model is used to describe the ADPs of ’
the framework atoms and is given by Ha), while we use where 6 is the Einstein temperature and the subscript refer

an Einstein model to describe the thermal motion of theto the direction or plane of the vibration. In this equatiodfa
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TABLE IX. Bond lengths(in A) and anglegin deg. M denotes the guest atoms at sitesahd &, and H the framework atoms at,6
16i, and 2.

BagGay6Sisg BagGay6Geso Baglni6Geso SreGaeGesg
M1-Hyg 3.3792) 3.44127) 3.5577) 3.41619)
M1—-Hyy 3.4571) 3.55566) 3.6395) 3.55277)
M2 —Hg, 3.721883) 3.805602) 3.94184) 3.792719)
M2—-Hg 3.90435) 3.99632) 4.1422) 3.98683)
M2 —Hyy 3.56027) 3.62094) 3.7684) 3.60025)
Hee—Haac 2.4631) 2.50276) 2.6365) 2.48787)
Hig—Hig 2.3593) 2.4391) 2.54113) 2.4582)
Hyg — Hoac 2.42958) 2.49714) 2.5674) 2.49275)
Hou—Hoge 2.5102) 2.5451) 2.60110) 2.5251)
Hoa— Hec—Haac 108.2G2) 108.741) 108.61) 108.992)
Hou— Hoo— Haue 112.085) 111.943) 111.32) 110.433)
Hyg —Hyg — Hoe 109.104) 108.442) 109.22) 108.043)
Hoa—Hig — Hog 109.844) 110.492) 109.82) 110.9G2)
Heo—Hou—Hig 105.875) 106.132) 105.52) 106.373)
Heo—Hou— Haac 123.982) 124.531) 124.31) 124.782)
Hyg ~Hoa—Hyg 106.836) 105.433) 106.23) 104.633)
Hys ~ Hoa— Hoac 106.643) 106.622) 107.12) 106.552)

term has been added to describe possible temperature ind&bPs, but theoretical values @k andd from Ref. 18, ob-
pendent disordef Since the present data only extend up totained from density functional theoryDFT), predict the
300 K, anharmonic effects have negligible influence on thesame trends. In a simple model this observation could par-
ADPs, and the Griineisen parameter and the temperature déally be explained by the larger mass of Ba compared to Sr
pendence of the unit cell volume have not been included irf it is assumed that the forces acting on the guest atoms are
the model. The results of the fitting of the two models arethe same. However, the trend can be fully reproduced when
given in Table X. Figure 4 also contains model calculationsthe chemical bonding in clathrates is scrutinized within the
with d=0 in order to illustrate thad> 0 is needed for a good quantum theory of atoms in molecufsGatti et al. carried
description of the data. For B@a;¢Sizo the neutron and syn- outab initio calculations on BiGa Ge;g and SgGa ¢Gesg to
chrotron powder diffraction data essentially lead to the samebtain the electron density of model clathrates having differ-
results. For the Ba containing clathratég, increases from ent Ga distributions. These electron densities were subse-
approximately 200 to 400 K with decreasing frameworkquently subjected to Bader topological analysis. We will not
atom mass. The magnitude agrees well with obtained reproduce the many detailed arguments but merely note that
from measurements of the specific heat ofBag¢Ge;p and  the physical origin for the guest atom disorder is due to an
SrGay¢Gey, Where 6 is of the order 320—-360 R26As for  energy gain when many weak guest-host bonds in a fully
the single crystal neutron data on &Sy d  symmetrical clathrate cage are replaced by a few much stron-
~0.05-0.10 A is needed for a good modeling of the tem-ger and shorter chemical bonds in the asymmetrical case.
perature dependence of the framework ADPs. It is interestinghe few strong bonds have more covalent and directional
thatd for the framework atoms in Bin,sGey, is twice as  character than the many weak bonds. The interesting point in
large as for the two other Ba containing clathrates. This caihe present context is that the tendency for strong directional
be explained by the larger variation between the-im,  bonding is larger for SGaGe; than for BagGa¢Ges.
Ge—Ge, and In—Ge bond lengths compared with the other Thus there is a stronger guest-frame interaction in
framework types. Figure 5 shows the lattice parameters as S1sGa Geyo than in BaGaygGesp, and this results in higher
function of temperature. It is seen that there is a tendency forattling frequencies. The chemical bond explanation goes
the samples with lowedl; to have the largest coefficient of even further, since it is also observed that the guest-
thermal expansiofw=1/a-daldT). Although there exists no framework bonding is stronger in the large cage of
trivial relationship betweerf, and « this result is not sur- SrrGaGesg than in the small cage, whereas the opposite is
prising and adds confidence to the result thafiBaGe;phas  true for BgGaygGesp. This is also reproduced in our values
an extraordinarily lowdp. of the Einstein temperatures, Table X. Thus fogGxGesq

0 for both guest atoms is also listed in Table X for all é¢ is higher for Sr2 than for Sr1, whereas for the Ba contain-
four compounds. It is somewhat surprising thatélivalues  ing clathrates the opposite is observed.
for the Sr atoms in $6aGe;, are larger than the corre- Before continuing we want to make a distinction between
sponding values in any of the Ba containing clathrates. Onéwo “types” of structural disorder for the guest atoms, even
could expect thatie was lower for Sr because of the larger though their basic origin is the same. The first type is the
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1.000

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 tlesRe (small
cage d=0.05 A in the Ba containing clathrates. Sindés
of the same magnitude as differences in-B&e and
Ba— Ga bonds this could be interpreted as being due to dif-
ferences in the composition of the cages, i.e., the first type of
IRPRNLL disorder. For Sr on theadsite in SgGa;Gey, d~0.09 A and

s as expected from the chemical bond analysis of Gatél.

T Ba0afe, 64 4 this Sr atom moves slightly off centésecond type of disor-

—&—BaIn Ge. 132

o SrGa G, 116 den. For the guest atoms on thel 8ited in the[100] direc-
. . . ) . tion varies from about 0.05 to 0.13 A wherah# the (100)
0'9960 50 100 150 200 250 300 plane varies from about 0.1to 0.35A going from
T(K BagGa;Sizg to SpGa¢Ge;p. In terms of the above model,
X) this is a strong indication that the guest atoms in the large
cages are displaced away from the center of the ¢sgmond

type of disorder.

0.999

£ 0.998

N
3

0.997

FIG. 5. Lattice parameter normalized to the 300 K value
(alaggg ) as a function of temperaturd) for the four clathrates.
Data has been calculated from Tables I1l-V. Singg,  for

BagGa; ¢Geyp and Baln,gGesg are slightly larger than expected and V. SPECIFIC HEAT CAPACITY
appear to be outlierszgg k has been obtained by extrapolating a
linear fit of a(T) data above 150 Kaggg k BaGasis, = 10-5303 A, From specific heaiC,) measurements on Baa ¢Gey, 0¢

8300 K BaGayGe,= 10-7643 A, 8300 k Bayn,Ge,,= 11-1649 A, and  has been estimated to be approximately 86%and 60 K&
8300 K,SyGayGe,,~ 10.7282 A (compare values withagoo k from  Thjs is in reasonable agreement with the results obtained
Tables 11-\). The almost temperature independent coefficients offrgm the temperature dependence of the ADPs, where aver-
the thermal expansiofw=1/a-dalJT) are listed in the inset. aging over all modegTable X gives 6:=93 K. However,

for SrGaeGeyy the agreement is less good. We obtdin
case where the guest atom actually is located in the “cente2 104—163 K from the temperature dependence of the ADPs,
of any given cage in the structure, but due to differences iRvhich is much higher thafiz=55 K& and 80 K obtained by
the local bonding environment throughout the cryst@imi-  specific heat measurements and 463 cnil) from Raman
random framework positioningthe guest atom will be spectroscop§® Unfortunately the density of Einstein atoms
slightly displaced away from the crystallographic center po4s not reported in Ref. 8. In Refs. 9 and 26 the densities are
sition from unit cell to unit cell. In the analysis of Gatit ~ approximately 16 per unit ce{u.c) and 10 per u.c., which
al.,** this situation is expected for the Ba atom in the smallis arger than expected if only the guest atoms have localized
cage of BgGaeGe This type of disorder will lead t@  yjiprations. To investigate the disagreement between the val-
>0 in the analysis of the ADPs even though the atom isjes of 6. obtained from specific heat/Raman spectroscopy
located close to the center of any given cage. The seconghq the temperature dependence of the ADPs, we have mea-
type of structural disorder is the case where it is energeticallgreq Cy(T) of one BaGaeGe;, sample and one
favorable for the guest atom to be displaced away from the, 54 Ge,, sample, the result is shown in the inset of Fig. 6.
center of the cage and form stronger directional bonds to thgor £yGa Gey, C, is dominated by the magnetic ordering
side of the cage, i.e., the situation for Sr in the large cage ohejow approximately 60 # and this compound is therefore
SrgGayeGeso This type of disorder also leads >0 and ot yelevant for comparison. At the lowest temperatures the
can be either static or dynamitunneling depending on the  5gnetic contribution exceeds the phononic contribution by
shape and magnitude of the potential. A dynamic Systemymost one order of magnitude and heat capacity catmot

with tunneling states .requ.ire.s that several potential minimabe used for probing the existence of tunneling states in
for the guest atom exist within treamecage. When consid- EwGaGen In the main panel we have plottedC,

ering the asymmetric chemical interactions in any given-c
cage, which always has a specific asymmetric distribution of
Ga atoms, it seems likely that the guest atom is preferably T\3 [T A
displaced to one side of the cage. Thus a multiminima po- Cp.pebyd T) = 9NDR(—) f ————dx (3)
tential cannot be symmetric such as, e.g., the four-level po- ' b/ Jo (=1

tential used in recent tunneling modétsAs stated in the

Introduction there is no clear evidence that the disordereds the specific heat from a normal Debye model. We have
position is specific(24j or 24k), but rather a torus-shaped usedfp=312 K, obtained from the temperature dependence
nuclear density has been observed in sBaGe;,, — of the ADPs of the framework atom@able X), and Np
SrGasGe;p, and EwGa¢Gey. This suggests that the ob- =46 which is the number of framework atoms. We choose to
served nuclear density by crystallographic methods predomplot data in this manner because of the large normal
nantly is a spatial average of different guest atom positions iphononic contribution toC, which disguises information
different cages rather than a time average due to tunnelingibout localized vibrations. Included in the graph are also
In this picture we expect that all guest atoms in all structuresnodel calculations with

p,measured Cp,Debye where
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TABLE X. Einstein temperaturé®g), Debye temperaturé®p), and disorder parametéd) obtained
from fitting the models described in the text to the ADPs as a function of temperature. Theoretical values
(OE theory dineory are calculated with the use of density functional theory in Ref. 18.

®E (K) ®E,theory(K) ®D (K) d (A) dtheory (A)
U13=U2=Us3 M(1)
BagGaSizg— neutrol 124 146 0.040
BagGay gSizg— X-ray 127 146 0.052
BagGa sGesg 124 129 0.059
Bagln,cGesg 87 0.045
SrzGaGesg 151 101 0.087
Ui M(2)
BagGagSizo— Neutror? 98 106 0.046
BagGa; gSizg— X-ray 101 106 0.057
BagGasGesg 101 79 0.081
BaglnGesg 65 0.098
SrsGay¢Gesg 104 120 0.128
Uzp=Uz3 M(2)
BagGaygSizo—Neutror? 69 59 0.103 0.13
BagGaycSizo—x-ray 77 59 0.120 0.13
BagGaycGeso 73 55 0.157 0.42
BagIn;cGeso 65 0.277 <0.60P°
SreGaysGeso 163 107 0.368 0.81
Uiso Hee: Hiain Hoa
BagGaygSizo—Neutron 387 0.044
BagGay gSizg— Xx-ray 416 0.045
BagGa sGesg 312 0.056
Bagln,cGesg 203 0.098
SrgGaGesg 313 0.082

8Results 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 principle
=\e"d§1+d§2:33 however,r is dominated byd,,-33 Sinced,,-33>d;; as can be seen from the table.

“This result is for Bgin,gSm, (Ref. 18, and the result for Bin,¢Geyq is expected to be smaller.

95,i>2 eleilT to show that the difference i€, (T) between BgGa,sGesg
T ) (e%T-1)%' (4) and SpGayeGeyo is relatively small. _ _
Since Ng; and Ng, are almost 6 and 2, respectively, it
would be tempting to relate the corresponding Einstein tem-
where the first term represents the electronic contributiorperatures to the localized vibration of the guest atoms in the
linear inT and the second term is Einstein contributions fromjarge and small cages, respectively. FogG%Gey, this
localized vibrations. For B#&aGey a relatively good would also agree with the Raman spectroscopic data. None-
agreement betweeAC, and the model is obtained with  theless, fz,=42 K (BagGay,Gesy) and 33 K (SrGasGeso)
=0.035 J(K?mol)/u.c. and two Einstein oscillators having are too low compared with the values obtained from the tem-
Ne1+Nez=8, 6g1=80 K (Ng;=6.5 per u.0. and 6g,=42 K perature dependence of the ADPs and the theoretical calcu-
(Ngo=1.5 per u.g, respectively. For SGagGe; a lations. Instead we offer an alternative explanation for the
=0.040 J(K2mol)/u.c., ;=80 K (Ng1=6.5 per u.0. and  apparent disagreement betwegnderived from theory and
0g2=33 K (Ngz=1.5 per u.0. The magnitude o& is consis-  the ADPs on one hand, and fro@(T) and Raman spectros-
tent with a pure electronic contribution. If the modé&qg. copy on the other. The theoretical value &f (Ref. 1§ was
(4)] only contains one Einstein oscillator a poor reproductioncalculated on an energy scale of the order 0.01-1 eV
of the data is obtained. The wavy featureA,(T) around  (100-10 000 K. For this reason the calculation does not in-
50-200 K that cannot be reproduced by our model may belude nonharmonic features at the “bottom of the potential
due to flaws in the Debye model. This again emphasizes thdloor” that could result in a noneven separation of the lowest
the specific heat data may not give reliable information abouharmonic oscillator energy levels of say 35-45 K or lower.
the localized vibrations in cases where there is a large norma&onsidering that each cage is chemically different this sug-
phononic contribution t&€,. Nevertheless, the main point is gests that the energy separation may vary from cage to cage.

AC,(T)=aT+2 3NEJR<
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FIG. 6. The main graph showSCy(T)=C;, meas"Cppebye The
solid curves are model calculations of the specific heat in a system
with two Einstein oscillators and an electronic contribution
Cp.clectronic=@T. For the solid curve imposed on the & ¢Gesg 00K 450K
data Einstein temperaturégg) of 80 and 42 K were used and the
numbers of Einstein atom®g) were 6.5 per u.c. and 1.5 per u.c.,
respectively. The corresponding numbers fogGaGezq are 6
=80 and 33 K, withNg=6.5 per u.c. and 1.5 per u.c., respectively.

For the electronic contributioa=0.035 and 0.04 JK2mol)/u.c.

for BagGaysGeyg and SgGasGey, respectively. Dashed curves are

Einstein contributions wittg=33, 42, and 80 K witiNg=1.5 per

u.c., 1.5 per u.c., and 6.5 per u.c., respectively. The inset shows the
measured specific hediC, nead Of BagGaygGeyg (circles and
SieGayeGeyg (squarep as a function of temperatur@). The solid 600 K 900 K
curve is the specific heat from a Debye model with 46 atoms per
unit cell (u.c) and a Debye temperatu(@p) of 312 K (Cp, pepyd-

If 6z, was to be related to the “normal” localized thermal
vibration of the guest atomlg, 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 cas# obtained from the 1A
ADPs and high temperatu@,(T) corresponds to those cal-
culated in Ref. 18. It has been suggested that tunneling
states, related to the off-center position of the guest atome0
exist in EyGa,sGeyy and SgGa Gey.8202°Recently also a
specific four-well tunneling model for BGaGe;, was
proposed* However, above it was argued that the potential
in each cage must be slightly asymmetric due to the semirverification of the disorder by analysis of the same data with
andom distribution of the framework elements. Furthermorethe maximum entropy metha®EM). The MEM for analy-

if the non-Debye and nonelectronic contribution@(T) is  sis of accurate diffraction data has been extensively pre-
interpreted as a contribution from tunneling states, then theented in the literatur®. Inital MEM analysis of the
analysis of the low temperatureCy(T) gives Ng, BagGa Sizg Single crystal neutren data was presented in Ref.
~1.5 per u.c. for §Ga;Gey, and BaGasGes,. This shows —24. Here we extend the analysis by calculating MEM nuclear

that the total number of states is too low to be related to thélifferencedensities at all temperatures. As before we have
guest atoms in each of the large cages. used the progranMeEeD*’ with nonuniform prior (NUP)

densities®® The NUPs were obtained by a structure factor
aliasing method proposed by Roversi al?® and imple-
VI. MEM NUCLEAR DIFFERENCE DENSITIES mented in the progranASF.?O The NUPs were calculated
with 28 structure factor copies and a cutoff value of°.0n
In the previous sections indirect evidence for the guesthe present study the NUPs correspond to the nuclear densi-
atom disorder in type | clathrates was obtained throughies of assemblies of ordered nuclei having anisotropic har-
analysis of refined ADPs. It is possible to obtain a directmonic motion. Thus we have not biased the MEM calcula-

FIG. 7. MEM difference densitiespg(MEM)-p(NUP), in the
01) plane through Bd) from 15 to 900 K. The difference densi-
ties are plotted on a logarithmic scale, 0.0¥28" (n=0,...,6,
and solid contours are positive and dotted contours are negative.
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FIG. 8. MEM difference densitiesp(MEM)—-p(NUP), in the FIG. 9. MEM difference densitiess(MEM)-p(NUP), in the
(100 plane through B&@) from 15 to 900 K. Contours as in Fig. 8. (001 plane through Be) from 15 to 900 K. Contours as in Fig. 8.

However, even in the MEM nuclear density there are no
tions with modeled anharmonicity from the conventionalclear effects of disorder for B&a,Sis (See Fig. 2 of Ref.
least-squares procedure. In all MEM calculations a 1284). In Figs. 7-9 MEM nucleardifference densities are
X 128x 128 pixel grid was used and iterations were stoppedhown for Bal and Ba2. These are not to be confused with
at y=1. The crystallographi&-factors corresponding to the the Fourier difference densities of Refs. 21 and 22, where
final MEM densities are listed in Table VI. It should be model structure factors for part of a structure are subtracted
stressed that the MEM calculations were not “difference”from the observed structure factors in Fourier space. Our
calculations, i.e., calculations based on structure factor difmaps are calculated by subtraction of the NUPs from the
ferences(AF=F°PS—F™mo%) They were “normal” total den- final MEM density. The NUP is based on a model with struc-
sity calculations started from a NUP. Chakoumakos and coturally ordered guest atoms located in the centers of the cavi-
workers have used nuclear densities extensively foties having anisotropic, harmonic thermal motion. For Ba2
discussion of disorder in thermoelectric clathr&e®. In  there is at all temperatures a negative difference density in
these studies straightforward nuclear densities for the guethe center of the cavity surrounded by a positive region, Figs.
atoms were obtained from Fourier analysis. For Ba2 imd and 10. Since we do not expect extensive anharmonic mo-
BagGa sGeyg the nuclear density is broad, but centered at theion at 15 K, the low temperature features around Baz2 in the
center of the cage. One problem is that Fourier maps ardifference density must be interpreted as structural disorder.
prone to termination effectgipples, and it is well estab- The features appearing in the difference density above room
lished that MEM maps are superior to direct Fourier nidps. temperature can be ascribed to anharmonic effects. The an-
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isotropic thermal parameters used in the NUP may limit thedent disorder parameter is included. The magnitude dé-
resolving power of the difference density by modeling somescribes variation of the equilibrium position due to the semi-
guest atom disorder. However, had we used isotropic thermahndom positioning of the framework atonasincreases with
parameters in the NUP, anisotropic motion would be superincreasing variation of the framework covalent bond lengths.
imposed on the structural disorder, and the difference densitgimilarly, an Einstein model with a temperature independent
features would be difficult to assign as structural disorderd has been used for describing the temperature dependence
When the anisotropic NUP is different from the final MEM of the guest atom ADPs. It has been shown thateof the

at the lowest temperature, it is a strof@nservativg evi-  guest atoms in the large cages are located in the center. This
dence of disorder. The MEM difference densities suggest thatonclusion is corroborated by MEM nuclear difference den-
the Ba2 disorder is temperature dependent with the negativaty maps.

central area increasing in size at higher temperatures. This Application of an Einstein model for the guest atoms in-
means that on average the guest atoms are located farthaicates thav for all vibrational modes of Srin §6aGe;
from the cage center at high temperatures. The small peak larger than for Ba in any of the Ba containing clathrates.
maxima in the positive distribution changes direction fromThis is somewhat surprising due to the large ADPs observed
temperature to temperature, and shows directly the almog$or Sr, but nonetheless in good agreement with theoretical
equivalence between the 2dnd 24 disorder sites. The true predictions. Comparison of the ADP results with theory and
disorder position is probably represented by a cylindricalC,(T) data shows thate obtained from the ADPs are related
volume. Note that the excessivghos) features observed at to vibrations in the full potential formed by the cages. How-
450 K once again illustrate the relatively poorer quality of ever, smalle: values fromC,(T) have been reported in the
this data set. For Bal the difference density features are lesigerature relative to values obtained by theory and the ADPs.
pronounced, but basically follow the same trend as for Ba2we have therefore reinvestigated the low tempera@y@)

The MEM nuclear difference density reveals structural disof BagGasGey, and SgGasGes, The new analysis shows
order on the Bal site possibly with onset of anharmonighat a nonelectronic and non-Debye contributiorCiT) is
motion above room temperature. Figures 7-9 clearly illuspresent. The density of states is localized with a characteris-
trate that the I’ESO|Ving pOWEI’ Of dif‘fel’ence denSitieS iS h|ghef|c energy of approximate'y 35 K. The total number of states
than for normal nuclear densitiésThis is a well-known s around 1 state per u.c. and this is too small to be directly
result in crystallography. In x-ray charge density analysisrelated to vibrations in the potential formed by the cages.

various types of deformation densities are commonly useghstead we suggest that it is related to nonharmonic features
for enhancing subtle electronic details.g., orbital hybrid-  at the bottom of the potential well.

ization, lone pairs, covalent bonding, ft2 We have previ-
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