PHYSICAL REVIEW B 68, 174428 (2003
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The antiferromagnetic ordering and crystal structure of the clathrate compou@hf8e ¢ was investi-
gated using multitemperature neutron and synchrotron x-ray powder diffraction. High-resoluti@) thew-
tron data were measured at long wavelengtk-@.2 A) between 1.5 and 15 K for an accurate description of
the magnetic structure, whereas higtdiffraction patterns were collected using neutrons of wavelength 1.9 A
at the same temperatures to determine the nuclear structure precisely. The structure orders antiferromagneti-
cally at about 8 K with ferromagnetic chains parallel to #hexis. The intrachain Eu-Eu distance, 4.121063
at 1.5 K, is significantly shorter than the distance observed in the ferromagnetic clajBr&egsa Ge;
(5.23 A) and a-EusGayGey (5.56 A). Antiferromagnetic coupling to the nearest and next-nearest chains at
distances of 5.99 and 6.98 A, respectively, leads to an overall antiferromagnetic structure. A fit to a power law
of the temperature dependence of the ordered Enagnetic moment results in a moment of 7.014g Jat O
K in agreement with the /g for the free ion value of EA. The temperature dependence of the crystal
structure was investigated from 11 K to room temperature using synchrotron x-ray powder diffraction. Analysis
of the atomic displacement parameters with Einstein and Debye models®jive82(3) K for the guest atom
and®,=266(4) K for the framework atoms. Based 6, the lattice contribution to thermal conductivity is
estimated to be 0.0125 W/cm K.
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. INTRODUCTION the flux growth techniqué using 98.7% enrichetf*Eu (Oak
Ridge National Laboratoiy'® The product contains a mix-
In recent years clathrate structures have been intensetyre of the EyGa;Ge; phase and Gédiamond structure
investigated due to their potential use as thermoelectrignd separation of the two phases is difficult without loss of
materials=® The inorganic clathrate structures consist ofthe costly enriched E®a;Ge;s phase. However, there is
semiconducting frameworks with oversized voids occupiedomy limited overlap between the EBa;Geys and G’e phases

3y gue(zjs_t atomsr.] Tr;ey can bke classggiledhinto differendt_ tﬁpe% the diffraction pattern and the mixture could therefore be
epending on the framework geometryhe most studied | <o «a5 js " The total weight of the synthesis product con-
class of materials is the type-l structures containing 4 aining both phases was about 300 mg

framework atoms and 8 guest atoms in the unit cell giving The neutron-diffraction experiments were performed at

typical stoichiometries oM gAgB3g and MgA4B3o depend- : . .

ing on the nature of the guest atdi) and the framework the ?Léasr,:contlr}uoqs netgro_n sspgllatlc:n ZOL'(A\S‘?‘IQ) at tlhe

dopant(A). Recently several groups have also focused on thg"’_Iu cherrer nstltu.t(P ) in Switzerland. -mm cylin-
drical textured aluminum sample holder was used, which

type-Il structures with stoichiometriv,,B135, Which con- ) X . : )
tains a very large 28-atom cage that can therefore accomm@@€s not interfere with the lo®@ region(Q is the scattering

date larger guest atoms such as caesium or rubidfidfmy ~ vectod of EuGaGeys where the magnetic peaks are observ-
new type of clathrate, EGaGes (Refs. 12 and 18was able. Two different neutron powder diffractometers were
discovered as a minority phase during synthesis of the mag!sed in order to obtain precise information about both the
netic type-I clathrate EyGa ¢Geso. * So far, relatively few magnetic and the crystal structures. The IQwdata were
magnetic clathrates have been synthesizéfiput there is collected using the DMC neutron powder diffractometer lo-
potentially a large interest in such systems since they coul§ated at the cold neutron source at SINQ. A vertically focus-
provide excellent examples of magnetic semiconductoréd (002 graphite monochromator was used to select neu-
(Kondo insulators, heavy fermion syste)r_nm Paper Il we trons of Wavelength 4.2 A. The DMC instrument is equipped
report the magnetic susceptibility, the spin-flop phase diawith a banana-shaped position sensitive detector covering a
gram, Mdssbauer spectra, and heat capacity oftotal of 80° with 400 channels at 0.2° intervals. Two diffrac-
Eu,Ga;Geys.” In the present paper, Paper |, we examine intion patterns with extremely good statistics were megsured at
detail both the magnetic and the crystal structure ofl.5 and 15 K, i.e., below and above the magnetic-phase-
Eu,GaGes based on multitemperature neutron and syn-lransition temperature. These data sets were used to deter-

chrotron x-ray powder-diffraction data. mine and refine the magnetic structure. In addition, a set of
diffraction patterns with less precise statistics were collected
Il. EXPERIMENT at different temperatures between 1.5 and 30 K in order to

monitor the temperature dependence of the magnetic order.

The temperature was changed in small steps across the phase
The data were recorded on a powder sample®®@Eu transition always stepping from low to high temperature in

enriched EWGa;Gejg. The enriched sample was prepared byorder to minimize possible magnetic hysteresic effects. In

A. Neutron powder diffraction
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addition to the lowQ diffraction data, highQ data were re- C. Synchrotron x-ray powder diffraction
corded on the HRPT powder diffractometer at SINQ. This  high-resolution synchrotron powder-diffraction measure-
instrument is situated at the thermal neutron source anghents were carried out at the beam line BLO2B2 at SPring8,
equipped with a large position sensitive detector containingapan. The large Debye-Scherrer camera with an image plate
1600 channels at 0.1° intervals covering a total scatteringletector was used to record the d&a.small fraction of the
angle span of 160°. Thés1l)-reflection from a vertically enriched sample used for the neutron experiment was sealed
focusing Ge monochromator provided a wavelength of 1.884n a 0.1-mm glass capillary. The capillary was mounted in a
A. Diffraction patterns were measured at 1.5 and 15 K. Thehelium Displex refrigerator(1 K precision. The incident
sample environment in both experiments was controlled by &-ray wavelength X=0.42061 A) was determined by cali-
helium cryostaiOrange ILL typ@, which was moved intact bration on a standard Cg@ample A=5.411102 A). The
between the two instruments. The sample was never rédmage plates were scanned with a pixel resolution of 100
moved from the cryostat nor heated above 30 K during thesm. Datasets were recorded from 11 to 300 K in steps of
experiment. about 20 K. The exposure time was 10 min in all cases
except for the 11-K data, where 90 min exposure time was
used. All data sets extend fromp23° to 20=75° with a
B. Crystal structure refinement step size of 0.01°. Rietveld refinements were performed us-
ing Gsas?! Besides the EiGa;Ge s phase, the Ge impurity

The crystal structure was refined against the high tem\'/vas also modeled. The background was described by an in-
perature datg1l5 K) from both DMC and HRPT using the

. : 19 . terpolation formula linear in 2 Due to the small diameter of
Rietveld refinement prografuULLPROFR™ The starting model o capillary and the high energy of the incoming x rays,

was taken lfgom the single-crystal x-ray-diffraction study of ghsorption effects are negligible. The molar fraction of Ge
Bryan et al.* For the HRPT data the aluminum peaks from refined to 31.81)%. The displex induces jumps in the back-

the sample container were excluded from the fit. For theyround around 38.5° and 49.3°; the regions 37.98°—40.50°
DMC data a single Ge peak was removed. The absorptioand 48.50°-50.00° were excluded from the fit. Figure 1
correction and scale factor were found to heavily influenceshows the agreement obtained at 11 K, but the quality of the

the atomic displacement parametek®P’s). The sample ab- fit is similar at all temperatures. The refined structural param-
sorption coefficient was measured at 1.884 AR(  eters are listed in Table II.

=0.226), whereas the 4.194-A value was obtained by mul-
tiplication of the wavelength ratio. In order to get a stable
and physically meaningful refinement, the ADP’s were fixed lll. RESULTS AND DISCUSSION
to the values obtained from synchrotron powder-diffraction
data recorded at matching temperatures. From HRPT refine-
ments the percentage mol fraction of Ge was found to be The magnetic structure originates from thieelectrons of
24.04)%. the ionically bound Eu guest atoms. From &sbauer data it
The EuGaGey system has a framework structure be-is known that Eu is in thet+2 oxidation staté’ The +2
longing to the orthorhombic space groGmcm Refinement oxidation state of Eu is in accordance with the Zintl concept,
of the nuclear diffraction pattern gave lattice parameters ofvhere the electropositive guest atoms donate electrons to the
a=4.1216(1) A,b=11.2470(2) A, andc=13.1945(2) A  framework. The DMC data measured above the phase-
at 15 K. The framework is built from Ga and Ge with three transition temperature were subtracted from the 1.5-K data to
unique sites each having a multiplicity of 8. The distribution reveal the magnetic peakassuming that the crystal structure
of Ge and Ga over the framework is difficult to determine byis unchanged The diffraction patterns as well as the differ-
x-ray diffraction, because the scattering power differs byence pattern are shown in Fig. 2. The first magnetic peak in
only one electron. The somewhat larger difference in thehe diffraction pattern would correspond to tf@01) reflec-
neutron-scattering lengths between Ga andG29 and 8.19 tion of the crystal cell if allowed by symmetry. The absence
fm, respectively may allow determination of preferred sit- of peaks below(001) suggests there is no magnetic super-
ting. However, the problems with the ADP’s prevented con-structure, i.e., the magnetic unit cell coincides with the crys-
clusive determination of the exact framework siting. Chak-tal. The antiferromagnetic structure was investigated using
oumakoset al. concluded based on single-crystal neutron-different models for the direction of the magnetic moments.
diffraction data on EgGa sGeso that the framework in that For each model the magnetic structure factor was compared
structure is fully disorderetf, although accurate maximum with the measured data. A model accounting for the intensi-
entropy method analysis of single-crystal x-ray diffraction ofties of the magnetic diffraction peaks have the moments of
BagGa ¢Geyg and SgGa,¢Geyg indicate a Ga preference for a the four Eu atoms in the unit cell along the following direc-
specific site (6 of space group number 223In the present tions: m;=(U,V,W), m,=(—U,—-V,—W), ms
refinements a model containing randomly distributed Ga ane- (U,V,W), m;=(—U,—V,—W), whereU, V, andW are
Ge atoms at each framework site was employed. In the rehe magnetic moments along tlae b, and c axes, respec-
fined model the Eu atoms are located in the centers of thévely. This model was used in the prograraLLPROF to fit
framework voids at the & site in space grouftmcm(y  the magnetic moment8.The crystal structure was fixed at
~0.207). The agreement factors for the different models ar¢he values from the measurement above the phase transition.
listed in Table I. Free refinement of this model gav$=6.13(5)ug and W

A. Magnetic structure
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TABLE I. Crystallographic details for EfsaGe;¢ from neutron powder-diffraction experiments. A sixth-
order polynomial background function was us@&ec: temperature\ =wavelength,uR= absorption correc-
tion. The agreement factors are defined bR,=32|y,i—VYcil/Z|Yoil, Rwp=[ZWi|yo,
7yc,i|2/EWi|yo,i|2]l/2- X2:2wi|YO,i 7Yc,i|2/0'i21 Ri=3[l,=I[/Z]lo], Re=2|Fo—F[/Z|F,|, Rinagnetic IS
similar to Rg but for the magnetic peakg,, is the magnetic moment along theaxis.

Crystal structure Moment along Moment alonga axis

a andc axis
Instrument HRPT DMC HRPT DMC HRPT DMC
T (K) 15.0 15.0 15 1.5 15 15
N (A) 1.884 4.194 1.884 4.194 1.884 4.194
uR 0.226 0.503 0.226  0.503 0.226 0.503
No. data points 2763 912 2763 912 2763 912
No. Eu,GgGe g nuclear reflections 235 21 235 21 235 21
No. Ge nuclear reflections 11 11 11
No. magnetic reflectionsl §,;>1%- 1402 5 16 5 16
Background parameters 6 6 6 6 6 6
Nuclear profile parameters 12 4 2 1 2 1
Nuclear parameters 14 12
Magnetic profile parameters 6 4 6 4
Magnetic parameters 4 4 3 3
Total no. of parameters 32 22 18 15 17 14
Ry (%) 6.13 6.64 6.71 9.80 6.73 10.3
Rup (%) 8.23 8.43 8.69 12.3 8.71 12.8
x° 14.7 6.01 14.8 17.8 14.9 19.0
R (Eu,GaGeg) (%) 13.0 8.05 10.5 7.51 10.6 8.03
Rr(Eu,GaGeg) (%) 9.90 5.96 7.1 4.73 7.09 5.13
R, (Ge) (%) 4.68 4.28 4.31
Re(Ge) (%) 2.17 241 2.43
R(magnetig (%0) 104 10.1 9.98 11.6
Halus) 6.135) 6.555)
He(pms) 17718
o 4g) 6.396) 6.55(5)

=1.77(18)g. No moment along (V) was detected, and and the propagation vector as input to the progssRAH

the refinement gave a total magnetic moment of 6.38¢) the possible directions of the magnetic moments were
at 1.5 K. The magneti® factor is 10.1% for this model. calculated” Based on Landau theory for second-order phase

Using the space group, the position of the europium atomHa”Sltlons the component should be along eitheratte or
c axis?® Taking these symmetry arguments into account, the
magnetic moments along theandc axis were forced to zero
and only the moment alorgwas refined. This model gave a
magnetic moment of 6.55() at 1.5 K, but the magnetiR
factor increased to 11.6%. This is higher than the model with
the moment along both tha and c axes. Nevertheless, the
a-axis model is supported by careful susceptibility
measurementS. No improvement in the refinement was ob-
tained by including aspherical terms in the scattering expres-
sion (decrease of the Landgfactor). It should be noted that
the structural disorder of the Eu atoms is quite large along
1] the c axis (see below Disorder of the Eu atoms could po-
2] tentially be modeled with a magnetic component alongcthe
axis. The most convincing model based on the agreement
with theory and susceptibility measurements places the mag-
netic moments solely parallel to tleeaxis. The crystal and
FIG. 1. Synchrotron x-ray powder diffraction at 15 K. Crossesmagnetic structures are sketched in Fig. 3. The magnetic
are the data points, and the solid line the Rietveld model. The botstructure can be described as one-dimensional chains running
tom shows the difference pattern. parallel to thea axis. The magnetic moment of the atoms

Intensity (10°)

T T T T T T Ll T L) L AL AL e
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
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TABLE Il. Crystallographic details for EiGaGe g from synchrotron powder-diffraction data. The definitions of the agreement factors
are given in Table I. H1, H2, and H3 refer to the framework at¢@®a/Ge.

T (K) 11 30 45 60 75 90 110 130
No. data points 6795 6795 6795 6795 6795 6795 6795 6795
No. reflections 4975 4996 4976 4980 4981 4982 4983 4987
No. parameters 66 66 66 66 66 66 66 66
R, (%) 3.04 3.54 3.54 3.51 3.50 3.59 3.46 3.36
Rwp (%) 4.61 5.37 5.35 5.24 5.26 5.40 4.99 4.85
X2 (%) 38.09 5.91 5.81 5.74 5.72 5.83 5.29 5.42
R, (%) 3.21 3.81 3.92 4.04 3.79 3.84 3.90 4.22
a 4.121925) 4.122145) 4.1224%5) 4.122875) 4.123375) 4.124016) 4.124865) 4.125 965)
b 11.24701)  11.247%2) 11.24832) 11.24912) 11.25032) 11.25202) 11.25412) 11.25682)
c 13.19542)  13.196%2) 13.19732) 13.19812) 13.19962) 13.20132) 13.20392) 13.20682)
y(Eu) 0.206967) 0.2068%8) 0.2068%98) 0.207197) 0.207067) 0.207268) 0.207087) 0.207 428)
UYEu) (10% A?) 30(4) 31(4) 36(5) 29(4) 39(5) 50(5) 51(5) 59(5)
U%(Eu) (10 * A?) 65(4) 59(5) 65(5) 67(5) 65(5) 65(5) 78(5) 94(6)
U3(Eu) (10 % A?) 111(4) 1155) 116(5) 137(5) 156(5) 157(6) 170(6) 167(6)
y(H1) —0.070239) -—0.070G1) -—0.070G1) —0.06961) —0.06961) —0.06951) —0.070G1) —0.06981)
z(H1) 0.343648) 0.343429) 0.343469) 0.343639) 0.343679) 0.34361) 0.343429) 0.3435%9)
U(H1) (10 4 A?) 13(3) 24(3) 27(3) 22(3) 31(3) 30(3) 41(3) 50(3)
y(H2) 0.026908)  0.02741)  0.02741)  0.02671)  0.02661) 0.02651) 0.0265%9) 0.02641)
z(H2) 0.408309) 0.40881)  0.40871)  0.408%1)  0.40831) 0.40821) 0.40821)  0.40861)
U(H2) (10 4 A?) 21(3) 18(3) 17(3) 18(3) 23(3) 25(3) 32(3) 36(3)
y(H3) 0.243999)  0.24391)  0.24391)  0.24411)  0.24411) 0.244Q1) 0.24431)  0.244Q1)
z(H3) 0.447748) 0.448029) 0.447989) 0.448119) 0.4481%9) 0.4481710) 0.448139) 0.448009)
U(H3) (104 A?) 32(3) 38(3) 36(3) 43(3) 47(3) 54(4) 55(3) 64(4)
a 5.652364) 5.652495) 5.6527@5) 5.652995) 5.653345) 5.653815) 5.654325) 5.655115)
U(Ge) (104 A?) 13(1) 16(1) 18(1) 19(1) 22(1) 25(1) 28(1) 32(1)
165 180 195 210 225 240 260 280 300
6795 6795 6795 6795 6795 6795 6795 6795 6795
4991 4996 5002 5006 5084 5009 5009 5009 5095
66 66 66 66 66 66 65 65 65
3.36 3.42 3.48 3.56 3.37 3.55 3.51 3.44 3.52
4.81 4.83 4.81 4.97 4.66 4.96 4.86 4.85 4.84
5.37 5.31 5.41 5.67 5.13 5.35 5.58 5.52 5.64
4.49 452 453 5.14 5.14 4.84 5.39 5.18 5.64
4.127 65%6) 4.128526) 4.129546) 4.130266) 4.131046) 4.131376) 4.133035) 4.134225) 4.135105)
11.26102) 11.26292)  11.26502) 11.26682) 11.26862) 11.26972) 11.273%2) 11.27532) 11.27742)
13.21132) 13.21362) 13.216@2) 13.21802) 13.22012) 13.22092) 13.22572) 13.22792) 13.22972)
0.207 688) 0.2077@8) 0.207698) 0.207728) 0.2077@8) 0.207738) 0.207778) 0.208028) 0.208 268)
72(5) 86(5) 83(5) 108(6) 1126) 108(6) 107(6) 1296) 1286)
106(6) 1156) 1296) 1396) 134(6) 141(6) 1657) 1637) 190(7)
180(6) 184(6) 195(6) 206(6) 2156) 234(6) 2687) 257(7) 2827)
—0.06981) —0.06971) —0.06961) —0.06951) —0.069%1) —0.06981) —0.06961) —0.06941) —0.06951)
0.34371) 0.343799)  0.34391)  0.34391)  0.34371)  0.34351) 0.34351) 0.34371)  0.34381)
59(3) 61(4) 67(4) 72(4) 71(4) 77(4) 77(4) 76(4) 794)
0.02641) 0.02641) 0.02641)  0.02621)  0.02641)  0.02631) 0.02661) 0.02671)  0.02671)
0.40861) 0.40891) 0.40841)  0.40821)  0.40831)  0.40831) 0.40831) 0.408%1)  0.408%1)
43(3) 52(4) 58(4) 60(4) 63(4) 67(4) 69(4) 75(4) 78(4)
0.24361) 0.24391) 0.24391)  0.244Q1)  0.244Q1)  0.24411) 0.24391)  0.20441)  0.24381)
0.447 879) 0.447999) 0.448079) 0.44821) 0.448379) 0.44811) 0.44811)  0.44811)  0.44791)
69(4) 80(4) 82(4) 86(4) 88(4) 89(4) 99(4) 102(4) 107(4)
5.656 365) 5.656975) 5.657725) 5.6583@6) 5.6587716) 5.658837) 5.660465) 5.661125) 5.661685)
35(1) 38(1) 43(1) 47(1) 50(1) 52(2) 60(2) 63(2) 66(2)
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FIG. 2. Neutron powder-diffraction patterns measured with longt€mperature.
wavelength at the DMC. The upper curve is above phase-transition
temperature at 15 K, the curve in the middle is below the phasecause the distance to the framework atq®87 A) is large
transition temperature at 1.5 K, and the lower curve is the differenceompared with the distance in the oxit257 A). The inter-
between the 1.5- and the 15-K data. The reflection indices arehain distance in EaGa;Gejg is short compared with dis-
shown at the bottom. The plot is on a logarithmic scale to enhanceances in other Eu-containing clathrates. Kasuya alternatively
subtle features, and the curves have been shifted for clarity. proposed that the exchange in EuO takes place through a
virtual transfer of magnetic # electrons to the vacantds
within the chains order ferromagnetically, whereas the magppital, extending to the neighboring 4rbital?® The elec-
netic moment of the nearest- and next-nearest-neighbqrons then couple ferromagnetically visf interaction. The
chains order antiferromagn_etically. I_Even t_hough the Orde””féxchange proposed by Kasuya can account for the interchain
of the magnetic moments is one dimensional, the magnetig,agnetic order, but not for the antiferromagnetic ordering of
exchange interaction is three dimensional as indicated in pafhe chains in ExGaGes. The alternating exchange interac-
by the sharp lambda-shaped heat-capacity anomaly at thgyn petween intrachain and interchain atoms may be ex-
phase transitioh! The minimum Eu-Eu distance is the intra- plained by the Ruderman-Kittel-Kasuya-Yosid®RKKY)
chgin distanc_:e of 4.12 _A. The Eu atoms in the nearestaychangé® The RKKY exchange has been suggested to be
neighbor chains are at distances of 5.99 A and the Eu in thgssponsible for the ordering in the ferromagnetic clathrates
next-nearest-neighbor chains are at distances of 6.G8dA B-EuGaGey (5.23 A) and a-EuGaGey, (5.56 A),H
3. o o where the distances are between those observed for
The minimum Eu-Eu separation in 'the ferromagnet EUOEmGagGele. Assuming the RKKY exchange is responsible
(NaCI. strqctur@a is 3.64 A. An explanation for exchar;ge in- for the ordering in EyGa;Geye, it may be possible to change
teraction in EuO was proposed by G. ter MgHTBL It (or even suppresghe magnetic ordering by controlling the
follows the principles of superexchange seen in MnO, wher, a4t framework stoichiometry, i.e., by affecting the charge-
the magnetization is mediated via the oxygen atom. Thiggrier concentration. Our sample ispaype conductol?
kind of exchange is unlikely in the case of clathrates, beyhereas Pascheet al. have reportech-type conductivity,
with an antiferromagnetic ordering temperature at 9°K.
However, it must be kept in mind that the material of course
is not a free-electron gas and significant deviations from the
RKKY model are probable. The size of the exchange inter-
action is proportional to the electron scattering length, i.e.,

412A the exact composition of the sample and the framework dis-
order. This could explain differences in transitions tempera-
_— tures among different samples. Note, however, that it is dif-

ficult to rule out small systematic errors in temperature
recording, when comparing different studies on,GgGeyg
carried out with different instruments.

B. Temperature dependence of the magnetic structure

As described in Sec. Il A, diffraction data around the
FIG. 3. The magnetic structure of FBaGeg. The unit-cell ~ phase-transition temperature were measured at the DMC
content has been depicted with large europium atoms and small@eutron powder diffractometer in the range 1.5-30 K with
framework atoms. The perspective is along ¢haxis with theb-c ~ decreased temperature steps close to the phase transition and
axis in the plane of the paper. The Eu-Eu distances are shown. at the lowest temperatures. These diffraction patterns are

Q Q
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FIG. 6. The temperature dependence of the background scatter-
shown between 1.5 and 8.5 K in Fig. 4. The plot shows howing below the magnetic 001 peak 2 18.4°) showing a cusp
the magnetic Bragg peaks increase in the diffraction patterplose toTy. The inset shows the entire data range, and the solid
with decreasing temperature. All the diffraction patternscurve serves as a guide to the eye.
shown in Fig. 4 are obtained for fixed monitor count but with .
considerably less statistics than in the 1.5- and 15-K dat&t the transition temperature. Belowy the long-range order
used for the refinement of the magnetic structure discussed ffEcomes dominant and gradually the diffuse scattering dis-
Sec. lIIA. For the refinement of the 1.5-K data with less 2PP&ars.
statistics all the structural parameters were fixed to the values
found from the refinement of the 1.5-K data with good sta- - Temperature dependence of the crystal structure
tistics, and only the scale factor, the background, and the In the past few years many studies have focused on the
zero point were refined. The scale factor obtained from thishermal conductivity in open framework structures with the
fit was then used as a common scale factor in the subsequesyiecific aim of understanding the role of the loosely bound
refinements of the higher temperature data, where the backuest atoms for the thermal propertfég® In a series of
grounds, zero-point shifts and the magnetic moments werpapers Sales and co-workers have shown that a basic crys-
the only variable parameters. tallographic parameter, the isotropic mean-square displace-

The unit-cell parameters were refined at each temperatur&)ent parametel;,, can provide very useful information on
but no systematic change was observed within the precisiofie thermal conductivity of crystalline materiéfsin this
of the data. Figure 5 shows the resulting temperature depeflescription the vibrations of the framework atoms are ap-
dence of thea-axis magnetic moment from refinement of the Proximated by the Debye model, while the vibrations of the
multitemperature data. The temperature dependence of tff!€st atoms are ap7prOX|m§1te_d with the Elnsteglgomodel. Fol-
magnetic moments was fitted to the expressiafiT) Iowmg BgnUenet al.” and Bugi apd co-worker.§,' the Eu
= u(0K)(1—T/Ty)?. The magnetic moment at 0 K is atomic displacement factof&\DP’s) can be written as

found to bew (0 K)=7.01(7)ug in agreement with the mag- 2
netic moment of the free Eii ion. A simple extrapolation of (U%y=d?+ k.
the experimental dat@t0 K leads to the slightly lower value keOe

of ~6.73ug. The critical temperatur@y=7.88(7) Kis in  where a temperature-independent disorder paranteteas

accordance with the phase-transition temperature observegten introduced into the normal Einstein oscillator expres-
by other methods, and the critical exponeniBis 0.262).  sion. In Fig. 7 the Einstein equation is fitted to the refined Eu
The data were also refined with a model having the magnetinDpP’s. The plot also shows the ADP’s of the framework and

moment components along thendc axes(not shown. For  of the Ge impurity. These can be fitted to a Debye model:
this model the fit to the power law gaveu(0K)

=6.9(1)ug, Ty=7.8(1) K, andB=0.243), i.e., statisti- 3h%T 1 0p
cally identical values. (U%)=d*+ Mk 02 *Op/M+7- =/ (@

It is also possible to observe the phase transition in the b
background below the magnetic peaks. In Fig. 6, the temFor the framework atoms of EGgGe;g the mass weighted
perature dependence of the diffuse scattering below the OCdverage value for the three different sites is used. The results
Bragg peak (2=18.4°) close to the Na temperature is of the fits are shown in Table III. For the Eu guest atom there
shown. AsTy, is approached from above, the diffuse scatter-is a clear disorder along the axis. This suggests that Eu
ing of the magnetic moments increases due to short-ranggtoms are not placed in the centers of the cages although the
order of the magnetic moments and a divergence is observatfesent data do not allow discrimination between a very shal-

heE 1
cot o7 (1)
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00307 . 22 5Eu _ independent data sets with the full Debye model rather than
1o <Uz“> Eu i a simple room-temperature approximation to one data point.
00254 . <Uz:> Eu . Ou_r data ql_so have a very high res_olution in reciprocal space,
: S R — which facilitates accurate modeling of the ADP’s. Heat-
00204 o 2”5 ge 5 capacity measurements are “contaminated” by small contri-
— ; =4 s a B s butions from the electrons and significantly larger contribu-
< 0.015- & 4 ol tions from the magnetic heat capacity. These contributions
Né‘; I must be subtracted from the measured data assuming several
v o0.0104 " approximations. All in all the value extracted from the mul-
] titemperature ADP’s probably is the most accurate.
0.005 - From the Debye temperatuf® ,=266(4) K] obtained
] from the ADP fits we can estimate the lattice contribution to
0.000 ; r S — the thermal conductivit§® The Debye temperature gives the
0 50 100 150 200 250 300 speed of sound in the solid. The heat capacity was measured
Temperature (K) at 266 K to beC,=1.79 J/criK and the mean free path of

the phonons may be approximated by the mean Eu-Eu sepa-
ration in the unit cell5.7 A). The lattice contribution to the
thermal conductivity can now be estimated fromgice

=1V dC,. At 266 K we obtain 0.0125 W/cmK for
Eu,GgGeg, wWhich is in between typical values of skutteru-
dites and type-I clathrates. Since the lattice thermal conduc-

low potential with a minimum in the center and one with a; . - : :
. o . “tivity is a slowly changing function of temperature, we ma
(smal) maximum at the average Eu position. The Eu disor- y y ging P y

. . ) . also take this value to be valid at room temperature. It is
der glvgsaplau5|ble explanation for why the modgllng of thepossible to estimate the thermoelectric figure of merit at
magnetic moments gave a component alongcthgis in an

trained del. It should b ted that the choi room temperature, knowing the Seebeck coefficient and elec-
unconstrained model. 1t shouid be noted that the ChoICe Ok;qq conguctance, which is 40V/K and 130 S/cm, respec-
model for the Eu guest atom is somewhat arbitrary. An,[

i ) . ) ively, at room temperatur¥.The electric contribution to the
equaIIy_ good fit of the Eu ADP’s can be optam_ed ifa Det_)ye hermal conductivity is estimated from Wiedemann-Franz
model is used. Nevertheless, use of an Einstein model yiel

— 78 2 . - . . _
an Einstein temperature, which is excellent agreement megw KeloT=2.22¢10 © W /K" This gives a dimension

values obtained from modeling of completely different eSS figure of MertZT="T(S*/x) equal to 4.& 1973’ .
; - . which is too low for room-temperature thermoelectric appli-

physical quantitiegheat capacity and Mossbauer datnd cations

this supports that the guest atoms to a first approximation can '

be considered as independent oscillators. From the ADP

modeling of the framework atoms we obtain a Debye tem- IV. CONCLUSION

perature of 26@}) K for the EuGagGe g phase and 312) K

for the Ge impurity phase. The value for Ge is somewhatE

lower than one value of 360 K reported in the literattire.

The thermal expansion has also been extracted from the

etveld refinement results and discussed elsewtfere.

FIG. 7. The ADP’s along the different axes for Eu, the isotropic
ADP’s for the framework atom&e/Ga, and the ADP’s for the Ge
impurity. The framework and the impurityGe) ADP’s have been
fitted to a Debye model, and the Eu ADP’s to an Einstein model.

In this study the antiferromagnetic structure of the
u,GagGeg clathrate is established based on neutron
Rp_owder-diffraction measurements. The magnetic moment
was found to have intrachain ferromagnetic order alongathe
: axis. Each Eu chain has an interchain antiferromagnetic or-
In Paper Il the measured heat capacity of,&a,Geys dering with the nearest- and next-nearest-neighbor Eu

was fitted to a Debye model givif@p=2314(4) 1" It may be h ;
argued that accurate single-crystal data normally will giveChamS' _Modelmg the temperature depend(_ance of the OVdGFEd
more reliable estimates of ADP’s than powder data. HOW_magnenc moment to a power law results in a 0-K magnetic

ever, the present synchrotron powder diffraction data havg10ment value of 7'%1(7'”)5’ which is n agreement with the
the advantage that no extinction or absorption corrections ar\éalue for the fr_ee EU ion. From multitemperature synchro-
needed. These corrections can significantly influence thgOn .powder-dlffra(.:tlon data structural parameters were d,e'
ADP’s. Furthermore, in the present case we use a fit to 1 rmmeql by the Rietveld meth_od. Analysis of th_e EuADP's
gave evidence for structural disorder along thaxis on the
) . ) guest atom sites. Modelling of the framework ADP’s with a
the‘l:&ADBIP_E Ill. Parameters obtained from Einstein and Debye fits to Debye model provided an estimate of the .Debye tgmperature
' of 266(4) K. This subsequently gives a lattice contribution to
& (R2) the thermal conductivity of 0.0125 W/cmK and a room-

temperature thermoelectric figure of merit of %.60 3.

O¢ (K) 0p (K)
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