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Mãssbauer isomer-shift measurements show that Yb is divalent in YbMo6S8• The asym
metry of the Yb thermal vibration at 4.2 K obtained from the Goldanskii-Karyagin effect is 
much smaller than that obtained from a Rietveld refinement of neutron powder diffraction 
data at 16 K. This suggests that the displacement of Yb off the origin includes a signifi
cant, -0.1-Á., static component which persists at low temperature. Full structural refine
ments at 16, 77, and 295 K show several interesting structural changes versus temperature. 

I. INTRODUCTION 

The valence and site of Yb in the Chevrel-phase 
compound YbMo6S8 have been subjects of contro
versy in recent literature. Fischer et al. 1 reported 
that both the magnetic susceptibility and lattice 
parameters indicated that their sample of beginning 
stoichiometry Yb1.2Mo6S8 contained 0.94 Yb2+ and ' 
0.26 Yb3+. They speculated that only the Yb2+ oc
cupied the site at the origin. A second sample 
showed 0.8 Yb2+ and 0.2 Yb3+. Alekseevskii et a/. 2 

attributed a specific-heat anomaly in YbMo6S8 at 
-2.7 K to the onset of ferromagnetic ordering and 
concluded that part of the Yb was present as Yb3+. 
This same conclusion was drawn by Bonville et al. 3, 

who observed the same anomaly by the Mõssbauer 
effect with measurements extending from 60 mK to 
40 K. However, a later paper by Bonville et al. 4 

concluded that the Yb3+ íons could be present in an 
oxysulfide impurity and not in YbMo6S8• Other re
cent work by Tarascon et al. 5 showed that when 
samples were prepared from high-purity materiais 
under carefully controlled conditions, magnetic sus
ceptibilities indicated no more than about 2.5% 
Yb3+. These authors speculated that the Yb3+ ions 
which are smaller (0.87 A) than Yb2+ íons (1.02 A) 
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could occupy the outer tetrahedral sites rather than 
the origin. 

The metal ions M in the Chevrel phases 
MxMo6S8, have been shown to occupy sites of two 
general types. 6 Large M ions (e.g., Sn, Pb, La, etc.) 
are located on the temary axis at the origin in a site 
of 3-point-group symmetry in space group R 3 (Fig. 
1). Small ions (e.g., Cu, Fe, Ni, Co) occupy two six
fold sites of 1-point-group symmetry displaced from 
the origin in the direction of open channels extend
ing along the rhombohedral axes. The possibility of 
both types of sites being occupied has been demon
strated by a recent structural · refinement of 
SnFeo.4Mo6S8 where Sn occupies the origin and Fe· 
occupies an outer sixfold site.7 Thus the proposal 
that a YbMo~8 structure containing both Yb2+ and 
Yb3+ could have Yb2+ at the origin and Yb3+ in a 
sixfold site is not entirely illogical. 

For structures with large ions at the origin the ion 
typically exhibits a strongly anisotropic thermal el
lipsoid with large motion. perpendicular to th~ three
fold axis.6•8 From structural refinements alone it is 
impossible to leam whether this displacement is 
static or dynamic. The displacement undoubtedly 
arises because the two axial chalcogen atoms are too 
close for comfortable occupation of the origin. 
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FIG. l. Partial unit cell of the YbMo6S8 structure 
showing the altemating Mo~8 and YbS 8 units along the 
threefold axis. 

Thus the metal ion undergoes strongly anharmonic 
thermal vibration, possibly even rotational motion, 
around the origin or around a sixfold set of sites dis
placed slightly from and centered on the origin.6 

Based on phenomenological models relating the de
gree of delocalization to the rhombohedral angle a, 
and measurements of a versus temperature, it has 
been suggested that the metal ion condenses to the 
origin at low temperature. However, this hypothesis 
has not been confirmed by structural refinement at 
low temperature. 

This paper reports 170yt, Mõssbauer-effect mea
surements which show an isomer shift in YbMo6S8 

consistent with pure Yb2+. The anisotropy of the 
thermal component of the Yb delocalization is 
evaluated from the Goldanskii-Karyagin effect and 
compared with the total static and thermal anisotro
PY obtained from a full structural rrfinement of 
neutron powder diffraction data. Structural refine
ments at 16, 77, and 295 K show the degree of delo
calization of Yb and other structural features versus 
temperature and elucidate the effect of the anisotro
pic thermal motion of Yb on the thermal expansion. 

11. SAMPLE PREPARATION 

The YbMo6Ss samples were synthesized from the 
elements in fused-silica ampoules. Yb2S3 was ini
tially formed from Yb metal (Rare Earth Products 
Limited, m 4N, sublimed) and S (Alfa Products, 
t 5N 5, lump). The Mo (Atomergic Chemetals 
Corp., m 4N, powder) was reduced in a hydrogen 
stream at 800-900 ·c for two days to remove 
oxygen-containing species. Ali handling of the ma
teriais was done in a nitrogen-filled glove bag. 

Because of the large sample size (15 g), the com
ponents were not mixed and prereacted in a single 
tube. An ampoule was made with a constriction 
which separated the tube into two sections. The 
Yb2S3-Mo mixture and the S were each placed at op
posite ends of the tube with a quartz-wool plug at 
the constriction. The ampoule was evacuated to 
5X 10-7 Torr, sealed-off, and placed in a two-zone 
fumace. The temperatures of the Yb2S3-Mo mixture 
and the S were held at 700 and 35o•c, respectively. 
After the S had transported and reacted, the am
poule was heated for two days at 1100•c. The am
poule was then opened, the prereacted material was 
well ground with an agate mortar and pestle and 
placed in another fused-silica tube. This tube was 
evacuated and then heated for two days at 1350 ·c. 
lt was necessary to regrind and refire the material a 
second time to obtain complete reaction. Two sam
ples were made with starting compositions of 
YbtMo6Ss and Yb1.2Mo6S8• 

X-ray diffraction of the Yb~, 0Mo6S8 sample 
showed two barely detectable impurity peaks with a 
peak-height intensity less than 0.03 of the 101 
Chevrel-phase peak. The position of the impurity 
peaks indicate Mo2S3 and possibly Yb20 2S as im
purity phases. The neutron-diffraction powder pat
tem of this sample did not show the above impuri
ties but did have some weak additional peaks which 
have been tentatively assigned to alpha cristobalite. 
The Yb1.2Mo6S8 sample was not single phase. The 
x-ray diffraction pattem showed many, unidentified 
impurity peaks and its reaction with IN HCI to 
evolve H2S indicated the presence of reactive ytterbi
um sulfides. Only the Ybt.0Mo6S8 sample was used 
for subsequent measurements. 

III. RESULTS AND DISCUSSION 

A. Mõssbauer measurements 

The Mõssbauer effect of 170Vb in YbMo6S8 was 
measured with the use of a monochromatic source 
of 17DrmA12. The 84-keV resonant gamma rays 
were detected with the use of a scintillation detector 
supported by fast-counting electronics. The 
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Mõssbauer spectra were collected in a ND6600 
computer-based analyzer synchronized with an elec
tromechanical drive operated in the sine-wave mode. 

In Fig. 2 we present the Mõssbauer spectrum of 
YbMo6S8 measured at 4.2 K. Unlike previously re
ported work3•4 the spectrum uniquely consists of one 
quadrupole pattem representing only one type of Yb 
atom in our sample. The data analysis was per
formed assuming that the Yb atoms occupy the 3-
symmetry position in the sulphur cube. This results 
in an axially symmetric electric-field-gradient (EFG) 
tensor which interacts with the quadrupole moment 
(Q) of the excited state (I =2) in 170y{,, The interac
tion Hamiltonian is given by 

e2qzQ ~ 
K= 4/(2/ -1) [3/z -I (I+ 1)] , (1) 

where qz is the principal component of the EFG 
along the rhombohedral axis. The resulting spec
trum is made up of three hyperfine lines located at 
6P, -3P, and -6P with intensities of 2, 2, and 1, 
respectively, and where P=e2qzQI24. The analysis 
showed agreement with line positions; however, the 
intensities were not well accounted for. 

The intensity anomaly in a Mõssbauer spectrum 
can arise from the absorber thickness effects.9 How
ever, in the present case, both due to dilution (the 
weight percent of Yb in YbMo6S8 is 17%) and low 
Debye temperatures, the absorber was estimated to 
be well below one absorption length thick, which 
could not produce detectable intensity distortion. 

The other reason for an intensity anomaly is the 
Goldanskii-Karyagin effect10 suggested earlier.4 

This arises if there is a lattice vibrational anisotropy 
described by 

'õ 
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> 
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~ 
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FIO. 2. Mõssbauer spectrum of YbMoJ;8 measured 
with 84-keV resonant gamma transition in 17<lyt,, The 
solid tine is the least-squares fit to the data discussed in 
the text. The bar diagram shows the line positions and 
the intensities (modified by Goldanskii-Karyagin effect) 
of the quadrupole pattem. 

(2) 
€=k 2((xf1)-(xf}), 

where k is the gamma-ray wave vector. The angular 
dependence of /(6) can readily be observed in the 
quadrupole pattem of a powder sample since it 
modifies the intensity of a hyperfine transition in 
comparison to that of an isotropic crystal. A transi
tion with an angular distribution eJ(()) will have an 
intensity 

l=JJ(CG)2 , 

h= f0
2

1T J01T /(6)9J(())sin6d(}dt/J, 
(3) 

where CG is the appropriate Clebsch-Gordan coeffi
cient. 

The analysis of the data can be done by 
using Eq. (3) and carrying out numerical integra
tions or by using polynomial expansion pro
cedures. 11 The analysis using a least-squares pro
cedure gave an excellent fit to the data and is shown 
by the solid line in Fig. 2. The refined J?arameters 
are e 2qzQ = 1000±2p MHz and (xfl)- (x!) 
= -0.0015±0.0001 A2• This result agrees rather 
well with previous Mõssbauer work3 in spite of the 
fact that the earlier spectra showed a large com
ponent of impurity phase.4 

The Yb_ atoms need not occupy the special posi
tion with 3 symmetry. lnstead, they may be located 
in the general position displaced off the origin with 
low-point-group symmetry. This situation demands 
the use of a quadrupole tensor for which there is no 
axial symmetry. Hence the x and y components of. 
EFG are not equal. The quadrupole Hamiltonian 
include8 a term related to the asymmetry parameter 
'YJ = ( qy - qx ) I qz. Also the lattice vibrational aniso
tropy has to be defined more generally through an 
angular dependence f(O,t/J). The introduction of 'YJ 
in the quadrupole Hamiltonian generates five hyper
fine lines of equal intensity in the isotropic case. 

We have reanalyzed the data using such a Hamil
tonian12 and approximating /(O,t/J) by /(6). Again 
a satisfactory least-squares fit was possible with an 
'YJ of less than 0.3. The lattice anisotropy parameter 
deduced from this analysis remained almost identi
cal to that obtained with 'YJ =0. The small value of 
'YJ justifies this approximate analysis and the lack of 
inherent resolution in the hyperfine !ines does not 
demand any more sophisticated analysis. Hence the 
conclusion regarding the magnitude of the lattice 
anisotropy remains unchanged. 

The isomer shift given by the analysis is 
-0.19±0.03 mm/s relative to the TmA12 source. 
The different extent of shielding of s electrons by 
the 4/14 configuration on Yb2+ and the 4f13 config-
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uration on Yb3+ should result in different isomer 
shifts for the two ions. The isomer-shift systemat
ics13 for Yb shown in Fig. 3 unambiguously show 
that Yb is divalent in YbMo6Ss. 

B. Neutron diffraction 

Neutron powder diffraction data were collected 
on a 12.15-g sample of YbMo6S8 at 16, 77, and 295 
K using the Special Environment Powder Diffrac
tometer (SEPD) at Argonne's lntense Pulsed Neut
ron Source (IPNS). The sample was contained in a 
thin-walled ( -0.1-mm) vanadium tube 11.3 mm in 
diameter and 57.2-mm long and cooled by a closed
cycle Displex (Air Products and Chemicals, Inc.) re
frigerator. The SEPD is a time-of-flight powder 
diffractometer located on a 14-m incident flight 
path with the capability of placing detectors at any 
angle from 12• -157• at a constant radius of 1.5 m. 14 
For this experiment detectors were positioned in 

Yb2+ 
Metallic 

-0.4 -0.3 -0.2 -0.1 0.0 
ISOMER SHIFT (mm/s) 

0.1 0.2 

FIG. 3. Isomer-shift systematics for 84-keV Mõssbauer 
resonance in 17Qy},. The shift for YbMo6S8 clearly indi
cates divalent Yb. 

electronically focused groups w· wide at ± 145° and 
±90•, 6• wide at ±57•, and 4• wide at ±22•. The 
high-resolution data (àd/d~0.0035) from the back
scattering detectors ( ± 145•) were used for the 

T ABLE I. Lattice parameters (hexagonal and rhombohedral), unit-cell volume, atomic po
sitions, temperature factors, and weighted profile R values from the refinement of YbMo6S8 

data at 16, 77, and 295.K. Data were refined in space group R3, No. 148, hexagonal setting. · 

Parameter 

an (A) 
cn (A) 

Vn (A3) 

aR (A) 
aR (deg) 

x(Yb) 
y(Yb) 
z(Yb) 
Pu(Yb)a 
P33(Yb) 

x(Mo) 
y(Mo) 
z(Mo) 
B(Mo) (A2) 

x(Sl) 

y(S1l 
z(S1) 

B(S1) (A2) 

x(S2) 

y(S2l 
z(S2l 
B(S2) (A2) 

16 K 

9.0986(3) 
11.3941(2) 

816.88(8) 
6.4823 

89.145 

o 
o 
o 
0.0028(2) 
0.00003(9) 

0.0172(2) 
0.1766(2) 
0.4014(1) 
0.20(3) 

0.3329(3) 
0.2907(4) 
0.4168(2) 
0.20(4) 

o 
o 
0.2389(4) 
0.17(7) 

4.040 

Temperature 
77 K 

9.1069(3) 
11.3912(2) 

818.16(8) 
6.4856 

89.189 

o 
o 
o 
0.0040(2) 
0.0001(1) 

0.0172(2) 
0.1763(2) 
0.4015(1) 
0.25(3) 

0.3327(4) 
0.2911(4) 
0.4169(2) 
0.26(4) 

o 
o 
0.2384(4) 
0.20(7) 

3.945 

295 K 

9.1449(3) 
11.3828(2) 

824.40(8) 
6.5018 

89.380 

o 
o 
o 
0.0054(2) 
0.0008(1) 

0.0166(2) 
0.1751(2) 
0.4015(1) 
0.57(4) 

0.3324(4) 
0.2916(4) 
0.4169(3) 
0.71(5) 

o 
o 
0.2378(4) 
0.52(9) 

3.654 

8 For Yb, Pu=P22=2P12 and Pu=P23=0 where the thermal factor is given by 
exp[ -(Puh 2+P22k 2+ P33/2+2P12hk +2P13hl +2P23kl)]. 
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FIG. 4. Rietveld refinement profile for YbMo~8 at 295 K showing the raw data ( +) and calculated profile (continuous 
line). Tick marks below the profile mark the positions of all allowed reflections. A difference plot (observed minus calcu
lated) appears at the bottom. Background has been subtracted before plotting. 
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FIG. 4. (Continued.) 
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TABLE 11. Refined atomic position and isotropic tem-
perature factor for Yb from a model in which Yb is 
placed in an (x,x,O) site (hexagonal setting) with an isotro
pic temperature factor. 

Temperature 
Parameter 16 K 77 K 295 K 

x(Yb) 0.0137(6) 0.0161(6) 0.0244(4) 
B(Yb) (Á2) 0.03(5) 0.07(5) 0.45(7) 
Rwp 4.044 3.950 3.654 

structural refinement. The lower-angle data extend 
to larger d spacings and allow impurity phases to be 
identified. No evidence for significant impurity 
phases was seen in the neutron data. 

The diffraction data were refined in hexagonal 
space group R 3 using the Rietveld method modified 
for time-of-flight data from pulsed neutron 
sources. 15• 16 The variables in the refinements were 
the hexagonallattice parameters a and c, atom posi
tions and isotropic temperature factors for Mo, SI> 
and s2, components of the anisotropic thermal ten
sor for Yb, a Gaussian peak broadening parameter, 
extinctioil and absorption coefficients, and two 
background parameters. The decision to allow an 
anisotropic temperature factor only for Yb was 
made based on significance ratio tests. A model in 
which the occupancy of Yb at the origin was refined 
gave n (Yb)= 1.01(1). Thus full occupancy was as
sumed in subsequent analysis. The final refinement 
profile at 295 K is shown in Fig. 4. Refined param
eters and the weighted profile R values at the three 
temperatures are listed in Table I. 

In a model with Yb located at the origin, the ap
parent thermal anisotropy is pronounced and 
remains large at low temperatures. In particular, 
the large value for {3 11 at 16 K suggests that part of 
the Yb displacement may be static. Thus a second 
refinement model was tried in which Yb was dis
placed off the threefold axis into an (x,x,O) position 

o<( 

c .. 
E 2l 0.1 
o 
i5. 
cn 
i5 

Tempero fure ( K) 

FIG. 5. Perpendicular displacement of Yb from the 
threefold axis vs temperature as determined from an an
isotropic temperature factor model ( (xf) 112) anda static 
displacement model (r). 

with an isotropic temperature factor. This model 
disorders the Yb into a planar ring of six sites dis
placed a distance xa from the origin and has the 
same number of refineable parameters as the first 
model. (Thus R values can be compared directly.) 
The values for x and B(Yb) and the weighted profile 
R values obtained with this model are in Table 11. 
The R values are identical at 295 K and only slight
ly larger for the static displacement model at 77 and 
16 K, indicating that either model gives a good fit to 
the data. As expected, from comparison of models 
alone it is impossible to conclude whether the Yb 
displacement has a static component. 

C. Discussion 

The temperature dependence of the root-mean
square thermal displacements perpendicular and 

T ABLE III. Root-mean-square displacements of Yb perpendicular and parallel to the 
threefold axis for the model in which Yb is assigned a harmonic, anisotropic temperature fac
tor with Yb at the origin and static displacement of Yb from the origin for the model in which 
Yb is assigned an isotropic temperature factor and allowed to randomly occupy a sixfold set of 
sites ·displaced from the origin. 

r (Á) 

16 K 

Temperature 
77K 

Anisotropic temperature factor model 
0.094(3) 0.112(3) 
0.014(21) 0.025(13) 

Static displacement model 
0.125(5) 0.147(5) 

295 K 

0.185(3) 
0.074(6) 

0.223(4) 
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.:q 
11.39 ·~ 

o 

Temperoture ( K) 

FIG. 6. Temperature dependence of the hexagonallat
tice parameters a and c in YbMo6Ss. 

parallel to the threefold axis ( ( x 1 ) 112 and ( x fi ) 112) 

and the static displacement (r =xa) are compared in 
Table III, and the perpendicular components are 
plotted in Fig. 5. The magnitude of the displace
ment depends on the model. However, both show 
the same temperature dependence and indicate that 
a significant displacement remains at 16 K: 0.094(3) 
Â. for the thermal model or 0.125(5) Â. for the static 
model. The anisotropy at 16 K from the diffraction 
result is 

(xfl)- (x!) = -0.0086±0.0008 , 

measured in units of Â. 2• Extrapolating to 4 K 
changes the result only slightly. This is substantial
ly larger than the anisotropy obtained from the 

Goldanskii-Karyagin effect ( -0.0015 Â.2) and indi
cates that a significant static displacement must be 
present. 

The thermal expansion of YbMo6S8 is very aniso
tropic. As shown in Fig. 6 the c axis actually ex
pands upon cooling. The cause of this anisotropy, 
as well as other interesting structural features, can 
be understood by examining atom-atom distances 
versus temperature (Table IV). As the temperature 
decreases Yb attempts to condense to the high
symmetry point at the origin. Since the Yb-S2 dis
tances are already uncomfortably short, the SrS2 

distance through the origin increases as temperature 
decreases. This increase is large enough to offset the 
decrease in SrS2 distance through the Mo6 octahed
ron and result in an overall expansion along c. 

A second unusual effect observed is the expansion 
of Mo-Mo bonds within the Mo octahedra as tem
perature decreases. In spite of the overall cell 
elongation along c, all of the S-S distances in the 
network contract as temperature decreases. All five 
Mo-S bonds, including the exobond to a sulfur of a 
neighboring Mo6S8 unit, contract at roughly the 
same rate. This contraction of Mo-S bonds is ac
companied by an elongation of Mo-Mo bonds and 
results in a significant decrease (0.03 Â.) in the Mo
Mo intercluster distance at 16 K. 

IV. CONCLUSIONS 

A single phase sample was synthesized with 
stoichiometry YbMo6S8• Structural refinement 

TABLE IV. Comparison of interatomic distances (Â) in YbMo6Ss at 16, 77, and 295 K. 

Temperature 
Atoms 16 K 77 K 295 K 

Mo6Ss cube 
Mo-Mo 2.658(2) 2.655(2) 2.652(3) 
Mo-Mo 2.721(2) 2.719(2) 2.716(2) 
Mo-Mo (intercluster) 3.190(2) 3.196(2) 3.221(3) 
St-St 3.429(3) 3.430(3) 3.438(4) 
St-82 3.503(4) 3.508(4) 3.522(4) 
S2-S2 (via Mo6) 5.950(6) 5.959(6) 5.969(7) 
Mo-81 2.439(3) 2.444(3) 2.454(4) 
Mo-81 2.458(3) 2.459(3) 2.464(3) 
Mo-St 2.525(3) 2.525(3) 2.536(4) 
Mo-81 (exo) 2.563(3) 2.565(3) 2.571(3) 
Mo-82 2.405(4) 2.408(4) 2.411(4) 
Mo-S (average) 2.478 2.480 2.487 

YbS8 cube 
Yb-St 3.017(3) 3.022(3) 3.039(3) 
Yb-82 2.722(4) 2.716(4) 2.707(5) 
St-St 3.436(3) 3.441(3) 3.456(4) 
St-82 3.367(3) 3.368(3) 3.377(4) 
SrS2 (via Yb) 5.444(6) 5.432(6) 5.414(7) 
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shows the Yb position at the origin to be fully occu
pied. The 170Vb Mõssbauer spectrum exhibits a sin
gle site with an isomer shift consistent with Yb2+; 
Comparing the anisotropy of the thermal vibration 
obtained from the Mõssbauer measurements with 
the overall "delocalization" from neutron
diffraction structural refinements suggests that sig
nificant static delocalization is preserit even at low 
temperatures. Thus the equilibrium site for Yb may 
actually be a site of general symmetry rather than 
the special position at the origin normally assumed. 
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