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X-Ray analyses were performed at room temperature on single crystals of Eu,Mo$$. Refinement of its 
crystal structure shows an upper stoichiometry of x = 1 .O. Atomic positions and crystallographic data 
are given in full. Crystals were also characterized through their susceptibility and transport properties. 
All europium atoms are divalent as confirmed by the magnetization at low temperatures. A well- 
defined anomaly on the electrical resistivity at T, = 107 K separates the metallic high-temperature 
rhombohedral phase from the low-temperature nonmetallic (triclinic) phase. Very large residual resis- 
tivity ratios obtained for stoichiometric crystals favor our interpretation that the Eu,.,Mo& low- 
temperature phase must be essentially semiconducting. 0 1986 Academic press, IX. 

Introduction 

The ternary metal molybdenum chalco- 
genides (Me-MO-X) known as Chevrel- 
type phases have been extensively studied 
because of their outstanding superconduct- 
ing properties (1). Specially interesting are 
the systems containing rare-earth elements, 
since they may exhibit superconductivity in 
spite of the large concentration of rare- 
earth ions (2). 

Most of the studies of R-MO-X (R = 
rare-earth; X = chalcogenide) systems 
have been performed on compacted pow- 
ders sintered at 1 lOO-1250°C. However, 
even though the chemistry and crystal 
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structures appear to be well characterized, 
discrepancies in the stoichiometry and its 
associated properties often occur. To un- 
derstand the complex behavior of these 
compounds, it is sometimes necessary to 
use single-crystal samples for measure- 
ments of the physical properties. Unfortu- 
nately, the high chemical reactivity of these 
materials, and their tendency to decompo- 
sition make the preparation of single crys- 
tals very difficult. 

Continuing our program on crystal 
growth (3) of rare-earth molybdenum sul- 
fides, we focused on the EuMo& phase 
since the case of europium is one of the 
most unusual and controversial among the 
R-MO-X series. At atmospheric pressure, 
europium and cerium compounds are the 
only ones which are not superconductors. 
At T, = 110 K, EuMo&$ undergoes a struc- 
tural transformation from a room-tempera- 
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ture rhombohedral structure to a triclinic 
structure (4). The high-temperature phase 
is metallic in character while, in the triclinic 
phase, the resistivity increases rapidly at 
low temperatures. Under pressure, the 
crystallographic transformation seems to 
be much inhibited: T, decreases with pres- 
sure, and EuMo,& becomes superconduct- 
ing at about 10 kbar (5, 6). However, 
doubts arose when superconductivity was 
associated with impurities present in pow- 
dered sintered samples of different and not 
well-defined stoichiometries (7). Later, De- 
croux et al. (8) ruled out this last hypothe- 
sis when performing high-pressure investi- 
gations on melted samples of EuMo&&. 
They ascribed this phenomenon to bulk su- 
perconductivity of the Chevrel phase. Very 
recently, Holtzberg et al. (9) prepared very 
small single crystals of EuMo&& which did 
not show the large increase of resistivity in 
the triclinic phase, but instead they exhib- 
ited a metallic behavior at low temperature. 

In this work, we report single-crystal 
data and refinement of the crystal structure 
of EuMo&& and, in addition, physical char- 
acterization by means of susceptibility and 
resistivity measurements above 2 K under 
zero pressure. 

Crystal Structure 

1. Experimental Details 

Molybdenum disulfide, europium sulfide, 
and molybdenum metal prepared by stan- 
dard techniques, were mixed in appropriate 
quantities to obtain the stoichiometric for- 
mula Eui.oMo&. They were pressed into 
pellets and reacted at 1200°C in an ordinary 
resistance furnace. Mechanical mixtures of 
EuMo& and EuS were then prepared as 
starting materials for crystallization. The 
quantity of europium sulfide in the mixture 
was of the order of 0.5 to 2 times its per- 
centage in the Chevrel phase. 

Crystallization was performed with ap- 

proximately the same method which had 
been used in the HO-MO-S system (3). 
This time, however, the crystal growth 
technique was simplified and experiments 
were carried out under normal pressure of 
argon. As before, the starting material de- 
composes at high temperatures and it shifts 
its overall composition toward the field of 
primary crystallization of the Chevrel 
phase (3). In order to determine this speed 
of decomposition, we performed prelimi- 
nary experiments on the binary component 
MO-S (11), which revealed that the sulfur 
evaporation rate is drastically diminished 
as soon as the Mo2S3 composition is 
reached, and it stays fairly constant within 
a wide range of concentrations, including 
MO-50 at/o S (for instance, at 16OO”C, sul- 
fur losses are less than 1 at/o S per hour). 
Since the sulfur concentration in Chevrel 
phases lies within this region (53.33 at/o S), 
similar conclusions could be assumed for 
the ternary system. Obviously, the decom- 
position rate can increase when melting, 
but nevertheless it will be the liquid phase 
which will loose its sulfur, and not the solid 
phase crystallizing out of it. Then, in order 
to keep the liquid phase saturated with the 
solid phase throughout the process of crys- 
tallization, a suitable speed of cooling 
should be maintained. 

Based on these factors, this new tech- 
nique of crystallization seems to be a quite 
universal one, as far as the rare earth mo- 
lybdenum sulfides are concerned. Up to 
now, we have successfully used it in other 
systems, such as HOMO,&, CeMo$&, and 
ErMo&+, besides EuMo& which is pre- 
sented on this work. A detailed report of 
this new method and on phase equilibria 
relations in some R-MO-S ternary systems 
is under preparation and will be published 
elsewhere (II). 

Using the new approach, we got large ir- 
regular polycrystals of EuMo& of sizes up 
to 10 mm3, together with elongated single 
crystals of a few millimeters in length. Av- 
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TABLE I sorption correction was applied because of 
CRYSTALDATAFOR EuMo&p the small size of the crystal (PE < 1). 

Space group 

Unit cell dimensions 

RT 
Z=l 
a~ = 6.5531(2) 8, 
a~ = 88.931(5) 
VR = 281.26(3) A3 

Crystal dimensions (mm’) 
fl 
MoK& radiation (A (A)) 
Scan method 
Reciprocal space 
Independent reflections (I > (r (I)) 
Reliability factors R 

RW 
Goodness of fit 
Europium occupancy at the origin site n 

a” = 9,1806(9) A 
qj = 11.5601(7) A 
VH = 843.77(2) A 

0.1 x 0.1 x 0.1 
0.85 
0.71073 
0 - 20 
la < 35” 
890 
0.024 
0.047 
1.329 
0.998(2) 

n A list of observed and calculated structure factors can be obtained 
from the authors. 

erage weight of monophased pieces was up 
to 10 to 20 mg. The crystals were qualita- 
tively microanalyzed using a JEOL JSM-35 
CF scanning electron microscope equipped 
with a TRACOR energy-dispersive-type X- 
ray spectrometer. 

Three single crystals coming from differ- 
ent experiments were selected for structure 
analysis and refinement with an Enraf-Non- 
ius CAD-4 X-ray diffractometer. The cell 
parameters of all these crystals were equiv- 
alent, and one of them was chosen for 
structural determination. The data collec- 
tion parameters for this specimen are given 
in Table 1. The intensities were corrected 
for the Lorenz-polarization factor. No ab- 

2. Solution and Rejinement of the 
Structure 

The structure was solved using an SDP 
program adapted for a PDP 11/60 minicom- 
puter. The data were analyzed as described 
in Ref. (12). Refinement of the europium 
occupancy at the origin site showed its 
complete occupation (n(Eu) = 0.998(2)). A 
final difference map did not show any resid- 
ual peak above 1.5 electrons A-3. The 
atomic positions and anisotropic tempera- 
ture factors for the four independent atoms 
are given in Table II. 

The first important result obtained from 
the crystal structure data concerns the up- 
per limit of existence of the Eu,Mo& 
phase. The experimental conditions of 
crystal growth were such that there was al- 
ways an excess of the EuS phase in the 
starting material subjected to melting. Nev- 
ertheless, the europium occupancy at the 
origin site was found equal to unity with no 
occupation of secondary sites. Thus, we 
conclude that the europium concentration 
never exceeds 1.0, regardless of the excess 
of rare-earth sulfide in the starting material. 
This result confirms our previous conclu- 
sions (10, 12) about the maximum concen- 
tration of the rare-earth in Chevrel phases. 
On the other hand, no conclusion can be 

TABLE II 

POSITIONAL PARAMETERS AND REFINED TEMPERATURE FACTORSO 

MO 0.22863(4) 0.41817(4) 0.56278(4) 0.478(4) 281(5) 285(5) 271(5) -33(8) -68(8) -63(8) 
XI) 0.3822(l) 0.1251(l) 0.7436(l) 0.64(l) 43000) 300(10) 400(10) -11(20) O(2) 70(20) 
S(2) 0.2447(l) - - 0.780(5) 460(10) 460(10) 460(10) -210(20) -210(20) -210(20) 
EU 0 - - 1.142(2) 672(4) 672(4) 672(4) -411(7) -411(7) -411(7) 

a The data are defined in space group Rj. The estimated standard deviations are given in parentheses. The thermal factor is given by: exp( -&‘I ,h* + 
&k2 + &# + f3nhk + finhI + pzlkl)). The equivalent thermal parameter is defined by 

Beq = 413 2 c. /+,a, 
i j 
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drawn about the lower limit of homogeneity 
on Eu,Mo&&. As stated above, an essential 
condition needed to obtain large single 
crystals from the melt is to act against the 
internal decomposition by using a rare- 
earth sulfide excess. Therefore, in the 
present state of the research, we cannot 
control a substoichiometry, at least in large 
single crystals. Very small single crystals of 
Ho~.~~Mo&& (20) were obtained, however, 
by partial melting of stoichiometric sintered 
powder. Thus, a finite domain of existence 
below x = 1 .O may also occur in Eu,Mo$s , 
which would explain some different trans- 
port properties observed on sintered pow- 
der (23), melted samples (4), or single crys- 
tals (9). 

An additional hint that physical effects 
may depend strongly on europium concen- 
tration derives from the fact that the lattice 
parameters published for “stoichiometric” 
EuMo& differ enormously from one re- 
port to another. For instance, the reported 
cell volume VR of the rhombohedral lattice 
goes from 278.5 to 280 A3 in sintered pow- 
ders (2) to 281-283 A3 in melted samples 
(4, Z4), that is a 1.6% variation of the cell 
volume due to different preparation tech- 
niques.3 For comparison, the cell volumes 
of well-characterized Ho,Mo&g single crys- 
tals differ by approximately 0.5% for such 
extreme cases as x = 0.88 and x = 1.0 (10) 
or x = 0.67 and x = 0.94 (25). 

The room temperature crystal structure 
of EuMo,& can be described in the same 
way as other Chevrel-type phases with 
large cations (16): two MO&!& units and a 
Eu& cubic site stacked along the threefold 
axis of an hexagonal-rhombohedral unit 
cell, as shown in Fig. 1. Some of the char- 
acteristic interatomic distances in EuMo&& 
are listed in Table III. In Table IV, we com- 
pare the main (MO-MO) distances of Eu 
MO& to other divalent and trivalent Me 

3 The three crystals investigated in our different ex- 
periments had 281.3 A3 5 VR 5 282.0 A3, suggesting 
well reproducible europium contents. 

FIG. 1. Crystal structure of EuMo,&; two MO& 
units and one EuSs cubic site are shown. The S(2) 
atoms are situated along the threefold axis. 

MO& (Me = metal) as a function of the cell 
volumes. For this comparison, we have se- 
lected well-known divalent and trivalent 
cations, with no delocalization of the metal 
atom around the origin site. At a first 
glance, we can notice that the intracluster 
MO-MO distances are not very crucial in 
fixing the volume of the unit cell: the size of 
a molybdenum triangle perpendicular to the 
ternary axis remains unchanged, while the 
distance between two such triangles within 
a Mo6 octahedron increases slightly for di- 
valent cations (with the exception of the 
barium compound). This behavior has been 
noticed in the lanthanides series (12) and 
corresponds to an elongation of the MO& 
unit when the cation valence decreases 
(26). More critical variation can be noticed 
on the MO-MO intercluster distances: triva- 
lent Gd and Er compounds have rather 
short distances, when compared to their 
neighbor lanthanides Eu2+ and Yb2+. This 
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TABLE III Physical Properties at Ambient Pressure 
SHORTEST INTERATOMIC DISTANCES (IN A) IN 

EuMo& 1. Electrical Resistivity 

MO& cube 

Et& cube 

(MO-MO)& intraO 
(MO*-Mop) intrab 
(MO-MO) interc 
(MO-S(I)) intra 

(MO-S(I)) inter 
MO-S(~) 

Eu-S( 1) 
Eu-S(2) 

2 x 2.665(l) 
2 x 2.716(l) 

3.278(l) 
2.448(l) 
2.460(l) 
2.508( 1) 
2583(l) 
2.391(l) 

6 x 3.104(l) 
2 x 2.830(l) 

0 (MO-MO),, intra: atoms belonging to the same Moe- 
cluster and situated on the same plane perpendicular 
to ternary axis. 

b (MO*-Mob) intra: atoms belonging to the same 
Moscluster but situated on two neighboring planes. 

c (MO-MO) inter: atoms belonging to neighbor clus- 
ters. 

Two crystals from different preparations 
were selected for electrical resistivity mea- 
surements between 4.5 and 300 K. Sample 
1, initially of cubic shape, was ground into a 
flat plate of 0.3 mm thickness, 0.5 x 0.5 
mm2 surface; measurements were per- 
formed using alternating currents below 10 
mA, in a Van der Pauw configuration. Sam- 
ple 2 was an elongated crystal of dimen- 
sions 0.6 x 0.25 x 0.2 mm3, with the long- 
est axis along the hexagonal c-axis of the 
crystal structure; direct currents below 2 
mA were used in a standard four-point 
probe geometry. 

means that Mo$s units are situated further 
apart in the latter compounds and that the 
main mechanisms in the volume determina- 
tion are the intercluster distances rather 
than the intracluster parameters. 

Localization of the europium atom at the 
origin site does not differ much from the 
ones found in the RMo+Ss series (10, 12). 
The RMS displacement of the thermal vi- 
brations around the origin site perpendicu- 
lar and parallel to the ternary axis are (X,) 
= 0.136 A and (X,,) = 0.071 A, respectively. 

Figure 2 shows the electrical resistivity 
of both specimens, normalized to their 
room temperature values &mb (600 and 589 
pLn cm for samples 1 and 2, respectively). A 
large and well-defined anomaly less than 
0.5 K wide is seen at T, = 107 K, due to the 
structural transition from the rhombohedral 
to the triclinic structure. The resistivity 
variation of the high-temperature phase is 
metal-like, with a broad minimum at 220 K: 
the resistivity decreases by 1.5% with re- 
spect to its room temperature value, and 
then increases by almost 30% prior to the 
transition. At the transition, the resistivity 
of both samples jumps by a factor of 2. 

The resistivity behavior of the low-tem- 
perature phase differs from one sample to 

TABLE IV 

MAIN INTERATOMIC DISTANCES (& IN SOME DIVALENT AND TRIVALENT Men+Mo,& 

BaZ+Mo S 6 * Sn2+Mo& EuZ+Mo& Gd’+Mo& ErS+Mo& YbZ+Mo& 

vH (A’) 881 834 844 809 803 826 
(MO-Mo)~ intra 2.67 2.688 2.665 2.660 2.660 2.669 
(MoA-MOA) 

intra 2.70 2.737 2.716 2.714 2.708 2.728 
(MO-MO) inter 3.41 3.232 3.278 3.163 3.142 3.208 
References 14 25 This work 26 27 12 

n As defined in Table III. 
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FIG. 2. Normalized resistivity of two stoichiometric 
Eu10M06S8 single crystals. RR is defined as ~(4.5 K)/ 
~(300 K). The inset shows the structural transition in 
detail. 

the other, in the range 50 K < T < Ts: 
specimen 1 presents a clear maximum at 75 
K followed by a minimum of resistivity at 
60 K; sample 2, on the other hand, shows a 
smooth but definite “shoulder” with an in- 
flection point at approximately 60 K. At 
lower temperatures, both samples present 
essentially the same features; that is, a 
rapid increase of resistivity toward a semi- 
conductor behavior and large resistivity 
values at 4.5 K (23 and 30 rnfi cm for sam- 
ples 1 and 2, respectively). It should be 
noted also that specimen 1 presents a large 
anisotropy (factor of 2) between 15 and 60 
K, when measuring the voltage drop across 
the sample in two of the Van der Pauw con- 
figurations (17). For the rest of the temper- 
ature range, this anisotropy is less impor- 
tant. 

The resistivity behavior of our single 
crystals is reminiscent of reported results 
on melted EuMo& (4), in particular the 
sharp anomaly at T, (very smooth in sin- 
tered powders) and the resistivity minimum 
at 60 K. Room-temperature resistivity val- 
ues are similar to those obtained in sintered 
powders or melted material. The most 
striking results are, however, our large re- 

sistivity ratios RR = p(LT)lp,,t, = 39 and 
51, when measured at LT = 4.5 K (for com- 
parison, Meul et al. (18) obtained RR = 
23.8 on molten Eu~~Mo&s at still lower 
temperatures, LT = 2 K). 

On the other hand, recent results of 
Holtzberg et al. (9) on single crystals of Eu 
MO& and EuMosW& show that these 
phases are essentially metallic at low tem- 
peratures, and that, in some crystals, the 
electrical resistivity decreases as T2 due to 
molybdenum spin fluctuations. Such differ- 
ent and opposite behaviors observed in 
well-crystallized materials should then be 
ascribed to off-stoichiometry effects, as 
discussed above. In fact, Harrison et al. (6) 
have reported different temperature depen- 
dences of the resistance of powdered Eu, 
MO,& (X = 1.0 and 1.2). According to (6), 
the europium-richest sample shows the 
nonmetallic behavior usually observed on 
sintered powders, while the sample con- 
taining less europium presents a resistance- 
versus-temperature curve much alike to the 
one of Holtzberg, that is, a maximum to- 
ward 70 K, followed by a decrease of the 
resistance at lower temperatures. In the 
light of the results discussed above con- 
cerning the homogeneity domain, the euro- 
pium concentrations given by (6) should be 
stepped down. It is then quite plausible that 
such a metal-like behavior would be charac- 
teristic of substoichiometric samples. This 
phenomenon is not new in the physics of 
rare-earth compounds: semiconducting 
SmB6 changes its properties drastically 
when vacancies are present in the lattice 
(19) and its residual resistivity may change 
three or four orders of magnitude with sam- 
ple preparation (20); intermediate-valent 
Tm,Se (x 5 1.0) goes from a metallic to an 
insulator state at T = 0 when x approaches 
1.0 (22); magnetic semiconductor EuO can 
exhibit a wide range of resistivity behaviors 
depending on doping and upon deviations 
from stoichiometry (22), just to cite a few 
examples among others. 
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In the case of EuMo,&, the sample prep- 
aration techniques used by the different 
groups working on crystal growth (3, 4, 15) 
are quite dissimilar, so it becomes difficult 
to state the main reasons of such difference 
in europium concentrations. We believe 
however that due to our method of crystal 
growth, our materials might have the high- 
est content of europium possible, and that 
the E~i.~Mo$s low-temperature phase 
must be essentially semiconducting. 

2. Susceptibility and Magnetization 
Measurements 

The magnetic susceptibility of Eu~.~Mo~ 
Ss crystals was measured down to 4.5 K in 
a commercial SQUID magnetometer (23). 
The inverse of the susceptibility (Fig. 3) fol- 
lows a Curie law below 100 K, with an ef- 
fective moment of 7.95 pslat. Eu, in excel- 
lent agreement within experimental error 
with the theoretical moment of divalent eu- 
ropium (7.94 pa). At higher temperatures, 
the inverse susceptibility deviates slightly 

, I ,-- I 

/. 
I 

, 

T (K) 
FIG. 3. Inverse magnetic susceptibility of 

Eu~.~Mo&. The straight line corresponds to a Curie 
law below 120 K. The inset shows the saturation of the 
magnetization at 2 K. 

from a Curie law, as if a constant suscepti- 
bility was superimposed to it. Surprisingly, 
the bending of the magnetic susceptibility 
becomes noticeable just above T,, but the 
effect is too small to pinpoint any anomaly 
on the X-l-versus-T curve. At lower tem- 
peratures, a small anomaly (not seen in the 
figure) centered at 15 K was detected in 
rough samples taken directly from the melt. 
This anomaly, likely due to some inclusions 
of EuS which orders magnetically at 16.5 
K, was substantially diminished by plung- 
ing the crystals into an HCl : alcohol solu- 
tion and dissolving the binary sulfide stick- 
ing to the surface. 

Further confirmation of the divalency of 
all europium atoms comes from magnetiza- 
tion measurements performed as a function 
of magnetic field at 2 K (insert, Fig. 3). Di- 
valent europium has S = 3, L = 0, J = i and 
g = 2; the saturation moment of the free ion 
is 7 ,..&a. The Eu~.~Mo& sample, composed 
of four single crystals weighing 11.5 mg in 
total, saturates at the limiting magnetic field 
(64 kOe) of our susceptometer, with a satu- 
ration moment of 7.00 pa, in excellent 
agreement with the expected value. 

Conclusion 

Reproducible experiments of crystal 
growth of the EuMo& phase were per- 
formed. First, the crystal structure at room 
temperature was refined using single-crys- 
tal data. Later, a physical characterization 
of their basic properties, e.g., electrical re- 
sistivity and magnetic susceptibility, was 
done, and compared to those already exist- 
ing in the literature for sintered powders 
and melted materials. 

The structure analysis reveals that the 
europium concentration never exceeds the 
stoichiometric composition Eur,oMo&, re- 
gardless of the rare-earth concentration of 
the starting material. The europium atom 
occupies the origin site of the hexagonal- 
rhombohedral unit-cell, with no visible de- 
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localization. All europium atoms are diva- 
lent as suggested from the lattice volume, 
and subsequently confirmed by susceptibil- 
ity and magnetization measurements. The 
magnetic susceptibility follows a Curie law 
below 100 K, and it is superimposed to a 
constant paramagnetic susceptibility at 
high temperatures. 

The electrical resistivity was measured in 
two samples from different preparations. 
While their behaviors are quite similar in 
the high-temperature metallic phase, they 
differ markedly at low temperature though 
keeping the same semiconducting-like fea- 
tures. Resistivity ratios are the largest 
found in the literature up to now. Other ex- 
periments using these single crystals are 
being performed (24) and they confirm- 
among other properties-a superconduct- 
ing state under pressure. 
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