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Single crystals of La,Mo;Se; have been grown and some of
their magnetic, transport, and superconducting properties
studied. The electrical resistivity is characterized by its high
value at room temperature, its low residual resistivity ratio, and
a pronounced negative curvature at high temperatures. Compari-
son with the isostructural compounds Mo;Se, (Mo.Se;) and
LaMo,S; shows that this behavior is due to structural as well as
to extrinsic features (e.g., brittleness due to weak intercluster
bondings). The position of the Fermi level near a peak of the
density of states plays an important role in the normal-state
physical properties, fixing the functional forms of both resistivity
and magnetic susceptibility. The superconducting state is mainly
characterized by a strong lanthanum concentration dependence
of the critical temperature 7, by quite definite granular effects,
and by a very high critical field (H_,(0) ~ 55 T). The intragrain
critical current density, as estimated by magnetic mesurements,
is relatively high (4 x10* A/cm? at zero field and 1.7 K), three
times larger than the one obtained for the void compound
Mo,Se,. This fact is due to a higher density of pinning centers in
the ternary compound because of microstructural features such
as microcracks or crystal defects caused by the extreme brittle-

ness of the crystals. © 1998 Academic Press

1. INTRODUCTION

The rare-earth molybdenum chalcogenides of formula
REMogXs (X =8,Se), discovered by Chevrel and co-
workers (1-3), have been thoroughly studied. One of the
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main interests in these compounds is that superconductivity
is not destroyed by the presence of a magnetically ordered
rare-earth sublattice, leading to unusual phenomena of co-
existence between magnetism and superconductivity (4-6).

Our program of research has dealt mainly with the crystal
growth of the rare-earth-based Chevrel phases of the sulfide
series REM04Sg. Mechanisms of growth of such series are
now well understood, and they are thoroughly described in
ref 7. The physical properties of such single crystals are also
reviewed in refs 7 and 8. The situation in the selenide series
REMo¢Seg is by far much more complicated and many
questions still exist about, for instance, intrinsic magnetic
properties of these phases [e.g., description of the ordered
state (8)], the lack of superconductivity in some representa-
tives [e.g., EuMogSes (9, 10), and YbMogSeg (11)], and the
probable coexistence of ferromagnetism and superconduc-
tivity [e.g., HoMogSeg (12)]. In addition, the critical tem-
perature T, of heavy rare-earth molybdenum selenides (RE:
Gd — Lu) happens to be strikingly similar to the value
observed in the binary MosSey; this latter compound, which
occurs very often as an impurity phase, may then hide the
intrinsic properties of the ternary-phase materials.

To answer several of these questions, we have recently
undertaken a research program on the growth of the sele-
nide materials. Our present approach, described in the ac-
companying paper (13), allowed us to obtain single-crystal
specimens of several rare-earth molybdenum selenides
REMog4Seg, with RE = La, Ce, Pr, Nd, Sm, and Eu (14). In
this work, we have chosen to present the case of RE = La,
mainly for two reasons. First, lanthanum is the largest ion
among the rare-earth elements, giving rise to the largest
effects in the structural variations of the series; furthermore,
LaMogSes presents the highest T, among the REMogSeg
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compounds, which facilitates the measurement of its intrin-
sic physical properties and makes its identification much
easier with respect to the secondary phase MosSe, (T, =
6.45 K). Second, the domain of existence of the La,MogSeg
phase has been exactly defined at 1200°C in one of our
previous works (15), giving us a good support for the inter-
pretation of the experimental data.

The crystal structure and the relationships between the
interatomic distances, the lanthanum occupancy, and the
superconducting critical temperature are thoroughly de-
scribed in Part I of this work, whereas some of the main
physical properties (i.e., electrical resistivity, magnetism, and
superconducting behavior at zero field or under an applied
external field) constitute the subject of Part II.

2. EXPERIMENTAL

When possible, measurements were performed on indi-
vidual crystals (e.g., electrical resistivity and inductive
transitions); otherwise, measurements needing large quant-
ities of material because of weak signal (e.g., dc susceptibility
or magnetization) had to be performed on an ensemble of
specimens. However, due to the reasons evoked in Part I
(i.e., a lanthanum concentration gradient along the sample),
the larger the crystal being tested, the wider the supercon-
ducting transition and the lower the accuracy in the lan-
thanum content. Such effects, negligible in crystals chosen
for structural refinement (V ~ 10~% mm?), become an im-
portant obstacle in specimens used for physical measure-
ments, which need to be at least two orders of magnitude
larger.

The immediate consequence of this is the fact that the
results given herein reflect concentration effects averaged
within the domain of existence of the specific Chevrel phase,
in our case, between x = 0.84 and x = 0.94 for RE = La (13,
15), and no direct correlation could be drawn between the
lanthanum concentration and each specific physical prop-
erty. On the other hand, as already pointed out, use of single
crystals will give immediate access to intrinsic properties
(e.g., anisotropy) of a material freed of impurity phases.

With all these warnings concerning the exact lanthanum
concentration of the measured specimens, several basic
physical properties of these crystals were studied. These
included electrical transport, ac susceptibility, dc suscepti-
bility, and magnetization.

The electrical resistivity was measured between 5 and
300 K by standard four-point probe techniques with indium
contacts made by ultrasound soldering (geometrical factors
estimated at +20% accuracy); the stabilized current was
maintained below 5 mA to avoid joule heating, but it was
increased by at lest a factor of 50 below T, to confirm the
zero-resistance state.

Dc magnetization and susceptibility were measured in
a SHE-VTS SQUID susceptometer between 2 and 300 K at
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different applied dc fields. A tentative H-T phase diagram
was deduced from the magnetization M(H) cycles per-
formed at different temperatures within the superconduct-
ing state (H.,—T') and from the superconducting transitions
recorded under different applied fields (H.,—T).

A home-made ac susceptometer equipped with a mutual-
inductance bridge tuned at low frequency was used to
measure the inductive superconducting transitions of differ-
ent crystals as described in Part I; the applied ac field was
maintained below the level of 1 uT to avoid grain decoup-
ling effects.

3. RESULTS AND DISCUSSION
3.1. Normal-State Properties

3.1.1. Electrical resistivity. The electrical resistivity was
measured in several specimens, giving quite reproducible
results concerning their overall p(T) behavior. The only
noticeable parameter changing from one crystal to another
dealt with the superconducting transition value and its
width, for the reasons discussed earlier. Figure 1 shows the
electrical resistivity measured on one of our best crystals
(that is, one presenting the narrowest transition AT, ~
0.8 K). Its compositon, close to Lay ¢4Mog Seg, was deduced
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FIG. 1. Resistivity behavior of single crystals of Laj ¢4Mo¢Seg and

La;MogSg (normalized to their room-temperature values, 1065 and
400 pm cm, respectively). The insert shows the low-temperature region for
the Lay 94MoeSeg crystal.
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from the observed critical temperature (T2 = 11.0 K) us-
ing the correlation established in Part I of this work. For
comparison, we also show the electrical resistivity measured
in the sulfide counterpart LaMogSg (16), for which the
chemical formula was taken as 1:6:8, in view of the argu-
ments developed in Part I. It should be emphasized that the
curves shown in Fig. 1 absolutely represent the general
behavior observed for trivalent rare-earth ions in either the
selenide (e.g., the case of Lag ¢,MoSeg) or the sulfide (e.g.,
the case of La;MogSg) series.

Two main differences should be outlined regarding the
general behaviors of selenides and sulfides: (i) the absolute
value of the room-temperature resistivity p(300 K) and (ii)
the residual resistance ratio (RRR) between the room-tem-
perature resistance and the value observed just above the
superconducting transition. In the case of LaMogSeg these
values are, respectively, of the order of 1-2mQ cm for
p(300 K) and 1-2 for RRR, values that are quite similar to
those observed in single crystals of other members of the
REMog4Seg series (RE = Ce, Pr, Nd, and Sm, for instance)
(14). On the other hand, typical values observed in sulfides
are of the order of 500-600 pQ cm for p(300 K) and about
10-20 for the resistance ratio (8) [values for p(300 K) as low
as 50-60 pQ cm have even been reported for LuMogSg (17)
and CeMogSg (18)].

In searching for reasons for such a systematic difference,
we should consider the morphology and microstructure of
these materials. Intercluster distances in the selenide phases
are larger than those found in the sulfide materials [for
instance, 3.446 and 2.726 A for the (Mo-Mo)™™¢" and
(Mo—Se(1))i™*r distances, respectively, in Lag o4MogSeg (13)
and 3.238 and 2.590 A in LaMogSg (19)], implying weaker
bondings in the former. As a consequence, the selenide crys-
tals are extremely brittle and easily shatter in thin sheets,
whereas sulfide crystals are much more compact, although
irregular in shape. This extreme brittleness of the selenide
phases brings about microcracks and crystals imperfections
responsible for a high residual resistivity and a high density
of pinning centers, as discussed later. At this point, we
should also mention the case of the binary Mo;Se,, which is
an exception to the aforementioned rule. This compound
exhibits a lower value of p(300 K) (235 uQ cm) and a RRR
ratio larger than 10 (20), values that can be explained by the
shorter intercluster distances [3.266 and 2.599 A, for the
(Mo-Mo)™* and (Mo—Se(1))"*** distances, respectively
(19)] compared to those existing in Lag ¢,MogSeg.

Other important differences between selenides and sulfides
are readily noticeable in Fig. 1. These are connected with the
functional form of the resistivity, mainly the low-temper-
ature behavior (in the range T, < T < 50 K) and the pro-
nounced deviation from linearity at higher temperatures.
Concerning the first point, an approximately linear temper-
ature dependence can be observed for the Lay 94MogSeg
compound (insert, Fig. 1), whereas a power-law dependence
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varying approximately as T ? fits the behavior of the sul-
fide LaMogSg quite well. The linearity of p(T) at low
temperatures is frequently encountered in Chevrel-phase
materials that present the highest critical temperatures and
magnetic critical fields, of the form M?*MogSs (for sulfides,
M =Yb, Pb, Ca, etc) or of the form M3*MogSes (for
selenides, M = La), that is, for nonmagnetic M ions (8). In
such materials, the Fermi level is situated near a peak in the
density of states (6) and its variation with temperature may
explain the linear dependence of the resistivity (21). In other
cases (e.g., RE®>"Mo,Sg, example of LaMo4Sg presented in
Fig. 1), the Fermi level is found near a minimum in the
density of states and its thermal variation has no effect in
either resistivity or magnetic susceptiblity, as we shall see
later. On the other hand, the power-law «T? variation is
more difficult to explain by a unique model, since elec-
tron—electron scattering or electron—phonon interactions,
among others, may be responsible for such a dependence
(22).

Concerning the deviation from linearity and saturation of
the resistance at high temperatures, several models have
been proposed in the case of the A-15 superconductors, any
of which may equally well explain the observed behavior in
the Chevrel phases (22). Among these models, the one pro-
posed by Fisk and Webb (23), based on the interplay be-
tween the mean free path of the electrons and the crystal
lattice spacing, seems to apply to the case shown in Fig. 1.
These authors suggest that the saturation of the resistivity
occurs because the electron mean free path cannot drop
lower than the interatomic spacing in the compound, this
limit being essentially determined by the crystalline struc-
ture and the lattice constant. As we discussed earlier, in our
case, the intercluster distances in the selenide phases are
larger than those found in the sulfide counterpart, implying
a quicker saturation of the resistance.

3.1.2. Magnetic susceptibility. To perform the dc sus-
ceptibility measurements in the normal state and for the
reasons mentioned in section 2, an ensemble of crystals
(total weight of about of 150 mg) was selected using an
optical microscope. To characterize this set of crystals, sus-
ceptibility measurements were first performed under an ac
magnetic field of about 1 uT (insert, Fig. 2). The rather large
width of the transition (AT, ~ 1 K between 10% and 90%
of the transition’s amplitude) is mainly due to concentration
gradients and a statistical distribution of crystals whose T.’s
range between 10 and 11 K. From the correlation presented
in Part I, the lanthanum concentration of this group of
crystals can be evaluated between x ~ 0.87 and x ~ 0.95.
For simplicity, in the following such an ensemble will be
referred to by its generic formulation La _;MogSes.

The magnetic susceptibility was then measured between
5 and 300 K under an applied field of 0.5 T. The ensemble of
crystals was placed inside a metallic sample holder whose
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FIG. 2. Magnetic susceptiblity of two ensembles of crystals of
La _{MogSes and LaMogSg measured at 0.5 T. The insert shows the
inductive transition (measured under 1uT ac field) of the same ensemble of
crystals of generic formulation La _;Mo¢Ses.

magnetic signal was almost temperature independent. At
each measured temperature, the sample holder’s contribu-
tion (on the order of 70% of the total signal) was carefully
subtracted, and the results were plotted as a function of
temperature (Fig. 2). The overall behavior of the magnetic
susceptibility can be described by two well-defined regions:
(i) an almost linear temperature dependence in the range
50K < T <300 K and (ii) a small rise of the paramagnetic
signal at lower temperatures. For comparison, the magnetic
susceptibility of a similar set of crystals of the sulfide com-
pound LaMo4Sg, measured under identical conditions (16),
is also shown in Fig. 2. The upturn at low temperatures can
be ascribed to minute amounts of paramagnetic impurities
present in the starting compounds (lanthanum metal for the
preparation of La,Se; or lanthanum oxide for La,S3). For
instance, assuming another rare-earth element (e.g., gado-
linium, pu = 7.94 pp) to be responsible for such an upturn,
the respective molar concentrations would be on the order
of 0.05% and 0.07% for the selenide and sulfide samples.
Concerning the magnetic susceptibility at higher temper-
atures, it is clear from Fig. 2 that the linear thermal vari-
ation is only observed in the selenide sample La _ ;MogSes
whereas the sulfide compound LaMogSg shows an abso-
lutely constant behavior. The experimental values for the
selenide compound (2.3 x 10~ * and 3.25 x 10~ * emu/mol at
300 and 50 K, respectively) are in excellent agreement with
those reported in the literature for bulk samples (6,24).
Fischer explained this temperature dependence by the rela-
tive position of the Fermi level near a peak in the density of
states (6) as it occurs in the other high critical field materials
of this family. As discussed in section 3.1.1, this feature is
observed in the sulfide series with divalent cations (e.g.,
PbMogSg) or in the selenide series with trivalent atoms
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(e.g., LaMogSeg) and constitutes a remarkable difference
between M 2" MogSg and M>3"MogSeg, on one hand, and
M?3*MogSg and M2 MogSesg, on the other.

3.2. Superconducting Properties

3.2.1. T, versus external magnetic field. The same set of
crystals characterized in section 3.1.2 was used to investigate
the magnetic field dependence of the superconducting tem-
perature. Crystals were cooled to 4.5 K outside the super-
conducting coil, that is, under no magnetic field; they were
then introduced into the coil and the dc field was applied.
The superconducting-to-normal transitions were then re-
corded with increasing temperature. Values of the applied
magnetic field ranged from 0 to 5 T. However, the zero-field
value was not attained because of the remanent field of the
coil, which depends on the history (i.e., previous applied
fields) of the superconducting magnet. On the basis of our
own experience and from M (H, T') curves investigated un-
der similar conditions, we can estimate this remanent field
(hereafter called H,.,) to a maximum value of about
3x 1073 T, low enough compared to the fields used in this
work, but very high compared to the ac magnetic field used
in the inductive measurements, as we shall discuss shortly.

Figure 3 shows three superconducting transitions ob-
tained: (a) at H,.n,, (b) at 2 T, and (c) at 5 T. Wide transitions
are observed in all cases. Three main reasons may contrib-
ute to the broadness of these transitions: first, a lanthanum
concentration gradient, as discussed in section 2; second,
grain decoupling, as observed in most of the high-T, super-
conductors but also in Chevrel-phase materials (25); and
third, a nonnegligible dependence of the critical field H,,
on the lanthanum concentration. If one compares the
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FIG.3. Superconducting transitions of the same ensemble of crystals of
La _;Mo4Seg described in Fig. 2, measured under different applied dc
fields. The insert shows the onset critical temperatures T ™ (marked by
vertical arrows) versus field for La _;Mo4Seg and MosSe, single crystals.
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transition widths observed for the same sample at very low
ac field (insert, Fig. 2) and under H,., (AT, increases by
a factor of ~ 3), it becomes evident that a most probable
mechanism for broadening is granular effects, especially
since brittleness may favor the existence of Josephson junc-
tions throughout the crystals; of course, by this mechanism,
the higher the applied field, the broader the transition be-
comes. Concerning the third hypothesis, it becomes difficult
at this stage (for the reasons evoked before) to evaluate any
concentration dependence of the critical field; however, sim-
ilar experiments performed in the binary phase Mo;Se, also
showed important brodening (26) and exclude any lan-
thanum concentration effects on the width of the transition.

From the thermal variation of the dc moment recorded
under different fields, we can draw a tentative phase dia-
gram H.,—T. The insert, of Fig. 3 shows such a phase
diagram for our set of crystals of generic formulation
La _{Mo¢Seg compared to a similar experiment performed
in single crystals of the binary MosSe, phase (20, 26). The
onset temperature T2™" was defined as the departure of the
magnetic moment from the normal-state zero baseline, as
indicated by the vertical arrows in Fig. 3. This procedure
was preferred to others (e.g., midpoint of the transition),
since it reflects the intrinsic behavior of the material and
does not take into account granular effects that broaden the
superconducting transition. It is important to note that
transitions measured by resistivity methods (narrower, as
shown in the insert of Fig. 1) should give an H-T phase
diagram similar to the one schematized in Fig. 3.

The onset temperature 72" decreases very slightly in the
case of the ternary phase La _{MogSeg (from 11.1 K at zero
field down to 10.3 K under 5 T), whereas a pronounced
decrease is observed for the binary phase Mo;Se, (from
6.45 K at zero field down to 3 K under 5 T). In the case of
La _;MogSes, the initial slope (dH,/dT )r-r, is on the order
of 6-7 T/K, and from this, an estimation of the critical field
at zero temperature H,,(0) can be made by linear extrapola-
tion of the low-field values. However, it is well known that in
such extremely high critical field superconductors, a para-
magnetic limit occurs because of the spin—orbit coupling (6).
Under the assumption of weak coupling, H., reaches 55T
at zero temperature for single crystals of La _;MogSesg, in
excellent agreement with values reported in sintered pellets
(27, 28). In the case of the binary phase MosSe,, a direct
extrapolation of the experimental data yields a value one
order of magnitude smaller (H.,(0) ~ 8 T) (26).

3.2.2. Magnetization and intragrain critical currents. Us-
ing the zero-field-cooled procedure described before, we
performed magnetization measurements as a function of the
applied field at different temperatures T < T,. Figure 4
shows the magnetization half-cycle mesured at 1.7 K on the
same ensemble of crystals. The behavior corresponds to an
extreme type-1I superconductor, with a very low critical
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FIG. 4. Magnetization cycle measured at 1.7 K on the same ensemble
of crystals of La _;MogSes.

field H.; and an extremely high H., field. The initial slopes
of the magnetization curves measured under increasing
fields are better seen in Fig. 5. A rough estimation of the
initial susceptibility y;,; (see broken lines in Fig. 5a) yields
a value between — 0.15 and — 0.07 (emu/cm?®). These ex-
perimental slopes are overestimated because no account is
taken of the remanent field of the superconducting coil (ca.
3x1073T) (29). Nevertheless, these values bracket fairly
well the theoretical susceptiblity of a bulk superconductor
(4" = —i7m = — 0.08 emu/cm?), without correction for the
demagnetizing factor.

In a similar manner, we can estimate the critical field H,,,
corresponding to the point where the magnetic moment
departs from the linearity of the initial susceptibility. These
values, estimated between 3 x 10 3and 6 x 10" 3T at 1.7K
(29), are of the same order as those observed in nonmagnetic
Chevrel-phase superconductors (30). Since large errors are
made in the experimental determination of H.;, we have
defined a characteristic field H,,,, (denoted by vertical ar-
rows in Fig. 5a) for which the first branch of the magnetiz-
ation (— M (H)) reaches a maximum. The temperature
variation of H ., defines the H-T phase diagram depicted
in Fig. 5b, which has the same form as the field dependence
of the critical temperature (or H.,—T plot) discussed earlier.

The intragrain critical current density J., was estimated
from the static magnetization using the well-known relation
Jeg(Afem?) = 15(M " — M7)/R (31), where M * and M ~ are
the increasing and decreasing branches of the magnetization
curves (expressed in emu/cm?) and R (in cm) is a character-
istic dimension of the sample (in our case, a radius of
0.15 mm averaged over several crystals used in this experi-
ment). Figure 6 shows the field dependence of J,, at 1.7K
for our ensemble of crystals of generic formulation
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FIG. 5. (a) Low-field values of the increasing branch of the magnetiz-
ation recorded at different temperatures on the same ensemble of crystals of
La _;MogSeg. Vertical arrows define H,,,, which is plotted in (b) as
a function of temperature.

La _;MogSeg compared to J, of Mo3Se, estimated in a sim-
ilar fashion. A rough factor of 2-3 is observed at low and
intermediate fields (H,,, < 0.5 T), probably due to a higher
density of pinning centers. Since it is believed that such
centers are connected to microscopic crystal defects, it is
then possible that the stronger pinning observed in the
ternary compound is closely related to its higher residual
resistivity compared to that of the MosSe, binary, as we
already discussed in section 3.1.1. Obviously, the absolute
values of J,, should be viewed with caution since such an
estimation is inversely proportional to R, which is far from
being an intrinsic parameter. However, Fig. 6 gives a good
qualitative confirmation that the ternary LaMogSeg com-
pound is a better superconducting material than the binary
compound. Direct measurements of both H., and J, by
electrical resistivity techniques are planned for the near
future.
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FIG. 6. Critical current densities estimated at 1.7 K using the Bean
model (31) for the same ensemble of crystals of La .; MogSeg compared to
the binary Mo;Se,.

4. CONCLUSION

The basic physical properties of the high-T,, high-H,
superconducting material LaMogSeg (T, = 11.K, H5(0) ~
55T) have been investigated. Results presented in the ac-
companying paper showed a clear dependence of T, on the
lanthanum concentration. In the present work, we show
that not only structural parameters (e.g., intercluster distan-
ces) but also microstructural features (e.g., morphology and
brittleness) have a direct influence on the absolute values of
the electrical resistivity due to the interplay between the
electron mean free path and the interatomic distances.

A direct comparison with isostructural compounds (the
sulfide counterpart LaMoeSg and the “void” phase
Mo;Se,) allowed us to correlate the functional forms of
both resistivity and magnetic susceptibility with the position
of the Fermi level on the density of states (DOS). Thus,
a linear variation of p(T') at low temperatures and of y(T') at
high temperatures is observed in LaMogSeg because the
Fermi level is situated near a peak of the DOS, whereas an
oT 2 dependence of the resistivity and quite constant suscep-
tibilities are observed in LaMo4Sg and MosSe,, for which
the Fermi level is situated near a minimum of the DOS.

Microstructure plays an important role in the supercon-
ducting properties since it favors the existence of Josephson
junctions and enhances the density of pinning centers in our
crystals. These effects are observed through an intrinsic
broadening of the superconducting transition and by a
higher critical current density than in the binary compound.

Due to the growth mechanisms described in Part I, crys-
tals used in most of our measurements showed a gradient in
the lanthanum concentration. As a consequence, a direct
correlation between some physical properties with the lan-
thanum content is difficult to establish when using an
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ensemble of crystals. The superconducting parameters that
we obtained under these conditions (H,, estimated to about
55T at zero temperature, and H.; of the order of a few

m

illitesla) confirm previous results obtained in sintered pel-

lets. However, the use of single crystals allowed us to present
unambiguously the intrinsic properties of this material, and

fu

ture work will be devoted to the study of anisotropic

effects, mainly in systems containing magnetic ions instead
of nonmagnetic lanthanum.

10.
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