Superconducting and magnetic properties of ternary
chalcogenides of molybdenum

N. E. Alekseevskii, N. M. Dobrovol'skii, and V. |. Tsebro

Institute of Physics Problems, USSR Academy of Sciences
(Submitted June 6, 1974)
ZhETF Pis. Red. 20, 59-63 (July 5, 1974)

It is shown that superconducting ternary chalcogenides of molybdenum have high critical magnetic
fields which are apparently due to the high density of the electron states. Addition of a fourth
component produces besides a small increase of T ., a strong increase in the magnetic susceptibility
in the normal state and a nonlinear dependence of the magnetic moment on the field.

It was recently demonstrated that certain ternary properties, and in particular to measure the magnetic
compounds of molybdenum chalcogenides are super- susceptibility in the normal state.
conductors with relatively high superconducting-transi-
tion temperatures. "' The highest values of T, are
possessed by compounds in which the third component
is copper, tin, or lead.

The superconducting ternary chalcogenides of
molybdenum were prepared by direct synthesis from the
original components in a quartz ampul in a helium
atmosphere. Immediately after the synthesis, the

It was of interest to measure the critical magnetic width of the superconducting transition was several de-
field of such systems and to investigate their magnetic grees. The samples were then pressed into pellets and
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T, (d”c dT)R (d”c/ dT )L XT T,
Composition oK xoe/ °K «0e/°K H-0
cas/g - 106
Mo, CuS 16,8 20 15 0.05
Mo, SnS, 11,3 37 30 2,0
Mo PbS, 12,5 41,5 37 19
MOSSn Alﬁ'ss‘s 13.6 - 27 32
Mo SnGa, .S, 13,3 - 28,5 97

annealed at 1000°C for a day. After annealing, the width
of the transition decreased to 0,1—0.3°K. The sample
compositions and the transition temperatures are listed
in the table.

The plots of the superconducting transition in mag-
netic fields were obtained either by measuring the dc
resistance or by an inductive method, by determining
the change AL of the self-induction of the coil in which
the investigated sample was placed. The measurement
of AL was performed with the aid of an ac bridge at a
frequency ~8 kHz. Magnetic fields up to 150 kOe were
produced by a solenoid of the Bitter type.?

For all the investigated samples, in magnetic fields
up to 150 kOe, the H (7T) plot was a straight line (see
Fig. 1). The values (dH_/dT); determined by measur-
ing the resistance exceeded somewhat the values
(dH,/dT), obtained by the inductive method.? The width
of the superconducting transition was practically inde-
pendent of the magnetic field.

The magnetic susceptibility x above T, was measured
with a string magnetometer in a cryostat for inter-
mediate temperatures. The construction and operating
principle of the magnetometer are described in detail
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FIG. 1. Plots of H{T) for ternary chalcogenides of MozCuS,
(a) , MosSnSg (b), and MogPb8; (¢}, measured by the inductive
method.
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FIG. 2. Field dependence of the magnetic moment at 15 °K for
MosSnSg (a), MosSnAlg 5S¢ (b), and MosSnGag, 5S; (c).

The results listed in the table show that chalcogenides
of molybdenum with tin as the third component have
very high values of dH,/dT. This may be due to the
large density of states N(0) of the conduction electrons.
The rather large values of the magnetic susceptibility
x of these systems in the normal state agree with this
assumption. ¥

As seen from the table, T, dH,/dT, and X increase
on going from Cu to Sn and then to Pb.

We have also investigated Mo SnS, samples with Al
and Ga as additives. Introduction of the fourth compo-
nent leads apparently to a further increase of N(0), for
besides higher values of T, and H,, we obtained a much
larger magnetic susceptibility than in the ternary com-
pounds, and the M(H) dependence became nonlinear at
T> T,. Figure 2 shows plots of M(H) for MoSnS; with-
out the fourth component and with Al or Ga additives,

An investigation of the M(H) dependences in a wide
interval of temperatures has shown that for compounds
with a fourth component the nonlinearity of M(H) ap-
pears at 7> 30°K. At T=30°K and higher, the M(H)
curves were nonlinear for all the compounds.

Inasmuch as the nonlinearity of M(H) could also be
the consequence of the presence of ferromagnetic met-
als, a spectral analysis for Fe, Co, Ni, Mn, and Cr
was carried out, With the exception of the iron, the con-
tent of which did not exceed 0.1%, no other elements
were observed in any of the investigated samples, ac-
curate to 0.001%.%

1t follows from the presented data that introduction
of Al or Ga as a fourth component leads not only to an
increase of T, but also to a change of the magnetic
properties in the normal state—larger values of x at
low H and nonlinear M(H) curves in stronger fields. It
is difficult to establish at present the connection be-
tween the growth of 7, and the change of the magnetic
properties of the system. It would be necessary for this
purpose to ascertain first the causes of the pecularities
in the magnetic properties. In principle, the nonlinear
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field dependence of the magnetic moment could be the
consedquence of the following factors:

a) The presence of ferromagnetic impurities such as
Fe. However, as stated above, the Fe content was quite
small and an estimate of the possible moment due to the
iron yields a value of M much smaller than the experi-
mentally observed values.

b) The formation of ferromagnetic chalcogenides,
which coexist with the superconducting phase. Although
this is not very probable, such a possibility cannot be
fully excluded.

¢) The onset of magnetic ordering as a result of in-
direct exchange via the electron system. In this case,
such an order should manifest itself only at low tem-
peratures, and it should hinder the onset of supercon-
ductivity. However, if it is assumed that with further
lowering of the temperature there can occur in the sys-
tem superconducting correlations that eliminate the in-
direct exchange (because the Cooper pair has s=0), one
can imagine that the system can go from a magnetical-
ly-ordered state into the superconducting state,

d) Nor can we exclude the possibility that at 7~30°K
the system experiences a phase transition, as a result
of which its magnetic properties are radically altered.

e) Finally, it is also possible that the system in-
vestigated by us constitutes at T < 30° and H> 20 kOe a
paramagnet in strong magnetic fields, in which, as is

well known, a nonlinear M(H) dependence is observed.
We hope that further investigations will reveal the true
cause of the singularities of the magnetic properties of
the systems investigated by us.

The authors are grateful to V. V. Kalashnikov for
help with preparing the samples, and to E. P,
Krasnoperov and to the staff members T. Mydlasz and
H. Medga of the International Laboratory for Strong
Magnetic Fields for help with measuring the magnetic
susceptibility,

DThese measurements were performed at the International
Laboratory of Strong Magnetic Fields at low temperatures in
Wroclaw. Some of the measurements were performed in a
superconducting solenoid up to 70 kOe.

DThe (dH, /dT) g values measured by us by the electric resis-
tance method agree with the data of 4,

HThis follows also from specific-heat data obtained inf®

“1n addition, we determined the iron content in the Mo5SnSG
sample with Ga impurity by using the Mossbauer effect on
Fe¥. No iron was observed, accurate to 0.05%.
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