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The effect of pressure on the magnetic-transition temperature T, and on the structural-transition
temperature T of molybdenum-gallium sulfide GaMosS; is investigated in the pressure range 0-6 kbar. It
is shown that T, and T, increase with pressure, and that their ratio (T,/T, =2.5) is practically

independent of pressure.

PACS numbers: 64.70.Kb, 75.30.Kz

1. INTRODUCTION

The great interest in ternary sulfides of molybdenum
is due to the unusual properties of these compounds.
The composition.of ternary sulfides can, as is well
known, be represented in the form M,MogS,. A rather
large number of ternary sulfides have by now been ob-
tained, with a variety of elements as the third compo-
nent.!’=%) Many of these compounds are superconductors;
some, e.g., PbMogSs, have unprecedented values of the
critical magnetic field.'8? As shown in a number of
papers,m superconducting sulfides have a rhombohedral
structure (space group R3) and consist of MogSg octa-
hedra between which the atoms of the third components
are located.

We have previously®®’ investigated the influence of

pressure on the superconducting properties of ternary
molybdenum sulfide with tin as the third component, and
have shown that the superconducting transition temper-
ature decreases with pressure, and that 8T./8p greatly
exceeds the corresponding value for ordinary metallic
superconductors (see also®??),

If the superconducting compounds are made up mainly
of elements of groups I, II, and IV of the periodic sys-
tem then, as shown in'*), magnetic compounds are pro-
duced with group-III elements such as Ga and Al. We
have investigated in greater detail the ternary sulfide
GaMosSg. The resistivity of this compound, in contrast
to most superconducting sulfides, has temperature de-
pendence of the semiconducting type. The dependence
of the resistivity on the temperature is approximated
well for most samples at T>30 K by an exponential law.
The energy gap for different sample batches lies in the
range 100-800 K. An estimate of the carrier density on
the basis of the Hall effect for samples of one batch
shows that the conductivity is of the n-type and that »
~4+10%° cm*3,

We have carried outt?! x-ray diffraction investiga-
tions of GaMosSg powders at temperatures from 4.2 to
300 K. It was shown that at room temperatures the
GaMosS, diffraction pattern can be indexed in a rhombo-
hedral syngony with @ =6.17 A and o =104°17', i.e., un-
like superconducting sulfides, for which a<90°, the
rhombohedral angle for GaMo;Sg is much larger than
90°, In the same study, a structural transition was ob-
served at T =48 K, manifest by a splitting and broaden-
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ing of certain diffraction maxima when the temperature
was lowered. A structural transition was observed also
in the measurement of the magnetic properties. Thus,
a break appeared on the plot of the reciprocal suscep-
tibility x"}(T) against temperature in the region of the
structural-transition temperatures. " A weak anomaly
was observed also, at the structural-transition point,
on the plot of the resistivity against temperature. The
magnetic-transition temperature, determined more ac-
curately from the temperature dependences of the mag-
netic moment in different magnetic fields, turned to be
approximately 20 K.''2? The latest measurements of the
heat capacity'**! have shown that the C,(T) plot has a
maximum at 20 K. The heat capacity has also an anom-
aly in the region of the structural-transition tempera-
ture,

The presence of structural and magnetic transitions
in a semiconducting compound (which contains no mag-
netic ions) gives grounds for assuming that this com-
pound may be an “excitonic ferromagnet.” The theory
of “excitonic ferromagnetism” was considered by Vol-
kov, Kopaev, and Rusinov.!'*5! According to this the-
ory, if the form of the carrier energy spectrum satis-
fies certain conditions, the onset of magnetic order is
the result of simultaneous formation of a charge density
wave (CDW) and a spin density wave (SDW).

Since the pressure changes greatly the properties of
superconducting ternary sulfides of molybdenum, it was
of interest to investigate the influence of the pressure
on the magnetic and structural properties of the com-
pound GaMosSe. In view of the relatively weak magne-
tism of this system (the absolute values of the saturation
moment at low temperatures are of the order of 5 G-
cm®/g, and the initial susceptibility is of the order of
3x 10‘4), it was necessary to choose a sufficiently con-
venient and sensitive measurement procedure.

2. MEASUREMENT PROCEDURE
String magnetometer and experimental setup

The magnetic moment at various fields and tempera-
tures was measured as a function of the pressure with a
string magnetometer similar to that described in‘®!, A
similar magnetometer was already used by us in mea-
surements of the magnetic properties of ternary sul-
fides,[%* 11131 A plock diagram of the setup is shown in
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FIG. 1. Block diagram of installation: 1—measuring head of
string magnetometer, 2—quartz suspension, 3—internal dewar,
4—pressure vessel, 5—copper block with thermocouple and
heater, 6—superconducting solenoid.

Fig. 1. The operating principle of the string magnetom-
eter is based on the measurement of the magnetic force
acting on a sample placed in a solenoid at an operating
point with a known magnetic-field gradient, The sensi-
tive element of the instrument is a thin tungsten string
that vibrates in the gap of a permanent magnet. The
magnet force is directly proportional to the square of
the string-vibration frequency: F,=a(f%-rf%); here a
is the constant of the instrument and f; is the initial
frequency. The initial tension in the string, determined
in the usual case by the weight of the sample and of the
quartz suspension, is of the order of several grams,
This makes it possible to use a thin (20 pm dia) tungsten
string, thereby increasing appreciably the sensitivity of
the instrument.

In our case (see Fig. 1), the sample together with
pressure vessel 4 was attached through a quartz suspen-
sion 2 to a tungsten string located in the measurement -
head 1. To prevent the thin string from breaking during
the installation, an electromagnetic locking device was
placed in magnetometer head 1.

The magnetic field was produced by superconducting
solenoid 6. The magnetometer was placed in an internal
dewar for measurements at high temperatures. A bulky
copper block 5 with a bifilarly wound heater was placed
at the lower end of the magnetometer, where the heat-
exchange helium gas was admitted. The temperature
was measured with an Au(Fe)-chromel thermocouple
whose cold junction was in thermal contact with the cop-
per block, and the hot junction was in the dewar with
melting ice. Special calibration has shown that a mag-
netic field up to 65 kOe does not influence, accurate to
0.05 K, the thermocouple readings in the entire investi-
gated temperature range from 4.2 to 70 K. We have
investigated for the most part the temperature depen-
dences of the magnetic moment in constant magnetic
fields at various pressures. To this end, after cooling
the dewar to helium temperature, the required thermal
conditions for the pressure vessel with the sample is
established in the copper block by adjusting the current
through the heater. The heating rate was usually from
0.25 to 0.5 K/min.
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The pressure vessel

To produce pressures up to 6 kbar we used a vessel
of specially selected nonmagnetic beryllium bronze. A
section through it is shown in Fig. 2. In contrast to the
standard designs, the vessel was made without an ob-
turator, and the nut of the plunger was screwed directly
on the vessel housing (I), making it possible to decrease
significantly the dimensions and weight of the vessel.
The outside diameter was 15 mm, the inner channel di-
ameter was 4 mm, and the vessel mass about 50 g. The
working liquid was a mixture of transformer oil and
kerosene.

The pressure in the vessel was determined by the
shift of the superconducting transition point of a tin plate
(I1) placed under the sample (III). The superconducting
transition was measured with low-frequency alternating
current using a separate system of compensated coils.

Samples

We used in the investigation polycrystalline GaMosS,
samples whose principal magnetic and structural char-
acteristics were reported earlier.""11 The samples
were prepared by direct fusion of the original compo-
nents in quartz ampoules filled with a small amount of
helium gas. The powdered reaction products were
pressed in cylindrical matrices and annealed at
~1000 °C for several days. The samples used for mea-
surement under pressure were 3.5 mm in diameter and
4 mm high.

Registration and reduction of the data

Owing to the relatively large mass of the pressure
vessel we customarily used a thicker tungsten string
(of ~50 um dia), thereby decreasing the sensitivity.
In addition, the magnetic force produced by the pres-
sure vessel itself turned out to be quite large and com-
parable with the magnetic force acting on the sample.
We therefore used computer reduction of the data to ob-
tain the final values of the magnetic moment as a func-
tion of the temperature or of the magnetic field. To this
end, the output data from the frequency meter connected
to the string generator and from the voltmeter that mea-
sured either the temperature or the magnetic field were
fed in perforated form into the computer for primary
reduction. The magnetic field in the measurements of
M(H) or the temperature in the measurement of M(T)
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FIG. 3. Typical temperature dependences of the forces acting
on the pressure vessel with the sample (b) and on the empty
pressure vessel (a), obtained in magnetic fields 12.5 and 34
kOe. The points show the forces obtained after primary data
reduction, and the smooth are the approximation results (see
the text).

were subdivided into intervals and the primary reduc-
tion consisted of calculating the mean value of the force
and referring it to the corresponding interval. In the
measurements of the temperature dependences, for ex-
ample, each interval was 0.5 K wide and corresponded
to.as many as 10 experimental points. The error in the
determination of the force in the interval ranged from
10 to 50 mG. The ‘error was calculated for each inter-
val with allowance for the number of points in the inter-
val.

The subsequent computer reduction consisted of ap-
proximating the obtained average force by a smooth
curve. The results of the application of the described
procedure to one of the measurements is illustrated in
Fig. 3, where the points representthe values of the force
after the primary reduction, and the smooth curves are
the results of the approximation. This procedure was
always employed both for the empty vessel (curves a)
and for the vessel with the sample (curves b), and the
magnetic moment was determined from the difference
of the forces acting on the vessel with and without the
sample. The values of the magnetic moment M obtained
in control measurements at p =0 coincided with the val-
ues of M measured without the vessel.

3. RESULTS

The measurements have shown that the magnetic mo-
ment in the GaMo;Sg system increases with increasing
pressure, Figure 4 shows plots of M(H) at T=4.2 K
and plots of M(T) at H =25 kQe, obtained at p =0 (curves

FIG. 4. Plots of the magnetic
moment vs field at T=4.2 K
and vs temperature at H=25
kOe for p=0 (a) and p=2.8
kbar (b).
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FIG. 5. Determination of the temperature of the magnetic
transition from the plots of M*(T)/M?(0). The extrapolation

of T*(H) to zero field is shown at p=0 (a) and at p =2, 8 kbar (b).
The plots of M %(T)/M *(0) at p =0 were obtained in fields 12.5
kOe (1), 25 kOe (2) and 34 kOe (3) and pertain to curve a. The
arrows indicate the values of the magnetic-transition tempera-
ture at p =0 and p =2, 8 kbar,

a) and at p =2. 8 kbar (curves b), It is seen that at the
low temperatures the saturation moment increases by
approximately 12% when the pressure is increased to
2.8 kbar,

Change of magnetic-transition temperature

The shift of the magnetic-transition temperature T,
under pressure was determined in the following manner:
The linear section, in the region of T,, on the tempera-
ture dependences of M?(T)/M?%(0) at constant H were ex-
trapolated to their intercepts with the temperature axis
at the points T*(H). The magnetic-transition tempera-
ture was determined by extrapolating the obtained values
of T*(H) to H=0.

As seen from Fig, 5, at zero pressure we have T\,
=19.5+0.5 K.’ At p=2.8 kbar, the procedure described
above yielded T, =24+0.5 K (see line b on Fig. 5). The
average derivative of the change of the magnetic-transi-
tion temperature with respect to pressure is 3T,,/9p
=+1.6+0.3 K/kbar,

Effect of pressure on the structural-transition
temperatures

As already mentioned, a structural transition was ob-
served"? in the system GaMo;Sg and it was shown that
the splitting observed in the x-ray diffraction maxima
with decreasing temperature is accompanied by a change
of the magnetic properties. In particular, a break is
observed on the M(T) curves in the region of the struc-
tural-transition temperature T, and starts at 48 K.

In the present study we investigated the temperature
dependences of the magnetic susceptibility in the para-
magnetic region under pressure. Figure 6 shows the
temperature dependences of the force acting on the pres-
sure vessel with the sample (curve 1) and on the empty
vessel (curve 2). The measurements were made in a
magnetic field of 25 kOe and a pressure of 6 kbar. The
dashed line shows the temperature dependence of the re-
ciprocal susceptibility. The arrow indicates the region
of the structural transition at the given pressure. Thus,
if we assume that the structural transition is accom-
panied by a singularity on the M(T) curve, then it follows
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FIG. 6. Temperature dependence of the force acting on the
empty pressure vessel (2) and on the vessel with the sample
(1) in the region of the structural-transition temperature at a
pressure 6 kbar. The dashed curve is the plot of the reciprocal

susceptibility against temperature.

from our data that at 6 kbar the temperature T of the
structural transition has increased by approximately 13
K. This corresponds to 87,/3p =2.2 K/kbar.

It must be noted that the effect of pressure on the sat-
uration moment M, and on the structural and magnetic
transition temperatures was in practice reversible. The
magnetic-transition point T, was reproducible in repeat-
ed measurements under pressure, with accuracy not
worse than 5%.

4. DISCUSSION OF RESULTS

It was noted earlier that the magnetic properties of
GaMo;Sg and of ZrZn, are similar to a certain de-
gree, 1112 However, the magnetic order is apparently
produced in these systems by different mechanisms,
inasmuch as in intermetallic magnetic compounds such
as ZrZn, an important role is played in the establish-
ment of the magnetic order by indirect exchange via the
conduction electrons, while GaMo;S; is a semiconductor.

The main properties of GaMo;Sg are qualitatively de-
scribed by the recently developed theory of excitonic
ferromagnetism.!**'%) Thus, the presence of a struc-
tural transition and the onset of magnetic order in
GaMo,S, ! agrees well with the phase diagrams con-
structed by Volkov, Rusinov, and Timerov's! for an
excitonic ferromagnet.

From the ratios of the experimental structural-transi-
tion temperature T, to the magnetic transition points T,
we can determine, with the aid of the phase diagram, the
ratio A,,/A, of the triplet and singlet order parame-
ters. For T,/T,~2.5, an estimate yields A,y/A
=0.9. The dependence of the reciprocal susceptibility
xNT) for A,/A4=0.9, given in'*®), agrees qualita-
tively with the experimental x-}(T') dependence obtained
by us earlier.'?! The qualitative agreement of the the-

557 Sov. Phys. JETP 46(3), Sept. 1977

ory with the experimental data can be regarded as an
indication that the ordering mechanism proposed in‘'415!
can be realized in GaMo;S,.

Thus, our experiments on the effect of pressure show
that the saturation moment and the Curie point increase
with pressure. The structural-transition temperature
also increases with increasing pressure. The ratio of
the structural-transition temperature to the magnetic-
transition temperature is equal to 2. 5 and hardly changes
with increasing pressure. The derivatives of T,, and of
T, with respect to pressure are positive and are large,
i.e., just as for superconducting ternary chalcogenides,
relatively small pressures lead to rather large changes
of the properties of such systems.

DThis value of T,, agrees well with the value of T,, obtained by
us in measurements of the temperature dependence of the mag-
netic moment of a small sample with a magnetometer using
a superconducting quantum interferometer in a magnetic field
on the order of 1 G. In addition, it agrees with the tempera-
ture at which a maximum is observed on the plot of the heat
capacity against temperature. us1
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