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Abstract

Magnetization and specific heat have been investigated for a single crystal
and a sintered sample of a-Sm>S; having an orthorhombic crystal structure.
The weak-ferromagnetic transitions have been found and the Curie
temperatures are determined as 7c1 = 3.6 K and 7c2 = 1.8 K from the
magnetic specific heat Cmag(7) of a single crystal under no magnetic field.
The weak-ferromagnetic features are extremely anisotropic, and the easy-
magnetization axis is ¢ which is perpendicular to the longitudinal direction
of the needle-like single crystal. The saturation magnetization at 7=2.0 K
and H = 100 Oe along the c-axis after field-cooling (FC) is so small as 1/18
of the full moment of Sm**. The magnetization M(T) after zero-field
cooling (ZFC) shows a curious peak at about 4.5 K just above 7Tci
regardless of the direction of the applied magnetic field for the single
crystal. While both M(T) curves of FC/ZFC for the sintered sample show
such peaks at about 4.0 K. The Cumag(7) behaves characteristically
depending on the direction of the applied magnetic field. The magnetic
entropy Smag(7) 1s also extremely anisotropic for the magnetic-field
direction, and the Smag(7) under H//a is almost invariant to the field within
70 kOe. Therefore, it might be useable for controlling MCE effect by its

rotating in magnetic field.

Keywords: Rare-earth sesquisulfides, Successive weak-ferromagnetic
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Introduction

Rare-earth sulfides have received much attention owing to their varied
physical properties and a large number of works have been performed on
binary rare-earth sulfides over the last decades. In particular, there are
many studies on rare-earth sesquisulfides because of their diversity of
structural types and their interesting physical properties [1-12]. Among
them, alpha-type rare earth sesquisulfides a-R.S; (R = La-Dy, except Pm
and Eu) have attracted considerable interest for their novel physical
properties related to magnetic transitions in recent years [13-29].

The a-R>S3 compounds possess an orthorhombic crystal structure with
the space group Pnma, which has two independent rare earth sites labeled
R1 and R2, as shown in Fig. 1. For clearly seen, sulfur atoms are not shown
here. The R1 atoms form planes with buckling in the ab-plane and the R2
atoms are connected to these planes. The decorated planes are stacked
along the c-axis. Here the atoms connected by dashed lines are on (0 1/4 0)
plane and the atoms connected by solid lines are on (0 3/4 0) plane. The
complicated physical properties in a-R2S; compounds have been
considered to result from the competition and coexistence of the various
magnetic interactions among rare earth sites.

Novel physical properties of nearly all a-R>S3 compounds have been
investigated by our groups from 2004 [13-17, 19-29]. These compounds
except a-Gd>S; show successive magnetic transitions at lower
temperatures, and curious physical properties around the transition
temperatures. As for a-Gd:Ss, it has only one antiferromagnetic (AFM)
transition at 7n = 9.9 K with large anisotropic behavior [14-18]. The results
of neutron diffraction of a-Gd.S; reveal that the magnetic unit cell of
0-Gd2S3 below Tn was the same as the chemical unit cell [17]. Large
entropy just above Tn calculated from magnetic specific heat is about
2RIn8, which shows all Gd moments on both sites of Gd1 and Gd2 order
at Tn simultaneously [15]. Also, in the case of a-Pr>S3, we have observed
only one peak in the temperature dependence of the specific heat
corresponding to a phase transition. However, the specific heat
demonstrates a tendency to rise with decreasing temperature below 1 K.
They have concluded that a-Pr2S; shows successive AFM transitions at 7ni
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=2.95 K and 7T~1 < 0.4 K [13]. For the other compounds of a-R>S3 (R = Nd
[13], Tb [24-27] and Dy [19-27]), successive AFM transitions were found
at Tni = 2.75 K/ Tne = 0.65 K for a-Nd»Ss, at 12.5 K / 3.5 K for a-Tb2S3
and at 11.4 K / 6.4 K for a-Dy:Ss, respectively. In addition, it has been
confirmed by neutron diffraction measurement for o-Tb,S; that the
magnetic moments on Tb1 and Tb2 sites order at 71 and Tn», respectively
[25].

Only in the case of a-Sm:Ss, successive weak ferromagnetic (WFM)
transitions have been found. However, the maximum value of the
magnetization at 100 Oe of applied magnetic field is so small as 7.7 % of
full saturation moment of Sm*" [28]. Such novel magnetic property
different from the series of a-R>S3 compounds is noteworthy.

Furthermore, extremely rare behavior of the electrical resistivity in
the single crystals of a-Dy2S; and a-Sm2S3 has been found [19, 28, 29]. In
both of them, the electrical resistivity shows an enormous increase and
decreases rapidly in the narrow temperature region near the magnetic phase
transition temperatures under no magnetic field. After applying magnetic
field, such enormous changes were suppressed strongly [19, 28]. The
suppression effect is also anisotropic in the ac-plane for an applied
magnetic field along the easy magnetization axis and hard magnetization
axis in both a-Dy>S; and a-Sm2S; [29].

In the present work, we have successfully grown single crystals of
a-Sm;S3 and prepared the sintered sample with a single-phase. This paper
focuses on the anomalous behavior of a-Sm»S; in the temperature
dependence of magnetization and specific heat. The features of successive
weak-ferromagnetic transitions and strong anisotropy were found in
magnetization. Behavior of the specific-heat peaks strongly depending on
the direction of the applied magnetic field was also found. The above-
mentioned phenomena were discussed in detail in this paper.



Fig. 1 The crystal structure of a-R>S3 compound, in which sulfur atoms are not shown for
clarity. The two crystallographically independent rare earth sites are shown as R1 and R2.

The rectangular parallelepiped is a unit cell.

2. Experimental

The powder sample of polycrystalline a-Sm>S; used in this study was
synthesized by the sulfurization method. The powder of Sm203 (99.9%)
was heated in an alumina boat at 1273 K for 5 h under the flow of the Ar
gas containing CS; [14, 30]. Single crystals of a-Sm»S3; were grown by a
chemical transport reaction method using iodine as a carrier. The detailed
experimental process can be found in Ref. [14, 31-33]. The sintered sample
was prepared as follows; the powder of a-Sm»S3 polycrystalline was
compressed in a rectangular bar (2 mm % 10 mm X 0.34 mm) under about
180 MPa and then sintered at 1273 K for 24 h in the same atmosphere as
sulfurization.

Identification of the powder sample and determination of the crystal-
plane orientation of the single crystal were made by X-ray diffraction
(XRD) method (Rigaku Corp.) using Cu K, radiation (A = 1.5406 A).

Temperature dependence of the DC magnetization M(T) was
measured using a superconducting quantum interference device (SQUID)
magnetometer (MPMS, Quantum Design). The M(7) of a single crystal and

a sintered sample were measured in two type processes, namely, zero-field-



cooling (ZFC) and field-cooling (FC) in the temperature range of 2-10 K
under the various applied magnetic fields within 20 kOe (single crystal) /
70 kOe (sintered sample).

Temperature dependence of specific heat C(7) was measured by a
relaxation method using Physical Property Measurement System (PPMS,
Quantum Design). The C(7) of a single crystal and a sintered sample were
measured in the temperature range of 0.4-300 K (or 15 K) in the absence
of a magnetic field and the presence of various magnetic fields within 70
kOe. For a single crystal, the magnetic field H in both M(T) and C(7)
measurements was applied in three directions, namely, H parallel to each

crystal axis a, b and c.

3. Results and discussion
3.1 Sample preparation and X-ray diffraction measurements

Figure 2(a) shows XRD patterns of powder sample just after
sulfurizing and powder sample crushed from sintered bars for a-Sm>S3. All
the peaks were assigned to a-Sm»S3 single phase having an orthorhombic
crystal structure with the space group Pnma. The lattice parameters
evaluated are almost the same as a = 7.379 A, b =3.973 A, c = 15377 A
for the former and a = 7.380 A, b =3.973 A, ¢ = 15.373 A for the latter.
Both XRD patterns agree well, and the difference of the lattice parameters
between the samples are less than 0.03% being within experimental error.
Therefore, we believe that these samples are essentially the same.

The single crystal used in this study is needle-shaped and has a
hexagonal cross-section perpendicular to the b-axis (longer direction of a
needle). The six-side plane orientations of the single crystal were
determined as two (001) planes and four (101) planes by the XRD method,
as shown in Fig. 2(b).
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Fig. 2 XRD patterns of a-Sm»S; compound: (a) for powder sample just after sulfurizing and
powder sample crushed from sintered bar; (b) for six-side planes perpendicular to the b-axis

of a single crystal.

3.2 Magnetic properties

The temperature dependence of magnetization, M(7), for a single
crystal of a-Sm2S3 in an applied magnetic field of 100 Oe along each
crystal axis is shown in Fig. 3(a)-(c). The temperature dependence is rather
weak in the range of 7 > 5 K. For a single crystal, while decreasing



temperature, all the M(T) for FC show abrupt rising below 5 K and then

show a shoulder around 3.8 K followed by another increase at lower

temperatures. The abrupt rising seems to be a feature of ferromagnetic (FM)
transition. However, the value of the magnetization is so small even in the

case of H//c. There exists strong magnetic anisotropy among directions of
the crystal axes (a, b and c¢) and the c-axis is the easy-magnetization axis

in the low temperature range near the transition temperature. The value of
M. (magnetization for H//c) at 2 K is 0.04 us, which is about 1/18 of full

saturation moment 0.71 ug for trivalent Samarium (Sm*") and slightly

smaller than the previous report [28] owing to sample dependence.

However, on the other hand, the values of M. are about 20 times larger than

those of Mjp and M, in the lower temperatures. Such WFM property in the

a-SmyS3 is considered to be brought about by the small FM contribution

originating from the Sm*" canted moments. Furthermore, the magnetic

moment of Sm** itself is small due to energy level splitting for Sm** caused

by crystalline electric field. We will call this small FM contribution “net

moment” from now on. Next let us see the ZFC curves. Sharp peaks are

observed in ZFC M(T) curves at 4.4 K for H//c and at 4.5 K for H//a and

H//b. Such a distinct behavior between FC/ZFC curves has been observed

also in the previous study [28]. In the report, some clear ferromagnetic

hysteresis loops have also been observed below 4.0 K. Also in the present

work, we confirmed ferromagnetic hysteresis loops by applying magnetic

field along the easy magnetization axis (H//c) at 1.9 K and 3.5 K. Figure 4

shows the magnetization as a function of magnetic field, M(H) curves. All

the curves show the gentle slope in the initial process from zero magnetic

field and steeper rising around 3 kOe. Here, the initial magnetization

process is shown only for the M(H) curve at 1.9 K. Both curves tend to

saturate at higher magnetic field of 8 kOe and the value at 10 kOe in the

1sotherm of 1.9 K 1s 0.08 us.

Therefore, it has been considered that a-Sm»S3 1s in the WFM state in
the temperature region below 4.0 K. And we considered that the sharp
peaks around 4.5 K in the ZFC curves are not caused by the magnetic phase
transition, because obvious peak has been found in the C(7) curve not at
4.5 K but at 3.6 K, which will be discussed in Section 3.3. It suggests that



the magnetic phase transition occurred at 3.6 K near the shoulders which
are observed in the FC curves. Furthermore, the increase of the FC
magnetization with decreasing temperature below 3.8 K is also considered
to be brought about by the WFM transition because the sharp peak has been
found in the C(7) curve at 1.8 K.

So, what caused the sharp peaks in the ZFC curves near 4.5 K for a
single crystal? In this regard, we have a simple assumption. Since the
sample of a single crystal was cooled down in the presence of a magnetic
field for the FC process, the net moments consisting of the short-range
order of each Sm*" moment, tend to align along the direction of the external
magnetic field. Thus, the FC magnetization keeps rising with decreasing
temperature along the direction of the magnetic field down to 7c1 = 3.6 K.
In the case of the ZFC process, M(T) is measured in a heating process. A
single crystal was cooled down in the absence of a magnetic field to the
lowest measuring temperature (2 K) then the magnetic field of 100 Oe was
applied for the first time. In this situation, magnetic domains were formed
in the sample to lower magnetostatic energy at sufficiently low
temperatures. Hence, the value of net magnetization is so small. However,
long-range order disappeared at 7ci while heating and then the magnetic
domains became unstable. Thus, net moments consisting of short-range
order started to orient to the magnetic field. Above the temperature of about
4.5 K, the magnetization turned to decrease with fading out of short-range
order.

Next, let us see the M(T) curves of sintered sample. Figure 3(d) shows
the M(T) curves for a sintered sample of a-Sm>S3 in an applied magnetic
field of 100 Oe. Both M-T curves of FC/ZFC show almost the same
maxima at 4.0 K and a small separation only below 3.6 K which
corresponds to Tci. The increase of magnetization while cooling above
4.0 K is too small compared to the case of the single crystal, and the
magnetic phase seems to be paramagnetic with growing short-range order.
It is considered that net moments consisting of the short-range order of
each Sm*" appear around 4.0 K. The direction of the net moments might
be restricted along crystal axes, and the c-axis is the most preferable
because of strong anisotropy. As a result, the net moments in various



crystal grain are oriented in random directions. Therefore, the
magnetization decreases below 4.0 K. In the process of ZFC, the situation
1s the same as that of the single crystal. A simple schematic diagram is
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shown in Fig. 5, where the red and blue arrows represent net moments and

net magnetization in each crystal grain.

Fig. 3 The M(T) curves for a single crystal and a sintered sample in an applied magnetic field
of 100 Oe. The magnetic field is along (a) a-axis; (b) b-axis; (c) c-axis for the single crystal.

The figure (d) shows the curves for the sintered sample.
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Fig. 4 The magnetization curves at 1.9 K and 3.5 K as a function of magnetic field.
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Fig. 5 Schematic diagram of the net moments in a single crystal along the c-axis represented
by red arrows and net magnetization in each crystal grain in a sintered sample represented by

blue arrows.

Next, we show the magnetic field effect on the M(T) curves for both
in a single crystal and a sintered sample. Figure 6 shows the M(T) curves
for the single crystal of a-Sm>S; in various magnetic fields within 20 kOe
along the c-axis. As for the case of H = 1 kOe, the sharp peak in the ZFC
curve and the separation between the FC/ZFC curves are clearly seen as
well as the case of H = 100 Oe. The peak in the ZFC shifts toward lower
temperature, and the saturated value of M(7) at 2.0 K is slightly larger than
the value for H = 100 Oe. Such phenomena are not observed under the
magnetic field of 10 kOe or stronger. All the FC curves have a tendency of
saturation at lower temperatures. However, the features of M(7) under the
field of H > 10 kOe are obviously different from the curves for H < 1 kOe.
The former curves indicate a forcibly aligned ferromagnetic state by a
magnetic field. Therefore, we cannot see clear shoulders indicating
spontaneous ordering in these curves. The saturated values in the FC curves
are larger than the corresponding values in the M(H) curve at 1.9 K
measured after ZFC process. Moreover, the increasing trend with
increasing the magnetic field is not monotonically. It might result from the
difference of ordering processes, namely, spontaneous ordering occurred
successively in Sml and Sm2 sites and forcible ordering occurred
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continuously among Sm1 and Sm2. In this way, the value of magnetization
1s highly dependent on how the magnetic field and temperature are changed.
It is considered that such complicated features are brought about by the

0.1
| 7 =20 k0e a-Sm:S;
A single crystal
H=10kO
0.08 | ¢ Hll ¢
5 0.06 |
'g i
E - H=1 kOe
0.04 [ H=100 Oe
0.02
0

existence of some metastable states.
Fig. 6 The M(T) curves for single crystal of a-SmS; in various magnetic fields within

20 kOe along the c-axis.

Figure 7 shows the M(T) curves for the single crystal of a-Sm>S3 in
various magnetic fields within 20 kOe along the a-and b-axes. As for cases
of the a-and b-axes, the behavior of M(7T) for H < 1 kOe are similar to the
c-axis qualitatively although the M(7T) values are very small. The
ferromagnetic net moments seem to be tilted toward a or b direction in the
relatively weak magnetic field along the a- or b-axis. However, the features
of M(T) under the field of H > 10 kOe are obviously different from the
curves for the c-axis. The separation of FC/ZFC curves still exists under
the magnetic field of 10 kOe. Because the value of the net moments is not
so large in these cases, magnetic domains might remain without
annihilation up to higher field than the case of H//c. The FC curves do not
show the tendency of saturation with decreasing temperature down to 2 K
at H> 10 kOe in both cases. The magnetization along the a-axis, M., shows
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a broad peak at 7ci1 and tends to decrease with decreasing temperature. In
the situation of strong magnetic fields along the a-axis,
antiferromagnetically ordered state along the b-axis is considered to be
stabilized and the ferromagnetic net moments might be disappeared. On
the other hand, the M, curves along the b-axis show the shoulders near 4 K,
and then gentle rising down to 2.4 K, finally turn to decrease with
decreasing temperature. In this case, net moments keep existing even in the
magnetic field of 20 kOe and tilt toward b direction slightly. Gentle
increase below 4 K might be caused by tilting of each Sm*" moments
ordered antiferromagnetically Sm1 site. As for decrease below 2.4 K, we
cannot explain enough from only the present data. For each case of the
direction of magnetic field, the behavior of Sm2 moments is considered to
affect magnetization complicatedly.
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Fig. 7 The M(T) curves for single crystal of a-Sm,S; in various magnetic fields within

20 kOe along the a- and b-axes.

Figure 8 shows the M(T) curves for the sintered sample of a-Sm>S3 in
various magnetic fields within 70 kOe. Although the separations between
FC/ZFC curves are seen in below 7c; only in weak magnetic fields of 100
Oe and 1 kOe, they are very small. The peaks around 4 K are observed in
the curves for H < 10 kOe and forcible ferromagnetic states are observed
in the curves for H > 20 kOe. In the FC process, magnetic domains in a
small crystal grain must be broken by even a small magnetic field of 100
Oe considering from the result of M(T) for single crystal. However,
because of strong magnetic anisotropy the peak keeps existing in 10 kQOe.
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The magnitude of 20 kOe is required to overcome this strong magnetic

anisotropy.
—————
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Fig. 8 The M(T) curves for the sintered sample in various magnetic fields within 70 kOe.

3.3 Specific heat

Figure 9 shows the temperature dependence of the molar specific heat
for sintered sample of a-Sm>S3 measured without applying magnetic field
at the wide temperature range from 0.4 K to 300 K. The all plots in the
figure are the total experimental specific heat C, measured. The lattice
specific heat Clac was estimated by fitting experimental data to the Debye
model, which can be expressed by the following equation:
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_D
T

Clat = 9rNAkB f — 1)2 (1)
0

where, 7 is number of atoms in the chemical formula unit; Na 1s the
Avogadro constant and ks i1s the Boltzmann constant. For a-SmoS3, the
Debye temperature @p estimated here is 325 K, which is very close to the
value 317 K for the non-magnetic compound a-La>S3 [1] having the same
crystal structure. At 300 K, Ciu reaches a value of about 120 J K! mol™,
which is close to the Dulong-Petit limiting value of 3R = 125 J K'! mol’!
(where, r = 5 for a-Sm»S3 and R is the gas constant). In low temperature
range, two sharp peaks are observed at 3.75 K and 1.85 K, as shown in the
inset of Fig. 9.
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Fig. 9 Temperature dependence of the molar specific heat for sintered sample of a-Sm,S;3

measured in no magnetic field at the wide temperature range from 0.4 K to 300 K.

Figure 10 shows the temperature dependence of the magnetic molar
specific heat; Cmag and the magnetic entropy per mol-Sm; Smae In no
magnetic field for both a single crystal and a sintered sample of a-Sm>Ss.
Since the electrical properties of the a-Sm>S3 compound 1s not metallic at
lower temperature range [28, 29], only the lattice contribution Cia and the
magnetic contribution Cmag are considered for the specific heat C,. Thus,
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the magnetic part of specific heat Ciag 1s obtained by subtracting the lattice
specific heat Cia from the total specific heat C,. The magnetic entropy

Smag(T) for mol-Sm was calculated by following equation:
T

Cma
Smag(T) = fn—ngT (2)

To
where Ty is the lowest temperature of about 0.36 K, n = 2 1s the number of
Sm atoms in formula unit. Because the Crmag(70) is close to 0 and Cmag(7)
shows a tendency to approach 0 with decreasing temperature from 7o, we
considered the Smag below T is negligible.

As shown in Fig. 10, a clear double-peak is observed in both curves
for a single crystal and a sintered sample. These peaks must show
ferromagnetic transitions because we have seen increasing of
magnetization at corresponding temperatures. We have determined the
Curie temperatures as 7c1 = 3.6 K and 7c2 = 1.8 K from the temperatures
at which the Ciag for the single crystal have maxima of the peaks. It seems
somewhat strange that the temperatures of peak maxima for the sintered
sample are slightly higher than those for the single crystal. The magnetic
entropy changes per mol-Sm, Smae, across each magnetic transition are
estimated as nearly (RIn2)/2. It reveals that the magnetic moments only on
one Sm site are ordered at each transition temperature and the ground state
of Sm*" on each Sm site is a doublet. Kramer's degeneracy must remain
under crystalline electric field since Sm** has 5 electrons (odd numbers) in
the 4f orbital. Thus, it seems reasonable that one of the Kramer's doublets
is the ground term of Sm?®" in the present crystal structure having low
symmetry. Similar results were found in the Dy*" having 4f° configuration
[22] and Nd** having 43 configuration [13]. We should point out the peak
of Tci for the single crystal 1s lower and broader than that for the sintered
sample surprisingly, while a rattling phenomenon appears at the bottom of
the curve between the successive transitions for the single crystal.
Although we cannot specify the reason of this rattling, this might be
bringing about the error of overestimation of the magnetic entropy slightly
larger than RIn2 at 7> 6 K.
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Fig. 10 Temperature dependence of the magnetic molar specific heat Cinag and the magnetic
entropy per mol-Sm Smag in no magnetic field for (a) a single crystal and

(b) a sintered sample of a-Sm»Ss.

Figure 11 shows the temperature dependence of the magnetic molar
specific heat Cmag 1n various magnetic fields within 70 kOe for the single
crystal and the sintered sample of a-Sm2Ss. For the single crystal in zero
magnetic field, two peaks are observed at 7c1 = 3.6 K and Tc2 = 1.8 K.
While increasing the magnetic field parallel to the a-axis, the 7ci1 peak
keeps constant for the magnitude and the maximum temperature up to H =
20 kOe, then the maximum value gradually decreases and the peak shifts
slightly toward lower temperature from H = 30 kOe. On the other hand,
the 7c2 peak is enhanced and shifts slightly toward lower temperature with
the increase of the magnetic field. Under the magnetic field parallel to the
b-axis, both 7c1 and Tc> peaks shift toward lower temperature and the
maximum values of the two peaks reduced by increasing the magnetic field.
Especially, the features are marked for the 7c» peak at H > 30 kOe.
Contrary, in the case of the c-axis, Tci peak shifts toward higher
temperature meanwhile the maximum value of the peak reduces obviously,
and the peak of this transition became broader with increase of the
magnetic field. As for the Tc2 peak, it does not shift at all while increasing
the magnetic field, but it shows a large enhancement at H = 10 kOe and
keeps the values up to 70 kOe. As for the sintered sample, unlike the single
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crystal, neither the two peaks have a significant shift, however, those
maximum values decrease clearly with increasing the magnetic field.
From the consideration of the crystal structure and the neutron
diffraction result for a-TboS; [25], it might be natural that the Sm1 site
moments order at 7c1 and the Sm2 site moments order at 7c2. The shift of
the peak of 7ci toward higher temperature in Fig. 11(c) demonstrates a
preference of Sm1 moments for directing along the c-axis. It is consistent
with the easy magnetization axis seen in the magnetic measurements. The
broadening of the peak means that the weak ferromagnetic alignment is
made forcibly by a strong magnetic field. The shift of the peak at Tc:
toward lower temperature in Fig. 11(b) suggests the Sm2 moments
basically align along the h-axis antiferromagnetically. Canting of these
antiferromagnetically ordered moments are considered to contribute to

weak ferromagnetic features.
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Fig. 11 Temperature dependence of the magnetic molar specific heat Cnqg in various magnetic

fields within 70 kOe. The magnetic field is along (a) a-axis; (b) b-axis; (c) c-axis for the

single crystal. The figure (d) shows the curves for the sintered sample.

Figure 12 shows the temperature dependence of the magnetic entropy

per mol Smag in various magnetic fields within 70 kOe for the single crystal.

We can see obvious changes of Smag at the higher temperature than 7c¢; in

Fig. 12(c) and at the lower temperature than 7c; in Fig. 12(b). These

features reflect well the characteristics of the temperature dependence of
the specific heat Cmag(7) in Fig. 11(c) and Fig. 11(b). In order to see the
magnetic entropy change directly by the magnetic field, we have calculated

the value of -ASmae(7, H) using the following equation:

-ASmag(T, H) = - [Smag(T, H) - Smag(T, 0)].
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The values for the cases of H//b and H//c are plotted versus temperature in
the insets of Fig. 12(b) and Fig. 12(c), respectively. As shown in the inset
of Fig. 12(c), the maximum magnetic entropy changes -ASmag’s are seen
near the transition temperature 7ci. With the increase of the magnetic field,
the absolute value of the -ASmae increases gradually, but the values are
relatively small. The maximum value of -ASmag is about 4.1 J kg™! K! at
4.0 K in 70 kOe, which is as small as 1/7 of a-Dy2Ss in the case of HLb (H
= 50 kOe) [27]. As for the case of H//b, the value of -ASmaz around Tc2 in
the magnetic field stronger than 10 kOe is negative, interestingly. It should
be pointed out that the curve of magnetic entropy Smag(7) for the case of
H//a is almost the same within the magnetic field of 70 kOe. This is an
interesting feature unique to the present compound a-SmS3 having a
strong anisotropy. Although the magnetocaloric effect (MCE) is not large
even in the case of H//c, it might be expected to use for MCE device

controllable by changing the orientation of single crystal under a magnetic
field.
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Fig. 12 The temperature dependence of magnetic entropy per mol Sma in various magnetic
fields along (a) a-axis; (b) b-axis; (c) c-axis. The insets in (b) and (c) show the temperature

dependence of magnetic entropy change -ASmag(7, H) for each case.

4. Conclusion

In this work, the temperature dependence of magnetization and
specific heat were investigated using a single crystal and a sintered sample
of a-Sm>S3. The magnitude of the magnetization is extremely anisotropic,
and the easy-magnetization axis is ¢ for the single crystal used. However,
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features of successive weak-ferromagnetic transitions have been observed
commonly in the FC M(T) curves under the weak magnetic field H <1 kOe
along each crystal axis for the single crystal. All the ZFC M(T) curves for
the single crystal and both the FC/ZFC M(T) curves for the sintered sample
demonstrate characteristic sharp peaks at 4.0-4.5 K near higher WFM
transition temperature. The successive WFM transitions have been
confirmed as the sharp peaks in the temperature dependence of specific
heat. We have determined the Curie temperatures as 7c1 = 3.6 K and T2 =
1.8 K from the magnetic specific heat Cmag(7) of a single crystal under no
magnetic field. We have considered that the sharp peaks in the ZFC M(T)
which emerge at slightly higher temperature than 7¢; are basically caused
by the formation of magnetic domains. While the sharp peak in the FC
M(T) of the sintered sample has been considered to be result from strong
anisotropy of a-Sm»S3 and existence of crystal domains in the sintered
sample. By evaluating the magnetic entropy in no magnetic field across the
transitions, we have found that the ground state of Sm*" on each Sm site is
a doublet. Moreover, we have assumed the Sm1 moments order at 7c1 and
the Sm2 moments order at 7c2 by analogy with the results of neutron
diffraction measurement on a-Tb2S; [25]. Novel magnetic field
dependence of the specific-heat peak has been found. The 7c1 peak shifts
toward higher temperature with increasing magnetic field only when the
magnetic field is applied along the c-axis. The shift is accompanied by
broadening of the peaks. On the other hand, the 7c> peak shifts toward
lower temperature only under the magnetic field along the b-axis with
keeping its sharpness. Both peaks under the magnetic field along the a-axis
do not show much change. We concluded that the shifts of the 7c¢1 peak
toward higher temperature suggests a preference of the net moments
consisting of Sm1 moments for directing along the c-axis. The broadening
of the peak means that the weak ferromagnetic alignment is made forcibly
by a strong magnetic field. The shifts of the 7c2 peak to low temperature
side suggests the Sm2 moments prefer to align along the b-axis
antiferromagnetically. We hope that our speculation will be validated by
some microscopic measurements. Such anisotropic features in the
magnetic specific heat are reflected on the magnetic entropy change. The
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largest magnetic entropy change is brought about near 7ci by applying
magnetic field along the c-axis, although the magnitude is not as large as
the other MCE materials. However, the magnetic entropy Smag(7) of
a-Sm;S3 is extremely anisotropic, and the Smag(7) under the magnetic field
along the a-axis is almost invariant to the field within 70 kOe. Therefore,
the single crystal of a-Sm2S; might be useable for controlling MCE effect
by its rotating in magnetic field.
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