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Abstract: The magnetocaloric effects (MCE) of α-Tb2S3 and α-Dy2S3 single crystals 
exhibiting	successive antiferromagnetic (AFM) transitions have been investigated by 
analyzing specific heat measured in magnetic field. The temperature dependence of 
specific heat in the vicinity of the successive transitions shows obvious distinction 
depending on the orientations of the applied magnetic field for both α-Tb2S3 and 
α-Dy2S3 that having orthorhombic crystal structures. When the magnetic field is 
increased, the specific heat is as follows: For α-Tb2S3 in H//b, the peak around TN2 shifts 
to lower temperature but the other one peak around TN1 barely moves; In H⊥b, the 
peak around TN2 has no shift almost within 3 T but suddenly moves to lower 
temperature in 4 T and the other one peak around TN1 shifts to lower temperature in 
specific heat versus temperature. In the case of α-Dy2S3, the two peaks around TN2 and 
TN1 shift to lower temperatures in H//b but move to higher temperatures when the 
magnetic field is increased up to 5 T by H⊥b in spite of antiferromagnetic transitions. 
Therefore, the maximum value and corresponding temperature of both isothermal 
magnetic entropy change (∆Sm) and adiabatic temperature change (∆Tad) in the magnetic 
field H⊥b are extremely different in low temperature range from that in the field of 
H//b. The results propone that the MCE of α-Tb2S3 and α-Dy2S3 could be controlled at 
low temperature by the magnitude and orientation of magnetic field. It also indicates 
that the refrigerating capacity and thermal absorption capacity will be controlled by 
changing magnitude and orientation of magnetic field on the α-Tb2S3 and α-Dy2S3 
single crystals. 
Keywords: Rare earth sulfides, Specific heat, Magnetocaloric effect, Successive 
magnetic phase transition 
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 Introduction 1

Since the magnetic refrigeration technology based on the magnetocaloric effects 
(MCE) have thrived in the last decade and many magnetic materials with the giant MCE 
have been investigated for better cooling efficiency and environmental friendliness. For 
example, Gd5(Ge1-xSix)4 with 0.3≤ x ≤ 0.5 compounds display giant MCE due to its 
first-order structural and magnetic phase transition [1]. The MnFeP0.45As0.55 compound 
with Fe2P-type structure also shows the giant MCE due to a first-order magnetic phase 
transition and the maximal magnetic entropy change is 14.5 JK-1kg-1 and 18 JK-1kg for 
magnetic field change of 2 T and 5 T at 300 K [2]. The LaFe13−xSix compounds (1.2≤ x 
≤1.6) undergo a first-order field induced itinerant-electron metamagnetic transition, so 
the compounds possess large MCE [3]. The RCo2 (R = Er, Ho, Dy) alloys exhibit 
first-order magnetic transition and large MCE. The effects of element substitutions and 
pressure on RCo2-based compounds for MCE are also reported [4]. The MCE of RAl2 

(R = Nd and Tm) single crystals with PM-FM transition are reported and the maximal 
magnetic entropy change in field change of 0-7 T is 35.9 and 8.9 JK-1kg-1 at its Curie 
temperature 6.0 and 76.5 K for TmAl2 and NdAl2, respectively [5].        

Recently, the series compounds of α-R2S3 (R = rare earth elements) become 
attractive for their novel physical properties related to magnetic transitions [6-17]. The 
α-R2S3 (R = La-Dy, except Pm and Eu) have an orthorhombic crystal structure (space 
group Pnma), as shown in Fig. 1: there are two crystallographically inequivalent R sites 
labeled R1 and R2 in this structure; Atoms on R1 with buckling in ab plane, where R2 
atoms are connected to this plane [6, 7, 12 and 15]. Ebisu et al., discovered that α-R2S3 
single crystal showed a novel antiferromagnetic transition at 10 K with anisotropic 
behavior in the temperature dependence of magnetic susceptibility [6]. Neutron 
Diffraction data [18] of α-Gd2S3 demonstrated that the magnetic unit cell was the same 
as the chemical unit cell. The heat capacity versus temperature of α-Gd2S3 single crystal 
shows a sharp anomaly at about 10 K, which also means magnetic moments of both 
Gd1 and Gd2 site order the same temperature [7]. The specific heat of α-Gd2S3 is high 
and likely to be used as regenerator material [16]. Then, the magnetic entropy change is 
also large and the α-Gd2S3 can be a candidate of refrigerant materials. In contrast with 
α-Gd2S3, the α-Tb2S3 single crystal exhibits successive antiferromagnetic (AFM) 
transitions at TN1 = 12.5 K and TN2 = 3.5 K [14]. The two transitions occur in Tb1 and 
Tb2 sites, respectively [19]. For α-Dy2S3 single crystal, the successive AFM transitions 
occur at their Neèl temperatures 11.4 and 6.4 K and that the two peaks shifted to 
different directions depending on the applied magnetic field [14]. When the magnetic 
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field (up to 2 T) was applied parallel with the b-axis those shifted toward lower 
temperature side, while those shifted to higher temperature side in the magnetic field 
perpendicular to the b-axis.  

 

Fig. 1 The crystal structure of α-R2S3 compound: rare earth atoms are connected by 
banding and sulfurs atoms are free. 

In the present study, we have investigated magnetic field effects on the specific 
heat of α-Tb2S3 and α-Dy2S3 single crystals in the vicinity of the successive magnetic 
transitions. Although the effect for α-Dy2S3 was reported previously [14], the range of 
applied magnetic field has been extended up to 5 T and the lowest temperature has been 
extended down to 0.4 K. The magnetocaloric effects (MCE) of α-Tb2S3 and α-Dy2S3 
compounds were estimated from specific heat in magnetic field applied along the b-axis 
and perpendicular to the b-axis. The MCE, which expressed by magnetic entropy 
change and adiabatic temperature change, and the possibility of controlling the MCE in 
α-Tb2S3 and α-Dy2S3 single crystals in low temperature by the magnitude and 
orientation of magnetic field were discussed in this paper.   
 Experimental 2

Polycrystalline powder samples of α-Tb2S3 and α-Dy2S3 were synthesized by 
sulfurizing the powder materials of Tb4O7 and Dy2O3 (both 99.9 %) on an alumina boat 
at a temperature in 1223-1273 K under the flow of the argon gas containing CS2 [6]. 
The single crystals were grown from the powder sample by a chemical transport 
reaction method using iodine as a carrier [6]. The crystal structure and single crystal 
orientation were confirmed by X-ray diffraction measurements using Cu Kα-radiation. 
The specific heat was measured by using Physical Property Measurement System 
(PPMS, Quantum Design). The magnetic field in the specific heat measurements was 
applied to two directions of parallel and perpendicular to the b-axis (H⊥b and H//b). 
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The specific heat of α-Tb2S3 was measured in the temperature range of 2.0-300 K in no 
magnetic field and in the temperature range of 2.0-20 K in the magnetic fields within 4 
T. The specific heats of α-Dy2S3 were measured in the temperature range of 0.7-300 K 
in no magnetic field and in range of 0.4-20 K in the magnetic fields within 5 T. The 
isothermal magnetic entropy change and adiabatic temperature change were evaluated 
from the specific heat data in the magnetic field. Stick-shaped single crystals with 
hexangular cross sections were used for the specific heat measurements. The α-Tb2S3 
sample had the mass of 2.2 mg and the length of 2.0-mm along the b-axis and the 
maximum length 0.8-mm in the cross section of the ac-plane. While the α-Dy2S3 sample 
had a weight of 2.5 mg, a 1.5-mm length along the b-axis and a 0.7-mm 
maximum-length in ac-plane.   
 Results and Discussion 3

3.1 Confirmation of crystal structure and crystal plane 
The X-ray diffraction patterns for powder samples of α-Tb2S3 and α-Dy2S3 were 

analyzed at the room temperature and the refinement showed that both of them were 
single phase having orthorhombic structure with the space group Pnma. The lattice 
parameters were a = 0.7303 nm, b = 0.3900 nm and c = 1.5202 nm for α-Tb2S3 and a = 
0.7282 nm, b = 0.3878 nm and c = 1.5140 nm for α-Dy2S3. The crystal faces of six-side 
planes of the hexangular stick-shaped single crystals were determined by the X-ray 
diffraction method. Whenever of these experiments, one set of opposed planes is 
certainly (001) plane for both α-Tb2S3 and α-Dy2S3.  
3.2 Specific heat 

Fig. 2 shows temperature dependence of the molar specific heat for α-Tb2S3 under 
no magnetic field in the temperature range from 2 to 300 K. The solid curve represents 
the experimental specific heat Cp. It demonstrates two sharp peaks at the successive 
AFM transitions temperatures TN1 = 12.5 K and TN2 = 3.5 K [9] as clearly seen in the 
inset. The dashed straight line shows the Dulong-Petit law, thus it has a value of C = 3R
×5 = 125 JK-1mol-1 , which R is the gas constant and five is number of atoms in the	
chemical formula unit of α-Tb2S3. The lattice specific heat Clat was estimated by fitting 
data to the Debye model with the Debye temperature ΘD = 270 K and shown by dashed 
curve in Fig. 2. Then, the Clat can be expressed by the following equation: 

𝐶𝐶!"#  =  9𝑟𝑟𝑁𝑁!𝑘𝑘!
!
!!

! !!!!

!!!! ! 𝑑𝑑𝑑𝑑
!!
!

! ,                   (1) 

which r is 5, the number of atoms in the chemical formula unit. NA and kB are the 
Avogadro constant and the Boltzmann constant. The Debye temperature ΘD = 270 K is 
closer to the value 317 K for α-La2S3 as reported by Gschneidner. Jr, et al. [20] rather 
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than the value 370 K estimated for α-Dy2S3 [14]. Although the calculated curve does not 
fit well  
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Fig. 2 Temperature dependence of the 
molar specific heat of α-Tb2S3. 

 Fig. 3 Temperature dependences of the 
magnetic specific heat Cm and the 
magnetic entropy S´m per mol-Tb. 

 
the 𝐶𝐶! curve in the higher temperature range than 90 K, it acceptable well in the lower 
temperature range. The value of 𝐶𝐶!"#  is sufficiently smaller than the 𝐶𝐶!  in low 
temperature range. For example, when the value of 𝐶𝐶!"# at the temperature below TN1 is 
less than 5% of 𝐶𝐶! for α-Tb2S3 and 0.9% for α-Dy2S3. It is assumed that the specific 
heat 𝐶𝐶! consists of the lattice contribution  𝐶𝐶!"# and a magnetic one 𝐶𝐶!, 
                  𝐶𝐶! =  𝐶𝐶!"# + 𝐶𝐶!,                              (2)  
because the electrical properties are not metallic in the lower temperature range [9]. The 
molar magnetic specific heat 𝐶𝐶! was obtained by subtracting 𝐶𝐶!"# from 𝐶𝐶! is shown 
in Fig. 3. The magnetic entropy 𝑆𝑆!! 𝑇𝑇  per mol-Tb is also shown in Fig. 3. It should 
be noted that the 𝑆𝑆!! 𝑇𝑇  actually the change from T0 = 2 K, which is the lowest 
temperature in the measurement. Therefore, it is evaluated from the following equation: 

              𝑆𝑆!! 𝑇𝑇 =  !!
!!

!
!!

𝑑𝑑𝑑𝑑 ,                                (3)  

Here, the Cm is divided by 2 because α-Tb2S3 has two Tb-atoms in a unit formula. The 
𝑆𝑆!! 𝑇𝑇  curve demonstrates large increases around two transitions. Two horizontal 
dashed lines are drawn across the “shoulders” of the 𝑆𝑆!! 𝑇𝑇  curve. The temperatures 
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of intersections are 5.0 and 13.0 K. The magnetic entropy increased by the value of 
Rln2/2 between these temperatures. It proposes that the Tb3+ on Tb1 sites of which 
magnetic moments order at TN1 [19] have pseudo-doublet as a ground state. As for the 
TN2 transition, the value of 𝑆𝑆!! 𝑇𝑇  at 5.0 K is less than Rln2/2. However, the Cm has a 
finite value about 0.5 JK-1mol-1 at T0. Therefore, the entropy change below T0 should be 
taken into account. If it is estimated that the entropy change across the TN2 transition 
from the horizontal dashed line under the T-axis, the value corresponding to Rln2/2 is 
obtained. The ground term of a Tb3+ on Tb2 site is also considered as a pseudo-doublet. 
In the crystal structure of this series of α-R2S3 compounds, both R1 and R2 sites have 
only the mirror symmetry of C1h. Thus, the ground term of the Tb3+ having the electron 
configuration of 4f 8 separates into 13 singlets. However, there are close two singlets 
from pseudo-doublet for Tb3+ on both the sites of α-R2S3. While, Dy3+ having the 4f 9 
configuration on have Kramers doublets, which is deduced from the analysis of the 
specific heat for α-Dy2S3 [14].  
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Fig. 4 Temperature dependence of the magnetic specific heat for α-Tb2S3 single crystal 
in various magnetic fields within 4 T H//b (a) and H⊥b (b). 
 

The effect of magnetic field on the specific heat will be discuss. Fig. 4 shows the 
temperature dependence of the magnetic molar specific heat of α-Tb2S3 single crystal in 
various magnetic fields within 4 T: H//b (Fig. 4a); H⊥b (Fig. 4b). In Fig. 4(a), it can be 
clearly seen that the TN1 peak shifts to lower temperature with increasing the magnetic 
field up to 1.7 T and then the TN1 peak disappears for the magnetic field higher than 2 T. 
The height of the TN1 peak also reduces with the magnetic field increasing up to 1.7 T. 
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While, the TN2 peak does not seriously shift and the maximal value of TN2 peak 
diminishes when the magnetic field is increased. The data for 2.5 and 3 T are not shown 
in here. In Fig. 4(b), it should be noted that the data of 2.5 T in temperature range above 
13 K indicates by the dotted curve and includes large experimental error. In the case of 
H⊥b, the TN1 peak is constant about the appearing temperature and the height when the 
magnetic field is increased up to 3 T. However, it suddenly shifts to lower temperature 
and decreases by about half in the height when the magnetic field is 4 T. The stability of 
the TN1 peak within the magnetic field of 3T perpendicular to the b-axis is consistent 
with orientation of the ordered Tb1 moments parallel to the b-axis [19]. The TN2 peak 
for 2 T appears actually at slightly lower temperature than one for no magnetic field. 
However, the peak disappears when the magnetic field gets to be higher than 2.5 T. It 
should be noted that the Cm value at T = 2 K, µ0H = 1 T (H⊥b) is rather large than the 
values of the other curves in Fig. 4(a) and 4(b). It suggests that the magnetic system 
under the magnetic field of 1 T in the direction of H⊥b keeps a certain of 
freedom-degree. 
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Fig. 5 Temperature dependence of the magnetic specific heat for α-Dy2S3 single crystal 
in various magnetic fields within 5 T H//b (a) and H⊥b (b). 
 

As for α-Dy2S3, Ebisu et al., have already reported the specific heat under the 
magnetic field within 2 T and in the temperature range higher than 2 K [14]. However, 
it will be shown the specific heat measured in the extended range; the magnetic field 
within 5 T and the temperature down to 0.7 K, in order to investigate MCE. Fig. 5 
shows temperatures dependence of the magnetic molar specific heat of α-Dy2S3 in the 
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temperature range below 20 K down to 0.7 or 2.0 K and in the magnetic field up to 5 T; 
H//b (Fig. 5(a)) and H⊥b (Fig. 5(b)). According to our recent study, the specific heat of 
α-Dy2S3 shows large anisotropy also in the ac-plane. It should be pointed out that the 
specific heat data in Fig. 5(b) are the well resemble data for H//a taken in the recent 
study. From Fig. 5(a), it can be seen that both TN1 and TN2 peaks shift to lower 
temperature and the heights of both peaks reduce by increasing the applied field up to 3 
T in H//b. But, the both peaks disappear in the field equal and larger than 4 T. However, 
in Fig. 5(b), TN1 peak shifts to higher temperature and its height increases with 
increasing the magnetic field up to 5 T in H⊥b despite that an AFM transition occurs. 
It is likely that the gain of the Zeeman term brought about by aligning of the magnetic 
moments on Dy2 site below TN1 assists the shift of TN1 peak toward higher temperature. 
On the other hand, the TN2 peak disappears in magnetic field equal and higher than 1 T. 
Here, it should be pointed out that the Cm under no magnetic field, which is shown in 
both figures, has finite value at 0.7 K and does not seem to go to zero below 0.7 K. It 
suggests that a certain of freedom-degree remains below 1 K in no magnetic field, 
however it seems to disappear in the magnetic field as shown in both figures. This 
freedom-degree seems to disappears with some magnetic ordering demonstrated as 
broad peaks around 1-2 K in the curves of 1, 2, 3 T in Fig. 5 (a) and sharp / broad peaks 
in the curves of 1 / 2 T in Fig. 5(b). It has been reported that Dy3+ on one Dy site in 
which Dy3+ moments order at TN2 has a doublet ground state because the entropy 
change across TN2 deduced from specific heat data taken in the temperature range higher 
than 2 K is nearly equal to Rln2. However, it has been clear that the magnetic entropy 
remains also below 2 K in the present study. Therefore, the ground state of this Dy site 
might have quasi-quartet ground state.           
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3.3 Magnetic entropy change and adiabatic temperature change 
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Fig. 6 Temperature dependence of the magnetic entropy for α-Tb2S3 single crystal in 
various magnetic fields within 4 T H//b (a) and H⊥b (b). 
 

Fig. 6 shows the temperature and magnetic field dependence of magnetic entropy, 
S’m(T), of α-Tb2S3 in magnetic field within 4 T (H//b and H⊥b), which was calculated 
by Eq. (3) substituting 2 K for T0. The characteristic change of S’m(T) by increasing 
magnetic field is shown for the case of H//b in Fig. 6 (a). While the S’m(T) decreases 
with increasing field is complicated below 12.2 K. In Fig. 6(b), the data for µ0H = 1 T 
has been excluded. Because the Cm has rather large value at 2 K only in the case for µ0H 
= 1 T as mentioned above, a simple comparison of S’m(T) evaluated from the Cm data 
above 2 K between the case for 1 T and the other cases is not adequate. As a 
consideration, the S’m(T) was evaluated for µ0H = 2.5 T assuming that the Cm for 2.5 T 
above 13 K, including experimental errors, was as same as the Cm for µ0H = 3 T in Fig. 
4(b).  
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Fig. 7 Temperature dependence of the magnetic entropy for α-Dy2S3 single crystal in 
various magnetic fields within 5 T H//b (a) and H⊥b (b). 
 

Fig. 7 shows the temperature and magnetic field dependence of Sm(T) of α-Dy2S3 
in magnetic field H//b (Fig. 7(a)) and H⊥b (Fig. 7(b)) from 0 to 5 T. The Sm(T) is 
defined as  

𝑆𝑆! 𝑇𝑇 =  𝑆𝑆!! 𝑇𝑇 + 𝑆𝑆! ,                          (4)    
where the S0 is the magnetic entropy below T0 and evaluated by  

                    𝑆𝑆! =  !!
!!

!!
! 𝑑𝑑𝑑𝑑 .                               (5) 

The S0 should be considered in the case of α-Dy2S3. The Cm values at T0 for µ0H = 1, 2, 
3, 4 and 5 T in Fig. 5(a) are sufficiently small and tend to go to zero with decreasing 
temperature; hence, it is assumed that the S0 values for these cases are zero. Similarly, 
judging from the Cm values at T0 in Fig. 5(b), it can be assumed that the S0 values for 
µ0H = 2, 3, 5 T are zero. However, the S0 cannot be neglected for µ0H = 0 and 1 T (H⊥

b). In order to evaluate S0 for these cases, the Cm model is shown in Fig. 8. In the case 
of µ0H = 1 T, the Cm tends to go to zero with decreasing temperature to zero; therefore, 
we assume the straight broken line CmB for the magnetic specific heat below T0. From 
this assumption S0B is evaluated as 2.1 JK-1mol-1. While T goes to zero, the Cm in no 
magnetic field does not seem to get to zero. Hence, we assume the CmA consisting of 
two connected broken lines for upper limit of magnetic specific heat. The temperature 
of the connecting point T1 is taken as T0/2. The S0 calculated from CmA, S0A, is 6.1 
JK-1mol-1. It is assumed that the S0 for the case of no field is smaller than S0A and larger 
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than S0B. We calculated the S0 by the equation; S0 = (S0A+S0B)/2, as 4.1 JK-1mol-1. The 
Sm(T) for no magnetic field and 1 T (H⊥b) are taken S0 into consideration in Fig. 7. 
Consequently, the Sm(T) for no field at 6.4 K is nearly equal to Rln4. The quasi-quartet 
ground state model for one Dy site that mentioned above seems to be adequate. In both 
Fig. 7(a) and Fig. 7(b), it can be seen that the magnetic entropy decreases with 
increasing the magnetic field.  
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Fig. 8 The Cm model for evaluating magnetic entropy of α-Dy2S3 below T0. 
 
    The magnetic entropy change will be discussed under the magnetic field. Fig. 9 
shows the temperature and magnetic field dependence of magnetic entropy change, 
-∆Sm(T, H), of α-Tb2S3; H//b (Fig. 9(a)), H⊥b (Fig. 9(b)). It was calculated by 
following equation, 

−∆𝑆𝑆! 𝑇𝑇,𝐻𝐻 =  −[𝑆𝑆!! (𝑇𝑇)! − 𝑆𝑆!! (𝑇𝑇)!!!].             (6) 
In the case of H//b, it can be seen in Fig. 9(a) that the valley of magnetic entropy change 
having negative values is formed below 12 K when the magnetic field change is equal 
to or smaller than 2 T. It is due to existing the complicated phases of S’m(T) in Fig. 6(a). 
It is largely different from the positive values in the case of H⊥b. This inverse MCE 
was also reported in RCu2 (R = Tb, Dy, Ho, Er) compounds which has also successive 
transitions [20]. The -∆Sm(T, H) in the range of 12-20 K increases with increasing 
magnetic field change up to 4 T. The maximal -∆Sm(T, H) of α-Tb2S3 is 12.0 Jkg-1K-1at 
20 K in magnetic field change of 4 T. On the other hand, the -∆Sm(T, H) for H⊥b 
increases with increasing magnetic field change up to 4 T in the wide temperature range  
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Fig. 9 Temperature dependence of the magnetic entropy change for α-Tb2S3 single 
crystals in magnetic field change within 4 T H//b (a) and H⊥b (b). 
 
above 4 K, as shown in Fig. 9(b). It can be seen obviously that two peaks of -∆Sm(T, H) 
emerges under the magnetic field change of 4 T, compared with one peak in ∆H of 2, 
2.5 and 3 T. Consequently, the -∆Sm(T, H) in µ0∆H of 4 T keeps large value in a broad 
temperature range, which gets more than twice as large as that in µ0∆H of 2, 2.5 and 3 T 
in the temperature range above 12 K. The maximal value of magnetic entropy change 
for α-Tb2S3 is -∆Sm(T, H) = -∆Sm(13 K, 4 T) = 12.0 Jkg-1K-1 in the measurement range. 
Comparing the cases of H//b; Fig. 9(a) and H⊥b; Fig. 9(b), the -∆Sm(T, H) of α-Tb2S3 
single crystal shows fairly large differences in shape and feature. Therefore, the α-Tb2S3 
single crystal has potential to control the large MCE by rotating the single crystal in a 
magnetic field. 

For the α-Dy2S3, the temperature dependence of -∆Sm(T, H) in µ0∆H from 1 to 5 T 
in H⊥b and H//b is shown in Fig. 10(a) and (b). The magnetic entropy change of 
α-Dy2S3 increases in both cases H⊥b and H//b with increasing magnetic field change. 
There are almost flat peak in both conditions H⊥b and H//b in the temperature range 
from 7 to 12 K in the case of µ0∆H = 5 T. The half-peak temperature width of α-Dy2S3 
also makes larger in H⊥b and H//b with increasing magnetic field change. The 
maximal -∆Sm(T, H) of α-Dy2S3 is 22.8 Jkg-1K-1at 11.7 K in magnetic field of 5 T (H//b) 
and 28.3 Jkg-1K-1 at 11.4 K in magnetic field of 5 T (H⊥b). Comparing Fig. 10(a) and 
(b), the -∆Sm(T, H) of α-Dy2S3 single crystal shows large difference in value depending 
on the magnetic field direction. It indicates that the MCE of α-Dy2S3 could be controlled 
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by changing orientation and magnitude of magnetic field. 
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Fig. 10 Temperature dependence of the magnetic entropy change for α-Dy2S3 single 
crystals in magnetic field change within 5 T H//b (a) and H⊥b (b). 
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Fig. 11 The description for the MCE in terms of both the isothermal magnetic 
entropy change ∆Sm and the adiabatic temperature change ∆Tad. 

Here, the ∆Tad of α-Tb2S3 and α-Dy2S3 will be discuss. In general, the ∆Tad can be 
estimated from the temperature dependence of total entropy [21], which can be written 
as the following equation, 
                  ∆𝑇𝑇!" = 𝑇𝑇!(!) − 𝑇𝑇! ! !!(!)  ,                           (7) 
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and is shown in Fig. 11. The temperature dependence of ∆Tad for α-Tb2S3 as shown in 
Fig. 12(a) and (c) can be obtained from the results shown in Fig. 6(a) and (b). However, 
since α-R2S3 (R = Tb, Dy) compounds exhibit two successive AFM transitions, the 
behavior of Sm(T) is complicated as seen in Fig. 6 and Fig. 7. Therefore, the ∆T ’ad can 
be calculated by using the equation, 

∆𝑇𝑇’!" = − !
!!
∆𝑆𝑆!   .                           (8) 

The calculated results for α-Tb2S3 are shown in Fig. 12(b); H//b and (d); H⊥b. 
Comparing Fig. 12(a, c) and (b, d), the features of adiabatic temperature change curves, 
namely ∆Tad (T) and ∆T ’ad (T), are similar qualitatively. However, the values of ∆Tad 
and ∆T ’ad in the case of magnetic field change below 3 T are slightly different. In the 
case of µ0∆H = 4 T (H⊥b), the values of differences between those are larger. It might 
be due to that we assumed the constant value for the Cp in the evaluation of ∆T ’ad (T) 
using Eq. (8). In the following parts, the data of ∆Tad will be used to discuss. It should 
be pointed out that the value of the ∆Tad curves are ended around T = 10 K because the 
S’m(T) have a limitation temperature 20 K in our measurement. In Fig. 12(a), the curves 
of ∆Tad (T) in the magnetic field change of 3 T show valleys at the temperature range 
about 7 to 12 K. When the magnetic field increases to 2 T, the value of ∆Tad firstly 
decreases. Then, it increases when the field is up to 4 T. In general, the adiabatic 
temperature change for MCE material is positive and increases when magnetic field 
change increases. It is named normal adiabatic temperature change. However, inverse 
adiabatic temperature have been observed in α-Tb2S3 compound in a widely temperature 
range between TN1 to TN2. The maximal ∆Tad of α-Tb2S3 is 10.6 K at T = 8.7 K in 
magnetic field of 4 T (H//b), although the values are limited because of experiment data 
below 20 K. For α-Tb2S3 in H⊥b, there exists a peak of ∆Tad at about 5 K and a valley 
at about 12 K in µ0∆H = 2, 2.5 and 3 T. However, when the magnetic field change is 4 T, 
the value of ∆Tad constantly increases with increasing temperature. The maximal ∆Tad of 
α-Tb2S3 is 10.0 K at T = 10.2 K in magnetic field change of 4 T (H⊥b).  

Here, we have to point out some issues on our estimation of the adiabatic 
temperature change ∆Tad and ∆T ’ad. The ∆Tad (T) and ∆T ’ad (T) for 4 T in Fig. 12(c) and 
(d) shows divergence behavior. We consider that such behavior is somewhat strange. 
We admit there exist imperfection in the two estimation methods. The first method 
estimating ∆Tad directly from the figure of S’m(T) is so simple, however it is suspicious 
whether we can applicate it for successive magnetic transition systems. As for the 
second method estimating ∆T ’ad from Eq. (8), we might have to consider the 
temperature dependence of Cp. However, we believe the behavior of ∆Tad and ∆T ’ad 
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Fig. 12 Temperature dependence of the adiabatic temperature change ∆Tad estimated 
from magnetic entropy data for α-Tb2S3 single crystal in magnetic field change within 4 
T; H//b (a) and H⊥b (c). The ∆T ’ad from Eq. (8); H//b (b) and H⊥b (d). 
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Fig. 13 Temperature dependence of the adiabatic temperature change ∆Tad estimated 
from magnetic entropy data for α-Dy2S3 single crystal in magnetic field change within 5 
T; H//b (a) and H⊥b (c). The ∆T ’ad from Eq. (8); H//b (b) and H⊥b (d). 
 
relatively low magnetic field is valid qualitatively. 

Fig. 13 is the temperature dependence of ∆Tad and ∆T ’ad of α-Dy2S3 in magnetic 
field change within 5 T in H//b; (a, b) and H⊥b; (c, d). Also in this case of α-Dy2S3, it 
can be seen that the features of ∆T ’ad curves resemble that of ∆Tad curves qualitatively. 
Fig. 13 (b) and (d) exhibit divergence behaviors as well as α-Tb2S3, especially in the 
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higher magnetic fields. Thus, the MCE will be discussed by using the value from Fig. 
13 (a) and (c). The larger the magnetic field change is, The higher the value of ∆Tad is in 
both cases of H//b and H⊥b. In Fig. 13(a), it is obvious that the ∆Tad(T) curves show 
valleys around T =5.5 K. The maximal value of ∆Tad is 9.7 K at T = 10.3 K in magnetic 
field of 5 T (H//b). In the case of H⊥b in Fig. 13(c), the value of ∆Tad in any curves 
tends to decrease with increasing the temperature. We can also see that there exists two 
minimal values around 7 and 11 K, which are close to TN2 and TN1. The maximal value 
of ∆Tad is 10.2 K at T = 1.2 K in magnetic field of 5 T (H⊥b).  
 

Table 1 The comparison of maximal magnetic entropy change and adiabatic 
temperature change	of MCE materials in the temperature range below 20 K. 

Compounds Magnetic field / T Maximal ∆Sm at T1  Maximal ∆Tad at T2 

∆Sm /J kg-1 K-1  ∆Sm /J m-3 K-1  T1 / 

K 

∆Tad / K   T2 / K 

α-Tb2S3 4 (H//b) 11.7  73.3   20.0 10.6        8.7 

4 (H⊥b) 12.0  75.2    13.6 10.0       10.2 

α-Dy2S3 5 (H//b) 22.8  149.0 11.7 9.7       10.3 

5 (H⊥b) 28.3  185.0 11.4 10.2        1.2 

ErN [22] 5 34.7  370.0 7.0 8.4       16.0 

HoN [23] 5 28.3  291.0 18.0 10.2       23.0 

ErAl2 [23] 5 38.7  240.0 11.1 - - 

HoCoAl [23] 5 22.6  171.0 10.0 - - 

GdPd2Si [23] 5  15.17  142.0 17.0 8.6       17.0 

 
The maximal magnetic entropy changes and adiabatic temperature changes of two 

single crystals below 20 K were listed in Table 1 and compared with the conventional 
MCE materials [21, 22]. The values of ∆Sm expressed by two cases unit mass (kg) and 
unit volume (m3) considering varies uses of the MCE materials. From Table 1, it can be 
seen that the magnetic entropy change ∆Sm and adiabatic temperature change ∆Tad of 
α-Tb2S3 and α-Dy2S3 are not so much higher compared with conventional related 
materials, although the values of ∆Sm(T) and ∆Tad(T) in the case of unit mass are 
comparable. However, as mentioned in Fig. 10-13, the value and shape of ∆Sm and ∆Tad 
are extremely different between in the magnetic field of H//b and H⊥b for α-Tb2S3 and 
α- Dy2S3 single crystals. Using this feature as an advantage, it may be possible that the 
refrigerating capacity, thermal absorption capacity will be controlled by changing 
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magnitude and orientation of magnetic field on the α-Tb2S3 and α-Dy2S3 single crystals.                                 
 Conclusion 4

In this work, the specific heat of α-Tb2S3 and α-Dy2S3 single crystals in different 
magnetic field (H⊥b and H//b) were investigated. From the temperature dependence of 
specific heat of α-Tb2S3 in no magnetic field, we have found that the ground state of 
each Tb site is quasi-doublet. For α-Dy2S3, the temperature dependence of specific heat 
shows that there still exists finite value of Cm at 0.7 K in no magnetic field, which 
means the magnetic entropy remains. The magnetic entropy can be released in 
µ0H = 1 T due to some kind of order at 1.0 K. From the consideration of temperature 
dependence of magnetic entropy, it can be obtained that the ground state of one Dy site 
in which Dy3+ moments order at TN2 is a quasi-quartet ground state. In addition, we 
estimated the MCE expressed by magnetic entropy change and adiabatic temperature 
change of α-Tb2S3 and α-Dy2S3 compounds. Only in the case of H//b, the α-Tb2S3 
exhibits inverse MCE below 12 K within magnetic field change of 3 T. It have been 
found that the value and shape of ∆Sm and ∆Tad are extremely different between in the 
magnetic field of H//b and H⊥b for α-Tb2S3 and α-Dy2S3 single crystals. Therefore, the 
MCE of α-Tb2S3 and α-Dy2S3 can be controlled by magnitude and orientation of 
magnetic field. As a consequence, it may be possible that the refrigerating capacity, 
thermal absorption capacity will be controlled by changing magnitude and orientation of 
magnetic field on the α-Tb2S3 and α-Dy2S3 single crystals. 
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