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ABSTRACT

In this work, orthorhombic polycrystalline TbsNiSi, and Dy3sNiSi, compounds were prepared and magnetoca-
loric effect during multiple magnetic transitions was investigated in detail. Tb3NiSi, compound displays four
different magnetic transitions at 94 K, 115 K, 134.2 K, and 140.6 K, respectively. The maximal value of magnetic
entropy change are about 4.5 J/kg K and 11.1 J/kg K at 141 K for Tb3NiSi,; compound under a field change of
0-2 T and 0-7 T, respectively. For the Dy;NiSi, compound, three obvious magnetic transitions are found at
29.3K, 65.4 K, and 76.6 K and the maximal value of magnetocaloric effect are about 3.6 J/kg K and 10.8 J/kg K
at 77 K for a field change of 0-2 T and 0-7 T, respectively. Due to the multiple magnetic transitions, both
compounds exhibit the wide refrigeration temperature range and considerable refrigerant capacity. The results
reveal that the value of refrigeration temperature range and refrigerant capacity are 66.9 K and 549.1 J/kg for
Tb3NiSi, compound, and 64.0 K and 489.6 J/kg for Dy;NiSi, compound, respectively. Therefore, R3NiSi,-family

compounds have a potential application in middle temperature magnetic refrigeration.

1. Introduction

The phenomenon producing the exothermic or endothermic heat for
magnetic materials when the field is enhanced or weakened is known as
magnetocaloric effect (MCE) [1]. Since the sheet-shaped Gd was firstly
used as magnetic refrigerant [2], the exploration of magnetic re-
frigeration materials has been carried out and great progress has been
made in the past decades. Large magnetic entropy change materials
have always been the focus of researchers in the area of magnetic re-
frigeration because of their high energy efficiency and eco-friendly
characteristics [3-5]. In general, magnetic refrigeration materials are
classified into three categories in terms of temperature range. Those
materials with low temperature range of refrigeration (below 80 K)
such as Gdg(SO4)28H20 [6], Gd3G35012 [7,8], DY3A15012 [9], RFeSi
[10,11], HoCoGe [12], and CeSi [13], and room temperature range of
refrigeration (above 250 K) such as Gd [14,15], Gd(Si, Ge)4 [16,17], La
(Fe,Si)13 [18-22], have widely been investigated. At the same time,
Singh et al. [23] and Cwik [24,25] carried out a detailed study for a
series of multicomponent RT5 (R = rare earth, T = transition metal)

alloys with the intermediate temperature range of refrigeration. But
comparatively speaking, magnetic entropy change materials in middle
temperature range (between 80 K and 250 K) seem to get less attention
since this temperature zone is in the range of liquid nitrogen tem-
perature. However, it is an indispensable part for development of
magnetic refrigeration materials in the future.

A kind of desired magnetic refrigeration material has not only the
large magnetic entropy change but also the broad refrigeration tem-
perature range (ATm) and the high refrigerant capacity (RC).
According to the previous results [26-28], multiple magnetic transi-
tions in materials can be used as an effective approach to enhance the
value of AT;qn and RC. Recently, the LasNiGe,-type R3TX, alloys
(R = rare-earth metal, T = transition metal, X = main group element)
have been studied for many interesting magnetic properties [29-34].
Tencé et al. firstly reported the magnetic properties and MCE of
Gd3NiSi, alloy [33]. The maximal value of —ASy is 3.6 J/kg K for
annealed Gd3NiSi, sample and 2.0 J/kg K for GdsNiSi, ribbon under a
magnetic field change of 0-2 T at the Curie temperature Tc = 215 K
[33]. Although the value of —ASy is not too large, ASy; — T curves of
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Gd3NiSi, shows a wide shoulder, which is benefit to the improvement
of ATy;qm and RC value. In addition, Morozkin et al. reported a ferro-
magnetic-like transition at 135 K and spin reorientation around 53 K in
Tb3NiSi, alloy [34]. According the result of neutron diffraction, four
types of mixed ferromagnetic-antiferromagnetic order below 130 K,
82 K, 66 K and 53 K were certified in this alloy [34]. Those significant
consequences indicate that the R3NiSi, materials may have a con-
siderable value of ASy; and a wide AT;qm-. In this paper, TbsNiSi, and
Dy;3NiSi, alloys were selected to study in detail. The phase component,
crystalline structure, magnetic transition and magnetocaloric effect of
those alloys were highly characterized. It was found that both samples
undergo several magnetic transitions with increasing temperature and
it gives rise to a large ATy,qm and RC value in the wide temperature.

2. Material and methods

The R3NiSi, (R = Tb, Dy) ingots were synthesized by arc-melting
method on a water-cooled copper crucible under protection of high-
purity argon atmosphere. The starting materials (Tb, Dy, Ni and Si,
purity above 99.9 wt%) were weighted in terms of the stoichiometric
amount. The oxide layers on the crude metals were abolished before
weighting for better purity. 2 wt% excessive rare-earth simple sub-
stance was added by considering the weight loss during the arc melting.
The samples were turned and re-melted for several times to ensure
homogeneity. Then, the as-obtained ingots were sealed in a quartz tube
fulfilled with high-purity argon atmosphere and annealed at 1073 K for
1 month and quenched in liquid nitrogen finally.

The X-ray diffraction (XRD) measurements were performed by using
a Rigaku SmartLab diffractometer with Cu K, radiation (\. = 1.541 }o\),
to analyze the phase component and the crystalline structure of the
samples. A field-emission scanning electron microscope (FESEM,
Hitachi S-4800) and an Oxford Instrument INCA X-ray energy dis-
persive spectrometer (EDS) were used for characterizing the mor-
phology and the composition of samples respectively. Magnetic prop-
erties of samples were examined using a superconducting quantum
interference device magnetometer (SQUID-VSM). Zero-field-cooled
(ZFC) and field-cooled (FC) magnetization versus temperature (M-T)
curves were recorded at temperatures from 5 K to 300 K under an ap-
plied field of 0.01 T. The magnetic hysteresis (M-H) loops were mea-
sured at different temperature in magnetic fields ranging from —7 T to
7 T.

3. Results and discussion

Fig. 1 exhibits the typical powder XRD patterns and Rietveld refined
results of the R3NiSi, (R = Tb, Dy) samples at room temperature. Most
of diffraction peaks can be identified as Gd;NiSi,-type structure (space
group: Pnma, JCPDS PDF # 72-0218) and tiny impurities are also found
in the two samples. Base on the results of B-SEM and EDS, the average
atomic ratio of R3NiSi, alloy can be determined and given in Table 1.
Rietveld refined results of two samples show that {TbsNiSi,} alloy
contains about 93.81% wt% Tb3NiSi, (phase A, marked with red shown
in the inset of Fig. 1(a), the same below) and 6.19 wt% TbsSi3 (phase B,
orange). {DysNiSi,} alloy contains about 91.17% wt% Dy3NiSi, (phase
C, red) and 8.83 wt% DysSi; (phase E, orange). It should be noted that
Dy46Niz3Siz; (phase D, blue) cannot be added to Rietveld refined result
due to the unknown crystal structure. The lattice parameters from the
result of Rietveld refined are listed in Table 2. Compared with the lit-
erature [31-33], the lattice parameter values of a, b and ¢ for two
prepared samples are greatly close to the result reported in the litera-
ture [32] and decrease when R changes from element Sm to Dy due to
the effect of lanthanide contraction, indicating that the results of Riet-
veld refined are reasonable.

Fig. 2(a) and (b) display the temperature dependence of the mag-
netization of R3NiSi, (R = Tb, Dy) compounds under a magnetic field
of 0.01 T, collected from 5 K to 300 K. The measurement process is
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Fig. 1. XRD patterns and Rietveld refined results of (a) TbsNiSi, and (b)
Dy3NiSi, compounds measured at room temperature. The experiment data are
indicated by hollow circles; the calculated profile is the continuous red line
overlying them; the short vertical green and orange lines indicate the angular
positions of the Bragg peaks of R3NiSi, and RsSis; the lower blue curve shows
the difference between the observed and calculated intensity. The insets show
the B-SEM images of two samples, respectively. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

Table 1
Atomic ratio of different phase for R3NiSi, (R = Tb, Dy) compounds according
to the results of B-SEM and EDS.

Phase Tb Dy Ni Si

A (Tb3NiSi,) 0.5196 - 0.1759 0.3045

B (TbsSi3) 0.6499 - - 0.3501

C (Dy3NisSiy) - 0.5164 0.1850 0.2986

D (Dy46Niz3Sizg) - 0.4590 0.2327 0.3083

E (DysSis) - 0.6635 - 0.3365
Table 2

Unit cell data of GdsNiSi,-type R3NiSi, (R = Sm, Gd, Tb and Dy) compounds
(space group Pnma).

Compound a (nm) b (nm) ¢ (nm) Refs.
Sm3NiSi, 1.1505(3) 0.4189(3) 1.1383(3) [29]
Gd3NiSi, 1.1398 0.4155 1.1310 [28]
1.1410 0.4158 1.1322 [30]
Tb3NiSi, 1.1306(2) 0.4132(1) 1.1212(3) [29]
1.1313 0.4132 1.1222 This work
Dy3NiSi, 1.1248(2) 0.4119(1) 1.1156(3) [29]
1.1246 0.4118 1.1164 This work
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Fig. 2. Temperature dependences of ZFC and FC magnetization under a magnetic field of 0.01 T for (a) Tb3NiSi,, (b) Dy3NiSi, samples. The inset shows the
temperature dependence of reciprocal magnetic susceptibility i ~*. The temperature dependence of real part of AC magnetic susceptibility (y’ — T) curve under the
amplitude of 0.001 T and the frequency of 47 Hz of (c) Tb3NiSi,, (d) Dy3NiSi, compounds.

performed in the zero-filed-cooled (ZFC) and field-cooled (FC) mode. As
shown in Fig. 2(a), Tb3NiSi, sample firstly undergoes a transition from
antiferromagnetism (AFM) to ferromagnetism (FM) at 92 K (T,3) with
the increase of the temperature, and then a transition from FM to FM
(spin reorientation) occurs at 114 K (T,). The magnetization decreases
quickly when the temperature increases to 134 K (T), indicating a
transition from FM state to AFM state. At last, two tiny peaks at 140 K
(Ty) both have been seen in the ZFC-FC curves with the decrease of the
temperature, which manifests a transition from AFM to paramagnetism
(PM) in Tb3NiSi, sample. The inset of Fig. 2(a) shows the temperature
dependence of reciprocal magnetic susceptibility x ~'. Curie-Weiss law
is employed to analyze the data in the paramagnetic region, and a linear
fit was obtained (160-300 K). The result shows that the paramagnetic
Curie temperature 0, is about 139.8 K and the effective magnetic mo-
ment (Ueg) per Tb atom is about 9.99 g, which is slightly larger than
the theoretical value of 9.72 g for Tb®* [35,36]. It can be concluded
that the magnetism in Tb3NiSi, compound mainly comes from the Tb
atoms while Ni atoms are likely to be non-magnetic or very weak
magnetic, which is similar to other rare-earth alloys [37-40].

The magnetization vs temperature of Dy3NiSi, sample is depicted in
Fig. 2(b), which is similar to Tb3NiSi, sample. With the temperature
increased, it undergoes a FM-to-FM transition (spin orientation) at
about 30 K (T). When the temperature rises to about 66 K (Ty), a
magnetic transition from FM to AFM state occurs and then it has a
change of magnetism from AFM to PM when the temperature increases
to 76 K (Ty). The paramagnetic Curie temperature (6,) derived from the
Curie-Weiss fitting is about 68.6 K and the effective magnetic moment
(Mefr) per Dy atom is about 10.87 pg, which is close to the theoretical
value of 10.65 pg for Dy*>* [35-37], indicating that Ni atoms have less
contribution to the magnetism in Dy3NiSi, sample.

To determine precisely the temperature of magnetic transitions, the
temperature dependence of AC magnetic susceptibility curves for two

samples are measured under the amplitude of 0.001 T and the fre-
quency of 47 Hz in the temperature range from 10 K to 160 K for
TbsNiSi, sample and 10 K to100 K for DysNiSi, sample. For Tb3NiSi,
sample as shown in Fig. 2(c), four cusps at 140.6 K, 134.2 K, 115 K and
94 K, are observed in the temperature dependence of real part of AC
magnetic susceptibility (¥’ — T) curve, corresponding to four tem-
peratures of magnetic transition in ZFC-FC M-T curves. It is noteworthy
that some of four temperatures are not consistent with the previous
literature. For example, Ty cannot be reported for TbsNiSi, compound
[34]. In addition, one can find that the broad shoulder instead of the
obvious peak can be observed around T;;. While as for Dy3NiSi, sample
(shown in Fig. 2(d)), one can also find four cusps at 76.6 K, 65.4 K,
29.3Kand 12.3 K in the y’ — T curve, which are agreement with three
magnetic transition temperatures in ZFC-FC M-T curves. However, the
magnetic transition temperature at 12.3 K cannot be distinctly found in
ZFC-FC M-T curves. No references with respect to the magnetization of
Dy3NiSi, alloy have been reported yet, hence the magnetization of
Dy;NiSi, alloy needs to be studied it further. It should be mentioned
that TbsSi3 alloy is known to undergo two antiferromagnetic transitions
at 72 K (Tn1) and 55 K (Tn2) [41], lower than magnetic transition
temperatures detected in ¥’ — T curve of Tb3NiSi, sample. At the same
time, transition temperatures for Dy;NiSi, sample are about at 150 K
and 110.8 K [42], or 120 K and 84 K [43], higher than measured
transition temperatures. As a result, it can be inferred reasonably that
the impurities have less effect to magnetic measurement of two pre-
pared samples.

The initial magnetization curves and the magnetic hysteresis loops
at different temperatures are measured with applied fields up to 7 T, as
shown in Figs. 3 and 4. Fig. 3(a) displays initial magnetization curve
and the magnetic hysteresis loop at 5 K of Tb3NiSi, sample. The inset of
Fig. 3(a) shows the enlarged view of the hysteresis loop with magnetic
field up to 0.1 T. In terms of the magnetization curve, the magnetization
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Fig. 3. M-H initial magnetization curves and hysteresis loops measured for Tb;NiSi, compound at (a) 5 K, (b) 50 K, (c) 100 K, (d) 120 K and (e) 136 K. The inset
displays the magnified view for every M-H curve. (f) Temperature dependences of magnetization under different magnetic fields for Tb3NiSi, compound.

process divides clearly into two steps and a clear hysteresis exist in
TbsNiSi, sample, which indicates the ground state of FM and AFM
coexist in the sample. Consequently, it shows a field-induced meta-
magnetic transition from AFM to FM [44]. Moreover, according to the
magnetic hysteresis loops at 50 K, 100 K, and 120 K (Fig. 3(c, d)), the
hysteresis phenomenon gradually becomes weak and disappear with
the increasing temperature. While for the magnetic hysteresis loop at
120 K between Ty; and T;,, one can obviously know that the sample
presents a character of FM because the magnetization rises quickly as
the magnetic field increases. However, the magnetic hysteresis loop at
136 K (Fig. 3(e)) between Ty and T,; shows a linear magnetization
process, indicating a character of AFM. The critical field is about
0.055 T and almost has no magnetic hysteresis. The magnetization does
also not get saturation at this temperature when magnetic field lifts to
7 T, which may result from thermal disturbance to magnetic moment at
high temperature. Fig. 3(f) shows M-T curves under different magnetic
fields from 0.05 T to 5 T. It can be obviously seen that T3 corresponding
to region of AFM-FM transition moves to lower temperature with in-
creasing the applied magnetic field, also proving a behavior of meta-
magnetic transition between Ty, and T3 [38], which is consistent with

the analysis of M-H curves above.

Fig. 4 reveals the field dependence of the magnetization for
DysNiSi, sample. The rapidly increase of the magnetization at low
magnetic field has been observed from the M-H curve at 5 K and the
curve shows a large hysteresis effect. It has been normally thought as a
typical feature of ferromagnetic ground state [38,39]. As for the M-H
curves at 50 K (Fig. 4(b)) between T,; and T,,, the magnetization rises
sharply, but has almost no magnetic hysteresis effect. Moreover, the
field dependence of the magnetization for Dy;NiSi, sample at 70 K
(Fig. 4(c)) between Ty and Ty; also exhibits a line behavior under the
low-filed range between 0 and 0.08 T, which is similar with the M-H
curve at 136 K of Tb3NiSi, sample. However, no magnetic hysteresis
effect happened at this temperature, which is beneficial to the appli-
cation of magnetic refrigerant. Therefore, it can demonstrate that
Dy3NiSi, compound undergoes a PM-AFM transition at Ty, and an AFM-
FM transition at Ty.

Fig. 5 displays the isothermal magnetization curves (M-H curves) of
TbsNiSi, sample. The data are measured using a ZFC mode under ap-
plied fields up to 7 T, in a temperature range from 8 K to 191 K. Aiming
at determining the magnetic states at different temperatures, the M-H
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curves are divided into two different temperature regime, i.e.,
8 K-100 K (shown in Fig. 5(a)) and 100 K-191 K (shown in the
Fig. 5(b)). Arrott-plots derived from M? — uoH/M relationship ac-
cording to the M-H data are displayed in Fig. 5(c) and (d). In general,
the magnetization value at 7 T decreases with increasing temperature.
While for the Arrott plots between 8 K and100 K in Fig. 5(c), it can be
seen that the Arrott curves have a small negative slope at 8 K and 14 K
under the low field and presents an “S” shape under the high field,
meaning the existence of first order magnetic transition [13]. Fig. 5(b)
shows the initial magnetization curve between 100 K and 191 K. The
magnetization saturates quickly at the lower field and then continues to
increase with increasing the magnetic field, which shows ferromagnetic
characteristics. In term of Arrott plots of Fig. 5(d), it can be clearly seen
that the Arrott curves of 137 K and 140 K have a negative slope at the
low field and behave the “S” shape, verifying further that the magnetic
transition at Ty is first-order phase transition as well [13].

Similar analysis is applied to Dy3NiSi, sample. Fig. 6(a) shows the
magnetic field vs magnetization curves at different temperatures,
namely, from 8 K to 100 K. Fig. 6(b) shows the partial enlarged M-H
curves of Dy3NiSi, compound under low fields from 8 K to 26 K, re-
spectively. The magnetization increases with increasing temperature
under low magnetic field (below 0.86 T) while an opposite behavior
presented under the higher magnetic field (above 0.86 T), which in-
dicates that the ground state of the sample also exists weak AFM at low
temperature [38,39]. However, it cannot be found from ZFC-FC M-T
curves and the analysis of ground state on the basis of M-H curves at 5 K
(Fig. 4(a)). The reason is that the signal could have been overlapped by
FM signal in M-T curves measured at a magnetic field of 0.01 T. When
the measuring method of AC magnetic susceptibility is employed, the
AFM signal has not been masked entirely because the applied magnetic
field (0.001 T) is smaller. Considering that a special transition tem-
perature at 12.3 K is observed in AC magnetic susceptibility curve of
Dy3NiSi, sample (Fig. 2(d)), unknown Dy4¢Nis3Sis; phase may con-
tribute to this weak AFM ground state. Fig. 6(c) exhibits that the Arrott

curves at 68 K and 74 K below Ty have a small negative slope in the low
field, which confirms Dy3NiSi, is the first-order phase transition at Ty
as well as the above Tb3NiSi, sample.
The isothermal magnetic entropy changes are normally calculated
from the isothermal magnetization data by using Maxwell’s relationship
M

ASy = foH (E)HdT’ which is also used in this paper. The ASy as a

function of temperature (ASy; — T curves) under different magnetic
field changes are shown in Fig. 7 for Tb3NiSi, and Dy3NiSi, compounds,
respectively. As shown in Fig. 7(a) for Tb3NiSi; compound, a valley and
three peaks with increasing temperature from the curve (shown by the
shot dot lines in the Fig. 7(a)), which corresponds four magnetic tran-
sition temperatures in the M-T curves. The valley of magnetic entropy
change stands for inverse magnetocaloric effect (ASy; is positive value),
which confirms antiferromagnetic exchange in Tb3NiSi, compound at
low temperature [40]. The maximum value of ASy; for Tb3NiSi, com-
pound is 2.3 J/kg K at 47 K under the magnetic field changes 0-7 T due
to the filed-induced metamagnetic transition at Ty; which makes AFM-
FM transition move to lower temperature with increasing the applied
magnetic field. On the other hand, three peaks are located just near the
temperature of T,, T;; and Ty, The maximal value of -ASy; lies to the Ty,
which demonstrates that magnetic transition at Ty cannot result from
the little purity in the Tb3NiSi, sample. Hence it is further considered
that Ty is the temperature of AFM-PM transition of Tb3NiSi, compound.
On the basis of Fig. 7(a), the maximum value of —ASy for Tb3NiSi,
compound are about 4.5 J/kg K and 11.1 J/kg K at 141 K (Ty) under the
magnetic field changes of 0-2 T and 0-7 T, respectively. Analogously, it
can be seen from Fig. 6(b) that the maximum values of —ASy; for
Dy3NiSi, sample are confirmed to be 3.6 J/kg K and 10.8 J/kg K at
about 77 K for a field changes of 0-2 T and 0-7 T respectively, and also
exhibits the peak around Ty. The RC value is estimated with the for-
mula RC = jgz |ASy| AT, where T; to T, stands for the temperature
range of refrigeration. Generally speaking, peaks of magnetocaloric
changes always emerge near the magnetic transition temperatures.
Multiple transition temperatures generate multiple peaks, which can
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Fig. 7. Magnetic entropy changes ASy as a function of temperature for (a)
Tb3NiSi,, (b) Dy3NiSi, compounds under the magnetic field changes of 0-1 T,
0-2T,0-3T,0-4T,0-5T,0-6 T and 0-7 T.

lead to the enhancement of ATqs and RC value. The temperature
range of refrigeration AT,jqn and the value of RC are 66.9 K and
549.1 J/kg for Tb3NiSi,, and 64.0 K and 489.6 J/kg for DysNiSi,, re-
spectively.

4. Conclusions

In conclusion, R3NiSi; (R = Tb, Dy) samples with orthorhombic
crystal structure were prepared by traditional arc-melting method. The
results of B-SEM and EDS measurement reveal that R3NiSi, samples
contain mainly R3NiSi, phase and RsSi; phase. Besides, the Dy;NiSi,
sample exists small unknown Dy4Niy3Si3; phase. Several magnetic
transitions are found in both R3NiSi; compounds and magnetocaloric
effect was investigated in detail, finding that the maximal value of MCE
are about 4.5 J/kg K and 11.1 J/kg K at 141 K for Tb3NiSi, compound
under a field change of 0-2 T and 0-7 T respectively, while the maximal
value of MCE are about 3.6 J/kg K and 10.8 J/kg K at 77 K for a field
change of 0-2 T and 0-7 T respectively for DysNiSi, compound. The
large value of ATyqm and RC are 66.9 K and 549.1 J/kg for Tb3NiSi,
compound, and 64.0 K and 489.6 J/kg for Dy3NiSi, compound due to
several magnetic transitions. In view of the common character of rare-
earth elements, it may be feasible to adjust to the refrigeration tem-
perature range by the substitution of different rare-earth elements in
R;3NiSi,-family compounds.
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