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Large entropy change accompanying two successive magnetic phase
transitions in TbhMn2Si2 for magnetic refrigeration

Abstract

Structural and magnetic properties in TbMn;Si) are studied by variable temperature X-ray diffraction,
magnetization, electrical resistivity, and heat capacity measurements. TbMn;Si undergoes two successive
magnetic transitions at around T¢1 = 50 Kand T, = 64 K. T remains almost constant with increasing
magnetic field, but T, shifts significantly to higher temperature. Thus, there are two partially overlapping
peaks in the temperature dependence of magnetic entropy change, i.e.,, —ASpp (T). The different responses of
T¢1 and T to external magnetic field, and the overlapping of ~ASy; (T) around T¢; and T induce a large
refrigerant capacity (RC) within a large temperature range. The large reversible magnetocaloric effect (—ASy

peak _ approx. 16 J/kg K for a field change of 0-5 T)) and RC (=396 J/kg) indicate that TbMn;Si could be a
promising candidate for low temperature magnetic refrigeration.
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Structural and magnetic properties in TbMn,Si, are studied by variable temperature X-ray diffrac-
tion, magnetization, electrical resistivity, and heat capacity measurements. TbMn,Si, undergoes
two successive magnetic transitions at around T.; =50K and T., =64 K. T, remains almost con-
stant with increasing magnetic field, but T, shifts significantly to higher temperature. Thus, there
are two partially overlapping peaks in the temperature dependence of magnetic entropy change,
i.e., —ASy (T). The different responses of T.; and T, to external magnetic field, and the overlap-
ping of —ASy; (T) around T¢; and T, induce a large refrigerant capacity (RC) within a large tem-
perature range. The large reversible magnetocaloric effect (—ASyP*** ~ 16J/kg K for a field
change of 0—5T) and RC (=396 J/kg) indicate that TbMn,Si, could be a promising candidate for
low temperature magnetic refrigeration. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919895]

Magnetic refrigeration is a cooling technology based on
the magnetocaloric effect (MCE), which is an intrinsic phe-
nomenon of many magnetic materials. In the last two deca-
des, the magnetic materials with large/giant MCE have been
extensively studied experimentally and theoretically due to
the high efficiency and eco-friendliness of magnetic refriger-
ation compared to the commonly used gas compression tech-
nique.'™® The isothermal magnetic entropy change (—ASy)
or adiabatic temperature change (AT,q) under a varying mag-
netic field is the key performance indicator of magnetic cool-
ing materials. Searching for magnetic materials with large
values of —AS\/AT,q has been considered as the main task
in this field during the last few years. A number of magnetic
materials with large values of ASy;/AT,q accompanied by a
first order phase transition have been reported.’'?
Nevertheless, only some of them, especially rare-earth-based
intermetallic compounds,]f’_21 have a small hysteresis loss,
which is desirable for practical application. In addition, large
reversible MCEs only appear in a small temperature range
for most of the rare-earth-based intermetallic compounds.
This means that the corresponding refrigerator could only
work well within a small range of temperature. An ideal
magnetic Ericsson refrigeration cycle should be based on a
material with large and constant —ASy;/AT,q4, as a function
of temperature over the whole refrigeration range, (known as
“table-like” MCE). Such materials include Eu,PdMg,
EugGa;6Geso-EuO, and HoPdIn."”?! Therefore, it is impor-
tant to search for materials that exhibit giant/large MCE not
only with small hysteresis loss but also with a wide tempera-
ture range.

YAuthors to whom correspondence should be addressed. Electronic
addresses: jianli@uow.edu.au and cheng@uow.edu.au.

0003-6951/2015/106(18)/182405/5/$30.00

106, 182405-1

During the last few years, some R7,X, compounds
(R =rare earth, T = transition metal, and X = Si or Ge) have
been found to possess not only large MCE but also a small
hysteresis loss around their ordering temperature.”” The
RMn,X, series (X=3Si and Ge) crystallize in the body-
centered tetragonal ThCr,Si,-type structure (with space
group I4/mmm),>** with its series of atomic layers stacked
along the c-axis (similar to Rs (Si, Ge),, a family of well-
known large MCE materials'), which can offer scope for
selection of the magnetic state—and therefore the MCE—by
controlling the interlayer and intralayer distances between
magnetic atoms.

The magnetic structure of TbMn,Si, was well studied
using neutron diffraction twenty years ago.”>° It displays
the classical first order phase transition, and has two phase
transition temperatures located at about 50 and 70K. Two
adjacent magnetic phase transitions may make this material
display large —AS\/AT,q over a wide temperature range,
although there have been only a few reports on the MCE in
TbMn,Si,.'® In order to achieve a complete understanding of
TbMn,Si,, in this paper, we studied the magnetic properties
of this compound, especially its MCE property using vari-
able temperature X-ray diffraction, together with magnetic
and specific heat measurements.

The sample used in the research for this report is a piece
of polycrystalline TbMn,Si, bulk obtained by argon arc melt-
ing appropriate amounts of high purity elements on a water-
cooled Cu hearth with a Tb:Mn:Si molar ratio of 1:2:2.
Around 3% excess Mn was added to compensate for loss dur-
ing melting process. The sample was characterized by x-ray
powder diffraction (XRD) measurements (20-300K) using a
PANAlytical diffractometer with Cu-Ka radiation to evaluate
the crystal structure and clarify the temperature dependence

© 2015 AIP Publishing LLC
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of the lattice constant around the critical temperatures. The
Rietveld refinements were carried out using the Fullprof®
program. The magnetic measurements, including temperature
dependent magnetization curves and magnetization-field
loops around its magnetic transition temperature, were meas-
ured on a Quantum Design 9T physical properties measure-
ment system (PPMS). The transport property in magnetic
fields was measured using a standard four-probe method in
the same PPMS machine. Heat capacity measurements were
conducted on a Quantum Design 14T physical properties
measurement system.

As shown by the series of XRD patterns in Figure 1(a),
TbMn,Si, sample is confirmed to be single phase with a
body-centered tetragonal structure (space group [4/mmm)
over the temperature range from 20 to 300 K. There is no de-
tectable crystal structure change over this temperature range,
but obviously, the lattice constants a and ¢ were found to dis-
play discontinuity around 68 K on top of a smooth increasing
trend with temperature (Figure 1(b)) Moreover, as shown in
Figures 1(c) and 1(d), further analysis with respect to change
in the unit cell shape shows that lattice constant ratio c/a
increases sharply without apparent volume change at 54K,
but with obvious volume change at 68 K. Undoubtedly, these
bumps or jumps in Figures 1(b)-1(d) are not following the
trend of the thermal expansion of lattice vibrations with tem-
perature. In order to estimate the spontaneous magnetic stric-
tion giving rise to this anomaly, the lattice thermal expansion
was calculated using the Griineisen-Debye model, shown as
the dashed line in Figure 1(d),>”*® with a Debye temperature

200

250 300

of 320 K and extrapolated from the higher temperature region
(based on the fact that the magnetic contribution in the anti-
ferromagnetic region to total thermal expansion can be
ignored for these types of compounds).”? It can be clearly
seen that magnetic contributions are obvious around 68 K.
The temperature dependence of the magnetization is pre-
sented in Figure 2(a), with the two critical temperatures
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FIG. 2. (a) Magnetization as a function of temperature measured under a
field of poH=0.01T. The inset shows the field dependence of Tc,. (b)
Schematic diagram of the magnetic structure of TbMn,Si,.
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identified: T,; (=50K) and T., (=64 K). The M-T curves under
different magnetic fields have been obtained and show clearly
that T,.; remains almost constant as the field changes from 0 to
5T, while T, is driven to higher temperature, from 64 K for
B=0.01T to 90K for B=35T, as shown in the inset of Figure
2(a). The magnetic structure of TbMn,Si, has been well studied
using neutron diffraction reported earlier by Shigeoka er al.*
and Kolenda er al.*® There are three different magnetic phases
in the temperature range below 300K, i.e., the ferromagnetic
mixed commensurate structure plus the ferromagnetic structure
of terbium [Fmc(Il) + F(Tb)], the antiferromagnetic interlayer
plus ferromagnetic structure of terbium [AFil+ F(Tb)] type,
and the antiferromagnetic interlayer (AFil), as shown in
Figure 2(b). T, here is defined as the critical temperature where
the magnetic state begins to make a transition from [Fmc(Il)
+ F(Tb)] phase to [AFil 4 F(Tb)] phase with increasing tem-
perature, while T, represents the critical temperature where the
magnetic state finally makes a transition from [AFil + F(Tb)]
phase to AFil phase with increasing temperature. The fact that
T, and T, matches well with the temperature for the change in
shape of the unit cell, as shown in Figures 1(c) and 1(d), indi-
cates that these transitions around T.; and T, are first order
type. This indicates that the application of magnetic field can
significantly modify the magnetic states and broaden the tem-
perature range between T.; and T.,. By comparison, a recent
work on TbMn,Si, also reported similar transitions but with
slightly different values of T.; (46K) and T, (68 K)."® This
was attributed to the nonstoichiometric ratio caused by uncon-
trollable loss of manganese.

The magnetization curves obtained for TbMn,Si, for
fields in the range of 0-5 T around its transition temperatures
are shown in Figure 3(a). These data were obtained for
increasing field at 3K intervals spanning the range from
40K to 100K covering T.; and T.,. The corresponding
Arrott plots of M? versus puoH/M were derived and are
shown in Figure 3(b). The S-shaped nature of the Arrott plot
near T, denotes the negative sign of the coefficient ¢,(T) in
the Landau expansion of the magnetic free energy, confirm-
ing the characteristic of a first order magnetic transition.'®

Appl. Phys. Lett. 106, 182405 (2015)

The —ASy, of the sample was calculated from the mag-
netization isotherm curves in Figure 3(a) using an integral
version of Maxwell’s thermodynamic relation

Hmax

ASy (T, H) = J (%)H(iH (1)

The plots of the temperature dependence of —Sy, for different
magnetic field changes from 1 to 5 T are shown in Figure 4(a).
All of these plots have two peaks located around T.; and
T.,, corresponding to the two magnetic phase transitions of
TbMn,Si,. Because the two peaks are so close, TbMn,Si, can
be used over a wide range of temperature for magnetic refrig-
erators and has a huge refrigerant capacity (RC). The value of
RC can be determined as the product of —ASy"™** and the full
width at half maximum (FWHM) in the —ASy; (T) curve.
The values of RC are evaluated to be as large as 59.8 and
396J/kg for field changes of 0-2T and 0-5T, respectively.
These values are comparable to or larger than those of
recently reported materials such as TmCuAl (372 J/kg at 4 K),
ErMn,Si, (365J/kg at 4.5K), ErRuSi (416J/kg at 9K),
DyNi,B,C (290J/kg at 12K), TmGa (364 J/kg atl6K), and
Ho,PdSi;(427 J/kg at 9K) for a field change of 0-5 T.%

The corresponding adiabatic temperature change, AT,4(T),
can be evaluated from —ASy; (T, B) and the zero-field heat
capacity data (described below).?*** The peak value of the adi-
abatic temperature change is ATy, .x0q = 7.5 K for a field change
of 0-5T, as shown in Figure 4(b).

The temperature dependence of the resistance of
TbMn,Si, at zero magnetic fields is shown in Figure 5(a),
which is quite similar to previously reported result.’’ The
pronounced anomaly observed around T.; and T, originates
from the coincidence of the structural and magnetic phase
transitions. A little hysteresis has been observed for the
heating and cooling processes, as shown in the inset of
Figure 5(a). This is in accordance with the hysteresis behav-
iour of the magnetization of TbMn,Si, with a first order
phase transition. The magnetic phase transition temperatures
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FIG. 3. (a) Magnetization curves for TbMn,Si, over the temperature range of 48—100 K for increasing (solid line) and decreasing (dashed-dotted line) field and

(b) the corresponding Arrott plots of M? versus pi,H/M.
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2 evaluated from —ASy; (T, B) and the
zero field heat capacity data.
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FIG. 5. Temperature dependence of the resistance of TbMn,Si,: (a) measured at zero field with temperature increasing; and the inset shows the difference
between the cooling process and the heating process from 40 to 70 K; (b) measured at magnetic fields of 0-5 T with temperature increasing after zero field

cooling.

obtained by transport measurements are 48K and 62K,
respectively; it is interesting to learn from these measure-
ments that the application of external magnetic field can
broaden this transport anomaly temperature range, with the
starting temperature almost unchanging, while the ending
temperature shifts higher, as shown in Figure 4(c). This
phenomenon agrees well with T., being affected by mag-
netic field, while T.is almost unaffected in magnetic
measurements.

The temperature dependence of the heat capacity meas-
urements Cy(T) for the TbMn,Si, in the temperature range
of 4-100K is shown in Figure 6. The pronounced anomaly
observed around T, and T, originates from the coincidence
of the structural and magnetic phase transitions. It is well
accepted that phonons, C,,(T), electrons, C(T), and mag-
nons, C,(T), are the three key objects contributing heat
capacity to Cy(T). At lower temperatures, the heat capacity
can be described as

Cy(T) =T + BT°, 2)

where yT represents the contribution of electrons and ﬁT3
comes from the contribution of phonons. By fitting the graph
of C,/T versus T? at lower temperatures (<10K), as shown

in the inset of Figure 6, the values of y =28.1 mJ/molK? and
f=2.52x 10~*J/molK* have been derived. The Debye tem-
perature 0p, can be obtained to be 0 =337(+10) K from the
p value (using Op= (12n4kB/5,8)1/ 3, where kg is the
Boltzmann constant). The density of states at the Fermi level,
N(Eg), can be derived from the values of 7y, using

250

o0ss |
v=28.1 mJ/mol K’and . -
— = 3
200 M O000F 55 52410 Fmol K, . u -
g 6,=337K .l -
Soosf [ ! "
& e el
Q1301 an] T 1 .L/'/r-
o ¥
g 0.035 L - L v 4 f.
3100 _ o W w0 @ s 10 =
o T ) 4
© g
.
M
50 __.-" 2
.
!
"
l.-
-II.....
0 L] 1 1 1

T(K)

FIG. 6. Temperature dependence of the heat capacity C, for TbMn,Si, for
the temperature range of 4-100K; and the inset shows C/T versus T? at
temperatures below 10 K.
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N(EF):3y/szn2, to be 2.38eV 'atom ', which is larger
than the values obtained for YMn,Si, (1.47 eV™! atomfl)
and LaMn,Si, (1.78 eV ! atomfl), but smaller than the
value for YbMn,Si, (4.0eV ™' atom ™ ').%

To summarize, the structural and physical properties of
TbMn,Si, alloy were studied. The results confirmed a
magneto-elastic coupling around two successive magnetic
transitions in this alloy. Based on this coupling, TbMn,Si,
alloy exhibits a magneto-volume effect and a table-like mag-
netocaloric effect. The table-like magnetocaloric effect
based on two successive magnetic phase transitions shows a
large net magnetic refrigerant capacity, suggesting that
TbMn,Si, alloy is attractive potential magnetocaloric mate-
rial for low temperature magnetic refrigeration. Moreover,
the Debye temperature and the density of states N(Ep) at the
Fermi level have been determined and analysed from the
heat capacity.

This work was supported in part by Australia Research
Council  Discovery Grant Nos. DP0879070 and
DP110102386. Z. X. Cheng thanks Australia Research
Council for Future Fellowship (FT0990391). All the authors
thank Dr. T. Silver for polishing English.
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