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ABSTRACT

Magnetocaloric material is the key working substance for magnetic refrigerant technology, for which the
low-field and low-temperature magnetocaloric effect (MCE) performance is of great importance for prac-
tical applications at low temperatures. Here, a giant low-field magnetocaloric effect in ferromagnetically
ordered Er;_yTmyAl, (0 < x < 1) compounds was reported, and the magnetic structure was characterized
based on low-temperature neutron powder diffraction. With increasing Tm content from 0 to 1, the Curie
temperature of Er_yTmyAl, (0 < x < 1) compounds decreases from 16.0 K to 3.6 K. For Erg;Tmg3Al,
compound, it showed the largest low-field magnetic entropy change (-ASy) with the peak value of 17.2
and 25.7 J/(kg K) for 0-1 T and 0-2 T, respectively. The (-ASp)max up to 17.2 J/(kg K) of Erg;Tmg3Al,
compound for 0-1 T is the largest among the intermetallic magnetocaloric materials ever reported at
temperatures below 20 K. The peak value of adiabatic temperature change (AT,q)max Was determined as
413 K and 6.87 K for 0-1 T and 0-2 T, respectively. The characteristic of second-order magnetic tran-
sitions was confirmed on basis of Arrott plots, the quantitative criterion of exponent n, rescaled univer-
sal curves, and the mean-field theory criterion. The outstanding low-field MCE performance with low
working temperatures indicates that Er;_,TmyAl, (0 < x < 1) compounds are promising candidates for

magnetic cooling materials at liquid hydrogen and liquid helium temperatures.
© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

1. Introduction

entropy change (ASy), working temperature span (8Tpwym), Te-
frigeration capacity (RC), and adiabatic temperature change (AT,q).

Magnetic refrigeration technology based on the theoretical
foundation of magnetocaloric effect (MCE) has become an attrac-
tive alternative to conventional gas cooling methods due to its high
efficiency and environmental friendliness [1-3]. Magnetocaloric
material is one of the crucial parts for the practical development
of magnetic refrigeration and it is usually evaluated by magnetic
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Wang).
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Magnetic materials showing large MCE at low temperatures have
potential applications for gas liquefaction such as helium (4.2 K),
hydrogen (20 K), and nitrogen (77 K) [4,5]. In addition, the mag-
netocaloric materials with large MCE under low magnetic field
change exhibit more applicable advantages because the magnetic
field obtained from the permanent magnet is usually not more
than 2 T for practical magnetic refrigerators. Furthermore, mag-
netocaloric materials with second-order magnetic phase transition
are more advantageous for practical applications for good thermal
and magnetic reversibility. Therefore, it is of significant importance

1005-0302/© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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to explore good magnetocaloric materials with low working tem-
peratures, large low-field MCE, and second-order phase transition
characteristics. Under this background, a lot of rare-earth-based in-
termetallic compounds with high MCE performance have been re-
ported such as HoB,, EuS, TmggsHog15Ga, ErggHogiNi, TmCuAl,
and TmCoSi [6-11]. However, low-field MCE performance should
be further improved for practical applications.

Binary rare-earth-based RAl, (R-rare earth) compounds have
MgCu,-type cubic Laves phase crystal structure and show low
magnetic ordering temperatures with complex magnetic properties
[12,13]. ErAl, compound undergoes only one ferromagnetic (FM)
to paramagnetic (PM) transition with Curie temperature (T¢) of
~14 K [14,15], and the value of T¢ can be adjusted to the suit-
able temperature region by R-substitution [16-20]. For example, by
Ho substitution, Tc of Erq_xHoxAl, compounds is increased from
13 K to 32 K as x is increased from O to 1 [19]. Some works have
also been reported on the MCE of the RAl, family [13,18,21-23],
among which the ErAl, compound exhibits large (-ASy)max With
the value of 22.6 and 36.2 J/(kg K) for 0-2 and 0-5 T, respectively
[15,24]. The substitution of Pr, Tb, and Dy for Er on MCE was inves-
tigated, where the peak on (-ASy;) curves was found to move to-
wards higher temperatures with increasing substitution content for
the above situations [16-18]. However, almost no report was found
to successfully move the peak temperature towards lower ranges
or to increase the value of -ASy;. The above two aspects are of
great importance for the applications of low-temperature magnetic
refrigeration. It is well known that atom-substitution is not only an
effective way to adjust magnetic transition temperatures but also
a powerful method to optimize MCE [25], because (—ASy)max iS
positively associated with magnetic moments but negatively asso-
ciated with transition temperatures [26]. Spin angular momentum
quantum number (S) plays a leading role in magnetic exchange ac-
tions for rare-earth-based intermetallic systems and it has been
proved that it is positively related to magnetic ordering temper-
ature [27]. Since Tm atoms have smaller S, it is expected to ob-
tain larger MCE at lower temperatures by substitution of Tm for Er
atom in Er;_xTmyAl, compounds.

In this work, polycrystalline Er{_xTmyAl, compounds were syn-
thesized and the influence of Tm-substitution on crystal struc-
ture, magnetic structure, magnetic transition behavior, magnetic
entropy change, and adiabatic temperature change was investi-
gated by neutron powder diffraction and X-ray diffraction tech-
nique, magnetic measurements, and heat capacity measurements,
respectively. Giant low-field magnetic entropy change was ob-
served at low temperatures and the related physical mechanism
was discussed.

2. Experimental methods

A series of polycrystalline Er;_yTmyAl, (0 < x < 1) compounds
were synthesized by arc-melting stoichiometric amounts of the
constituent elements in an argon atmosphere, using a water-cooled
copper bottom block. Due to volatilization, 2% of Er and Tm was
over-added into the stoichiometric amounts of the mixture before
melting. The purity of Al and rare-earth metals was higher than
99.9%. The ingots were turned over several times to ensure homo-
geneity. The samples were then annealed at 873 K for 3 weeks, and
a subsequent quenching in liquid nitrogen was finally performed.
The annealed samples were ground into powder and the phase
purity together with crystal structure was examined by powder
X-ray diffraction (XRD) experiments with Cu-Ko radiation (wave-
length A = 1.5406 A) measured at a step of 0.02°. The Rietveld
refinement analysis was performed by using the program of GSAS.
The morphology and component of the sample were measured by
using a backscattering detector (BSD) and a field-emission scan-
ning electron microscope (SEM, Phenom Pro-X) equipped with an
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energy-dispersive X-ray spectrometer (EDS). The element analysis
was performed with both modes of area mapping with a view field
of 17.9 um and line scanning with a resolution of 512 points.

Neutron powder diffraction (NPD) measurements were per-
formed at 5 K on the multi-physics instrument (MPI) at the
China Spallation Neutron Source (CSNS). Samples were loaded in
9.0 mm vanadium cans and diffraction patterns were collected
in the time-of-flight (T. O. F) mode with wavelength bands of
0.1-4.5 A. The low temperature of 5 K was achieved with cryo-
stat (CCRO6) and the sample was kept at 5 K for 30 min be-
fore measurements. The program of GSAS was used for the Ri-
etveld refinement of NPD patterns. The magnetic measurements
were performed on the vibrating sample magnetometer with quan-
tum design (SQUID-VSM) and Physical Property Measurement Sys-
tem (PPMS). Isothermal magnetization measurements were carried
out in stable mode at each point. The oscillatory demagnetization
was performed before isothermal magnetization measurements to
eliminate the influence of residual magnetization. The shape of the
sample for magnetic measurements is near-spherical and the ef-
fect of self-demagnetization was taken into account with the self-
demagnetization factor of 1/3. Specific heat measurements were
carried out also by using PPMS. The final heat capacity data was
obtained by subtracting the data of the sample holder together
with glue from the total measured data.

3. Results and discussion

The powder XRD measurements were performed with 26 from
10° to 90° at room temperature for all the samples and the diffrac-
tion patterns were analyzed by the Rietveld refinement method. As
a representative, the experimental XRD pattern together with fit-
ting curves of the Erp;Tmg3Al, compound was plotted in Fig. 1(a).
All the main peaks can be indexed to the standard Bragg positions
of RAl, compounds as marked at the bottom of the picture. Though
there are extra peaks around 29 and 31°, the Erg;Tmg3Al, com-
pound is still considered as a pure phase because the extra peaks
are very weak. The fitting error was calculated to be wRp = 4.4%
and Rp = 2.9%. Rietveld analysis further indicates that Er;_xTmyAl,
(0 < x < 1) compounds have MgCu,-type cubic Laves phase struc-
ture (space group Fd3_m), in good accordance with reported results
of RAl, compounds [28]. The crystal structure was presented in the
inset of Fig. 1(a). The lattice parameter a and volume (V) were de-
termined to be 7.7877(1) A and 471.313(7) A3, respectively. Sim-
ilar results were obtained for all Er;_xTmyAl, compounds. More-
over, the lattice parameter a and V as a function of Tm-content
were plotted in Fig. 1(b, c), respectively. An approximatively linear
relationship between parameter a and Tm concentration indicates
that the chemical compositions of as-prepared samples are close to
the desired contents according to Vegard’s law [29,30]. In addition,
the monotonic decreasing trend between V and Tm-content can be
found, which arises from the fact that the radius of Tm atoms is
smaller than that of Er atoms according to lanthanide contraction
law. The above results also confirm that Tm-substitution makes no
change in crystal structure and symmetry, but with a little varia-
tion of detailed lattice parameters.

In order to investigate the phase homogeneity and phase com-
ponents, the morphology of the Erp;Tmg3Al, compound was ex-
amined by SEM and the picture was presented in Fig. 2(a). It can
be seen that the contrast is almost uniform except for several
scratches in the whole field of view, indicating good homogene-
ity. Then the element distribution was investigated according to
area mapping and line scanning based on EDS analysis. The dis-
tributions of Er, Tm, and Al elements in the view field of 17 um
were presented in Fig. 2(b-d), respectively. It can also be seen that
these elements are nearly uniformly distributed in each part of
the measured sample, which further confirms the homogeneity of
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Fig. 1. (a) Rietveld refinement powder XRD pattern of Erg;Tmg3Al, compound at room temperature. Inset: crystal structure of Er;_yTmyAl, compounds. (b) Tm-content
dependence of lattice parameters a for Er;_yTmyAl, (0 < x < 1) compounds. (c) Tm-content dependence of lattice parameters V for Er;_yTm,Al, (0 < x < 1) compounds.
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Fig. 2. (a) Field of view for area mapping and the range for line scanning as indicated by the red box for the Erg;Tmg3Al, compound. Distribution of (b

12 13 14 15 16 17 18 19

) Er, (¢) Tm, and (d)

Al elements based on area mapping. (e) EDS data of Erg;Tmg3Al, compound. (f) Atomic ratio of Er, Tm, and Al elements at different points with line scanning.

the Erg;Tmg3Al, compound. Furthermore, the component of the
Erg7Tmg3Al, compound can also be investigated based on the EDS
data as shown in Fig. 2(e). The atomic ratio of Er:Tm:Al accord-
ing to area mapping was calculated as 20.83:9.15:70.02. Line scan-
ning was also performed in the range indicated by the red box as
marked in Fig. 2(a). The position dependences of atomic ratio for
Er, Tm, and Al were all presented in Fig. 2(f). The average atomic
ratio of Er:-Tm:Al according to line scanning was determined to be
20.53:9.11:70.36. The above results from area mapping and line
scanning are both close to the nominal component with a ratio
of 23.33:9.99:66.67. The SEM experiments and related analysis in-
dicate that no component segregation exists in the Erg;Tmg3Al,
compound and the sample has good purity of phase.

The magnetic ordering of Er atoms in the ErAl, compound
was described as FM and the easy axis of magnetization is along
(111) in Refs. [19,31,32]. However, the magnetic structure has never
been detected directly and the detail of ordered magnetic mo-
ments is unclear. As a representative, the magnetic structure of
the Erg;Tmg3Al, compound was characterized by neutron pow-
der diffraction (NPD) experiments at 5 K. The interplanar crystal
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spacing (d) dependence of the diffraction intensity curve, Rietveld
refinement curve, and the difference between them were shown in
Fig. 3(a). It can be seen that the fitting between experimental data
and calculated points is very good, where the fitting error is calcu-
lated as wRp= 4.31% and Rp = 3.94%. It is known that neutrons can
be scattered not only by periodically arranged atomic nuclei but
also by periodically arranged atomic magnetic moments. Based on
the above principles, crystal structure and magnetic structure can
be well resolved according to NPD data. In order to distinguish the
diffraction signals from the crystal structure and magnetic struc-
ture, the calculated curves attributed to them together with the
corresponding Bragg positions were presented in Fig. 3(b, c), re-
spectively. It is found that the Erg;Tmg3Al, compound has a cubic
structure with space group Fd3_m (NO. 227), and rare earth atoms
(Er and Tm) and Al atoms occupy 8b and 16c sites with site sym-
metry of (4 3 m) and (. 3 m) correspondingly. The crystal struc-
ture for the Erp;Tmg3Al, compound at 5 K is the same as that at
room temperature (300 K), indicating that no structure transition
takes place with increasing temperature. It can also be seen that
the Bragg positions of the crystal structure are in good accordance
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Fig. 3. (a) NPD pattern of Erg;Tmg3Al, compound at 5 K, Rietveld refinement to the experimental data, and the difference between observed data and calculated data. (b)
Contribution of crystal structure on NPD pattern from Erg;Tmg3Al, compound. (¢) Contribution of magnetic structure on NPD pattern from R atoms. (d) Contribution of
crystal structure on NPD pattern from sample holder vanadium. (e) Schematic picture of magnetic structure for Erg;Tmg3Al, compound at 5 K.

with those of the magnetic structure. It indicates that the unit
cell of the crystal structure is the same as that of magnetic struc-
ture and thus FM order is expected to exist in the Ery;Tmg3Al,
compound. Furthermore, obvious magnetic signals were observed
around d = 2.75 and 2.35 A corresponding to crystallographic
planes (220) and (311) respectively. However, no magnetic signal
was observed around d = 2.25 A corresponding to the crystallo-
graphic plane (222). The above data indicate that the projection of
long-range ordered magnetic moments on crystal faces (220) and
(311) is quite large but that on crystal face (222) is almost zero.
Actually, both the direction and magnitude of the ordered mag-
netic moments can be obtained in detail according to Rietveld re-
finement and the magnetic structure for Erg;Tmg3Al, compound
at 5 K was schematically shown in Fig. 3(e). It shows that the
magnetic moments are ferromagnetically ordered along the crys-
tallographic direction (111) with an average value of 7.5 ug. Since
crystallographic direction (111) is perpendicular to the crystal face
(222), thus no magnetic peak can be observed on (222). The re-
solved magnetic structure is in good agreement with the report
of easy axis for the ErAl, compound, because the direction of the
magnetic moments described in the magnetic structure is just the
direction of spontaneous magnetization [19,31,32]. It should be no-
ticed that Er and Tm atoms are not treated separately in the mag-
netic structure model during fitting and the obtained average value
is close to the theoretical value of 8.4 ug. The uniformity of mag-
netic ordering direction and the easy axis of (111) indicates that
the Erg;Tmg3Al, compound can be magnetized easily by the ex-
ternal magnetic field. Finally, the peak around d = 2.15 A could
not be indexed to the crystal structure or the magnetic structure
of the Erp;Tmg3Al, compound as shown in Fig. 3(d). According
to further analysis, this signal was identified as the crystal plane
(110) of vanadium metal from a sample holder made of vanadium
elementary substance.

The temperature-dependent magnetization measurements were
performed to investigate the magnetic transition for Er;_yTmyAl,
(0 < x < 1) compounds. Zero-field-cooling (ZFC) and field-cooling
(FC) curves under the applied field of 0.01 T were presented in
Fig. 4(a) for the Erg;Tmg3Al, compound as a representative. Firstly,
the typical behavior of a ferromagnet with one sharp decrease of
magnetization with increasing temperature is observed, which in-
dicates that FM-PM transition takes place at Curie temperature
(Tc), in good accordance with the reported results of ErAl, [14].
The value of T¢ can be determined by the temperature correspond-
ing to the minimum of dM/dT here [5]. It is noteworthy that ZFC
and FC curves are overlapped well above T¢, indicating that there
is no thermal hysteresis as that usually observed in second-order
magnetic transition materials [10], which will be further discussed
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later. Secondly, the obvious difference between the ZFC and FC
curves observed at low temperatures below T: may be due to
the domain-wall pinning effect [33]. That is because the magnetic
atoms show non-negligible magneto-crystalline anisotropy and the
magnetic domains were frozen during the zero-field cooling pro-
cess. When a magnetic field not large enough was applied, the do-
main wall couldn’t move freely. And when a larger magnetic field
was applied, the domain wall can move easily and the bifurcation
will disappear. The temperature dependence of reciprocal magnetic
susceptibility (x~1) in the PM region obeys the Curie-Weiss law
x~1 = (T - 6p)/C for all compounds, where the linear fitting for
Erg;Tmg3Al, is presented in inset of Fig. 4(a). In addition, the ef-
fective magnetic moment (fLqf) Was calculated to be 8.6 ug, close
to the theoretical value of 8.9 ug for the weighted average of Er3+
and Tm3* magnetic moments. The value of T¢ as a function of Tm
content was presented in Fig. 4(b). It is obvious that T decreases
from 16.0 to 3.6 K monotonically with increasing x from 0 to 1,
indicating that Tm substitution makes a significant influence on
magnetic ordering temperature for Er;_xTmyAl, (0 < x < 1) com-
pounds. Generally speaking, the order-to-disorder magnetic transi-
tion originates from the competition between magnetic exchange
interaction and thermal vibration. The spin of R atoms plays a
dominant role in the magnetic exchange interaction and thus Tc
is closely correlated with Spin in Er;_xTmyAl, compounds [26,27].
Since the value of Spin for Tm is smaller than that for Er, Tm-
substitution leads to a monotonic decrease of Tc. Similar phenom-
ena and interpretations about the variation of Tc were reported for
Er;_xHoxNi and Ho;_xDyxB, systems [9,34].

Detailed isothermal magnetization (MH) curves under magnetic
fields up to 7 T were also measured at the temperatures from
5 K to 60 K for Ery_xTmyAl, compounds, where the typical curves
of Erg;Tmg3Al, were shown in Fig. 4(c). It can be clearly seen
that the magnetization increases sharply with increasing magnetic
fields, then shows a slow increase, and finally reaches saturation
at temperatures below Tc. This is the typical characteristic of the
FM ground state, similar to the reported ErAl, compound [15]. It
should be noted that not only the ground state of the Ery;Tmg3Al,
compound is FM, but also the saturation field of it is very low. It
indicates that the Erg;Tmg3Al, compound can be easily magne-
tized, which is in accord with the result of FM ordering and will
have an important influence on MCE. At temperatures far higher
than T, for example, 60 K, the field dependence of the magnetiza-
tion exhibits a linear relation, which is typical for the PM state.
The isothermal magnetization curves at the temperatures above
but near Tc show a slight curvature, indicating the existence of
short-range FM orders at these temperatures. Based on the above
analysis, it further indicates that the Erg;Tmg3Al, compound un-
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Table 1

Magnetic transition temperatures and MCE parameters under the field changes of 0-1 T, 0-2 T, and
0-5 T for Ery_,TmyAl, compounds and some representative low-temperature refrigerant materials.

Tc (=ASw)max (J/(kg K)) ATy (K) Refs.
Samples (K) 0-1T 0-2T 0-5T 0-1T 0-2T 0-5T
EuS 18.2 1351 22.0 37.0 7.5 104 [7]
HoB, 15.0 14.9° 24.1° 40.1 34 6.0 12.0 [6]
TmGa 15.0 129 20.6 34.2 3.2 5.0 9.1 [38]
ErMn;,Si, 6.6 14.7 20.0 25.2 2.5 5.4 12.9 [39]
ErNiBC 5.0 9.8 16.8 24.8 2.7 53 8.6 [40]
TmCoSi 4.4 12.0 17.5¢ 221 6.2 17.3 [11]
TmCuAl 4.0 12.2 17.2 243 4.6 9.4 [10]
ErAl, 14.0 226 36.2° 557? 11.1° [24]
ErAl, 16.0 15.6 23.9 36.6 This work
ErgoTmg 1Al 14.6 14.8 22.5 35 This work
ErggTmg,Aly 13.8 154 229 33.8 This work
Erg;Tmg3Aly 126 172 25.7 371 4.13 6.87 12.43  This work
ErgsTmg4Al> 114 167 24.7 353 4.06 6.91 12.73  This work
ErgsTmgsAl, 104 139 20.8 303 This work
Erg4TmggAl, 9.8 12.8 194 29.2 This work
Erg3Tmg-Aly 8.0 14.7 214 30.7 This work
Erg,TmggAl, 7.2 16.1 22.7 325 This work
Erg.1Tmg oAl 5.4 14.1 20.3 31.8 This work
TmAl, 3.6 131 19.8 34.8 This work

2 These values were estimated from the relevant references.

dergoes FM-to-PM transition with increasing temperature. Further-
more, the Arrott plots for the Erg;Tmg3Al, compound were ob-
tained based on isothermal magnetization data, which was pre-
sented in Fig. 4(d). The positive slope around T suggests the
second-order characteristic of magnetic transition [35]. The results
also prove that there is no volume/symmetry change accompanied
by FM-to-PM transition because the magneto-structural transition
is usually manifested as a first-order magnetic transition as re-
ported previously [36].

The MCE was then evaluated by the isothermal magnetic en-
tropy change (ASy) for Ery_xTmyAl, (0 < x < 1) compounds, which
can be calculated from the experimental isothermal magnetization

H
data by the Maxwell relation: ASy = s (0M/dT)ydH [37].
0

The transition temperatures together with MCE parameters of
Er;_xTmyAl, compounds were listed in Table 1, and the -ASy
curves of Erg;Tmg3Al, compound as a function of temperature un-
der different magnetic field changes were presented in Fig. 5(a).
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Only one prominent -ASy; peak can be observed in the vicinity of
Tc corresponding to the contribution of FM-to-PM magnetic tran-
sition, and no obvious asymmetric broadening towards high tem-
peratures was observed with increasing field change. It is different
from typical Laves-phase magnetocaloric materials such as ErCo,
compound because the magnetic transition of this series is sec-
ond order while it is first order for ErCo, compound. However, it
should still be noticed that the -ASy; peak moves to higher tem-
peratures slightly with applied fields higher than 5 T, which can
be attributed to the field-induced short-range FM order to long-
range FM order transition in the PM region [38]. The maximal
value of magnetic entropy change ((-ASy)max) Was calculated to
be 17.2, 25.7, and 371 ]J/(kg K) for the field change of 0-1 T, O-
2 T, and 0-5 T, respectively. More importantly, the (-ASy)max for
Erg;Tmg3Al, was significantly enhanced compared with the par-
ent ErAl, compound, where the comparison between them was
displayed in Fig. 5(b). The value of (-ASy)max increases quickly at
low fields and then gradually reaches a saturation value of about
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changes of 0-1 T and 0-2 T, respectively.

41.2 J/(kg K) with further increasing fields for both compounds.
However, the Erg;Tmg3Al, compound exhibits larger values than
ErAl, in the full range of field change up to 0-7 T, where an en-
larged view of comparison at low fields is plotted in the inset of
Fig. 5(b). Erg;Tmg3Al, compound shows a great enhancement by
10.3% on the (-ASy)max for the field change of 0-1 T compared
with ErAl,, where the (-ASy)max is determined to be 15.6 ]/(kg
K). Since the practical applied magnetic field is usually less than 2
T, the Erg;Tmg3Al, compound shows more potential applications
than their parent alloys.

In addition, Tm substitution has a great influence on the shape
of —ASy-T curves and the value of (-ASy)max. Three-dimensional
plots of Tm-content together with temperature dependences of
(-ASy) for Er;_xTmyAl, (0 < x < 1) compounds with the field
change of 0-1 T were shown in Fig. 5(c). On one hand, all of the
curves for each component show only one peak, and the peaks
move towards lower temperatures gradually with increasing Tm
content. This shift of peak position comes from the variation of
Tc, which shows a monotonic change with increasing Tm content.
On the other hand, it should also be noted that the value of (-
ASym)max shows a non-monotonic change with Tm content pre-
sented in Fig. 5(d), where two maximum values appear around
x = 0.3 and x = 0.8, respectively. Actually, (-ASy)max can be ap-
proximately described by Eq. (1):

gueJH )
kT,

where n, R, g, J, k, and Ty is the mole number, the universal gas
constant, Lande factor, total angular momentum quantum num-
ber, Boltzmann constant, and ordering temperature, respectively.
As a result, the value of (-ASy)max iS negatively correlated with
an order-to-disorder transition temperature (for example, T¢) and
positively correlated with saturation magnetic moments which is
exactly related to gJ according to Oesterreicher and Parker [26]. It
has been discussed that Tc and Spin are positively correlated in
Er;_xTmyAl, compounds. The value of gJ is 9 and 7 for Er and Tm
atoms, respectively. It is clear that both the numerator and de-
nominator of the equation show a monotonic decrease with in-
creasing Tm content, thus it is difficult to predict the trend of (-
ASy)max for Erj_xTmyAl, compounds. As a result, the value of (-

2/3

(= ASM) oy ~ 1.o7nR( 1)
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ASyv)max shows a serrated variation as presented in Fig. 5(d) and
Table 1. Actually, the composition dependence of magnetization at
1 T has a similar variation trend to (- ASy)max. Although causation
couldn’t be obtained between magnetization and magnetic entropy
change, this result helps to understand the non-monotonous vari-
ation and two maxima. Furthermore, the sharpness of magnetiza-
tion with temperature is also positively related to the (-ASy)max
according to Maxwell relation. Taking the composition dependence
of |[dM/dT|max at 1 T as an example, two maximum values are ob-
served as well at x = 0.3 and x = 0.8. It is also found that the
obtained value of (-ASy)max for ErAl, is slightly larger than that
reported previously under the field changes of 0-2 and 0-5 T [24].
Moreover, it is worth pointing out that the values of (-ASy)max
for all Erj_xTmyAl, compounds are larger than 12.8 J/(kg K) under
the field change of 0-1 T, showing great competitiveness among
low-temperature magnetocaloric materials. The best performance
was observed for Erg;Tmg3Al; and ErggTmg4Al, compounds with
(-ASm)max of 17.2 and 16.7 J/kg K, respectively. Besides, the value
of (-ASy)max for other components is still larger than 15 J/(kg K)
such as 15.4 and 16.1 _]/(kg K) for EFO.ng0.2A12 and Eroiszo‘sAlz
under field change of 0-1 T, respectively.

In order to compare the MCE performance between
Er;_xTmyAl, compounds and other reported magnetocaloric
materials with working temperatures below 20 K, detailed MCE
parameters were listed in Table 1, together with the comparison
of (-ASy)max presented in Fig. 6. The excellent MCE performance
of Erg;Tmg3Al, can be comparable or even much better than the
best refrigerant materials for low-temperature applications. For
example, the HoB, compound shows giant MCE at low tempera-
tures with T¢ of 15 K and the (-ASy)max is as high as 40.1 J/(kg
K) for the field change of 0-5 T [6]. Although the (-ASy)max
of Erg7;Tmg3Al, compound for 0-5 T (371 J/(kg K)) is slightly
smaller than that of HoB,, the value of (-ASy)max for 0-1 T and
0-2 T (17.2, 25.7 J/(kg K)) is greatly larger than that of HoB,
(~14.9, ~24.1 ]/(kg K)). The Erp;Tmg3Al, compound also shows
some advantages on the low-field (-ASy)max compared with
EuS [7], TmGa [38], ErMn,Si, [39], ErNiBC [40], TmCuAl [10],
TmCoSi [11], HoCuAl [41], HoCuSi [42], GdCoC, [43], TmMn,Si,
[44], TmZn [45], and HoNiSi [46] (Table I and Fig. 6). As a matter
of fact, the remarkable (-ASy)max under field change of 0-1 T
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Fig. 6. Comparison of the field change of 0-1 T between Er;_,TmyAl, compounds
and other reported low-temperature magnetic materials with large/giant low-field
MCE.

for Erg;Tmg3Al, compound is much larger than almost all the
intermetallic magnetocaloric materials ever reported at the tem-
peratures below 20 K. Another important parameter to evaluate
magnetocaloric materials is refrigeration capacity (RC), which is
calculated to be 91.5, 190.0, and 501.2 J/kg for 0-1 T, 0-2 T, and
0-5 T for Erg;Tmg3Al, compound, respectively.

As an important MCE parameter to evaluate MCE directly and
unambiguously, adiabatic temperature change (AT,q) can be cal-
culated based on the heat capacity measurements. Temperature
dependence of the zero-field heat capacity for Erg;Tmg3Al, and
ErggTmg4Al, compounds was shown in Fig. 7(a, b), respectively.
First of all, only one obvious A-shape peak located around 10 K is
observed, which is due to the FM-to-PM transition. The peak po-
sition is consistent with the Curie temperature obtained from MT
curves. Secondly, the asymmetrical shape of the peaks reflects the
second-order characteristic of magnetic transitions [19]. Fig. 7(c)
and 7(d) presented the AT,y as a function of temperature un-
der the field changes from 0-1 T to 0-7 T for Erp;Tmg3Al, and
ErggTmg4Al, compounds, respectively, which were calculated by
using the indirect method [15] with the equation of AT,y(T) =
T(S,Hf) — T(S, H;). Here, Hy and H; are the final and initial mag-
netic fields respectively, and S is the total entropy of the system.
The maximum values of AT,y ((AT,q)max) for Erg;Tmg3Al, and
ErggTmg4Al, were calculated as 4.13, 6.87, 12.43 K and 4.06, 6.91
12.73 K under the field changes of 0-1 T, 0-2 T and 0-5 T, respec-
tively. The (AT,q)max shows a relatively small difference at various
field changes between these two compounds. The possible reason
is that the (-ASy)max and T¢ are both close to each other. It is
worth mentioning that the values of (AT,q)max for Erg;Tmg3Al,
and ErggTmg4Al, are both distinctly higher than those of typical
magnetocaloric materials such as HoB, (3.4, 6.0, and 12.0 K) and
TmGa (3.2, 5.0, and 9.1 K) under the field changes of 0-1 T, 0-
2 T, and 0-5 T, respectively. Although the value of (AT,q)max for
Erg;Tmg3Al, is slightly smaller than that of ErMn,Si, for 0-5 T, it
is almost 1.7 times larger than that of ErMn,Si, for 0-1 T. Based
on overall considerations on MCE parameters including not only
(~ASm)max but also (AT,gq)max, Erg7Tmg3Al, compound exhibits
great competitiveness among the well-known low-temperature
magnetic refrigerants. In other words, the Erg;Tmg3Al, compound
could be a high-performance candidate for magnetic cooling at
low temperatures between liquid helium and liquid hydrogen
temperatures. The excellent low-field MCE performance of the
Erg;Tmg3Al, compound originates from the FM-ordered magnetic
structure and low saturation field.
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The characteristic of second-order magnetic transition is of
great importance to the applications of magnetocaloric materials.
For the Er;_xTmyAl, (0 < x < 1) system, the feature of second-
order magnetic transition around T was discussed on basis of the
plots shown in Fig. 4(d). Indeed, the same conclusion was obtained
in the parent ErAl, compound [19]. Several kinds of methods have
been developed theoretically and experimentally to confirm the
characteristic of magnetic transitions [47,48]. To further investigate
the type of FM-to-PM magnetic transitions, three alternative meth-
ods have been adopted. Firstly, the quantitative criterion of expo-
nent n following power-law expression |ASy|cH" was investigated
[49]. Temperature dependence of exponent n was presented in
Fig. 8(a, d) for Erg;Tmg3Al, and ErggTmg4Al, compounds and the
magnitude of the magnetic field used here was 7 T. No overshoot
of n larger than 2 is observed in the whole temperature range be-
low 50 K and only a minimum of n can be observed at ~11.5 K for
Erg;Tmg3Al, and ~10.5 K for ErggTmg4Al,, which is close to their
Curie temperatures (12.6 K and 11.4 K), respectively. With further
increasing temperature above T, n goes up to a plateau near the
value of 2, indicating the second-order characteristic of FM-to-PM
transition. Secondly, the rescaled universal -ASy, curves under dif-
ferent field changes for Ery_,TmxAl, compounds were also inves-
tigated. In this method, -ASy; was normalized as -ASy (T, H)/(-
ASym)max and temperature was rescaled as Eq. (2) [47]:

e (=T
6 = TrlT C (2)
— Ic
T > T,
j— ( )

where T,; and T, are the reference temperatures corresponding
to certain (-ASy) and it is usually selected as half of (- ASy)max-
The normalized curves under the field changes from 0-1 T to 0-
7 T for Erg;Tmg3Al, and ErggTmg4Al, compounds were shown
in Fig. 8(b, e). The rescaled (-ASy) curves collapse on each other
very well, indicating a second-order magnetic transition for both
of them [48]. Thirdly, the linear relationship between (-ASpy)max
and (uoH)*? was predicted on basis of mean-field theory for the
second-order magnetic transition system [26] and it can also be
used to confirm the type of magnetic transitions. The dependences
of (~-ASy)max and (uoH)%?® were plotted in Fig. 8(c, f). It can be
clearly seen that (—-ASy)max almost obeys the linear relationship
with (uoH)?? for Erg7Tmg3Al, and ErggTmg4Al, samples, show-
ing another typical feature of second-order magnetic transition.
Based on the above analysis, it is reasonable to conclude that the
FM-to-PM magnetic transition is an irrefutable second-order type
for Er;_xTmyAl, compounds, which is in accordance with the par-
ent ErAl, compound. Considering that magnetocaloric materials of
second-order magnetic transition are usually accompanied by neg-
ligible magnetic and thermal hysteresis, the Erg;TmgsAl, com-
pound is more competitive and more valuable for the practical ap-
plications of low-temperature magnetic refrigeration.

4. Conclusion

In summary, the influence of Tm substitution on the magnetic
properties and magnetocaloric effect in Erj_xTmyAl, (0 < x < 1)
systems was systematically investigated. Curie temperature was
effectively adjusted by varying Tm concentration and the work-
ing temperature of Ery_xTmyAl, compounds was decreased from
16.0 K to 3.6 K monotonically. Magnetic structure with rare earth
atomic magnetic moments arranged along (111) direction was con-
firmed for the first time on basis of neutron powder diffraction ex-
periments. Giant MCE was obtained for several components with
large (-ASym)max more than 15.0 and 22.5 J/(kg K) under the rel-
atively low field changes such as 0-1 T and 0-2 T. Particularly,
Erg;7Tmg3Al, compound shows the largest (-ASy)max for 0-1 T
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with the value of 17.2 J/(kg K) among the ever reported low
temperature intermetallic magnetocaloric materials. Moreover, the
(AT,q)max is determined to be 4.13 K and 6.87 K for 0-1 T and
0-2 T, respectively. The excellent low-field MCE performance orig-
inates from the FM-ordered magnetic structure and low saturation
field. The magnetic transition of Er;_xTmyAl, compounds was con-
firmed to be of second order according to Arrott plots, exponent
n, rescaled universal (-ASy;) curves, and mean field theory. The
excellent balanced MCE performance with considerable (- ASy )max
and (AT,q)max indicates that the Erg;Tmg3Al, compound will be a
promising candidate magnetocaloric material and suitable for low-
temperature magnetic refrigeration applications.
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