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The structural, magnetic, magnetocaloric (MCE) and thermal properties of seven Fe,P-type Dyg(Fe,Mn)X;
(X=Sb, Bi, Te) intermetallics (space group P62m, N 189, hP9) have been experimentally studied. They
present a paramagnetic to ferromagnetic transition (in the range 129-370K), followed, as temperature
decreases, by a spin-reorientation one (from 52 to 170K) and a ground magnetic state at 2 K with anti-
ferromagnetic components. This state turns into a ferromagnetic state when a magnetic field is applied. The
critical exponents g,y,6 related to the PM-FM transition point to long range order interactions but in most
compounds their values severely deviate from the Mean Field class, presenting an unconventional critical
behavior, probably due to magnetocrystalline anisotropies. This magnetic complexity has the consequence
that in every intermetallic three MCE effects arise: Two direct magnetocaloric effects (DMCE) with a table-
like effect in between (from 40K to more than 400 K), with moderate values of the magnetic entropy
maxima (up to 6.9]/kgK for upAH = 5T, with the tableau in-between being around 4 J/kgK, for DysFeSb, and
DygFeSbTe). The calculation of the Thermal Average Entropy Change allows to place the properties of two
compounds (DygFeSb, and DygFeSbTe) close to other rare earth based high entropy alloys described in
literature. The seven compounds present a relevant third MCE, inverse, below 25 K, with a value as high as
17.8]/kgK (upAH = 5T) for DygFeSbTe. The maximum of the magnetic entropy change at the Curie tem-
perature has been shown to scale with the critical exponents found and universal curves have been built.
Finally, the thermal diffusivities in the range of the DMCE have been measured, with the result that they
present good values (between 1 and 3 mm?/s) to be used in real magnetocaloric refrigeration systems.
© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0
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1. Introduction presenting close phase transitions, or by selecting a single material

with several magnetic transitions close enough to maintain a tableau

Magnetic refrigeration is a constantly expanding field searching
for new technological devices which can effectively substitute the
gas compressor-expansion based devices [1-3]| in the different
temperature ranges of interest: room temperature is the most ob-
vious one but the different gas liquefaction regions are extremely
interesting as well [4-8]. Therefore, there is a constant search for
materials with relevant magnetocaloric properties. In order for this
kind of materials to be of practical interest in real applications, they
must combine a high magnetic entropy change at the desired tem-
perature with a high value of the refrigerant capacity. This can be
accomplished by either manufacturing composite materials
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in the magnetic entropy change among all of them, therefore
spanning the temperature range of application. As the magnetoca-
loric materials will work in a cycle in a refrigeration system, it is
desirable to avoid hysteresis (magnetic and thermal). To this end,
one research option is to focus on materials with a first order
magnetic transition, which usually gives high values of the magnetic
entropy change, and try to reduce the hysteresis by manipulating the
composition or the microstructure while maintaining good magne-
tocaloric properties [9-12]; another line is to work on second order
phase transitions and try to improve the performance by playing
with the stoichiometry in order to obtain table-like magnetocaloric
effects over the desired temperature range, combining two (or more)
phase transitions; this is the case of many rare earth based materials
[4,13-15]. This approach is very interesting because an ideal Ericsson


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.161849
https://doi.org/10.1016/j.jallcom.2021.161849
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161849&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.161849&domain=pdf
mailto:alberto.oleaga@ehu.es
https://doi.org/10.1016/j.jallcom.2021.161849

A. Herrero, A. Oleaga, I.R. Aseguinolaza et al.

refrigeration cycle (consisting on two isothermal and two isofield
processes) requires a constant value of the magnetic entropy change
(ASy) in order to obtain the maximum efficiency and optimal per-
formance [2]. A last aspect of interest is to be able to broadly tune
the working temperature range to cover the gas liquefactions ranges.

Finally, an aspect seldom taken into account when designing new
magnetocaloric materials concerns the thermal properties: The heat
exchange between the magnetocaloric material and the fluid in the
refrigerator must be efficient and quick, allowing high working
frequencies. Though in some cases in literature the thermal con-
ductivity has been measured [3], the really relevant property is the
thermal diffusivity as it is a non-steady heat transfer situation [16].

This work focuses on the development of the general family
RsTX5, with R =rare earth, T=Fe, Mn and X=Sb, Te, Bi, as many
members of this family present two magnetic transitions with re-
levant magnetocaloric properties, building a table-like figure in be-
tween. We already showed in previous works that the combination
(Gd,Tb)g(Fe,Mn)Bi, allowed to tune a broad MCE around room
temperature while Hog(Mn,Fe)Bi, could cover a region between 40
and 250K [14,15]. Besides, the magnetic properties of this family are
quite complex, which is extremely interesting in itself. Most com-
pounds present a paramagnetic to ferromagnetic (PM-FM) transition
at a certain temperature, followed by a second one (as temperature
is lowered) where the spins are reoriented leading to complex non-
collinear spin arrangements. In addition, at even lower tempera-
tures, metamagnetic transitions arise to reach a clear ferromagnetic
state. The study of the critical behavior of the PM-FM transitions in
all compounds, obtaining the critical exponents (B,y,5,n), will give a
broader knowledge of the magnetism of these compounds, as they
are related to the range of the magnetic interactions, the di-
mensionality of the system and the spins arrangement. Besides, it is
possible to predict the magnetocaloric behavior of the system at not
measured fields with the previous knowledge of these critical
parameters.

The current work focuses on Dy-based compounds not studied
before, with the aim of extending the knowledge of the complexity
of the magnetic properties, and the possible displacement of MCEs
both to lower and higher temperatures; at the same time, the study
of the influence on all properties of the substitution of the last ele-
ment (X = Sb, Te, Bi) is introduced for the first time. The purpose is to
study the possibility of optimizing the magnetic and magnetocaloric
properties. Concerning the applications in the low temperature
ranges, the fact that the samples with Tb showed in that region an
inverse magnetocaloric effect foretells that Dy might have a similar
effect, which could be tuned with different combination of ions to
become of practical interest.

Therefore, the crystallographic, magnetic, magnetocaloric and
thermal properties of seven compounds of the family Dyg(Fe,Mn)X;
(X=Sb, Te, Bi) will be presented in this study.

2. Samples and experimental techniques

DyeFeBiz, DYGFeO.SMHO.SBin DyGMnBiz, DyGFesz, DygFeSbBl,
DygFeSbTe, and DygFeBiTe alloys with a total mass of 2.5g were
prepared by arc-melting in an electric arc furnace (90 V, 150 A) under
argon (99.992 vol%) using a non-consumable tungsten electrode and
on a water-cooled copper hearth. Pieces of dysprosium (99.9 wt%),
iron, manganese (99.95wt%), tellurium, antimony and bismuth
(purity 99.99 wt%) with some surplus for dysprosium (0.05g),
manganese (0.015 g), tellurium (0.05 g), antimony (0.02 g) and bis-
muth (0.03 g) were used as starting components. A titanium button
was used as a getter during arc-melting and the alloys were re-
melted three times. The arc-melted samples were wrapped into
nickel foil and sealed in silica ampoules, evacuated and back filled
with argon to 0.3 atm at room temperature. The samples were an-
nealed at 1070 K ( £+ 2K) for 340 h, then quenched in ice-water bath.
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Phase analysis of the alloys was carried out using X-ray diffrac-
tion and energy dispersive X-ray spectroscopy microprobe elemental
analysis (EDS). The X-ray powder data (XRD) were obtained by using
a diffractometer Rigaku D/MAX-2500 (CuKa, 26 of 10-80°, 0.02° step,
Imax/Ibgr ~30-40). An INCA-Energy-350 X-ray EDS spectrometer
(Oxford Instruments) on a Jeol ][SM-6480LV scanning electron mi-
croscope (SEM) (20 kV accelerating voltage, 0.7 nA beam current and
50 um beam diameter, microprobe size ~ 10 nm) was employed to
perform quantitative elemental analysis. Signals averaged over three
points per phase gave estimated standard deviations of 0.5 at% for
dysprosium (measured by L-series lines), 1 at% for Mn and Fe and
0.6 at% for Sb, Bi and Te (measured by K-series lines).

The unit cell data were derived from powder X-ray data using the
Rietan-program [17] in the isotropic approximation at room tem-
perature.

The magnetic properties have been measured using a Vibrating
Sample Magnetometer (VSM) by Cryogenic Limited, retrieving the
magnetization M of the samples under external applied magnetic
fields H, in the range of 0-7 T. Magnetization isotherms have been
collected from 2K to temperatures well above the corresponding
Curie temperature T¢, using a discontinuous protocol in the regions
where metamagnetic transitions have appeared, in order to erase the
magnetic memory of the samples and be able to extract the mag-
netic entropy change using the well known Maxwell relation in
order to avoid spurious results [ 18]. The step between magnetization
isotherms has been varied depending on the temperature range of
measurements, being AT=1K around T.. Demagnetization effects
have been taken into account in order to perform a correct evalua-
tion of the scaling analysis and the magnetocaloric effect [19], thus
obtaining the internal magnetic field H; =H, - NM, where N is the
demagnetization factor, which has been obtained from zero-field ac
susceptibility measurements following the method described in
[20]. The magnetic susceptibility was measured with AC Measure-
ment System Option in PPMS (Physical Properties Measurement
System) by Quantum Design. In all the figures in this study the
symbol H has been used to denote H;, in order to simplify the
notation.

Finally, thermal diffusivity has been measured using a high re-
solution ac photopyroelectric calorimeter in the back detection
configuration [21].

3. Experimental results and discussion
3.1. Structural data and phase analysis

The X-ray powder analysis (see supplementary Fig. 1s) showed
that the already known DygFeBi;, DyegMnBi;, DygFeSb, ternary
compounds [22-25] and the novel DygFeqsMngsBi,, DygFeSbBi,
DygFeSbTe and DygFeBiTe quasiternary solid solutions crystallize in
the Fe,P-type structure (space group P62m, No. 189, hP9). The
refined unit cell data and atomic positions are given in Table 1.
The replacement of Sb for Bi, Sb for Te, Bi for Te and Fe for Mn in
Dys{Fe, Mn}{Sb, Bi, Te}, compounds [22-25] should follow via a
monotonic distortion of the unit cell, which is confirmed via the cell
parameters of DygFeSbTe, DygFeSbBi, DygsFeSbBiTe and DygFeysMng sBi;
solutions (see Fig. 1).

Generally, the type of rare earth, the set of interatomic distances in
the rare earth sublattice and the magnetic catalysis of .Mn-Mn-Mn.
chains (shortest Mn-Mn distance is the same as c¢ cell parameter)
determine the magnetic ordering of Fe,P-type compound [26], which
is observed for magnetic ordering of present quasiternary DygFeSbTe,
DysFeSbBi, DygFeBiTe and DygFeqsMng sBis.

The prepared alloys contain an admixture of YbsBis-, YbsSbs-,
NaCl- and MgCu,-type phases [27] (1-9 wt%) (see supplementary
Table 1s, which contains the analysis of secondary phases for each
compound). The possible influence of these admixture phases in the
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Table 1
Unit cell data of Fe,P-type Dy-containing compounds (space group P62m, N 189, hP9).
Compound a (nm) ¢ (nm) c/a V (nm3) RF (%) Ref.
DysFeBi, 0.82494(6) 0.41899(3) 0.50790 0.24693 5.1 a-
0.82441 0.41885 0.50806 0.24653 [23]
DygFe o.5MnosBis 0.82414(6) 0.42284(3) 0.51307 0.24872 5.1 a-
DysMnBi, 0.82204(7) 0.42929(3) 0.52223 0.25123 5.4 a-
0.82298 0.42762 0.51960 0.25082 [24]
DygFeSb, 0.81383(6) 0.41651(3) 0.51179 0.23890 5.1 a-
0.8138 0.4151 0.51008 0.23808 [22]
DygFeSbBi b- 0.81930(6) 0.41775(3) 0.50989 0.24285 34 a-
DygFeSbTe 0.81906(6) 0.40883(3) 0.49915 0.23752 5.8 a-
DygFeBiTe 0.82433(7) 0.41045(3) 0.49792 0.24154 6.2 a-
DygFeTe, 0.8236 0.40102 0.48691 0.23558 [25]

a- this work; b- Dy1 3 g [0.5985(5), 0, 1/2], Dy2 3 [0.2388(5), 0, 0], Fe 1b [0, 0, 1/2], Sb0.5Bi0.5 2¢ [1/3, 2/3, 0], atomic displacement parameters of all atoms p11 = 22 = 0.004966,

p12=0.002483, p33 =0.014325 (p11 = p22 = B11/[3a2], p12 = B11/[6a2], p33 = B33/[2¢]2).
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Fig. 1. Unit cell data of Fe,P-type ternary DygFeTe,, DysFeSb,, DycFeBi, and DysMnBi,
compounds and DygFeSbTe, DygFeBiTe, DysFeSbBi and DygFeo sMng 5Bi; quasiternary
solid solutions: (a) cell parameter c vs cell parameter a and (b) c/a ratio vs unit cell
volume V.

magnetic properties of Fe,P-type compounds will be considered
in the next section. Finally, Fig. 2 shows an example of the micro-
structure of several samples obtained by EDS analysis.

3.2. Magnetic characterization

In this section we will locate and characterize the different
magnetic transitions from 2K to the paramagnetic state in all
samples/alloys, by means of the magnetization as a function of
temperature, the ac susceptibility, and the general behavior of the
magnetization isotherms as a function of the applied field.

Fig. 3 shows the magnetization as a function of temperature, both
in Zero-Field Cooled (ZFC) and Field-Cooled (FC) mode for a selection of
compositions (the rest are included in Fig. 2s in the Supplementary
material). In all cases there is a strong difference between the FC and
ZFC curves, denoting thermomagnetic irreversibility, typical of many
ferromagnetic transitions. In particular, in a previous work with
Thg(Fe,Mn)Bi, a similar behavior was observed [15], which is no sur-
prising, as the presence of Tb or Dy in many other families produce

some common magnetic features [21,28]. The real part of the ac sus-
ceptibility is a very precise indicator of the location of the different
transitions and it is collected in Fig. 4. In all cases there is a para-
magnetic to ferromagnetic (PM-FM) transition at a certain temperature
Tc which ranges from 364 K in DygMnBi, to 128 K in DygFeBiTe, and
which commonly leads to a collinear magnetic structure of the rare
earth spins in RgTX; [25,26,29-31]. Besides, in all cases there is another
transition at a lower temperature T, (from about 148 K in DygMnBij, to
56 K in DygFeSb,) which, in the RgTX, family, is due to a reorientation of
the rare earth spins leading to complex non-collinear spin arrange-
ments, including canted ferromagnets, conical or spiral or simply an-
tiferromagnetic [25,26,29-32]. So far, no magnetic moment has been
found for the transition metal in this intermetallic family [26,31,32].

There is a good agreement in the position of T¢ for DygFeBi, and
T, for DyeMnBi, with literature, which are the only ones previously
measured [26]. Regarding the PM-FM transition and starting from
DyeFeBi,, we can see in Fig. 4 that the substitution of Fe by 50% Mn
takes Tc about 120 K higher, while a complete substitution increases
its value more than 100 additional degrees. This further confirms the
possibility of tuning the position of this transition by playing with
the Mn composition, as seen before in other members of Rg(Fe,Mn)
Bi, [14,15,26,29,33]. On the other hand, the substitution of Bi in
DyeFeBi, by Sb and Te (totally or partially) leads to a small dis-
placement of just several degrees in Tc. Finally, it is worth noting
that the effect of these substitutions is much stronger in the mag-
netic properties in the region of the spin reorientation transition, not
only in the displacement of T,, but also in the shape of the curves
with even an additional reorientation transition in DygFeSb, at 11 K.

The presence of secondary phases affects very little the magnetic
properties of the main phases. DysBi; is present in two samples:
DyeFeo.sMng sBi; and DygMnBij. It is known that it has a ferromag-
netic transition at 50K [34] but nothing can be appreciated at that
temperature in DygFegsMngsBi, and, in DygMnBi,, there is only a
small peak at 58 K but it is not evident if it belongs to that phase or
to the main one. DysSb;, which presents an antiferromagnetic
transition at 69K [35], is present in DygFeSb,, and it could be su-
perimposed on the right hand side of the peak in y’;, which marks
the strong reorientation transition which takes place at about 50 K. It
is worth noting a second reorientation transition in DygFeSb,, at
11 K, which can not be attributed to a secondary phase. Finally, the
secondary phases in DygFeSbBi, DysFeSbTe and DygFeBiTe have not
been magnetically characterized yet so they could be responsible for
some features such as the elbow in DygFeSbBi on the lower tem-
perature side of T,, but the general aspects of the curves tell that
they do not have much relevance, if any.

The order of the magnetic transitions can be evaluated by means
of the Banerjee criterion [36] which states that, in the representation
of M? versus (H/M), the slopes of the curves must be positive if the
transition is continuous while there should be regions with negative
slopes if it were a first order one. Fig. 5 shows, for the case of the spin
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Fig. 2. Microstructure of (a) ‘DysFeSbBi’: Dyge 34)F€10.9(8)Sb11.3(4)Bi11.5(4) (Fe2P-type) (grey phase), Dye2.0(6)F€3.8(8)SP19.1(5)Bi15.1(4) (YbsSbs-type) (white phase) and Dys; 5(s)Feg7.1(9)
Big.aay (MgCup-type) (black phase), (b) 'DycFeBiTe": Dyss3(s)Fei11(s)Bir21(s)Te€105(8) (FeaP-type) (grey phase), Dyeeso)Bioos)Tesz23s) (ScaTe-type) (black phase), Dysoss)
Biza.9(6)T€24.3(6) (NaCl) (black phase) and (c) 'DysMnBi,": Dys7.2(7)Mn10.7(8)Biz2.1(6) (Fe2P-type) (grey/dark grey phase), Dys4.7(6)Biss.3s) (YbsBis-type) (white-grey phase).

Dy¢FeBi,
DyMnBi,

1.4 4

M (emul/g)

0.0 - : T
0 50 100

150 200 250 300 350 400
Temperature (K)

Fig. 3. Magnetic moment as a function of temperature in zero-field cooled (ZFC, open
symbols) and field-cooled (FC, closed symbols) mode with applied field H = 10 Oe for
DygFeBi,, DysMnBi,, DygFeSb,.

reorientation transition (T,;) in DygFeSbTe and the PM-FM transition
(Tc) in DygFeBiTe, how all slopes are positive, confirming that they
are second order transitions. This happens in the seven compounds
for these transitions. This behavior will be further confirmed by the
thermal diffusivity measurements shown in Section 3.5.

The thermomagnetic irreversibility appreciated in Fig. 3 and
Fig. 2s is easily understandable when the isothermal magnetization
loops at 2 K are analysed (see Fig. 6). In all cases there is not only a
coercive field Hc but also step-like behaviors characteristic of me-
tamagnetic transitions, from ground states with antiferromagnetic
components responsible for non-collinear magnetic structures, to
ferromagnetic states.

If the magnetization isotherms are analysed, the following
common properties can be ascertained (which are shown for some
of them in Fig. 7): from 2 K to a certain temperature value (50K for
DygFeBi,, 36K for DygFegsMngsBiy, 28 K for DygMnBi,, 20K for
DygFeSb,, 30K for DygFeSbBi, 26 K for DygFeSbTe, and 30K for
DygFeBiTe) the magnetization increases from one isotherm to the
next one (in ascending order) for the same value of the magnetic
field, assessing the existence of antiferromagnetic interactions in
those temperature ranges. For higher temperatures, the ferromag-
netic behavior imposes, which means that, for a given applied field,
the magnetization decreases as temperature is increased. Of course,
in the low temperature ranges the metamagnetic transitions are
clearly observed for all samples. In some cases it quickly disappears
with the applied field at very low temperatures, reaching a ferro-
magnetic state.

3.3. Critical behavior

As stated in the introduction, the study of the critical behavior of
second order magnetic phase transitions provides information about
the range of the magnetic interactions, the dimensionality of the
system and the spins arrangement. This study has been performed
on the PM-FM phase transitions in all compounds. In this section we
will extract the critical exponents (B,y,5) which are associated to the
singular behavior of the spontaneous magnetization Ms, the initial
susceptibility x° and the critical isotherm, respectively, in a region
close to T, following the equations [37]:

Ms(T) ~ t|? (T < To), (1)
X0 ' (D) ~ [t (T > To), (2)
M(H)~H' (T = Tc), (3)

where t=(T-Tc)/T¢ is the reduced temperature; the magnetic
equation of state



A. Herrero, A. Oleaga, LR. Aseguinolaza et al.

25

C T Dy¢FeBi,
—— Dy¢Fey sMn ;Bi,

20 —— Dy,MnBi,

—— DygFeSb,

{'ac (107 emulg Oe)

Temperature (K)

T T T T T T
100 150 200 250 300 350 400

Journal of Alloys and Compounds 890 (2021) 161849

25
Tn—#" —— Dy¢FeSbBi T
[+
—— Dy,FeSbTe
Tm -
20 - —— Dy,FeBiTe
m
o
(=
S 15
£
(1]
Q@
2 104
8
=
54
0

60 80 100 120 140 160 180 200
Temperature (K)

0 20 40

Fig. 4. Real part of the ac susceptibility at f =100 Hz. T¢ corresponds to the paramagnetic to ferromagnetic transitions, T, to the spin reorientation ones, T* to ferromagnetic

transitions of the secondary phases.

s5|DYsFeSbTe &\12&1%5“':"‘&3&1‘%?&25?2‘@3% "
ARSI o T L
L A S
30 mt?‘ﬁ%?ﬁ“x” R SN
S 25 7 64K
S
E 20
)
o
= 15
s
104
544
0L, . . .
0 1 2 3

H/M (102 Oe/emu)

Dy¢FeBiTe

M2 (10 (emu/g)?)

H/M (102 Oe/emu)

Fig. 5. M2 as a function of (H/M) around the spin reorientation transition (T,,) in DysFeSbTe and around the PM-FM transition (T¢) in DygFeSbTe.

M(H, t) = [tf, (H/[efF*7) (4)

must be also fulfilled in the critical region. A fourth exponent n,
which is related to the magnetocaloric properties, will be considered
in Section 3.4.

Detailed magnetization isotherms have been measured in the
neighbourhood of the respective Curie temperatures and then the

200 {—— Dy¢FeBi,
J—— Dys(Fe, sMn, 5)Bi, |
—— Dy MnBi,

M (emul/g)
o
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H (T)

Modified Arrot plots (MAP, M represented versus (H/M)"*) have
been built up for the most common universality classes in three
dimensions (Mean Field, 3D-Heisenberg, and 3D-Ising). If any of
the MAP gives straight, parallel lines at high fields, then the critical
exponents describing the transition would be the ones associated to
that particular universality class (the theoretical values are collected
in Table 2 [37-45]). Commonly, as this is not the perfect case, the
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Fig. 6. [sothermal magnetization loops at 2 K for DygFeBi,, DygFeg sMng sBi,, DysMnBi,, DygFeSb,, DysFeSbBi, DygFeSbTe, and DygFeBiTe.



A. Herrero, A. Oleaga, LR. Aseguinolaza et al.

M (emul/g)

M (emul/g)

DygFe, sMn, sBi,
ol T T T T T T T
o 1 2 3 4 5 6 71
H (T)

Journal of Alloys and Compounds 890 (2021) 161849

200

150 4

100

M (emu/g)

50 -

0 1 2 3 4 5 6 7

M (emul/g)

T T

i 4 5 6 71
H(T)

(=]
-
N

Fig. 7. Magnetization isotherms at low temperature for DysFeBi, and DysFeSbTe; and at medium temperature for DygsFeysMng sBi, and DygFeSb,.

class which gives a closer set of straight, parallel lines at high fields,
is taken as a starting point to adjust the particular values of the best
critical exponents. A linear extrapolation from high field data on the
MAP is then used to extract the (Ms)”” and (yo™")"" values as the
interception with the axes. Once M(T) and y, (T) are obtained they
are fitted to Eqs. (1) and (2) to obtain new values of g and y. Then, the
MAP is again represented until good parallel, straight lines, are ob-
tained in it. But in this family, only for two of them (DysMnBi, and
DysFeSbTe) the Mean Field was a good starting point while for the
rest neither of the three classes was close to that situation. So dif-
ferent sets of (B,y) had to be taken as starting points to finally find
good critical exponents which could give straight parallel lines in the
Modified Arrott plots.

Table 2

Set of magnetic critical exponents for several universality classes. d dimensionality of
the interaction, N number of spin components, p of spontaneous magnetization, y of
isothermal susceptibility, & of critical isotherm, n of the magnetic entropy change
maximum [37-45].

Universality class d N B y ) n

Mean-field Model 0.5 1.0 3.0 0.666
2D-Ising 2 1 0.125 175 15 0.533
3D-Ising 3 1 0.3265 1.237 4.79 0.569
3D-XY 3 2 0.348 1.317 4.78 0.608
3D-Heisenberg 3 3 0.369 1.396 4.78 0.642
Chiral XY 3 2 0.253 113 5.47 0.460
Chiral-Heisenberg 3 3 0.30 117 4.90 0.524
Tricritical Mean Field 0.25 1.0 5.00 0.400
2D-Long range 2 1 0.298 1393 5.67 0.585
3D-Ising spin glass 3 1 0.5 2.9 6.80 0.853

The value of § is obtained from the fitting of the critical isotherm,
after Eq. (3), and then compared with the one using the Widom
scaling equation [37]:

5=1+7I (5)

The final validation of the critical exponents thus obtained is the
fulfilment of the magnetic equation of state Eq. (4): all isotherms
must collapse onto two independent branches, one for those below
Tc, a second one for those above it.

Fig. 8 shows the curves for the case of DygFeSbTe while the other
compositions are shown in Figs. 3s-8s in the Supplementary mate-
rial, and Table 3 contains the critical exponents with their errors.

In nearly all cases the fittings are very good, with the exception of
DygFeBiTe. The obtained values of g and y give in the MAPs a set of
straight, parallel curves. The value of § obtained from the critical
isotherm and the one calculated from Eq. (5) are very close and in
the representation of the magnetic equation of state all curves col-
lapse onto two independent branches. All of these facts support the
validity of the critical exponents found. As mentioned, the values
obtained for DygFeBiTe are not so good, as the region in the MAP
where the curves are straight and parallel is a short one.

Turning our attention to the particular values of the critical ex-
ponents (Table 3) and the theoretical values for a number of uni-
versality classes (Table 2) we can see that for DygMnBi; (fexp = 0.522,
Yexp = 0.93) and DygFeSbTe (Bexp = 0.51, yexp = 0.95) the results are very
close to the Mean Field Model (fyr = 0.5, ypre = 1). This indicates that
long range order magnetic interactions are responsible for the
transition, but in the rest the values are too high for g (from 0.72 in
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DygFeSb, to 0.82 for DygFeBiTe) to comply with any theorized uni-
versality class. On the other hand, in three cases, y takes values far
away from the Mean Field class (0.85 in DygFeSb,, 0.776 in
DygFeSbBi, and 0.774 in DygFeBi,). This situation has already been
observed in other close members of this family: TbgFeBi, (fexp = 0.73,
Yexp = 0.80) and TbgFeg sMng 5Bis (Bexp = 0.72, yexp = 0.95) [15]. Since
the range of the exchange interaction J(r) is mainly determined by
the critical parameter y [46]| and the theoretical values for short
range order interactions in three dimensions (d=3) are always above
1 (see Table 2), while the values in this case are below that figure,
this would suggest that in the samples with Dy the magnetic in-
teractions are long-range, as it happens with those with Tb [15]. The
p values above 0.5 imply, for certain, a deviation from the Mean Field
model, maybe associated with magnetocrystalline anisotropies due
to crystal field effects and a non-zero orbital moment (L=5) of the Dy
ion [47]. Even if we explore the possibility of these materials be-
having as layered ones (d=2 in Table 2) we see that the critical ex-
ponents obtained agree much better with three dimensional models,
as the theorized g is much smaller than 0.5 for d =2 and y much
bigger than 1.

There is a growing amount of materials which do not show a
conventional critical behaviour, such as x-(BEDT-TTF),X [48], BalrOs
[49], MnsCuN [50], TDAE-Cgg [51 ], Sr1—xAxRuO3 [52,53], Lap4CageMnOs
[54], and LagsCag4Ago1MnO3 [55]. This points to the fact that there
might be other universality classes still to be developed which could
properly describe the magnetism in these materials, an issue which
should be addressed by theoretical research groups.
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3.4. Magnetocaloric properties

The magnetic entropy change ASyand the refrigerant capacity
have been evaluated in the respective temperature ranges of in-
terest, with the limit that it has not been possible to perform mea-
surements over 400 K. The well known Maxwell equation has been
used to indirectly obtain ASpyas a function of temperature and
magnetic field

H
! H

The results are shown in Fig. 9 and the maxima at each transition
are collected in Table 4. The magnetocaloric properties of this family
are extremely rich as, in all cases, there are two direct magnetoca-
loric effects (DMCE) whose superposition in-between allows
the maintenance of a table-like MCE effect over a wide temperature
range, which is required for an ideal Ericsson refrigeration cycle.
Besides, there is a strong inverse magnetocaloric effect (IMCE) at
very low temperatures. The highest temperature DMCE is associated
with the PM-FM transition while the second DMCE is due to the spin
reorientation transition. The highest values of |ASI\’},"|are, for poAH
~7T, 9]/kgK for the two DMCE effects in DygFeSb, and one of the
DMCE for DygFeSbTe, with the tableau in-between being 6-7 J/kgK
for those compositions. It is clear from Fig. 9 that the role of Fe-Mn is
to move the operational region for a refrigeration device in a very
broad temperature range (from 40 K to more than 400 K) while the

DysFeSbTe
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Fig. 8. DygFeSbTe: a) Optimized Modified Arrot Plot; b) Spontaneous magnetization (left) and inverse of initial susceptibility (right) vs. temperature after Eqs. (1, 2); ¢) M vs. H plot
in a log-log scale collected at the critical isotherm, after Eq. (3); d) The renormalized magnetization plotted as a function of the renormalized field, after Eq. (4).
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Table 3
Critical exponents obtained for Dyg(Fe, Mn)X, (X=Sb, Bi,Te).
Material Technique B y I}
DygFeBi, Modified Arrott Plot 0.74 + 0.03 0.774 + 0.004 2.04° + 0.04
Critical Isotherm 2.025 + 0.002
DygFeo sMng sBiy Modified Arrott Plot 0.761 + 0.008 1.00 + 0.02 2.31° + 0.04
Critical Isotherm 2.312 £ 0.001
DysMnBi, Modified Arrott Plot 0.522 + 0.005 0.93 £ 0.02 2.79" + 0.05
Critical Isotherm 2.786 + 0.001
DygFeSb, Modified Arrott Plot 0.72 £ 0.02 0.85 + 0.01 217 £ 0.04
Critical Isotherm 2.188 = 0.007
DygFeSbBi Modified Arrott Plot 0.77 + 0.02 0.776 + 0.004 2.00° + 0.03
Critical Isotherm 2.008 + 0.003
DygFeSbTe Modified Arrott Plot 0.51 + 0.01 0.95 + 0.02 2.87° + 0.07
Critical Isotherm 2.857 + 0.007
DyesFeBiTe Modified Arrott Plot 0.82 £ 0.06 0.93 + 0.04 217+ 041
Critical Isotherm 2.135 = 0.006

2 Calculated from Eq. (5) 6 = 1 +y/p.

role of the X element is to improve IAS,{},"I. In this sense, Sb and Te
give better results than Bi, specially the first one.

As already mentioned in Section 3.2, it is commonly accepted
that, in the family RgTX>, the rare earth atoms are solely responsible
for the magnetic properties. This is due to the fact that no magnetic
moment from T has been found in the cases where neutron dif-
fraction studies have been undertaken [26,30-32,56-58]; rare earth
ions interact through an indirect 4f-4f interaction via the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction mediated by the d-band,
which is sensitive to the position of the ions in the cell and the
possible orbital hybridizations among the ions in the compound. In
order to formulate an interpretation on why the different ion sub-
stitutions produce such changes in the magnetic and magnetocaloric
properites, ab initio calculations should be performed to compare
theoretical predictions with the experiments. This will be the
purpose of a future work.

It is worth mentioning that, as seen in the previous section, the
presence of small secondary phases in some intermetallics do not
have a relevant influence on the magnetic entropy change as the
features appearing in Fig. 9 are directly linked to the magnetic
transitions of the main phases.

Another relevant property to characterize the suitability of a
magnetocaloric material is the refrigerant capacity. This is tradition-
ally calculated by means of RCryyn (Which is obtained multiplying the
width of the magnetic entropy change at half maximum times the
value of the peak), or RCareq (Which is defined as the area enclosed by
the magnetic entropy change vs. temperature curve in the range en-
closed by the full width at half maximum). Nevertheless, there is a
growing current in literature which disputes the suitability of these
variables to ascertain the magnetocaloric quality of the materials
when the peak is too wide or the temperature span gets enlarged by
the presence of several transitions, which is our case, and, instead,
proposes the use of the Temperature Average Entropy Change TEC(10),
which is defined as

1 (T+5
TEC(10) = Efos ASiso(T')dT' )

in order to avoid the artificially large refrigerant capacity of shallow
peaks [59,60].

This TEC(10) has been thus chosen to evaluate the magnetocaloric
properties and Fig. 10 collects the result of the DMCE in the shape of
circles. Their centers are placed at the value of the maxima of the
magnetic entropy change and their diameters are proportional to the
value of TEC(10). The values for the other rare earth high entropy
compounds (grey circles) have been elaborated after [60,61], for
comparison.

It is clear from Fig. 10 that two Sb-containing compounds
(DygFeSb, and DygFeSbTe) are the ones with competitive properties
with respect to other rare earth compounds. It is worth stressing the
point that there is neither magnetic nor thermal hysteresis in
the transitions, which is relevant for practical applications. Besides,
the broad temperature range of application is an interesting issue,
especially when considering an Ericsson cycle of refrigeration.

Moreover, if we look at the values of the maximum of the mag-
netic entropy change in the IMCEs (Fig. 8) we can see that for some
compounds (DygFeSbBi, DygFeSbTe, DygFeBiTe, DygFeBi,) they are
indeed competitive for very low temperature applications, below
15-10 K. This could be interesting on its own for refrigeration in this
range or to be used as heat-sinks for heat generated when a con-
ventional magnetocaloric material is magnetized by adiabatic de-
magnetization before cooling [62]. As this IMCE is related to the
metamagnetic transition, it is first order so the hysteresis could be
an issue. It has not been possible to evaluate the TEC for these IMCE
as the peaks are not complete. Another possible applications of these
materials has to do with the fact that the refrigeration efficiency can
be improved using materials with adjoint IMCE and DMCE [63].

The magnetocaloric variables, for the case of second order phase
transitions, also fulfill some scaling equations which allow to re-
inforce the results obtained in the previous section for the PM-FM
transition in each composition. The peak maximum of the magnetic
entropy change scales as:

ASff~H" 8)
where n is related to the previously defined (3, §)
n=1+(1/8)(1 - 1/B) (9)

Fig. 11 shows how Eq. (8) is very well fulfilled with an n calcu-
lated using the values of (3, ) contained in Table 3, for the case of
DysMnBi, and Dy6FeSbBi (it is similar with all the rest). In the figure,
the experimental points fall along a straight line, confirming the
validity of the critical exponents.

Finally, let's check the possibility of obtaining the so called
“magnetocaloric master curves” or “universal curves” for each
composition around T [64]. A normalization of the variation of
the magnetic entropy change for each field with respect to the cor-
responding maximum value, together with rescaling the tempera-
ture axis, should lead to a collapse of all points onto one single curve,
in the critical region. The temperature axis rescaling can be done
with one or two reference temperatures T,;, T;», two being necessary
when demagnetization effects are not negligible [65], as it happens
in this case. The temperature axis is rescaled following:
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Table 4

Magnitude of the magnetic entropy change |AS,€,"| at different applied fields poAH (2, 5 and 6.9 T) for Dyg(Fe, Mn)X, (X=Sb, Bi,Te). The indicated temperatures correspond to the position of the maximum of -ASy,.

Material
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Fig. 10. DMCE performance at yoAH =5T studied in this work and for selected rare
earth high entropy alloys (RE-HEA) found in literature [60,61].
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Fig. 12 shows, as an example, the universal curves thus obtained
for DygFeBi, and DygFeSbBi, where the superposition is very good, as
theory ascertains for the near vicinity of the second order phase
transition [66], where critical theory is fulfilled. On the left hand
side, at temperatures well below T¢, and due to the presence of
the spin-reorientation transition, the theory does not hold and,
therefore, the superposition is not good. The curves are similar in all
the rest, except for DygFegsMngsBi, where, as commented before,
the shape of the curve in the low temperature side makes it im-
possible to separate the part which corresponds to the critical
region.

The fact that these master curves have been built is another
strong support of the second order character of the PM-FM tran-
sition.

3.5. Thermal diffusivity

Heat exchange in a magnetic refrigerator implies that the
thermal properties of the magnetocaloric material must be properly
optimized in order to allow high working frequencies [3,16]. As
temperature is changing in the material while it follows the cycles in
the refrigerator, the equation which reflects heat transfer in that
non-steady situation is:

—(>r 0+ g_()r, t) _107T(r, 1)

2
VT K ~ D ot (11)

where T(rt) is the temperature field as a function of the position
vector and time, g(r,t) is the heat generated in the medium per unit
time and unit volume, K is the thermal conductivity and D is the
thermal diffusivity of the material, which characterizes how fast
heat is transferred in the material [67]. D is related to other thermal
properties by the following equation

D=—
oCp (12)

where ¢, is the specific heat and p the density.

Fig. 13 shows the evolution of the thermal diffusivity in the re-
gions of interest corresponding to the DMCEs. As intermetallic ma-
terials, the values are in the range 1-3 mm?/s, which are comparable
to the values exhibited by good magnetocaloric materials such as
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Fig. 11. Field dependences of the peak magnetic entropy change for DysMnBi, (left) DysFeSbBi (right). The values of s and & for each case are the ones presented in Table 3.

GdsSi,Ge,, La(Feg gsSio.12)13 and one order of magnitude higher than

the case of MnAs [16].

The shape of the thermal diffusivity curves in intermetallic ma-
terials share several common features, which have to do with the
fact that heat is transferred both by electrons and phonons, the
contribution of the latter becoming more relevant at low tempera-
tures [68,69]. Starting from high temperature, in the paramagnetic
phase, while there is no magnetic transitions as temperature is de-
creased, the common behavior is to have a monotonic decrease in D
(see in Fig. 13 the cases of the five compounds without Mn) due to
the reduction of the electronic contribution, after the Wiedemann-
Franz law [70]. Then the PM-FM transition takes place which is
signalled as a dip (this is quite common both in metallic and in-
sulator materials [21,71]). After this ordering, the phonon mean free
path starts to increase and, depending on the leverage of the elec-
tronic and phononic contribution, different temperature de-
pendencies arise between the PM-FM and the spin reorientation
transition, which is in the region of the second dip. From then on, the
phonon contribution dominates and as the phonon mean free path
becomes larger and larger with the temperature decrease, a quick
increase in D takes place. On the other hand, it is worth mentioning
that in all samples which present small percentages of secondary
phases, there is no signature of clear phase transitions associated
with them, revealing that they do not play a relevant role.

AS,,/ASEK

In DygMnBi,, as the PM-FM transition takes place at a much
higher temperature than the rest, the increase in the phononic
contribution starts to compensate earlier the decrease in the elec-
tronic part. Finally, DygFeqsMng sBi,, presents an intermediate be-
havior between DygMnBi, and DygFeBi,.

In all cases, detailed measurements in heating and cooling runs
have shown that there is no thermal hysteresis at zero field and that
the PM-FM transitions, as well as the spin reorientation ones at
lower temperatures are, indeed, second order, emphasizing the ab-
sence of hysteresis in the DMCE regions.

Finally, the specific heat has also been measured at room tem-
perature for all samples (159.9 J/kgK for DygFeBi,, 174.7 J/kgK for
DyGFEO_sMHO'5Bi2, 181.2 J/kgK for DyGMnBiz, 1977J/kgK for DysFesz,
181.0]/kgK for DygFeSbBi, 190.1 J/kgK for DygFeSbTe, and 184.5 J/kgK
for DygFeBiTe). This variable is relevant to evaluate the use of these
materials as heat sinks, though it would be desirable to evaluate
them near the magnetic transitions. Unfortunately, there is very
scarce information in literature to make a good comparison with
other magnetocaloric materials, save for a selection presented in [3].
If we convert these values to molar heat capacity per atom, they are
between 25.74 and 29.15J/molK per atom (between 3.1R and 3.5R,
being R the universal gas constant), with results close to the ones
given by the Dulong and Petit law (3 R), and in the common range for
rare earth atoms.
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Fig. 12. Universal curve with the rescaled magnetic entropy changes using two reference temperatures, for DysFeBi, and DygFeSbBi.
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Fig. 13. Thermal diffusivity curves for DygFeBi,, DygFegsMngsBiy, DysMnBiy,
DygFeSb,, DygFeSbBi, DygFeSbTe, and DygFeBiTe.

4. Conclusions

The Dyg(Fe,Mn)X, (X=Sb, Bi, Te) family of intermetallics has
been thoroughly studied, characterizing different properties. They all
crystallize in the Fe,P-type structure (space group P62m) and share
common magnetic properties in the succession of magnetic transi-
tions that appear while lowering the temperature from the para-
magnetic phase. First, a paramagnetic to ferromagnetic transition (in
the range 129-370K), followed by a spin-reorientation one (from 52
to 170K). Then, at very low temperature, a complex ground mag-
netic state is reached, with antiferromagnetic components. The
latter is taken to a ferromagnetic one with applied magnetic fields,
showing metamagnetic transitions. This complexity gives rise to two
DMCE and one IMCE in all compounds, where there is a table-like
effect between the two DMCE, a requirement for improving the ef-
ficiency of an Ericsson cycle refrigerant; the advantage is that this
table-like effect is obtained by using a single material instead of the
usual method of building a composite material. Furthermore, the
position and height of this region can be efficiently tuned varying
the composition. The Sb-containing (DygFeSb, and DygFeSbTe) have
the best magnetocaloric properties among the compounds studied,
with moderate values of the magnetic entropy maxima |AS,{},"| and
TEC(10) values well placed among rare earth based high entropy
alloys. The IMCE that all compounds show is again specially relevant
for the ones containing Sb. The critical behavior analysis performed
on the PM-FM transitions, with the calculation of the critical ex-
ponents B,y,5 suggests that long-range order interactions are re-
sponsible for these magnetic transitions, though only in two cases
(DysMnBi, and DygFeSbTe) the values agree with the Mean Field
universality class. The rest present an unconventional critical be-
havior as the values of p are too high or the values of y too low to
comply with an already theorized universality class. There is
agreement between these values and the scaling of the magneto-
caloric variable ASf and the obtention of the universal curves.
Finally, the thermal transport properties (thermal diffusivity) pre-
sent high enough values for these compounds to be considered as
candidates for real magnetocaloric refrigeration systems.
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