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ABSTRACT

The magnetic and magnetocaloric properties of the intermetallic family
(Gd, Tb)s(Fe,Mn)Bi» have been studied from 2 K to temperatures above the respective
Curie temperatures 7c. The substitution of Gd by Tb (GdsFeBi2, Gd3TbsFeBi2, TbsFeBi»)
tunes 7c¢ in the range 350-250 K and favors the apparition of a metamagnetic transition at
very low temperature (below 10 K) from a complex magnetic state to a ferromagnetic
one, as well as a spin reorientation transition below 7, = 72 K. As a consequence, an
important inverse magnetocaloric effect (IMCE) appears below 20 K and an interesting
direct magnetocaloric effect (DMCE) appears over a wide temperature span between 7¢
and 75, with maxima at those temperatures. The partial substitution of Fe by Mn in
TbesFeo.sMng sBi2 shifts these effects upwards in temperature while expanding the region
of the direct magnetocaloric effect between 70 and 400 K. The combination of adjoint
IMCE and DMCE as well as the wide span of the latter shows that tuning this family
allows to locate the magnetocaloric effect in different regions of interest. The critical
behavior of the PM-FM transitions has been studied obtaining the critical exponents ¢,
B, 7 o and checking that the respective magnetocaloric effects also scale with the critical
parameters n and ¢ . The transition in GdsFeBi» belongs to the Heisenberg universality
class with deviations due to magnetocrystalline anisotropies; the critical exponents for
Gd;TbsFeBiz (in agreement with the Mean Field model) suggest the presence of long
range order magnetic interactions, while TbsFeBi» and TbsFeosMngsBi> present an

unconventional critical behavior aligned with long range order interactions.
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1. Introduction

The study of intermetallic materials has boosted in the last decade since more and
more different compositions are grown and found to show interesting and complex
magnetic properties, some of which can be used for practical applications. One of the
most promising fields is related to the development of new materials for energy
applications and, in particular, with a relevant magnetocaloric effect. Magnetocaloric
materials are the core of the new refrigeration technology which intends to compete with
and eventually substitute the current gas compressor-expansion technology [1-3].
Therefore, intensive research is carried out searching for suitable magnetocaloric
materials in several temperature regions, from the different gas liquefaction regions to
room temperature [4-8]. For practical applications, a “suitable” magnetocaloric material
needs to present a magnetic transition with no hysteresis (neither thermal nor magnetic),
a high magnetic entropy change (spanning over a wide as possible temperature change)
and a high value of the refrigerant capacity. Obviously, there is a huge effort focused on
room temperature, where several materials have already been found to be likely
candidates, such as pure Gd and Ge-containing compounds, manganites, Heusler alloys,
etc. [9-17]. Another focus is to tune the magnetocaloric properties of certain compounds
playing with their chemical composition in order to build up multi-component
compounds, as it has been shown to be the case for (Tbi.xDyx)FeSi (x from 0 to 1) [18]
or R2T>X (R = Gd-Tm; T = Cu, Ni, Co; X = Cd, In, Ga, Sn, Al) [4]. In particular, we
showed in a previous paper that changing the percentage of Fe and Mn in the
intermetallics Hos(Mn,Fe)Bi> allows to extend the width of the operating temperature
range with a nearly constant value of the magnetic entropy change, due to the presence
of two magnetic transitions, as well as tuning the temperature at which the magnetic
entropy change is maximum [19]. The purpose of this paper is to look for another branch
of this family of R¢7Bi>» compounds (R=rare earth, 7=transition metal) whose tuning can
make them operative in the room temperature range as well as at low temperature,

presenting a wide temperature span due to the possible presence of several magnetic
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transitions. To this end, we have focused our attention on Gde¢FeBi», Gd3;TbsFeBiy,
TbeFeBi> and Tbe(Feo.sMnos)Bia. The crystal structure and some magnetic properties
have already been studied for both GdsFeBi» and TbsFeBi» [20-26] while a
comprehensive study on the magnetic and magnetocaloric properties of the four
aforementioned compositions will give a broader view of the general properties of the
family and the role of the different ions, leading the path to appreciate their feasibility for
practical applications.

As a knowledge in depth of the magnetic properties is fundamental prior to any
possible practical application, the purpose of this paper is to obtain it by means of the
study of the critical behavior of the second-order paramagnetic-ferromagnetic transition
that these compounds are known to present at a relatively high temperature, obtaining a
whole set of critical parameters (e, £, 7, 0, n) related to the scaling of the following

physical measurables:

cp(T) ~ At @ for T<Tc A" for T> Tc), (1)
Ms(T) ~ [t)f (T < To), (2)
207(T) ~ [t (T> To), 3)
M(H) ~ H"® (T = Tc), 4)
AS?E ~ H' VD — pp (5)

where Tc¢ is the Curie temperature, c,(7) the specific heat, Ms(7T) the spontaneous

magnetization, yo(T) the initial susceptibility, M(H) (T=T.) the critical isotherm, AS”' the

maximum of the magnetic entropy change and ¢ = (T—T¢)/T the reduced temperature;
besides, the magnetic equation of state

M (H, v) = |t|f f(HNYP77) (6)
must be fulfilled in the critical region [27-30].

The expectation is that the obtained values of the critical parameters will allow us to
assign an already theorized universality class to the magnetic transition (or a nearness to
one of them), so that a deeper insight in the physics of the magnetic properties will be
revealed. Moreover, the complete study of the magnetocaloric properties of the four
compounds presented in this study, including the refrigerant capacity, as well as the
possibility to obtain universal curves from the magnetic entropy change, will fully

characterize their ability to be used as magnetocaloric materials.



2. Samples and experimental techniques

Alloys with a total mass of 2 g 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 gadolinium, terbium (99.9 wt.
%), iron, manganese (99.95 wt. %) and bismuth (purity 99.99 wt.%) were used as starting
components. A titanium button was used as a getter during arc-melting and the alloys
were remelted 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 annealed at 1070 K (£ 2 K) for 300 hours to synthesize
Fe,P-type polycrystals via solid state reaction by a diffusion process from an initial
mixture of rare earth, R {Fe, Mn}» and RsBi3 compounds, then quenched in ice-water bath.

Phase analysis of the alloys was carried out using X-ray diffraction 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 ~ 50). An INCA-Energy-350 X-ray EDS spectrometer

(Oxford Instruments) on a Jeol JISM-6480LV scanning electron microscope (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 gadolinium and
terbium (measured by L-series lines), 1 at.% for Mn, Fe and Bi (measured by K-series
lines).

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

Magnetic measurements have been performed using a VSM (Vibrating Sample
Magnetometer) by Cryogenic Limited, obtaining the magnetization (M) of the samples
under external applied magnetic fields H, in the range of 0 to 7 T. Isotherms have been
collected from very low temperatures to temperatures well above the corresponding Curie
temperature (7¢) for all samples, using different steps, depending on the temperature
range. In order to study the critical behaviour of the paramagnetic to ferromagnetic
transition in detail, a step of A7 = 1 K has been taken between consecutive isotherms
around 7c. Demagnetization effects have been taken into account in order to perform a
correct evaluation of the scaling analysis and the magnetocaloric effect [32, 33], 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 [34, 35], extracting the maximum value of this magnitude (often
referred as the Hopkinson/principal maximum) and using the relation N=1/ymax.

The magnetic susceptibility was measured with AC Measurement System Option
in PPMS (Physical Properties Measurement System) by Quantum Design.

The specific heat has been retrieved using a high resolution ac photopyroelectric
calorimeter in the back detection configuration, which allows to perform extremely slow
temperature ramps in order to extract the shape of ¢, with great accuracy, to be used to
study the critical behaviour of the paramagnetic to ferromagnetic transitions for all

samples [36-38].

3. Experimental results and discussion

The X-ray powder analysis showed that GdeFeBi,, Gdi;TbsFeBi,, TbeFeBi» and
TbsMno sFeo.sBi2 (‘Gde7.1(8)Fero.68)Biz.1(7), 'Gd34.78)Tb32.67)Fer0.18)Bi22.6(6)

"Tbes.o)Fero.58)Bixz.e6) and "Tbe7.19)Mns 76)Fes.76)Bi22.56) compositions from microprobe

analysis, respectively) crystallize in the FeoP-type structure (space group Pg2m, No.
189, hP9). The refined unit cell data and atomic positions are given in Table 1. The
substitution of Fe for Mn is followed via increasing of unit cell volume and anisotropic
distortion of unit cell (increasing of c/a ratio) from TbsFeBir» to TbsMno.sFeo sBio.
Meanwhile, the substitution of Tb for Gd leads to almost isotropic expansion of unit cell
from TbeFeBi> to Gd3;TbsFeBi, and GdeFeBi» (increasing of unit cell volume, while c/a

ratio is close to constant).

Fig.1 shows the Rietveld refinement and SEM photograph of TbsMno sFeo sBi2, as
an example. Since these compounds are synthesized through a diffusion process, as
explained in detail in [39], the alloys contain an admixture of YbsSbs-type
(Gd,Tb)s(Fe,Mn)-0.5Bi-2.5 phases (8-10 wt %) (see Table 1s in Supplementary material
for details). The admixture of YbsSbs-type GdsBis exhibits ferromagnetic ordering
around 110 K [40] and admixture of YbsSbs-type TbsBi; may show ferromagnetic
ordering around 70 K in accordance with de Gennes rule [41]. Meanwhile these
admixtures show a small influence for the resulting magnetic properties, as will be

discussed later.
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Fig. 1. Rietveld refinement of the X-ray powder pattern and SEM photo of the "TbsMng sFeo sBi>': alloy
contains ~91 wt.% of FeoP-type TbsMng sFeo sBix (Rr = 5.6 %) (Tbe7.19)Mns 76)Fe4.7¢6)Bi22.56) from X-ray
spectral analysis: white-grey phase) and ~9 wt. % of YbsSbs-type TbsFeo2:Mno.0sBi27 (Rr = 6.2 %)
(Tbe3.99yMni o4)Fe2.1(9)Biss.o9) from X-ray spectral analysis: dark-grey phase). The first and second rows of
ticks refer to the diffraction peaks of TbsMng sFeo sBi» and TbsFeo22Mng 0sBis 7, respectively. The

strongest peak of admixture YbsSbs-type TbsFeo22Mng 0sBi» 7 is marked in Figure (¢).

Fig. 2 shows the magnetization as a function of temperature, both in Zero-Field
Cooled (ZFC) and Field-Cooled (FC) mode for the four samples, with an applied field of
100 Oe. In all samples with Tb, there is a clear divergence between the ZFC and FC
curves, showing thermomagnetic irreversibility, typical of many ferromagnetic (or
ferrimagnetic) transitions. While GdeFeBi» has only a paramagnetic to ferromagnetic
(PM-FM) transition at 7c = 346K, there are clearly two main transitions in the other
compounds, with some intermediate minor transitions due to other residual phases (see,
for instance, the transition at 144 K for TbsFeo4Biz¢, present in the nominal compound

TbeFeBi2).
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Fig 2. Magnetic moment as a function of temperature in zero-field cooled (ZFC) and field-cooled (FC)
mode with applied field H = 100 Oe.
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Fig 3. Real part of the ac susceptibility at f'= 100Hz. T¢ corresponds to the paramagnetic to

ferromagnetic transitions, Tr, to the spin reorientation ones, T" to ferromagnetic transitions of
the secondary phases.

The position of the transitions is clearly revealed in the ac susceptibility

measurements, whose real part is represented in Fig. 3 (T" corresponds to transitions for



the secondary phases). The substitution of Gd by Tb and Fe by Mn allows to tune the
Curie temperature, which is placed at 302 K for Gd3;TbsFeBi, 250 K for TbsFeBi2, and
376 K for TbeFeo.sMno.sBi2, while there are spin-reorientation transitions placed at 7, =
60 K, 65 K and 90 K (for GdsTbsFeBi», TbeFeBi», and TbsFeo.sMno sBi2, respectively),
which, as will be shown later, play a major role in the magnetocaloric properties of these
compounds. The positions of 7¢ and T, agree quite well with previous measurements in
GdeFeBi2 and TbeFeBi» [21, 22, 24]. The high-temperature ferromagnetic ordering
corresponds to the c-axis collinear ferromagnetic ordering of rare earth sublattice, while
low-temperature transition of TbsFeBi2, Gd3TbsFeBi> and TbeMno sFeo sBi> is attributed
to an additional ab-plane ferro-antiferromagnetic component of the rare earth sublattice
[39]. The presence of low temperature phases with complex spin arrangements which
include canted ferromagnets, conical or spiral or simply antiferromagnetic is quite
common in R¢TX> family, where no magnetic moment has been found for the transition
metal [39, 42, 43]. Concerning the evolution of the magnetic properties, starting from
Gd¢FeBiy, the introduction of Tb to reach Gd;TbsFeBiz and then TbeFeBi» provokes a
monotonous evolution in the reduction of 7¢, as well as in the general shape of the ZFC-
FC curves, and it will be seen later that the magnetocaloric properties have a similar
behavior. Adding Mn changes this tendency, taking the magnetic transitions to a higher
temperature and separating more 7¢ from 7, what it has already been observed in other
compounds of the family when substituting Fe by Mn, as in HosFeBi» and DysFeBi> [19,
39].

The isothermal magnetizations at 2 K, shown in Fig 4, explain the origin of the
differences between ZFC and FC curves for the samples containing Tb. In the case of
GdeFeBio there is a negligible coercive field Hc, while it is in the range 1-2 kOe for the
other ones. Moreover, there is a step-like behavior in the latter, typical of metamagnetic
transitions, which points to the presence of antiferromagnetic interactions responsible for
a non-collinear magnetic structure at very low temperature. The fact there are several
steps in two cases indicates the existence of intermediate magnetic arrangements till the
final ferromagnetic state is reached. The low temperature magnetic state quickly turns
into a ferromagnetic state as the temperature is raised, as it is seen in the evolution of the
magnetization isotherms as a function of the applied field, where in a small temperature
range (approximately 2-14K for Gds;TbsFeBiz, 2-20K for TbeFeBi», and 2-14K for
TbeFeo.sMno sBi2) the magnetization has the general behavior of increasing from one

isotherm to the next, higher one, for the same value of the magnetic field, confirming the

8



presence of antiferromagnetic interactions (see Fig. 5, where details are shown for the
case of TbeFeBi» and TbgFeosMnosBi2); from then on, with increasing values of
temperature, the behaviour of the isotherms is the common one for a ferromagnetic state,
1.e., for a given applied field, the magnetization decreases as temperature is increased (see
Fig. 5 for Gd3TbsFeBiz). In fact, one of them, TbeFeosMnosBi» has even a more
complicated behavior, as at very low temperature (< 3.5 K) the metamagnetic transition

changes the ground state to a ferromagnetic one from an intermediate field, as it is also

shown in Fig. 5.
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Fig. 5. Magnetization isotherms at low temperature for TbsFeBi, and TbsFeo.sMng sBiz; and at medium
temperature for Gd;TbsFeBi».

3.1. Critical behavior.

In order to extract the critical exponents f, y, 6 for the PM-FM transitions, detailed
magnetization isotherms have been measured in the vicinity of the respective Curie
temperatures. In the first place, an Arrot Plot (M versus H/M) is plotted where, in order
to maintain a simple notation, H is used instead of H; to represent the internal field; this
notation will be maintained all through the paper. If a perfect Mean Field model is of
application, the curves, at high field, will be straight lines, parallel to each other. It is well
known that many magnetic transitions belong to other universality class so that the curves
would show these features on a Modified Arrott Plot, where M/ is represented versus
(H/M)"'r with the appropriate values of the critical exponents. Table 2 shows their values
for the most common universality classes and Fig. 6 shows the graphs for Mean Field
(Fig. 6a), and Heisenberg (Fig. 6b) models for Gd¢FeBi>. The one with best straight and
parallel lines is the Heisenberg one, so this has been taken as a starting point to find the
best values for fand y (the Ising model has also been tested but the result is worse than
for the Heisenberg case). A common iterative procedure has then been followed [44, 45].
A linear extrapolation from high field data on the MAP has been used to extract the (Ms)"#

and (y0))!” values as the interception with Y and X axes, respectively. Once Ms(T) and
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20" (T) have been obtained they are fitted to Eqs. (2) and (3) to obtain new values of # and
y, which are then used for another iteration until the values converge and good parallel,
straight lines, are obtained in the MAP. The final result is shown in Fig. 6¢ and Table 3
contains the exponents with their errors. Fig. 6d shows the spontaneous magnetization
and the inverse of the initial susceptibility vs. temperature as obtained from the optimized

Modified Arrot Plot. The obtained £ value is nearly the one for the Heisenberg model
(Bexp = 0.369, Breis = 0.365) though yis smaller (Jexp = 1.188, yieis= 1.386).

Mean Field 251 3D - Heisenberg

] ~ 9| B=0.385 327K

Ly S y=1.386

=) — i

=6 o ) "

E i S 151 ‘ gﬁ’ﬂ’ﬁ

5 e £ BT J'FWM

~— O . PR e .

-é 44 L 101

=~ =

S 21 z 5] ¢

a b
ok 95
0 1 2 3 4 5 6 7 8 9 0 2 4 [} 8 10 12 14
(H/M)" (102 (Oe glemu)'’t) (HM)r (10" (Oe glemu)'’r)
20 Optimized 60 4 l25
- B =0.369 5
S y=1.188 01 L20 E
o 154 s I
5 D 40 g
£ g 150
210 £ 304 )
= ) —_— )
b= s - L1.0 =
= 201 p=0.369 v=1.188 ,'_:—
z T.=34536K T. = 34554 K i
= sl B c Los =
T T T T 0 T T T T T T T d 0.0
1.0 1.5 2.0 25 3.0 325 330 335 340 345 350 355 360 365
(H/M)'" (102 (Oe glemu)'') T (K}

Fig 6. Gd¢FeBi,: a) Arrot plot, corresponding to the Mean Field universality class parameters; b)
Modified Arrot Plot for the 3D-Heisenberg class; ¢) Optimized Modified Arrot Plot; d) Spontaneous
magnetization (left) and inverse of initial susceptibility (right) vs. temperature as obtained from the

optimized Modified Arrot Plot.

In the case of the other three samples, which contain Tb, the situation is very different,
while they share some common features. Fig 7a presents the Arrott Plot for
TbeFeo.sMno.sBi2 using the Mean Field model, which happens to be much better as a
starting point than the Heisenberg or Ising models, but its critical exponents are not really
the good ones. We have tested different sets of parameters close to the Mean Field model

as starting points before proceeding with the iteration procedure and the final result is

11



shown in Fig 7b, where yis indeed very close to the Mean Field value (yex, = 0.95, yur=
1.0) while S takes the value of 0.72, higher than any proposed universality class. There is
an intermediate situation for Gd;Tbs;FeBi2 and TbsFeBi but in both cases the Mean Field
model was a better choice as a starting trial than the Heisenberg or Ising ones. Substituting
half of the Gd with Tb takes the critical exponents quite close to the Mean Field model
(Bexp = 0.58, yexp = 1.01) (Fig. 7¢) while completely substituting it moves them to farther

values (fexp = 0.73, yexp = 0.80, Fig. 7d).
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Fig 7. a) Arrot plot, corresponding to the Mean Field universality class parameters for TbsFeo sMng sBi;
b) Optimized Modified Arrot Plot for TbeFeosMno sBi; ¢) Optimized Modified Arrot Plot for
GdsTbsFeBiy; d) Optimized Modified Arrot Plot for TbsFeBio.

For the four compounds, the critical isotherms have been plotted to extract the critical
exponent o, after Eq. (4). Fig. 8 shows two of them in a log-log scale, where the points
should be along a straight line, as it happens in all cases. From the slope, the value of 6
is easily retrieved and can be compared with the one using the Widom scaling equation
[30]:

o=1+yp (7)

12



We will call the result of this operation &:.«.c while naming .., the obtained ones from

the graphs.
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Fig. 8. M vs. H plot in a log-log scale collected at critical isotherms for GdsTbsFeBi» (left) and TbsFeBi»

(right).The straight line, in each case, is the linear fit from which the exponent ¢ is obtained.

In all cases, the agreement is very good: ey = 4.277 against Ocue = 4.22 for GdeFeBio,

Oexp =2.618 VS Oeare = 2.8 for Gd3TbsFeBi2, dexp = 2.087 vs Scare = 2.1 for TbeFeBiz, and,

finally, 0wy = 2.251 Vs Oaie = 2.27 for TbsFeo.sMno sBi2. These results are also gathered

in Table 3.

A confirmation of the validity of these critical exponents to describe the magnetic

transition is the fulfilment of the magnetic equation of state Eq. (6). Fig. 9 has been built

up with the critical exponents just obtained, for Gd¢FeBi> and TbsFeo sMno sBi2, and it

can be appreciated that all isotherms collapse onto two independent branches, one for

those below Tc, a second one for those above it. This happens for the four compounds

and is considered a strong confirmation of the validity of the critical exponents.
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Fig. 9. The renormalized magnetization plotted as a function of the renormalized field following Eq. (6)
for GdsFeBi: (left) and TbsFeosMny sBi, (right). In each case, all data collapse in two separate branches,
one above and one below the respective Tc.

Let’s examine the obtained values of the critical exponents in some detail: We can see
that, for the case of GdsFeBi2, £ agrees very well with the theoretical one for the
Heisenberg case (fexp = 0.369, Lreis= 0.365) while y and 6 are smaller, though there is a
good coherence among them, as they satisfy Egs. (6) and (7). This implies that the
magnetic interactions are short range though there is not a perfect isotropic distribution
of the spins, which is the basis of this model. It is generally accepted that, in the general
family R¢7Bi2, the T ions do not carry magnetic moments, as it has been proven by
neutron diffraction in some of them [21, 24, 25, 42, 46] so the magnetism basically arises
from the rare earth atoms by means of an indirect 4/-4f interaction via the Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction. The fact that the Curie temperatures are
higher than what corresponds to the rare earth ion alone (for Gd 7c=292.77 K [47] while
for Gde¢FeBi» Tc = 345.45 K) is attributed to a hybridization phenomena between
electronic orbitals of the rare earth and the other ions in the compound [1, 25, 48]. Gd and
some Gd-based compounds present a PM-FM transition which is close to the 3D-
Heisenberg universality class [49-51] though always with some deviations. The deviation
that we have found can not have its origin in crystal field effects, as it happens with some
other rare earths, because the orbital moment L is 0 for Gd, so it is surely due to some
kind of magnetocrystalline anisotropy, such as a non-negligible spin-orbit coupling of the
itinerant electrons, as it has been suggested for other Gd-based compounds [52-53].

The partial substitution of Gd by Tb and its complete substitution completely

changes the scenario. Gd;TbsFeBi, presents critical exponents very close to the Mean
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Field model (Bexp = 0.58, yexp = 1.01), indicating that long range order interactions are now
governing the transition; at the same time, the critical temperature is reduced around 50
K, while the complete substitution (TbsFeBi>) reduces it another 40 K; in the latter, the
critical exponents take values which do not comply with any universality class, with a
growing £ and a decreasing y (Bexp = 0.73, yerp = 0.80). Besides (see Fig. 4), the
introduction of Tb leads to the opening of the hysteresis loop, with a relevant coercive
field, as well as to the appearance of metamagnetic transitions at low temperature,
supporting the fact that the magnetism drastically changes with the presence of Tb. The
reduction in 7¢ is due to the lower value of the total spin S for Tb compared to Gd, while
the Tb non-zero orbital moment (L=3), as well as crystal field effects, introduce
magnetocrystalline anisotropies [54]. The substitution of Fe by Mn in TbeFeo.sMno sBiz
only slightly modifies the values of the critical exponents (fexy = 0.72, Yerp = 0.95).

Since there is no universality class with £ values bigger than 0.5 or y smaller than
1.0, it is not evident to associate the values obtained here (0.72, 0.73 for £, 0.80, 0.95 for
) to a particular distribution of spins or order of the interactions translated to a certain
Hamiltonian, though the y values suggest that it is a long-range interaction, as they are
close to 1, and the values of £ indicate a certain deviation from the Mean Field model,
but it is difficult to understand the origin of this deviation. There are many other materials
which have been also found to present an unconventional critical behaviour, with critical
exponents around these values: SrixAxRuO; [55, 56], LaosCaosAgo1MnOsz [57],
Lao.4CaosMnOs [58], BalrOs [59], x-(BEDT-TTF).X [60], Mn3;CuN [61], TDAE-Céeo
[62], just to cite some examples. This implies that, indeed, the known universality classes
do not cover the whole spectrum of magnetism and, therefore, more theoretical work
should be done in order to propose new universality classes. In this particular case, it is
the presence of Tb which takes the critical exponents to such values, even if neutron
diffraction data agree at 200 K with a collinear ferromagnetic state, with Tb occupying
two non-equivalent positions; it is the low temperature transition which is ferromagnetic
non collinear [21].

In order to check the appropriateness of the values of the critical exponents found,
detailed specific heat measurements in the near vicinity of the phase transition have also
been undertaken, from where the critical exponent « can be extracted, by means of fitting

the experimental points to the function [63, 64]:
¢, =B+Ct+ A" " (14 E*[f) ®)
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where ¢ is the reduced temperature and «, 4%, B, C and E* are adjustable parameters.
Superscripts + and — stand for 7> Tcand T < Tc respectively.

In the particular case in which the Mean Field model is of application (a = 0), the
critical equation would take an asymptotical logarithmic form at the paramagnetic phase,
while the ferromagnetic phase should be described by a Landau classical formulation.
Therefore, the paramagnetic region is fitted to

c,=Alnt+B+Ct )

while for the ferromagnetic one

T
J1-44,(T-T,)

[65]. The full details of this standard fitting procedure can be found elsewhere [21, 64,

c, =4

p

+B+C\T-T.) (10)

65]. Fig. 10 shows ¢, and the corresponding fittings for the four compounds. For GdsFeBi2
the best fitting has corresponded to Eq. (8) with & =-0.07540.007, which is close to the
theoretical one for the 3D-Heisenberg model (cex, = -0.115); besides, the critical ratio
A"/A" = 1.32 while A"/A eis = 1.52. Other models have been tested but none of them has
given a good fitting. This corroborates the previous magnetic results, implying that the
PM-FM belongs to the Heisenberg class with a certain deviation from it.

In the other three compounds, the fitting to Eq. (8) have not given good results,
the best ones being obtained by using Eqs (9) and (10). Starting with Gd3TbsFeBi2, both
phases agreed quite well with this model but not exactly, as seen in the difficulty in fitting
the curvature of the paramagnetic phase (see Fig. 10b). This corroborates the magnetic
exponents, which are quite close to the Mean Field model but with a slight separation
from it. TbsFeBi» deviates even more from the Mean Field model (see Fig 10c), while the
introduction of Mn in TbsFeo.sMno sBi> alters the shape of the specific heat and makes
quite difficult any fitting (see Fig. 10d), the best one being obtained again with Eqs (9)
and (10). These results corroborate the unconventional critical behaviour of these Tb-
based compounds, which will be further confirmed by the scaling of the magnetic entropy

change (Eq. (5)) presented in the next section.
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3.2 Magnetocaloric properties.

The magnetocaloric properties of these compounds have been studied by the common,
indirect method, of evaluating the magnetic entropy change as a function of temperature

and magnetic field

i (oM
s (22) o
! H

The results are shown in Fig. 11 where it is seen that there is only one direct MCE for
GdeFeBio, while there are two for the other three compounds, associated to the PM-FM

transitions at high temperatures and to the spin reorientation transitions at low ones. The
maximum values |ASA’;"| are similar to what is obtained in many other rare-earth-based
materials [2, 4, 5] but there are several additional features worth studying, specially the

fact that the temperature span of the magnetocaloric effect is extended in the case where

there are two magnetic transitions, giving relevant values of the refrigerant capacities RC.

T(K)
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Fig. 11. Magnetic entropy change -AS), for 1AH from 1 T to 6.9 T for: a) GdsFeBiz, b) GdsTbsFeBiy, ¢)
TbeFeBi,, and d) TbeFeo sMng sBi».

In literature, RC is commonly defined in two ways. RCrwuum 1s obtained multiplying the

width of the magnetic entropy change at half maximum times the value of the peak,
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RCFWHM = |ASAZk | oT, FWHM (12)

while RCyreq is defined as the area enclosed by the magnetic entropy change vs.

temperature curve in the range enclosed by the full width at half maximum (FWHM).

T;I()/
RC = jT AS,,(T,AH)dT (13)

The values of the refrigerant capacities, as well as the maxima of |AS A’}"| are tabulated in

Table 4 for upAH =2, 5 and 6.9 T, the first ones for the sake of comparison with literature,
the third one being the highest field applied. As in Gd¢FeBi> and Tbs(Feo.sMno 5)Biz Tc is
quite high and our system can not measure above 400K, some values for RC have had to
be obtained from extrapolations, while some RC .. can not be obtained (these values are
clearly indicated in Table 4). Starting from Gde¢FeBi2, codoping it with Tb (Gd3TbsFeBi»)

takes the maximum values from 346 to 303 K (therefore approaching room temperature)

though |ASA’;"| is reduced; the appearance of the spin reorientation transition at 62 K

makes the values of |AS M|increase at medium temperatures. With the complete

substitution of Gd by Tb, there are nearly equivalent peaks at upAH = 5 T, placed at 72
and 250 K, which are both interesting regions of application, with RCrwuy being 279 and
231 J/kg.K and a very wide temperature span of the magnetocaloric effect between the
peaks. Finally, there is a similar effect when partially substituting Fe by Mn but displacing
the maxima to 102 and 376 K and, though the maxima are smaller, the RCrwuym 1s
maintained at 7;, while it increases at T¢ due to the widening of the peak (279 and 266
J/kg. K, respectively).

These results show, on the one hand, the interest in mixing Gd and Tb (Fig. 11a,
b, ¢) in order to tune the region of application and, on the other, to substitute Fe by Mn in

the Tb-based compounds, to even enhance the effect (Fig. 11d). The results here obtained

are comparable to previously published results on the value of |ASA’}"| at Tc for GdsFeBi2

[24] and TbeFeBi» [22], though they had not been studied in the full temperature range.

If we compare them with other rare-earth based compounds, the values of |ASA’;" | are not

too high (for instance, compared to the results presented in Fig. 25 of ref. [2]) though the
refrigerant capacity and temperature span are fully competitive [2, 4, 5].

The magnetocaloric effect also gives the possibility of studying the critical
behaviour of the PM-FM transition, as it follows from Eq. (5) that it scales with the critical

exponent n, which is a combination of £ and 6. With the values of the critical exponents
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calculated in the previous section, we have calculated » and Fig. 12 represents the scaling
function for GdeFeBi» and TbeFeBi», where it is clearly seen that there is a very good
agreement, as the experimental points lie, in all cases, along the straight line, confirming
the validity of the critical exponents. For the other compounds, the agreement is as good
as in Fig. 12.
Moreover, the refrigerant capacity also scales as
RC oc H"?, (14)

Fig. 13 shows the experimental RCrwuy as a function of H' "% using the value of delta
obtained from the critical isotherms for Gd;TbsFeBi2 and TbsFeo sMno sBi2, where the

theoretical line is also traced. Again, the experimental points lie extremely well along the

straight line.
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Fig. 12. Field dependences of the peak magnetic entropy change for GdsFeBi, (left) TbsFeBi, (right). The

values of f and ¢ for each compound are the ones presented in Table 3.
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Fig. 13. Scaling law for the refrigerant capacity RCrwuu for GdsTbsFeBis (a) and TbsFeo sMno sBis (b).

The values of 6 for each compound are the ones presented in Table 3.

20



Besides, it should be feasible to build up universal curves for each compound
around 7¢ [27]; the method consists on normalizing the variation of the magnetic entropy
change for each field with respect to the corresponding maximum value and rescaling the
temperature axis. In an ideal case, only one reference temperature 7, is needed in order to
obtain a good universal curve, scaling the temperature axis as follows:

_T_Tc
1 I;_TC'

(15)

, which has

T is selected to be above T¢, corresponding to a particular fraction of |AS A

been 0.5. Nevertheless, when there are additional effects, such as the presence of
additional magnetic phases or demagnetization effects, two reference temperatures 7,
T,> are needed to develop the universal curves [28]. This happens, in particular, when
demagnetization effects are not negligible, as it happens in this case:

_ _(T_Tc)/(Trl_Tc) , T<T. 16
T\T-1)/@-T) L TST, 1o

Fig. 14 shows the universal curves using one and two reference temperatures for
Gd;TbsFeBi2. The overlapping must take place in the critical region, i.e., in the near
vicinity of the second order phase transition [29, 66], where critical theory is fulfilled. It
is clear that this happens in both cases, much better with two reference temperatures. In

the one with one reference, the curves just below Tc do not perfectly overlap but they

move to higher values of ig";k as the magnetic field increases, typical of systems where
M

demagnetization effects are present [67], as it is the case. When using two reference
temperatures this effect disappears, confirming the theory. At temperatures far below 7,
the curves spread out and the values quickly increase, what happens in the three
compounds where there is a spin reorientation transition at a low temperature. If in the
region in which this methodology is applied there is another magnetic transition, no good
overlapping is expected where this second transition is present, as the theory is based on
the fact that the PM-FM transition belongs to a particular universality class, which is the

case here. The universal curve is similarly built up for the four compounds.
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AS,/AS,P*

Fig. 14. Universal curve with the rescaled magnetic entropy changes using one (left) or two (right)

reference temperatures, for Gd;TbsFeBi,.

The importance of the scaling of the magnetocaloric variables (|AS]{;" | and RC) is that it

allows their extrapolation to different fields, even if they have not been measured, while
the universal curves allows the extrapolation of the whole magnetic entropy change
curves to no accessible magnetic fields [66].

A final interesting remark has to do with the magnetocaloric effect at very low
temperature, which has not been shown in Fig. 11. Due to the magnetic behaviour shown
in this range by Gd3TbsFeBi2, TbsFeBiz, and TbsFeo.sMno sBi2, an inverse magnetocaloric
effect (IMCE) is expected. As there are metamagnetic transitions in this range, whose
first order is clearly observed due to the stepwise behavior (see Fig. 4), the calculation of
the magnetic entropy change can only be accomplished using Eq. (11) if the measurement
of each magnetization isotherm is taken after having erased the magnetic memory of the
sample, or a spurious result would be obtained [68, 69]. Following this procedure,
previously to obtain any magnetization isotherm as a function of the applied field, the
temperature is raised, without field, above 7c. Then the temperature is taken to the one
corresponding to the next isotherm and the field is applied again. The procedure is
repeated isotherm after isotherm. A huge IMCE has been found in this way in

Gds;TbsFeBiy, extremely narrow, centered at 7° = 3 K (see Fig. 15), with AS” = 36.5
Jkg K at upAH =5 T and RCrwrm = 46 J/kg, RCarea = 34 J/kg. A relevant IMCE is also

found for TbsFeBi2, which becomes a wide plateau as up4H is increased, centered around

T’ =7 K. The maximum value AS? is smaller than in the previous case (16.5 J/kg.K at

woAH =5 T) but the refrigerant capacity is significantly higher (RCrwry= 137 J/kg, RC4rea
= 118 J/kg). Finally, for the case of TbeFeosMno sBi2, the IMCE is less significant, with
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a broad peak with maximum at 7°=4.5 K, AS” = 13.1 J/kg.K, RCrwrn= 70 J/kg, RCrea

= 53 J/kg, all at updH = 5 T; this compound presents another DMCE at very low
temperature due to the magnetic properties already shown in Fig. 5. Table 5 contains all

these results together with the ones at up4H = 2 and 6.9 T, for the sake of comparison.
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Fig. 15. Magnetic entropy change -AS), for tAH from 1 T to 6.9 T, at very low temperature, showing the
inverse magnetocaloric effect (IMCE): a) GdsTbsFeBi», b) Tb¢FeBi», and ¢) TbeFeo sMng sBis.

Materials with an IMCE can be, of course, used as coolers, but also as heat-sinks for heat
generated when a conventional magnetocaloric material is magnetized before cooling by
adiabatic demagnetization [12, 70]; in this particular application, materials with adjoint

IMCE and DMCEE, as is the case, can increase the refrigeration efficiency [71, 72].

4. Conclusions

Rare earth as well as transition metal substitution in the intermetallic family
(Gd,Tb)s(Fe,Mn)Bi> brings interesting changes in their magnetic properties which allow
to tune the magnetocaloric properties in a wide temperature range, including room
temperature, and broaden their applications as adjoint direct and inverse MCE can be

obtained. The substitution of Gd by Tb (GdsFeBi», GdsTbsFeBi2, TbsFeBi») tunes Tc,
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taking it from 346 K to 303 K, and then to 250 K, favoring the apparition of a spin
reorientation transition at 7, = 62 and 72 K (Gd3TbsFeBiz and TbeFeBia, respectively)
as well as a metamagnetic transition at very low temperature from a complex non-
collinear magnetic state to a ferromagnetic state. Therefore, an inverse magnetocaloric

effect (IMCE) appears with a maximum at T* = 3K, AS?‘= 36.5 J/kg.K, RCrwum = 46
J/kg (at woAH = 5 T) for GdsTbsFeBiz and at T* = 7 K, AS” = 16.5 J/kg.K, RCrwrm =

137 J/kg (for woAH = 5 T) for TbeFeBia. In both Tb-containing samples, a direct
magnetocaloric effect (tableau-shaped) appears over a wide temperature span between 7¢
and 75, with maxima at those temperatures. The partial substitution of Fe by Mn in
TbeFeo.sMno sBiz shifts these effects upwards in temperature while expanding the region
of the direct magnetocaloric effect between 70 and 400 K. Besides, the critical behavior
of the PM-FM transitions has been studied obtaining the critical exponents «, S, ,

which agree with the scaling of the magnetocaloric variables AS” and RCrwrm, having

obtained universal curves for the magnetocaloric effect in all cases. The transition in
GdsFeBi> has been found to belong to the Heisenberg universality class with deviations
due to magnetocrystalline anisotropies; the one in Gd3Tb3FeBi> to the Mean Field class,
implying that short range order interactions have given way to long range ones, while
TbeFeBi2 and TbsFeo.sMno sBi2 present an unconventional critical behavior aligned with

long range order interactions.
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Table 1. Unit cell data of FeoP-type (Gd, Tb)s(Fe,Mn)Bi, compounds * (space group P62m , No. 189, hP9).

N| Compound a (nm) ¢ (nm) cla V (nm?) Xr1 XR2 Rr

(%)
1| GdeFeBi» | 0.83573(8) | 0.42344(3) | 0.50667 | 025613 | 0.5958(7) | 0.2409(6) | 4.9
2 Gd;TbsFeBi» 0.83233(6) | 0.42198(3) 0.50699 0.25317 0.6028(6) 0.2381(5) | 4.3
3| TbFeBi, | 0.82913(5) | 0.42050(2) | 050716 | 0.25035 | 0.6033(6) | 0.2395(6) | 4.6
4 | TbeFeosMngsBiz | 0.82838(6) | 0.42473(2) 0.51272 0.25241 0.5988(7) 0.2393(6) | 5.6

“R1 (32) [Xx1, 0, 1/2], R2 (3f) [Xz2, 0, 0], MniFex (1) [0, 0, 1/2], Bi (2¢) [1/3, 2/3, O1.

Table 2. Critical exponents and parameters for the most relevant universality classes

Universality class a B | 4 ) A'/A
Mean-field Model 0 0.5 1.0 3.0 0.666 -

3D-Ising 0.11 03265 1237 479 0569 03

3D-Heisenberg 0115 0365 138 480 0638 192
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Table 3. Critical exponents obtained for all compounds.

Material Technique Yii y )
Modified Arrott Plot 0.369+0.004 1.188+0.007 4.22*+0.05
Gd¢FeBi,
Critical Isotherm 4.277 £ 0.005
Modified Arrott Plot 0.58+0.02 1.01+0.02 2.82+0.1
Gd3Tb3FeBiz
Critical Isotherm 2.618 £0.004
Modified Arrott Plot 0.73+0.09 0.80+0.03 2.12+0.2
Tb6FeBi2
Critical Isotherm 2.087 £0.001
i 72+0. .95=£0. 312+0.
Ths(FeosMnos)Bis Modified Arrott Plot 0.72+0.02 0.95+0.01 2.312+0.06
Critical Isotherm 2.251+£0.004

* Calculated from Eq. (7) 6 =1 + y/3.

Table 4. Magnitude of the magnetic entropy change |AS A’;k | and refrigerant capacities RCrwra , RCare4 at different applied fields wAH (2, 5 and 6.9 T) for the four compounds.

The indicated temperatures correspond to the position of the maximum of -ASy.

Material
Gd¢FeBi: Gd;TbsFeBi, ThesFeBi, The(FeosMny.s)Bi,
Tc=346 K Tm=62 K, Tc=303 K Ta=72K, Tc=250K | Th=102 K, Tc=376 K
2T |ASﬁk| ( kg K) [Tu] -- 0.8 2.1 1.0
RCrwam (J kg™) [Tm] -- -- 91 72
RCurea (JKE™) [Tm] -- -- 69 55
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| AS/Zk| J kg K [Tc] 2.1 1.3 1.8 0.9
RCrwan ( kg™ [Tc] 119 43 60 731
RCurea J kg [Tc] 87 31 43 -
5T | A Sﬁk| 7 kg K- [Ta] - 1.6 4.0 2.6
RCrwint (3 kg™ [Tl - 279 279
RCorea (J kg [Tu] - 208 209
| ASﬁk| J kg K [Tc] 43 2.8 3.7 2.1
RCrwin (I kg™) [Tc] 4021 158 231 266!
RCurea J kg [Tc] 296 112 162 -
69T | A SA’;"| (0 kg K) [Ta] — 1.9 49 35
RCrwint (3 kg™ [Tl - - 481 444
RCorea (J kg [Tu] - - 343 326
| ASA’}"| J kg K [Tc] 54 3.6 49 2.9
RCrwin (I kg™) [Tc] - 252 376 —
RCurea (J kg [Tc] - 178 261 —

! Extrapolations have been needed to obtain these values
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Table 5. Inverse magnetocaloric effect.

Gd;Th:FeBi; TheFeBi, The(FeosMnos)Biz
T=3K T =
2T |ASA’2"| J kg' K" 9.2 7.4 (T’ =13 K) 49 (T’ =7K)

RCrwmv (3 kg 20 44 40
RCirea (3 kg) 14 35 31

5T a5y @he' k) 365 165 (T’ =7K) 13.1(I’"=45K)
RCrwmv (3 kg 46 137 70
RCirea (3 kg) 34 118 53

69T 257 | @ ke k) 53.9 194(T'=7K) 158 (T’=45K)
RCrwmv (3 kg 56 144 75
RCirea (J kg 5 119 55
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Supplementary Material for

Table 1s. Sample's content and unit cell data of phases from X-ray powder and X-ray microprobe quantitative elemental analysis.

Magnetocaloric properties and unconventional critical behavior in (Gd,Tb)s(Fe,Mn)Bi; intermetallics

A. Oleaga, A. Herrero, A Salazar, A.V. Garshev, V. O. Yapaskurt, A.V. Morozkin

N Sample Phase * wt.%| Structure a (nm) b (nm) c(nm) |Re (%)
1 'GdgFeBi,' GdgFeBi, ~90 Fe,P 0.83573(8) 0.42344(3) | 4.9
GdsFegssBizas ~10 | YbsSbs 1.1995(7) | 0.9389(5) | 0.8137(6) | 5.4
2 'GdsThsFeBi,' GdsTbsFeBi, ~92 Fe,P 0.83233(6) 0.42198(3) | 4.3
Gd,5ThasFeqsBiz. ~8 YbsSbhs 1.2111(6) 0.9220(6) 0.8059(4) | 4.4
3 '"TheFeBiy' TheFeBi, ~90 Fe,P 0.82913(5) 0.42050(2) | 4.6
TbsFeosBizs ~10 | YbsSbs 1.1961(3) | 0.9357(3) | 0.8064(3) | 5.2
4 "TheFeo.sMno sBiy' TheFeo.sMngsBi> ~91 Fe,P 0.82838(6) 0.42473(2) | 5.6
ThsFeo2MngosBiz7; | ~9 YbsSbhs 1.2020(4) 0.9349(3) 0.8109(3) | 6.2

> the estimated standard deviations the phase composition (ESD) of 0.5 at.% for gadolinium and terbium, 1 at.% for Mn, Fe and Bi.
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