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ABSTRACT

A study on the magnetocaloric properties of a Tb3Ni single crystal (which
crystallizes in the orthorhombic Pnma space group) has been undertaken and combined
with the study of the character and critical behavior of its magnetic transitions. It presents
two important magnetocaloric effects in the temperature range 3-90 K due to the richness
and variety of its temperature and magnetic field induced phase transitions. There is a
conventional (direct) magnetocaloric effect with a maximum at 65 K and very

competitive properties: |ASA’;"| =16.6 J/kgK, RCrwum = 432 J/kg, with a 50 K span, for

tAH =5 T, which is due to the transition from magnetically ordered state to the
paramagnetic (PM) state with a combined antiferromagnetic to ferromagnetic (AFM-FM)
metamagnetic transition. Besides, it also presents an inverse magnetocaloric effect at very
low temperature for which the presence of metamagnetic transitions between AFM and

FM states is responsible (AS?* =19.9 J/kgK, RCrwum = 245 J/kg, with a 15 K span, for

tAH =5 T). At low field (< 2 T), the character of the AFM-PM transition which takes
place at = 61 K has been well established to be second order and governed by short range
order interactions, as the critical parameters o, 4"/4™ obtained from the specific heat at
toH =0 T point to the 3D-Heisenberg universality class. Conversely, the metamagnetic
transitions between AFM and FM states, which appear for magnetic fields higher than 2
T, have a first order character, as proved by the magnetization behavior as a function of
field and temperature. These properties make this material extremely interesting for

magnetic refrigeration applications in the gas liquefaction range 4-77 K.
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1. Introduction

A current wide field of research is the development of refrigeration devices based
on alternative techniques to the traditional gas-compression refrigeration, looking for
more environmentally friendly techniques to work, not only at room temperature, but also
in the range of helium, hydrogen and nitrogen liquefaction (4-77 K), searching for higher
thermal efficiencies as well. Magnetic refrigeration based on the magnetocaloric effect
(MCE) is a most promising technique expected to strongly contribute to this end [1, 2].
Several candidate materials have been presented to work at (or near to) room temperature,
mainly Gd-based [3-5] but also manganites [6], Heusler alloys [7, 8] and others [9, 10].
In the gas liquefaction range, different kind of materials have been found to have excellent
properties, such as Laves Phases of the type RCo2, RAl> (R = Ho, Dy, Er) or with minor
substitutions for Co or even with mixed rare earths; ternary compounds such as RFeSi
(R=Dy, Er, Tb and mixed rare earths) or the Gds(Si,Ge)s family also present relevant
properties [1, 2, 11].

A giant magnetocaloric effect has been found to appear in materials with first order
phase transitions (FOPT) but, as they present a relevant thermal and magnetic hysteresis,
and the temperature span is thinner, they have limited practical application; therefore,a
thorough search for magnetocaloric effects based on second order phase transitions
(SOPT) is currently being developed, as they present a reversible MCE over a broader
temperature range and thus higher refrigerant capacities. Besides, some of the high
magnetic entropy changes spikes found in some FOPT-based magnetocaloric materials
have been found to be spurious because of an incorrect application of the Maxwell
relation to perform the calculations, showing that a correct evaluation of the entropy
change gives lower values, though still highly competitive [12-16].

Most of those materials present the direct magnetocaloric effect (DMCE), based on
transitions from a paramagnetic state (PM) to a ferromagnetic one (FM), for which the
magnetic entropy is reduced when a magnetic field is adiabatically applied. Cooling is
attained by the subsequent application of an adiabatic demagnetization [17]. In the last
years a renovated interest is focused on materials which present an inverse
magnetocaloric effect (IMCE), for which the magnetic entropy increases with an applied
magnetic field and, therefore, cooling is obtained by adiabatic magnetization; this is the

case for FOPT such as antiferromagnetic to ferromagnetic (AFM-FM), AFM-
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ferrimagnetic transitions, or AFM-collinear/AFM-non-collinear [2, 7]. These materials
can be used, not only for cooling, but as heat-sinks as well, for heat generated when a
conventional magnetocaloric material is magnetized before cooling by adiabatic
demagnetization [7, 18]. Along this line, materials which present, in a row, inverse and
direct magnetocaloric effect are specially interesting for this kind of applications, as they
can increase refrigeration efficiency [19, 20].

An intermetallic family which has been found to present very interesting magnetic
properties is R3TM (R=Gd, Dy, Tb; TM=Co, Ni). They have the highest contents of R
among the general family R,TM,, with the particularity that the transition metal ion does
not carry a net magnetic moment for n/m > 1. Some of the members of the family have
already been found to present magnetocaloric properties (GdsCo, Dy3;Co, Tb3Co, Gd3Ni)
through a direct magnetocaloric effect, with values of the variation of the magnetic
entropy and refrigeration capacity competitive in their respective temperature ranges [21-
25].

Concerning TbsNi, only a few studies have been performed since its
crystallographic structure and magnetic properties were first studied [26], where it was
found that Tb3Ni belongs to the space group Pnma, that there is a magnetic transition to
an antiferromagnetic state at about 62 K and that it presents magnetic anisotropies, with
Tb occupying two non-equivalent positions (4c and 8d Wyckoff sites) which will lead to
strong crystal-field effects. Electrical resistivity and specific heat have been measured as
a function of temperature [27, 28] and a neutron diffraction study was performed together
with magnetic measurements to prove the existence of short-range magnetic correlations
in the paramagnetic state [29]. Finally, a very complete study on neutron diffraction and
field-induced magnetic phase transitions in this material has been recently published,
showing an extremely complex behavior: neutron diffraction data has shown that there is
a transition from a paramagnetic phase at high temperature to an incommensurate
magnetic phase at about 60 K, then (on lowering the temperature) to a lock-in, mixed
magnetic phase with coexistence of incommensurate and lock-in components; finally, at
about 46 K, there is a new transition to a commensurate antiferromagnetic phase. On
applying magnetic fields, different metamagnetic transitions have been found to arise
[30]. Nevertheless, the magnetocaloric properties of Tb3Ni have not been studied yet,
which is the main aim of the present study. At the same time, we will shed more light on
the properties of the phase transitions through the study of their critical behavior by

combining thermal and magnetic techniques.



2. Samples and Experimental Techniques

The sample is the same one as used in reference [30]. Tb3Ni ingot was prepared by
induction melting of terbium and nickel metals in a helium atmosphere using metallic Tb
and Ni of 99.9% and 99.99% purity, respectively. Several single crystals with largest
dimensions of approximately 4 x 5 x 6 mm® were extracted from the ingot after slowly
cooling the melt through the peritectic point. The quality and homogeneity of the single
crystal were determined using x-ray Laue diffraction. Tb3Ni, as it is well known,
crystallizes in the Pnma space group [26, 30]. The final sample was prepared as a
parallelepiped with its surfaces perpendicular to the three axis a, b, and c, with well
polished surfaces.

Magnetization (M) measurements have been carried out in a VSM (Vibrating Sample
Magnetometer) by Cryogenic Limited under external applied magnetic fields (H ranging
from 0 to 6 T, all applied along the ¢ direction. For the magnetocaloric studies, isotherms
have been collected over a range of 3-130 K with A7 =1 K between 35-76 K, AT=2 K
between 3-35 K and 76-100 K and 47 = 5 K between 100-130 K. The isotherms have
been collected starting at the lowest temperature, applying the magnetic field up to 6 T,
then removing it, and moving to the next temperature, repeating the procedure till the last
isotherm is acquired.

Thermal measurements have been performed using a high resolution ac
photopyroelectric calorimeter in the back detection configuration. Thermal diffusivity has
been measured from room temperature down to 30 K, paying special attention to the
region around the magnetic transitions, where also specific heat has been retrieved, using
slow temperature rates in order to acquire the shape of the transitions in detail, checking
possible thermal hysteresis at the same time. This technique is customarily used to study
the critical behavior in magnetic phase transitions in many materials, including
intermetallics [25, 31-36], as it gives a high resolution. The details of the theory on how
to extract the thermal variables from the photopyroelectric signal and the experimental
setup can be found elsewhere [31, 32]. With this technique, thermal diffusivity is

measured in a direction perpendicular to the surface, the direction a in this case.

3. Experimental results and Discussion
Fig. 1 shows the magnetization as a function of temperature where an antiferromagnetic
transition is clearly observed at 7y = 61 £ 0.5 K. This curve is perfectly comparable to

the results obtained in previous studies [29, 30]. At T < Ty some structure is also found
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with a broad anomaly around 48 K (7; found in literature to correspond to the
disappearance of the lock-in transition [30]), while there is a hysteretic behavior on

heating and cooling.
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Fig. 1. Magnetization as a function of temperature Zero-field cooled (ZFC), field-warmed (FW) and field-
cooled (FC) measured along the ¢ axis with H=1 kOe.

Fig. 2 contains the thermal diffusivity curve obtained as a function of temperature,
without any applied magnetic field, presenting typical characteristics of intermetallic
materials. In intermetallics, heat is transferred both by electrons and by phonons. At high
temperatures the electron contribution is dominant but this contribution is less and less
relevant as temperature is lowered, which is why the thermal diffusivity is reduced [25,
35, 37, 38]. On the other hand, the phonon contribution becomes more important at low
temperatures as the phonon mean free path increases. This value is highly increased in
the ordered, AFM phase. The competition between one mechanism which loses relevance
and the other one which gains it (and both of them might be of the same order of
magnitude) [25, 34, 35, 39, 40] makes the thermal diffusivity present a well in many
intermetallic materials, after which it quickly grows while temperature keeps on
descending. In the inset of Fig. 2 the found phase transitions are indicated. The
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antiferromagnetic transition is signalled by the change in slope at 59.96 + 0.01 K, in
agreement with magnetic measurements shown in Fig. 1, while the shoulder centered
around 46 K is related to the disappearance of the lock-in transition at T¢ [30]. There is

no hint of thermal hysteresis in any of these transitions.
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Fig. 2. Thermal diffusivity as a function of temperature. The inset indicates the temperatures at which
magnetic phase transitions take place, where the phases have been labelled as indicated in literature [30]:
T; corresponds to the disappearance of the lock-in transition, T to the Néel temperature. AFM stands for

antiferromagnetic phase, PM for paramagnetic, CM for commensurate, IC for incommensurate.

Fig. 3a shows the high resolution specific heat obtained in the phase transitions
region, where a characteristic peak is found for the transition from the paramagnetic state
to the magnetically ordered state. This is a second order phase transition, as declared by
its shape and the absence of thermal hysteresis; therefore, it is possible to study its critical
behavior to have more information about the order of the magnetic interactions (short or
long-range) and the isotropical/anisotropical distribution of the spins.

Renormalization group theory applied to scaling analysis has established that
specific heat fulfills, in the near vicinity of the critical temperature (7 in this case) of a

second-order phase transition, the following equation:



¢, =B+Cr+ A" (1+ E*|1]"") (1)

where ¢ is the reduced temperature ¢ = (T-Ty)/Tn, « is the critical exponent, and 4%, B, C
and E* are adjustable parameters. Superscripts + and - stand for 7> Ty and T < Tx
respectively [32, 41, 42]. The parameters which hold physical meaning are the critical
exponent « and the ratio 47/4°, whose values indicate whether the transition belongs to
any of the theorized universality classes, each of them related to different magnetic
properties. Table 1 summarizes the values for the most common universality classes in

magnetic systems.
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Fig. 3. a) Experimental specific heat (dots) together with the fitted functions (continuous curves) to
equation (1), as a function of the reduced temperature ¢ = (T-Tn)/Tx ; b) Deviation plot: crosses for the

region above the Néel temperature, circles for the region below



Table 1. Main universality classes for different magnetic systems [41, 43-46].

Universality class a AY/A Order of the magnetic interactions &

Spin arrangement

Mean-field Model 0 - Long-range order
Short-range order
3D-Ising 0.11 0.53
Uniaxial anisotropy
Short-range order
3D-XY -0.014 1.06
Easy plane
Short-range order
3D-Heisenberg -0.134 1.52

Isotropy

Fig. 3a presents the best fitting of the experimental points to Eq. (1) (the detailed
fitting procedure can be found elsewhere [47]), with the result that a=-0.13 +0.02 while
A'/A = 2.15. Fig. 3b contains the deviation plot (difference between the fitted and the
experimental points, in percentage), which indicates the points used for the fitting
(avoiding the rounded section, as is customary) and its good quality. The value of the
critical exponent clearly points to the 3D-Heisenberg, short-range, isotropic model but
the ratio deviates from the theoretical value. This kind of deviations indicate that there is
not a perfect isotropic distribution of spins, surely due to crystal-field effects, provoked
by the Tb occupancy of low-symmetry sites in the orthorhombic lattice, which have been
found to affect the magnetic properties of R3TM in general and of Tb3Ni in particular [29,
48-50]; nevertheless, they are not important enough to reach an easy-plane or an easy-
axis distribution of spins, as neither the 3D-XY nor the 3D-Ising universality classes are
of application. This is in agreement with the magnetic anisotropic measurements
performed in [30] where it was shown that magnetization was easier along the ¢ axis than
along a or b around the Néel temperature but that only at very low temperature ¢ became
an easy axis. The fact that this transition nearly belongs to the 3D-Heisenberg class also
assesses that the magnetic interactions are short-range, corroborating the results
previously obtained by means of neutron diffraction that sort-range order interactions
were present even in the paramagnetic phase at temperatures high above 7n [29, 30].
Short-range order interactions have also been found in other members of the R37M family

[21, 36].



In order to study the magnetocaloric properties of Tb3Ni, the magnetic field-
induced isothermal entropy change, AS)y must be evaluated [17]. An indirect method
based on the acquisition of isothermal M(H)r magnetization measurements has been used
to this end. For the case of SOPT the entropy change can be obtained from the Maxwell

relation:

AS,, (T,AH) = g, |

H;

" (aﬂj dH )

orT )y,
where M 1s magnetization, 7 temperature,  magnetic field, 14 magnetic permeability of
vacuum. The integral is performed between the extreme values of the applied magnetic
field H;, Hy. On the other hand, for a FOPT the use of this equation may lead to incorrect
results and spurious peaks, overestimating the change in magnetic entropy, as commented
in the introduction.

In the case of Tb3Ni, the application of magnetic field leads to quite a complex
behavior, revealing different metamagnetic transitions with a critical field depending on
temperature. Fig. 4 shows the magnetization as a function of temperature in the region of
interest with applied fields up to 6 T (the data have been taken from the isotherms). At
very low temperature, a field-induced metastable ferromagnetic phase appears at even
zero field due to the fact that, once the field is removed after the first isotherm is collected
(which takes the sample to a FM phase), the system stays in that state [30]. Increasing the
temperature up to = 10 K eliminates this metastable FM state and, from that temperature
onwards, after having acquired each isotherm and removed the magnetic field, the sample
returns to the AFM state. The magnetic field application turns this AFM state, below the
Néel temperature, into a metamagnetic FM state. This development takes place at

different fields, depending on the temperature regions.
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Fig 5 (a) Magnetization as a function of the applied magnetic field for selected isotherms in the

range 3 to 130 K;; (b) detail from 9 to 33 K; (c) detail from 33 to 82 K; (d) Arrot plot for the

range 3 to 130 K. The arrows indicate the direction of increasing temperatures.
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Fig. 5(a) contains isotherms measured from 3 to 130 K (not all of them have been
drawn, for the sake of clarity) where it is clearly seen that the behavior is very complex,
showing the presence of several metamagnetic transitions. Fig 5(b) and 5(c) show the
detail in different temperature and field regions. From Figs. 5(a)-(b) it can be appreciated
that, at very low temperatures, the system is in the metastable FM state which turns into
an AFM state (achieved at 11 K) as temperature is increased, at fields lower than 2 T. If
HtoH is increased to values higher than roughly 2 T, then a clearly FOPT metamagnetic
transition to a FM state appears but it is mixed with the AFM phase in the sense that as
temperature increases, for the same value of the field at high fields, magnetization
increases while, for low fields, it decreases. This situation changes in the region 21-33 K
(see Fig. 5(b)), where, at low fields, the evolution of the curves is completely in agreement
with an AFM state (magnetization increases with temperature) and there is a
metamagnetic transition to the FM state. Fig. 5(c) shows the region between 33 and 82
K. A metamagnetic transition to a pure FM state takes place at fields higher than 2 T,
while, at lower fields (roughly < 2 T), there are two regions: up to 63 K the behavior is
AFM, while from 63 K upwards the magnetization, at a given field, decreases with
temperature. This sequence of transitions is in agreement with the phase diagram
previously found for Tb3Ni [30].

Finally, Fig 5(d) shows the Arrott plot where it is clearly seen that the slopes of
the curves are negative in a region which corresponds to applied fields higher than 2 T,
indicating, after the Banerjee criterion [51], that the metamagnetic transitions have a first
order character.

From the shape of the magnetization curves (Figs. 5(a)-(b)) it is also clear that in
the metamagnetic transitions there is a clear coexistence of the FM and AFM phases up
to 33 K, as they present a marked stepwise magnetic behavior [13, 15, 16] (specially
marked at low temperatures), while from there on this behavior is still present, though in
a much lesser degree.

Therefore, due to the first order character of these metamagnetic transitions, the
use of the Maxwell relation (Eq. (2)) is not adequate to calculate the magnetic entropy
change as it leads to an overestimation because, whenever there is a FOPT, Eq (2) would
include not only the contribution to the change in magnetization as a result of the
orientation of the magnetic moments in an applied field, but also as the result of the
relative change in the fractions of the two coexisting phases. For a proper calculation in

the last case, the Clausius-Clapeyron equation must be used, instead [13, 16, 52-54].
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dH,.

AS;S(T,H,) =—u,AM o

3)

where AS\ " =82 — S, AM = MP-M*  are the gaps of the magnetic entropy change and

magnetization of the coexisting phases A and B, while Hc is the critical field.

Following Caballero Flores ef al [52], we will then obtain the magnetic entropy
change by independently calculating ASy for the range of temperatures and magnetic
fields inside the transition region using the Clausius-Clapeyron equation and, outside this
region, using the Maxwell relation. The extent of the transition region is very clear for 7
<33 K (see Fig. 5(b)). For 7> 33 K (Fig. 5(c)) we have taken as the beginning and end
of the transition region the inflection points in the isothermal magnetizations. Hc has been
taken as the critical field value of the inflection point within the metamagnetic transitional

region [13] and its variation with temperature is shown in Fig. 6, together with a

. o H .
polynomial fit, from where the first derivative “ has been retrieved. In the low

temperature region (77< 11 K), we have additionally followed the procedure commonly
used for stepwise behavior, where only the contribution to the magnetic entropy change
of the final phase is taken into account when considering the area between two particular

1sotherms [15, 16, 53].
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Fig 6. Critical Field for the metamagnetic transition to take place, as a function of temperature.
The dots represent the points retrieved from the measurements while the continuous line is a

polynomial fit.

The total magnetic entropy change with AH from 0 to 6 T is shown in Fig. 7,
where it can be seen that there are two magnetocaloric effects, an inverse one at low
temperature and a direct one at a higher one. Fig. 8 shows the detail with pAH from 0.1
to 2.1 T, before the metamagnetic transitions take place. In this field region, the magnetic
entropy change presents the typical behavior corresponding to an AFM-PM transition,
with an inversion in the magnetic entropy change just below the Néel temperature and
with a maximum developing at higher fields and moving to lower temperatures, as
theoretically predicted and verified in other materials [55-57]. At higher fields (see Figs.
4 and 6) the metamagnetic transitions take place, leading to two important magnetocaloric
effects, a direct one with a maximum at about 65 K, and an inverse one, with a maximum
at about 11 K. The insert in Fig. 7 shows -AS), as a function of mAH at 52 K, indicating
how the field induced metamagnetic transition turns what would have been a small IMEC

into the relevant DMCE.
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Fig. 7. Magnetic entropy change -AS), for 1iAH from 0.5 T to 5.9 T. Insert: -ASy as a function

-ASy, (J kg™ K1)

of twAH at 52 K.

Fig. 8. Magnetic entropy change for tiAH from 0.1 T to 2.1 T.
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In the case of the direct effect, with an increasing applied field, there is an
inversion of the sign of the magnetic entropy change which starts in the region 33-40 K
and grows to higher temperatures, developing a very wide magnetic entropy peak, whose
maximum stabilizes at about 65 K from an applied field of 5 T upwards. In the case of
the inverse effect, it is the metastable ferromagnetic part at low temperature which, as it
becomes antiferromagnetic, feeds the magnetic entropy change peak with a maximum
which is displaced to lower temperatures till it is fixed at 11 K for 3.5 T.

The values of the maximum entropy and the refrigerant capacity are extremely

competitive in their respective temperature ranges, especially for the DMCE. For pAH

=5T,

ASPf | =16.6 J/kgK at 65 K, in the highest region of values shown in Fig. 25 of the

recent review published by Franco et al [1], where a very thorough revision of materials
is done. Concerning the refrigerant capacity, this is customarily defined in two ways:

RCrwrnm 1s calculated as the product of |AS 7| times the width of ASy at half maximum,

while RCyeq 1s the area enclosed by the ASy vs. temperature curves in the temperature
range enclosed by the full width at half maximum of the peak. For TbsNi, in the DMCE,
RCrwrm =432 J/kg, RCarea =341 J/kg which are extremely high values and with the added

advantage that the width of the magnetocaloric effect is very wide. For the IMCE, AS?

=19.9 J/kgK, at 11 K, also for iAH = 5 T. In this temperature region, the comparison
with the materials published in the mentioned review [1] is not as good as in the other
case but its value is also quite high, while RCrwuy = 245 J/kg and RC4rea =194 J/kg.
Finally, the results obtained from the magnetic measurements at low field confirm
what was extracted from the thermal measurements about the character of the AFM-PM
transition (before the metamagnetic transition appears), that it is second order. This is
further confirmed because a universal master curve can be built up for the normalized
ASy curves below the critical field Hc, where all data collapse. In the case of the
conventional magnetocaloric effect, such kind of universal curve is attained when A4Sy is
normalized to its peak value and the temperature is rescaled using one or two reference
temperatures 7 [5, 58, 59]. But it has been shown that, in the case of an IMCE in an
AFM-PM second order phase transition, there is no need to rescale the temperature [57].
Fig. 9 shows that there is a very good collapse below 2 T without the use of any reference

temperature to rescale this variable.
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Concerning the metamagnetic transition which takes place on the application of
higher fields, there is still another method (apart from the Banerjee criterion discussed on
Fig. 5d) to check its character, using the evolution of the exponent n of the field

dIn|AS,,|

dependence of AS,, with temperature n(7,H) =
din H

. This exponent must have a

value of 2 in the paramagnetic phase while, in the case of a first order phase transition,
there should be a shoot well above this value, tending to 1 at temperatures well below the
critical one [60, 61]. Fig. 10 shows n for Tb3Ni, for uAH = 3.5 T. There is a clear
overshoot at the metamagnetic transition at 61 K, proving that it is first order. In the region

shadowed in grey there is a dip at 31 K which is due solely to the change in sign in AS),

[20]. At the lower phase transition, another spike starts to form due to the metamagnetic
transition responsible for the IMCE but there are not enough experimental points to see it

clearly developed.

20 30 40 50 60 70 80 90 100 110 120
T (K)

Fig. 9. Universal master curve for twAH from 1 Tto2 T
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Fig. 10. n(T) for ppAH = 3.5 T. The shoot at 61 K proves the character of the transition to be
first order. The dip in the shadowed region is simply due to the change in sign of the magnetic

entropy change.

Conclusions

TbsNi presents two important magnetocaloric effects due to the very complex
phase diagram which includes different temperature and field induced phase transitions.
There is an inverse magnetocaloric effect with a maximum for the magnetic entropy

change at 11 K, mainly due to the metamagnetic transition between AFM and FM states

(ASPF=19.9 J/kgK, RCrwuym = 245 J/kg for wAH = 5 T) and a direct one with its
maximum at 65 K (|ASA‘;"| =16.6 J/kgK, RCrwum = 432 J/kg, with a 50 K span, for (pAH

=5 T) due to the transition to the PM state with a combined AFM-FM metamagnetic
transition. At low field (< 2 T), the character of the AFM-PM transition has been well
established to be second order and governed by short range order interactions, without a
clear spin orientation preference, while the metamagnetic transitions (with critical fields
which are temperature dependent but higher than 2 T) have been shown to be first order.
These properties make this material extremely interesting for magnetic refrigeration

applications in the gas liquefaction range 4-77 K.
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