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ABSTRACT

A magnetocaloric effect (MCE) on rare-earth free Fe; Ta thin films is reported. The structural characterizations carried out using x-ray diffrac-
tion and transmission electron microscopy have indicated the formation of a Laves phase in the Fe,Ta film in a MgZn, type crystal structure.
Applying the Maxwell relation to the magnetization (M) vs temperature (T) curves at various fields (H), OM/OT vs H curves were inte-
grated to indirectly obtain quantitative information about the isothermal entropy change. A positive MCE with an entropy change as high as
6.9 J/K m’ at 10 K and a negative MCE with an entropy change as high as —2.0 J/K m’ at 300 K were observed for the magnetic fields in the
range of 0.05-0.5 T. The temperatures at which a crossover in the sign of the entropy change takes place were found to be a function of the
field applied that ranged from 121 K at 5000 Oe to 159 K at 1000 Oe. The coexistence of the positive and negative MCE is attributed to a
paramagnetic-antiferromagnetic transition in the Fe; Ta system.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5134796

There is a strong need to develop new material systems and
technologies with efficient refrigeration capability to reduce energy
consumption without leaving any footprint on the environment.'
Magnetic refrigeration is a good candidate to achieve this goal due
to its high energy efficiency potential. The current refrigeration is
almost entirely based on the gas compression/expansion refrigera-
tion cycle."”” The magnetic refrigeration process is based on the
magnetocaloric effect (MCE)."”"” It is a magneto-thermodynamic
phenomenon in which an adiabatic change in temperature of a MC
material is caused by exposing the thermally isolated material to a
magnetic field.”*'*"" According to the Department of Energy, heat-
ing, ventilation, and cooling (HVAC) accounts for ~36% of elec-
tricity consumed by US households. Central air-conditioning and
refrigeration accounted for ~30% of the total electricity used in
homes. Therefore, there is a clear consensus that improved refriger-
ation technology is of major importance and potentially a large part
of the solution to the energy crisis.

In this work, we report the observation of an MCE in
pulsed laser deposited rare-earth free magnetic Fes;Tas; alloy thin
films, where subscript numbers 67 and 33 indicate the chemical

composition of the alloy in atomic percentage, which is an average
value of 25 sites on the Fe-Ta thin film obtained using x-ray fluores-
cence (XRF) analysis. The corresponding chemical formula of the
alloy is Fe;Ta. Fe,Ta alloy thin films were deposited at 300-400 °C
on c-plane sapphire (0001) substrates using a composite Fe-Ta tar-
get and a pulsed laser deposition (PLD) method."” " The laser was
operated at a pulse rate of 10 Hz with an energy of 380 m]/pulse.
The films were grown in vacuum of ~5x10~" Torr. The selection
of the Fe;Ta composition is based on its existence as a single phase
in the Fe-Ta phase diagram.''® According to the Fe-Ta phase dia-
gram, the Fe-Ta system exists as a single phase in two composition
windows: the first single phase is below 2.5 at. %, and the second sin-
gle phase is around 28-35 at. %. While the first single phase retains
the structure of fcc iron, the increasing doping level of Ta results in
the formation of a single phase Laves phase around 28-35 at. %. In
our previous publication,”” we have provided results on the mag-
netic and transport properties of 10 wt. % doped Fe-Ta thin films,
i.e., FegoTajg. In terms of atomic percentage, this composition is
expressed as Fegs7Tas 3 with a chemical formula of FexoTa. The level
of Ta doping is much higher in the present work, but the phase is
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still a single phase. The resulting Fe; Ta thin films have a Laves phase
MgZn; type crystal structure and show antiferromagnetic (AFM)
properties. The Laves phase C14 hexagonal crystal structure of F,Ta
with a radius ratio, r1,/rre = 1.7, is shown in the inset of Fig. 1. The
number of Fe and Ta atoms per unit cell is eight (one vertex and one
edge atom and six inside the cell atoms) and four (inside the cell),
respectively, making four Fe,Ta formula units per unit cell, which
are used in the calculation of the net magnetic moment of the Fe,Ta
material system in the subsequent section.

It is interesting to note that there is a striking similarity between
the phase diagrams of Fe-Ta and Fe-C systems.'”'*'*"” However,
the Fe-Ta alloy system is considered a very good alternative candi-
date to the Fe-C system as its mechanical hardness is ranked very
high among materials known with the highest hardness.”””" The
added advantage of the Fe,Ta system is the possession of interest-
ing magnetic'’ and magnetocaloric properties. Most of the work
on the MCE has focused on materials containing rare-earth ele-
ments"*** *” since the entropy change scales with magnetic moment
per atom which is high for rare earth elements.””” With supply
chain and related price stability issues, efforts are being made to
explore magnetocaloric materials that do not contain rare-earth
elements.*’

The XRD pattern of a typical Fe-Ta film grown on sapphire
substrates at 300 °C is shown in Fig. 1. The matching of the XRD
(110), (211), and (220) peaks with the JCPDS data confirms the for-
mation of Fe,Ta films in the Laves phase with a C14 MgZn; type
of crystal structure.'” The full width at half maximum (FWHM)
of 0.08° for the (hkl-110) peak calculated from the rocking curve
indicates the highly crystalline nature of the film. The magnetic
properties of Fe,Ta films were investigated using the vibrating sam-
ple magnetometer (VSM) feature of a Quantum Design physical
property measurement system (PPMS). The magnetic field was
applied along the surface of the film during magnetization (M) vs
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FIG. 1. XRD of a Fe;,Ta thin film grown on a sapphire substrate at 300 °C. The

inset shows the unit cell crystal structure of F,Ta and the rocking curve of the
Fe,Ta (110) peak.
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temperature (T) measurements. Constant field M-T curves
recorded for the Fe,Ta film at various magnetic field strengths are
shown in Fig. 2(a). The figure shows that as temperature decreases,
there is a distinct peak in the magnetization in all the fields of mea-
surements. As marked in the figure, the temperature where the max-
imum magnetization takes place is dependent on the field applied.
The inverse susceptibility, obtained from the MT curves using x ™"
= %, is plotted in Fig. 2(b). X71 is linear, which fits well to the
Curie-Weiss law,
1 T-90
X - C > (1)

where C is the Curie constant, and 0 is the Weiss temperature.
The fitting is shown by a solid line on each curve. The val-
ues of C and 0, obtained from the fits, are listed in Table I.
The goodness of the fit is evident from the low normalized chi
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FIG. 2. (a) Zero field cooled magnetization (M) as a function of temperature at sev-
eral fields for a Fe,Ta thin film grown on a sapphire substrate and (b) inverse
susceptibility (x~') plotted against temperature. The solid line is the fit to the
equation x~" = (T — @)/C, where C is the Curie constant, and 0 is the Weiss
temperature.
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TABLE 1. Values of the square of the correlation coefficient (R?), normalized chi square (x), and the best-fit coefficients—the
Curie constant (C) and 6.

Field (T) R? Normalized X2 C (%), (fromthefit) C (%), (calculated)  Theta, 6
0.05 0.987 6.4x107° —12x107 1.3 x 107 2342.5
0.1 0.972 44x10"° 21 x 107 1.2 x 107 —3658.3
0.15 0.986 11.3x107° 7.2x 10 1.0 x 107 —1489.8
0.2 0.987 13.8x10°° 4.7 x 107 0.7 x 10 —1275.1
0.25 0.991 8.7x107° 4.1x 10’ 0.6 x 10’ —1335.5
square (x*) values and close-to-unity values of the square of the =V / H ( 98 ) dH. 3)
correlation coefficient, R? (Table I). Normalized Xz is defined as H \OH)/r
1/(N - nfit) £, [(plr"‘w - P}“)Z/(P}it)z]’ where N is the number of By using Maxwell’s relation,”' >
data points (=32), ng is the number of fitted parameters (=2), praw is
the raw data, and pg; is the best fitted data. The advantage of using oS oM
normalized x* is that we can immediately compare it with the exper- (3_1_1 ) _ (ﬁ ) - (4)
imental accuracy of our measurements such as magnetization and
conclude about the goodness of the fit to a model/formula.”” *’ The Substituting Eq. (4) into Eq. (3) yields
Curie constant values obtained from the fit also match well with the H oM
Curie constant values calculated using the experimental data using AS =V fH (ﬁ) dH, (5)
i H

the expression C = MTT. The increase in the susceptibility above the
Néel temperature (T ) leads to negative values of 6, suggesting AFM
interactions at low temperatures in the Fe,Ta films. It should be
noted that the Curie-Weiss temperature and critical temperature are
similar in ferromagnets. In antiferromagnets, however, this is not
the case, and there is often even a qualitative sign difference between
the antiferromagnetic order temperature and the Curie-Weiss tem-
perature. We interpret the results of our fits as additional confir-
mation that, indeed, as indicated by the temperature dependence of
the entropy change, the system undergoes a magnetic phase tran-
sition into an antiferromagnetic phase. Assuming the net magnetic
moment arising only from Fe, the net magnetic moment of Fe;Ta
per formula unit is 0.014 yg, which is almost two orders of magni-
tude smaller than the magnetic moment of Fe per atom (2.14 pg).
The magnetic moment per formula unit of Fe,Ta is calculated using
MFe2Ta = (Mgat/ PFe2Ta)/Mpohr, Where mreta is the magnetic moment

of Fe,Ta in terms of a Bohr magneton, mgy is the saturation mag- —— 15K
netization of Fe,Ta in A/m, p is the molecular density, and mgonr 501 —*— 20K (Top)
=927107* Am®. — :

The magnetocaloric cooling characteristics of Fe-Ta thin films MI 401 * 295K
were investigated using a magnetization based indirect measure- g 300 K (Bottom)
ment."””"">’" A more common way to characterize magnetocaloric <\,: 301
materials is carried out by static magnetometry with the help ~
of Maxwell’s relation.”” In Maxwell’s relation, the magnetic field % 201
is changed while the material is thermally connected to a heat E 104
sink/reservoir and therefore remains at a constant temperature. The o
indirect measurement of the MCE, applied in the present work, ol
is based on determining the entropy change in the material solely
based on magnetic measurements and thermodynamic arguments 10

,2,7,13,33

via Maxwell’s relation.’ From the classical theory of thermo-
dynamics, the entropy change while changing magnetic field is given
byT,Z 1,31,34

AS = 8(T,Hy) - S(T,H), )

where po is the vacuum permeability, V is the volume of the mate-
rial, H; and Hy represent the initial (typically zero) and final applied

magnetic field,”® AS is the magnetic field induced isothermal entropy
change which can be taken to characterize the refrigerant capacity

(RC) of the magnetic materials,***>*
T,
RC=- / AS(T)dT. ©)
Ty

These M-T curves were then differentiated to obtain the change
in magnetization with respect to temperature over the entire mag-
netic field range (Fig. 3). The solid lines in this figure are mere guides
to the eye. The dM/dT data were then integrated via Eq. (5) over the

FIG. 3. dV/dT plots as a function of applied field (uoH) for a Fe;Ta thin film
sample.
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FIG. 4. Change in the entropy (AS) a function of temperature for a Fe;Ta thin
film sample. Inset: positive to negative crossover temperature (left y-axis) and
magnetic phase transition temperature (right y-axis) plotted against applied field.

field range to estimate the change in entropy as a function of field.
The entropy changes per unit volume as a function of temperature
and field for the same sample are shown in Fig. 4. It can be noted
from Fig. 4 that there is a sign reversal in the entropy change that is
a function of temperature and field applied. Except for the field of
0.05 T, which has a positive MCE in the entire temperature range
of the study, the sign of entropy change for all other fields is posi-
tive below 120 K. The temperatures corresponding to the crossover
from the positive to negative MCE are plotted as a function of field
applied, as shown in the inset of Fig. 4. As seen in the inset figure,
the crossover temperature increases as the field is decreased, vary-
ing from 121 K at 5000 Oe to 159 K at 1000 Oe. In the same inset,
we have also plotted the AFM to paramagnetic (PM) transition tem-
peratures, recorded from the respective M-T curves, as a function
of the applied field. The positive to negative MCE crossover tem-
perature appears to be correlated with the AFM to PM transition
temperature that could be used to suggest that the sign reversal in
the entropy change is associated with the magnetic phase transition
from an AFM to PM state. A coexistence of the positive and negative
MCE, the sign and magnitude of which are controlled by the magni-
tude of the field, has been observed in the past in other materials.” *’
A combination of direct and inverse MCE has also been observed
for other bulk materials that undergo several different magnetic
transitions.”’

The change in volume entropy is plotted as a function of field
in Fig. 5 at many temperatures below which the MCE is positive. We
have also plotted the literature values of the volume entropy change
for Gd as an inset in Fig. 5 for comparison purpose.”” Obviously, the
volume specific entropy changes are small in comparison with Gd
and many other existing magnetocaloric material.”’ However, the
entropy change in Fe;Ta thin films reaches a saturation-type of fea-
ture, as shown in Fig. 5, at small fields (~0.2 T) that are significantly
lower than the magnetic fields generally used to saturate the MCE.
Besides, we can still use the indirect MCE in the Fe, Ta films to char-
acterize the material such as finding its temperature dependence of
the heat capacity by combining the magnetometry with the direct
measurements.

ARTICLE scitation.org/journall/adv
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FIG. 5. Change in the entropy (AS) as a function of applied field (uoH) at temper-
atures indicated in the figure. For comparison, AS vs poH for a gadolinium sample
at 300 K is plotted in the inset.*?

In conclusion, Fe;Ta thin films have been grown in situ in
a MgZn; type lattice structure that possesses AFM characteristics
at lower temperatures. The AFM characteristics were confirmed
by fitting the temperature dependent inverse susceptibility data to
the Curie-Weiss equation, Eq. (1). The values of the Curie con-
stant obtained from the fit match well with those calculated using
the experimental data. A positive MCE with an entropy change of
~6.8 J/K m’ and a negative MCE with an entropy change of
~=2.0 J/K m’ for the magnetic field in the range of 0.05-0.5 T have
been observed at 10 K and room temperature, respectively. A more
systematic work on the optimization of the level of dopants seems
a logical task that is needed to develop a Fe-Ta alloy system with a
better MCE.

This work was supported by the NSF through the Nebraska
Materials Research Science and Engineering Center (MRSEC),
Grant No. DMR-1420645.
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