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We report on the adiabatic temperature changes (AT) associated with the magnetocaloric and
barocaloric effects in a Fey9Rhs; alloy. For the magnetocaloric effect, data derived from entropy
curves are compared to direct thermometry measurements. The agreement between the two sets of
data provides support to the estimation of AT for the barocaloric effect, which are indirectly
determined from entropy curves. Large AT values are obtained at relatively low values of magnetic
field (2T) and hydrostatic pressure (2.5kbar). It is also shown that both magnetocaloric and
barocaloric effects exhibit good reproducibility upon magnetic field and hydrostatic pressure
cycling, over a considerable temperature range. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4933409]

Fe-Rh alloys with compositions close to the 1:1 stoichi-
ometry transform on cooling from a ferromagnetic (FM) to
an antiferromagnetic (AFM) phase close to room tempera-
ture.! The transition is first order, it does not involve a
change in the crystal symmetry (CsCl structure, Pm3m), but
the unit cell isotropically shrinks, giving rise to a relative
volume change of about 1%. The sensitivity of the transition
to magnetic field and mechanical stress along with the latent
heat of the phase transition gives rise to a series of caloric
effects in this compound. Interestingly, although Fe-Rh was
the first material in which giant magnetocaloric® and elasto-
caloric® effects were reported, the interest in this alloy
remained very low because it was believed that these effects
were not reproducible.*

In the recent years, however, there has been a renewed
interest in the study of Fe-Rh.>™!! On the one hand, it has
been evidenced that in accurately prepared samples, the
entropy change associated with the magnetocaloric effect
exhibits good reproducibility upon magnetic field
cycling.'”'? It has also been shown'® recently that in addi-
tion to the aforementioned magnetocaloric and elastocaloric
effects, the alloy also exhibits a giant barocaloric effect,
associated with the application of hydrostatic pressure. The
strong sensitivity of the transition temperature to the external
fields (magnetic and mechanical) confers to this alloy
outstanding magnetocaloric and barocaloric strengths in
comparison to other materials,'® which make it particularly
interesting for cooling applications at low fields. It is also
worth mentioning that understanding the strong coupling
between several degrees of freedom (magnetic, structural,
and electronic) represents a challenge from a fundamental
point of view.> 791!

A complete assessment of the caloric performances of
a given caloric material requires knowledge of both the
isothermal entropy change and the adiabatic temperature
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change.'*'> In addition, the reversibility of the effect under a
cyclic variation of the external field must also be consid-
ered.'* Ina previous work,'? we reported on the isothermal
entropy change of FeyoRhs;. We provided the first evidence
of the existence of giant barocaloric effects and we proved
that the values for the entropy change in both magnetocaloric
and barocaloric effects were reproducible upon field cycling.
In the present paper, we address the adiabatic temperature
change in both caloric effects by means of direct and indirect
measurement techniques. The values for the adiabatic tem-
perature change found for low fields are significantly large,
giving rise to outstanding caloric strengths also in relation to
the adiabatic temperature changes. Furthermore, an excellent
reproducibility upon magnetic field and hydrostatic pressure
cycling has been found.

A polycrystalline sample of nominal composition
Fe49Rhs; was prepared by arc melting the pure metals under
argon atmosphere in a water-cooled Cu crucible. For homo-
geneity, the sample was remelted several times turning the
ingot back to back. Next, the ingot was vacuum sealed in a
quartz tube and annealed at 1100 °C for 72h followed by a
furnace cooling to room temperature. From the ingot, a sam-
ple with the shape of a truncated half ellipsoid (~50 mm®)
was cut using a low speed diamond saw. Present sample has
the same nominal composition than the sample studied in
Ref. [10], and the transition temperatures are coincident
within experimental error. However, conventional DSC
measurements render a value for the transition entropy
change (AS,=11.1J/kgK) that is slightly lower than that of
the previously studied sample (AS, = 12.5J/kg K).

For direct measurements of the temperature change, a
fine gauge K thermocouple (0.075 mm diameter) was embed-
ded into a hole drilled to the sample. A good thermal contact
between the sample and the thermocouple was improved by
means of a conductive paste. The sample was put in contact
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with one of the faces of a Peltier module to control the oper-
ating temperature. The opposite face of the Peltier module
was in contact with the upper end of a copper bar, which
acted as a heat sink. A micro-Hall sensor was attached next
to the sample to monitor the magnetic field. The ensemble
was wrapped together with Teflon tape and it was placed
into the gap (1.2 cm) of an electromagnet where fields up to
2T can be applied at rates of 1.5 T/s. The bottom end of the
bar was immersed into an iced water bath. The operating
temperature was fixed by tuning the current through the
Peltier element, and the output from the thermocouple and
Hall sensor was read at a rate of 2.5 Hz by two multimeters,
which were connected to a computer. Adiabaticity relies on
the ratio between the characteristic time constant associated
with the application (or removal) of the field (r;) and the
time constant associated with heat exchange between sample
and surroundings (7). In our case, 1; < 1072 15, which sug-
gests a quite good adiabaticity in our measurements.

Taking into account that in Fe-Rh magnetic field stabil-
izes the high temperature FM phase (as heating does) which
results in an inverse magnetocaloric effect, the following pro-
tocols were followed to carry out the adiabatic temperature
measurements. Heating protocol: The sample was first cooled
in the absence of magnetic field down to a temperature where
it was fully transformed into the AFM phase. After allowing
for thermal equilibrium, the sample was heated up to the
desired measurement temperature. After reaching the new
thermal equilibrium at the operating temperature, a sequence
of 10 magnetic field cycles between 0 and 2 T was conducted.
Cooling protocol: The sample was heated under an applied
field of 2T up to a temperature where it was fully in the FM
phase. After thermal equilibrium, it was cooled (under
magnetic field) down to the desired operating temperature.
Once the sample had reached the new thermal equilibrium,
the magnetic field was cycled (10 times) from 2T to O.
Figure 1 illustrates examples of the temperature and magnetic
field measurements recorded during cooling (Figs. 1(a) and
1(c)) and heating (Figs. 1(b) and 1(d)) protocols. No

noticeable traces of cracking were observed on the specimen
after the sample was cycled through the AFM/FM transition
many times (between 50 and 100 cycles).

Figure 2(a) compiles the whole set of results measured at
different operating temperatures. Solid symbols correspond to
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FIG. 2. (a) Adiabatic temperature change corresponding to the application and
removal of a 2 T magnetic field. Solid symbols correspond to the first application
(green color) and removal (violet color) of the field. Open symbols correspond
to the subsequent field cycling for cooling (violet symbols) and heating (green
symbols) protocols. Lines correspond to the values computed indirectly from en-
tropy curves. The shaded area indicates the reversibility region. (b) Entropy as a
function of temperature at zero (blue color) and 2T (red color) magnetic fields.
Dashed lines correspond to cooling and solid lines to heating runs. Horizontal
arrows indicate the adiabatic temperature changes computed from these curves.
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the first application (green circles) and removal (violet circles)
of the field, while open symbols stand for the data recorded
upon successive field cycling. For the sake of clarity, error
bars are only displayed for the data corresponding to the first
application and removal of the field, and are estimated from
reproducibility of three independent measurements. In accord-
ance with the inverse nature of the magnetocaloric effect in
Fe-Rh, application of magnetic field results in cooling while
removal of the field heats the sample. The maximum values
found for the first application (and first removal) of the field
are very large (JAT| =8XK), which result in a magnetocaloric
strength which is among the largest values reported for giant
magnetocaloric materials.'> Upon successive cycling of the
magnetic field, |AT| decreases but still large values
(|AT| =6K) are obtained. It is also worth noting that the re-
versibility region (indicated by the shaded area) spans over a
considerable temperature interval of around 20 K.

Indirect determination of the adiabatic temperature
change can be computed by subtraction of the entropy curves
S(T, Y) at different values of the external field Y (magnetic,
Y =H or pressure, Y = p) which are obtained from calorimet-
ric measurements under external field. At temperatures
above and below the first order phase transition, S(7, Y) are
obtained from specific heat C data, while within the transi-
tion region (between T; and T,), accurate measurements
come from differential scanning calorimetry (DSC) under
field. The entropy curves (referenced to the value at a given
temperature T() for heating runs are then computed as

T ~AFM
C
J dT T<T
n, T
S(T,Y)= ¢ S(T Y)+JT1<C+dQ>dT T, <T<T
) - 1y " T dT 1 >~ 142
T CFM
S(Tz,Y)+J ——dT T, <T,
Tz T
6]
where Z—g = % with Q being the heat flux measured by DSC

and T, the heating rate. C**™ and C*™ are, respectively, the
specific heat of the AFM and FM phases and C = xCA™™
+(1 — x)C"™ with x the fraction in the AFM phase. For
Fe-Rh, within the transition region, C ~ CA"M ~ C™. By
appropriate change of the integration limits, an equivalent
expression is used for cooling runs.

By using our previous DSC data under magnetic field
and under hydrostatic pressure,'® and reported values of C in
the AFM and FM phases,” we have computed the entropy
curves S(T, H) at atmospheric pressure and fields for
toH =0and 2T, and S(T, p) in the absence of magnetic field
for atmospheric pressure (taken as p =0) and p = 2.5 kbar. In
our calculations we have made the usual assumption that
beyond the transition region C does not significantly depend
upon magnetic field and pressure. Furthermore, in order to
account for the slight difference in the transition entropy
change between present sample and that studied in,'"® DSC
data have been scaled by a factor 0.9. Results are shown in
Figures 2(b) and 3(b) where dashed lines correspond to
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FIG. 3. (a) Adiabatic temperature change corresponding to the application
and removal of a 2.5 kbar hydrostatic pressure computed indirectly from en-
tropy curves. The shaded area indicates the reversibility region. (b) Entropy
as a function of temperature at atmospheric pressure (p =0, blue color) and
at p = 2.5 kbar (red color). Dashed lines correspond to cooling runs and solid
lines to heating runs. Horizontal arrows indicate the adiabatic temperature
changes computed from these curves.

cooling curves and solid lines, to heating curves. Subtraction
of the curves provides the estimated adiabatic temperature
changes, as indicated by the horizontal arrows, and left/right
arrows indicate the reversible values corresponding to suc-
cessive field cycling. Results are shown in Figures 2(a) and
3(a) as solid lines where the reversibility region corresponds
to the shaded region.

For the magnetocaloric effect, there is a good coinci-
dence between the two sets of data although the values for
the direct measurements of AT are systematically lower
(around 10%) than those computed from the entropy curves.
Such a small difference can be attributed to a lack of perfect
adiabaticity in our experimental set-up, and to a non-ideal
thermal contact between the sample and the thermocouple.
In the case of the barocaloric effect, it is shown that applica-
tion of pressure heats up the sample while the sample cools
down when pressure is released, in concordance with the
conventional nature of the barocaloric effect in Fe-Rh. The
maximum values (JAT| ~ 10K) are very large for a relatively
small pressure of 2.5kbar. These values are significantly
larger than those reported (or estimated) for other barocaloric
materials.'>?'™2* It is also worth noting that upon pressure
cycling |AT| remain at relative large values of ~4 K over a
temperature span of ~10 K.

Recently, the magnetocaloric and barocaloric effects in
caloric materials have been studied by means of a mean-field
model which includes magnetovolumic effects.'’ The model
has been applied to the specific case of Fe-Rh and the
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predicted adiabatic temperature changes are in qualitative
agreement with present experimental data. The predicted
values, however, are lower than the experimental ones, and
the discrepancy is attributed to the fact that the model does
not properly take into account the electronic contribution to
the total entropy change. No quantitative prediction is made
for the adiabatic temperature change at the barocaloric
effect, but the model reproduces the conventional nature of
the effect, and it is expected that the general trends derived
from that model will agree with present experiments.

In summary, we have determined the adiabatic tempera-
ture changes associated with the magnetocaloric and baro-
caloric effects in Fe-Rh. Large |AT|~8-10K values have
been found for relatively low values of magnetic field (2T)
and hydrostatic pressure (2.5 kbar). It has been shown that
both magnetocaloric and barocaloric effects are reproducible
upon magnetic field and pressure cycling, over considerable
temperature spans (T, ~ 10-15K). The maximum value
for the adiabatic temperature change obtained under cycling
reduces to |AT| ~4-6K, which is still a significantly large
value. We recently reported that Fe-Rh exhibits outstanding
values for the magnetocaloric and barocaloric strengths in
terms of the isothermal entropy change. Present data show
that this alloy also features large caloric strengths in relation
to adiabatic temperature changes. Although the high cost of
Fe-Rh makes it difficult to envisage large scale applications,
the alloy appears as a promising candidate for small scale
solid-state cooling at low external stimuli.
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