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The magnetocaloric effect of a given material is typically assessed through indirect estimates of the
isothermal magnetic entropy change, AS),. While estimating the adiabatic temperature difference, AT,q, is
more relevant from the standpoint of refrigeration device engineering, this requires specialized experimen-
tal setups. We here present an approach to directly measure AT,4 through time-dependent magnetometry
in a commercial superconducting quantum interference device (SQUID) device. We use as reference mate-
rial gadolinium under a 20-kOe field change, and compare our results with those of the literature. Under
nonadiabatic experimental conditions, a remarkably similar A 7,4(7) curve profile is obtained; however, its
peak amplitude is underestimated. With a simple compensation methodology we are able to further approx-
imate the profile of the AT,4(7) curve obtaining the peak amplitude, the maximizing temperature, and
the FWHM within relative errors of —4%, —0.7%, and 11%, respectively. Our reported approach makes
the measurement of both AS),(7) and AT,q4(7) possible with a single instrument, enabling accelerated
progress towards new, competitive, and industry-ready materials.
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I. INTRODUCTION

The refrigeration, air-conditioning, and heat-pumping
industry is responsible for nearly 8% of current green-
house gas emissions [1,2]. The ever more urgent need to
reduce environmental impacts and the restrictions estab-
lished on the use of gases with high global-warming
potential ([Chlorofluorocarbons (CFC’s), Hydrochlorofiu-
orocarbons (HCFC’s), Hydrofluorocarbon (HFC’s)]) have
been driving and intensifying the search for potential alter-
natives to vapor compression technologies [3—5]. One of
the most promising candidates is magnetic refrigeration,
which completely eliminates the use of these harmful gases
and instead uses solid-state materials exhibiting a large
magnetocaloric effect around room temperature [6-9].

The magnetocaloric effect consists of a magnetic-field-
induced change of a material’s temperature. It is typically
quantified by two related quantities: the isothermal mag-
netic entropy change, AS),, corresponding to the entropy
change through the magnetic ordering caused by field
application at isothermal conditions; and A T,4, the temper-
ature difference upon an adiabatic application of magnetic
field. Experimentally, these quantities are most often quan-
tified indirectly by making a set of isothermal (or isofield)
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magnetization versus field (or versus temperature) mea-
surements [10—12], which by using the following Maxwell

relation:
(8SM(H,T)> _<8M(H,T)) {
OH r T )y M)

can be used to obtain the isothermal entropy change:

Hy Hr (oM(T,H
ASM(T)AHZ/ dSM(T,H)T:/ (%) dH.
H; H; H
(2)

The adiabatic temperature change can also be measured
indirectly through the use of the same Maxwell rela-
tion [Eq. (1)] together with calorimetric measurements of
the heat capacity versus temperature and magnetic field,
C,(T,H):
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However, this indirect measurement is timely and also
implies making a different set of measurements involv-
ing calorimetry in order to obtain the temperature- and
field-dependent heat capacity. Measuring the adiabatic
temperature change directly—by measuring the tempera-
ture change under the application of a magnetic field—also
frequently proves inconvenient, due to the difficulty of
ensuring adiabaticity (i.e., through increased sample size,
improved thermal insulation, fast field application, and/or a
thermocouple of comparatively negligible mass [13—16]).
Alternative methods to circumvent these issues, such as
noncontact thermometry methods, are still at an early stage
and typically demand intricate setups [17—19]. Therefore,
an accessible, fast alternative technique to measure the
magnetocaloric effect directly is of high interest.

Time-dependent magnetization protocols are usually
employed for studying phase transition kinetics (i.e.,
investigating nucleation and growth, thermal activation
processes, etc.) of first-order phase transitions [20-24],
which have a more intense magnetocaloric effect than
second-order phase transition materials due to a significant
magnetic-volume coupling [25,26]. In these, the mag-
netic field is increased until a certain value (Hpause) and
thereon kept constant, while the magnetization is mea-
sured as a function of time. However, if employed on
a bulky sample within a well thermally insulated envi-
ronment, besides phase transformation phenomena, the
magnetocaloric effect resulting from the field application
will offset the sample’s temperature [by approximately
ATyd(Tineasurement> Hpause)] and a thermal relaxation will
follow. This relaxation will be reflected in the sample’s
magnetization, which will also relax as a function of time.
In this paper, we explore the possibility of estimating the
temperature variation of a sample following field applica-
tion (AT,q) through fitting the magnetization relaxation as
a function of time.
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FIG. 1.

The time-dependent magnetization measurement proto-
col consists of increasing the magnetic field with a constant
sweep rate (linearly in time) until a given Hpause value is
reached, which is then kept constant throughout the rest of
the measurement time. The sample’s net magnetic moment
is continuously measured as a function of time starting
from when the magnetic field is still zero through until
300 s after the maximum field value, Hpause, is reached.
In Fig. 1, both the magnetization and the magnetic field
measured for a single run can be seen together with an
exponential fit. The time values, ¢, are all offset so that
t = 0 coincides with the field reaching its respective max-
imum value, Hpase. The exponential function chosen to
fit the observed relaxations is shown in the following
equation:

Mg (1) = m; — AMe™"7, (4)
where m; is the converging value of magnetization while
approaching thermal equilibrium, AM corresponds to the
magnitude of relaxation in magnetization from ¢ = 0 until
thermal equilibrium is reached, and 7 corresponds to the
characteristic time of the relaxation.

II. EXPERIMENTAL DETAILS

A. Instrumentation

In this work a widely available commercial magneto-
meter—MPMS-3 superconducting quantum interference
device (SQUID) magnetometer from Quantum Design
[271—is used to measure magnetization as a function of
time, while controlling the temperature and magnetic field
on the sample. The MPMS-3 can reach a maximum mag-
netic field sweep rate of 700 Oes™' and has a maximum
sampling frequency of 1 Hz. The VSM mode is used with
a 0.4-mm peak amplitude and an averaging time of I s.
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(a) Schematic of the time-dependent magnetization measurement protocol: a single Hpasc measurement, showing the mag-

netization (blue circles assigned to the left-hand y axis) and field (solid orange line assigned to the right-hand y axis) versus time.
An exponential fit of the form Mg (f) = m; — AMe™"/" is performed on the magnetization relaxation profile for ¢ > 0. (b) The same

measurement with the relaxation portion (¢ > 0) enlarged.
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B. Sample

In order to test this technique, a polycrystalline,
99.9% purity (REM) Gd sample is used with parallelepi-
pedic shape of dimensions of approximately 5.5 x 2.5 x
2.5 mm?® (mounted with its largest spatial dimension along
the magnetic field direction) and a mass of 261 mg. Gd
presents a second-order phase transition at a Curie tem-
perature of approximately 296 K [28]. Additionally, the
same sample is measured in two distinct thermal environ-
ments: one regular configuration, with the sample glued
to a quartz sample holder with GE varnish, and an insu-
lated configuration, where the sample is wrapped in cotton
and Teflon tape in addition to being placed inside a gelatin
capsule and fixed to a brass sample holder with Kapton
tape.

C. Methodology

For estimating the AT,q(7) curve of gadolinium, we
employ a time-dependent protocol for measuring mag-
netization relaxation in time after applying a 20-kOe
field at several different background temperatures. Dur-
ing each measurement, the background temperature and
thermal conditions are constant, as the temperature dif-
ference of the sample is not detected by any of the
instruments’ thermometers. The magnetization relaxations
are subsequently “converted” into relaxations in temper-
ature through a previously obtained magnetization versus
temperature curve, also with a 20-kOe field applied. The
magnetization is measured as a function of temperature
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FIG. 2. Two identical (T = 290 K and Hpause = 20 kOe) mag-
netization versus time measurements are made for the distinct
thermal environments of the sample (noninsulated and insulated),
where the equilibrium magnetization () is subtracted from the
magnetization values and time is offset so that # = 0 corresponds
to the time when the field reaches its maximum value (Hpaysc)
and stops changing. The insulated scenario shows a slowing of
the relaxation and greater amplitude than the noninsulated one,
as is consistent with the thermal interpretation of the phenomena.

both during heating and during cooling, since despite using
a low temperature sweep rate of 1 Kmin™!, there is still
some artificial hysteresis, which results from the sample’s
temperature slightly lagging behind the instrument’s mea-
sured temperature. This is accounted for by using the
average of both curves in the analysis.

II1. RESULTS

A. Thermal behavior

To reinforce the above-mentioned thermal nature of
these relaxations, two identical Hpause measurements
(Hpause = 20 kOe, at T'= 290 K, and with a field sweep
rate of 700 Oe s~ !) are done on the same sample but using
an insulated and a noninsulated thermal setup, as described
in Sec. II. If the magnetization relaxation is truly due to the
temperature relaxation of our sample, then insulating the
sample should slow heat exchange with the environment,
resulting in a slower thermal relaxation and thus in a slower
relaxation in magnetization. As can be seen in Fig. 2, the
magnetization relaxation is slower for the insulated sample
(the fit function yields a significantly larger characteris-
tic time, 7, in comparison with the noninsulated setup),
which is consistent with our interpretation. Additionally,
the total magnetization change, AM, is also higher for the
insulated sample, since it also loses less heat during field
application.

This change in magnetization relaxation behavior
strongly supports the thermal interpretation of these relax-
ation phenomena, which can be understood as follows:
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FIG. 3. A schematic of the thermal interpretation of the mag-
netization relaxation behavior. The two curves correspond to
equilibrium measurements of the magnetization versus tempera-
ture at two different magnetic fields (H; < Hy). Applying a mag-
netic field rapidly (4 — B) results in a nonisothermal increase of
magnetization (orange dotted arrow), as it is accompanied by the
heating of the sample induced by the magnetocaloric effect. The
resultant thermal relaxation (B — C) is reflected in a relaxation
of magnetization (blue dotted arrow).
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as we apply a magnetic field up to Hpyause, the magne-
tocaloric effect occurs, i.e., sample temperature increases.
The source of the heating can be safely attributed to the
magnetocaloric effect alone since it is much more sig-
nificant than any heat generated from induction, accord-
ing to theoretical calculations and previous experimental
data [14,29]. Then, thermal relaxation will occur as the
sample releases heat to its surroundings and decreases
its temperature down to the initial measurement tempera-
ture (T ieasurement)- Since the sample temperature influences
(drastically near 7;) the sample’s magnetization, then this
thermal relaxation will manifest itself as a simultaneous
magnetization relaxation. When the field is constant (after
Hpause 1s reached), the sample’s magnetization will in prin-
ciple follow the same temperature dependence as obtained
through an isofield temperature sweep with the same
field, M(T, H = Hpayse), being applied. Such a M (T, H =
Hpause) curve can then be used to convert the magnetiza-
tion values from the relaxation to temperature, effectively
using the magnetization as an intrinsic thermometer. This
idea is schematically pictured in Fig. 3.

288

- T(t) = ATe ™ + T,
7=2>50s

286

AT=6K

T (K)

B. Estimating AT,4 from time-dependent
magnetization data

To extract thermal information from the magnetization
relaxation data, we assume an ideal lumped-capacitance
temperature relaxation model (valid for a homogeneous
temperature profile within a sample), i.e., an exponential
temperature variation with time:

T(t) = ATe™"" + T, (5)
The magnetization relaxations in time are subsequently
modeled simply through the compound function of the
isofield magnetization versus temperature and the temper-
ature relaxation curves: M (T(¢), H = Hpause). In Figs. 4(a)
and 4(b), examples of simulated M (T(f), H = Hpause)
curves are provided by considering different amplitudes
AT of the thermal relaxation curve, 7(¢), and an illustrative
characteristic time of 50 s.

These numerically obtained curves can then be used
in numerical fits to obtain the parameters of our temper-
ature exponential, namely AT, which will quantify the
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FIG. 4. Modeling and fitting relaxations in temperature and magnetization: considering (a) ideal exponential curves as models for the
thermal relaxation of our sample, we can take the compound function M (T(¢), H = Hpause) of an experimentally obtained M (T, H =
Hyause) curve (see Fig. 3) to numerically obtain (b) magnetization relaxations in time. The AT and AM parameters are indicated for the
AT = 6 K curve. (c) A representative set of time-dependent magnetization measurements for the gadolinium sample with Hpayee = 20
kOe at different measurement temperatures, Tincasurement, and their respective fits (dashed lines). The equilibrium magnetization (M.q =
my) is subtracted from the magnetization values, allowing for better comparison of the amplitudes at different temperatures.
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amplitude of the temperature difference during the relax-
ation after field application, i.e., the adiabatic temperature
change (AT,q).

To employ this approach on our insulated gadolin-
ium sample, we use the time-dependent magnetometry
protocol measurements with Hp,.e = 20 kOe described
previously for a set of different measuring temperatures,
Tmeasurement> around gadolinium’s 7¢ (296 K). Five rep-
resentative measurements are displayed in Fig. 4(c). The
relaxation amplitudes clearly have a peak near 290 K,
falling as the temperature moves away from this value,
which is precisely the behavior of the adiabatic temper-
ature change. This correlation is further evidence of the
thermal nature of these relaxations.

By performing the above-mentioned numerical fits to
each Hpas magnetization relaxation measurement, the
parameters of the exponential the parameters of the expo-
nential fit, T, AT, and Tmeasurement, are obtained for each
temperature.

We thus estimate the amplitude of the temperature
increase of our sample with a 20-kOe field at different start-
ing temperatures. The resultant AT,q versus temperature
curve for Hpayse = 20 kOe is shown in Fig. 5(b) (the “no
compensation” curve in light-blue dots). Although this
curve presents a profile similar to that of the literature
(black line) [28], it clearly underestimates the effect, as
can be seen by the temperature offset between the two
curves. Such underestimation can be explained due to the
fact that while the field is being ramped up, the sample is
already exchanging heat with its surroundings, as implied
by the changes observed by insulating the sample ther-
mally (Fig. 2). Even though we have reduced this effect
by insulating our sample, it takes about 28 s for the field to
reach the maximum value of 20 kOe. Considering the time
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FIG. 5.

constant of the relaxations (Fig. 2), this is a very significant
time window during which heat is lost, thus compromis-
ing the adiabaticity requirement of the field application. If
the thermal relaxation is approximately exponential, then
the lack of adiabatic conditions will result in a significant
underestimation of the adiabatic temperature change (the
amplitude of the magnetocaloric effect) for our sample.
So, in order to improve the estimation of AT,4, a simple
compensation technique is implemented: we extrapolate
the temperature function 7(¢) obtained through our numer-
ical fits of M (7T(¢)) back in time. Since it is difficult to
know the ideal compensation time, we choose a small set
of time windows representing different degrees of com-
pensation: 0 s (no compensation, corresponding to the
temperature difference at = 0), 10 s, 20 s, and about 28 s
(full compensation of the time it takes to apply the field).
In Fig. 5, our estimations of AT,y for different com-
pensations of the time that it takes to apply the field are
compared with values from the literature for gadolinium
[28]. As expected, making no compensation results in
a significant (—44%) underestimation of AT,q. The full
compensation achieves a reduced relative error (4+24%).
The scenario of compensating for the complete time of
field application assumes that the field is instantly applied
and the thermal relaxation is ongoing from that moment
on. This is not accurate, since the field is continuously
increased throughout this time, so it is expected that the
full compensation overestimates the adiabatic tempera-
ture difference. Out of the shown curves, the best results
are obtained through compensating for 20 s of the field
application time, achieving a relative error on the maxi-
mum intensity of —4%, which is less than that obtained
through conventional direct measurement methods [28].
The maximizing temperature and the FWHM of this curve

no compensation
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=@=20 s compensation

full compensation
——Dan'koy, et al.
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w
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I | ] | |
240 260 280 300 320 340
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(a) The backwards-extrapolated temperature exponentials obtained from the fits and (b) the estimations of the magnetocaloric

effect of gadolinium for a 20-kOe applied field at different temperatures, for different time compensations, and a gadolinium ATyq (7)

curve (black continuous line) obtained from the literature [28].
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are —0.7% and +11%, respectively, as compared with the
reference values in Ref. [28].

IV. CONCLUSIONS

In this work, a methodology to measure AT,y via
time-dependent magnetometry is presented and applied to
gadolinium under a 20-kOe field change, using a com-
mercial Quantum Design MPMS3 SQUID magnetometer.
With a field sweeping rate of 700 Oes™!, a 20-kOe field
is only reached after 28 s. As the sample is under nona-
diabatic conditions, a direct estimate of AT,q without
correcting for heat exchange during field sweeping leads
to an underestimation of the amplitude of the temper-
ature difference as compared with previously published
values. In order to correct for this, a simple compensation
technique of extrapolating the obtained thermal relaxation
exponentials back to the beginning of the field gives better
results, albeit overestimated. By considering an intermedi-
ate value of time compensation, a final AT,y(7) estimate
leads to remarkably low deviations of —4% of the peak
value, —0.7% of the maximizing temperature, and 11% of
the FWHM relative to the reference.

The quality of these results should be considered
along with the caveat that estimating the most reasonable
percentage of compensation would require detailed infor-
mation about the thermal environment of the sample within
the instrument. Our method gives the user a window of
possible ranges for the value of AT,4(7): it is certainly
over the value obtained without compensation (since the
sample loses heat during field application), and certainly
under the value of full compensation (since the sample
does not heat up instantly when the field starts ramping,
but instead heats up throughout the ramping time). In this
work, compensating for about 70% of the field applica-
tion time (20 s) yields a good approximation of the real
AT,q(T) values; however, this amount may differ for other
samples and experimental setups. Getting reliable results
while avoiding the need for the knowledge of what the
best compensation time is can be accomplished by mini-
mizing the need for any significant compensation. This can
be achieved by increasing significantly the field application
rate and/or greatly improving the thermal insulation of the
sample.

This methodology is herein employed on Gd, the bench-
mark second-order phase transition material [30]. Metasta-
bility would make it harder to apply in first-order phase
transition materials, as the magnetization is not only a
function of temperature and field but also of the history
of the material, so obtaining the correct M (T) curve to use
in the numerical fits would be a challenge. Despite this,
the simplicity and accessibility of this approach, which
allows the estimation of both AT,q and AS), with a sin-
gle instrument for second-order materials, make it very

interesting for the entire multicaloric materials research
community.
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