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ABSTRACT

We show that low ramp rate differential scanning calorimetry of the magnetocaloric material La(Fe11:47Si1:28Mn0:25)H1:65 at different applied
magnetic fields reveals the presence of distributed phase transitions. Experimentally, we find that with or without an applied magnetic field,
samples show a distinct peak pattern in their heat capacity around the transition temperature (Tt � 30 �C), i.e., multiple heat capacity peaks
occur as a function of sample temperature. Additionally, these reproducible patterns occur asymmetrically when heating and cooling.
At finite applied fields higher than 0.15 T, we observe clearly distinguishable peaks of identical shape, albeit with different intensities.
According to the latter, we re-identify the peaks under seven applied magnetic fields up to 1 T. We find that the peaks shift differently rela-
tive to each other as a function of field. In particular, for cooling experiments, the peak temperatures vary linearly in the field, although
with different slopes. Through Bean–Rodbell (BR) modeling, we show that the experimentally observed behavior can be simulated by small
decoupled variations in the BR parameters η and T0, indicating a distributed composition of the magnetocaloric material.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5137790

I. INTRODUCTION

First-order phase transition (FOPT) magnetocaloric materials
(MCMs) are interesting due to their giant magnetocaloric effect
(MCE), which is observed as a temperature change with a change
in the applied magnetic field.1 Samples are magnetocalorically
characterized by the isothermal entropy change, Δs(H, T), and the
adiabatic temperature change, ΔTad(H, T). These properties may be
derived from isofield measurements of the specific heat capacity
c p,H(T) as a function of sample temperature.2

An example of a FOPT is the isotropic volume change in
La(Fe,Si) based alloys. The transition temperature (Tt) can be
tuned by manganese doping3 with full hydrogenation for crystal
stability reasons.4 Hence, La(Fe,Si,Mn)H compounds, specifically
La(Fe11:47Si1:28Mn0:25)H1:65 due to its Tt around room temperature,
are interesting as a working material in magnetocaloric cooling
devices due to their long term stability and composition of abun-
dant and inexpensive elements.5 The crystallographic modifications
during the phase transition can introduce extra challenges concern-
ing crystal purity, since stoichiometric impurities cause temperature
gradients which, in first-order materials, result in stresses and,
therefore, fatigue during long term operation.6,7

Modeling the influence of localized volumes slightly differing
in stoichiometry within FOPT materials8 may enable MCM pro-
ducers to identify key parameters for their production technique,
i.e., powder metallurgy,4 which may lead to better MCMs. In the
past few years, several groups have focused on accurate determina-
tion of the MCM’s first-order character. The Bean–Rodbell (BR)
model9 offers a practical solution by assuming a linear dependence
of the exchange coupling and the unit cell volume through the
model parameter η,10 known as the magneto-elastic coupling. For
η . 1, the material exhibits a FOPT, and for η � 1, the phase tran-
sition is of second order. A way to determine the materials order
experimentally is by considering the shape of their heat capacity
peaks,11 which occur during temperature ramping across the mate-
rial’s Tt in a differential scanning calorimeter (DSC). FOPT MCMs
exhibit a latent heat peak, which is shifted toward higher tempera-
tures with increasing applied field if their phase transition is
between a ferromagnetic (FM) and a paramagnetic (PM) state.2

Recent isofield DSC measurements of the above mentioned material
as a function of temperature at low ramp rates (down to 0.06 K/min)
revealed a detailed peak pattern of transition temperatures.12 These
peaks have been interpreted as independent motion events of the
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phase boundary associated with the system’s latent heat and were
observed to be modulatable by applied magnetic fields.13

Here, by using low ramp rate calorimetry during continuous
heating and cooling of a FOPT La(Fe,Si,Mn)H sample, we map out
the phase change landscape when undergoing the FM to PM tran-
sition and vice versa. Calorimetry is performed as a function of an
applied field, and the experimental results are compared with the
BR model in order to identify the relevant BR parameters and their
possible variations that may help interpret and explain the above
mentioned peak pattern in theory.

II. EXPERIMENTAL

A. Setup and experiment

We use a custom DSC designed to impose a temperature profile
on a sample in the milligram range. The details of the device can be
found elsewhere.14 Its two key features are the capability to do experi-
ments at low temperature ramp rates down to +0:05K=min and the
option of varying the applied magnetic field via a concentric Halbach
cylinder of permanent magnets.15 A Pt100 sensor measures the tem-
perature near the sample. In order to establish the sample tempera-
ture, we find the measured temperature where the DSC signal has
the highest peak at two different ramp rates. Thereby, we are able to
correct the ramp rate dependent temperature lag due to the finite
heat transfer between the sample and the sensor. Two nominally
identical Peltier elements measure the differential heat flux, which is
the target quantity of DSC: one containing the sample and the other
empty. In order to avoid heat losses due to convection, measure-
ments are performed under high vacuum (�10�7 mbar). Two per-
pendicularly arranged hall probes (HHP-NU 1255 and 1774,
Arepoc) measure the in-plane components of the applied magnetic
field. The DSC temperature ramping starts at 298 K for all experi-
ments and is set to maintain a rate of 0.05 K/min. The sample heats
up to 316 K resulting in a paramagnetic reset of the material.
Subsequently, the continuous cooling starts until the sample reaches
298 K again. Then, the magnetic field is increased before the next
heating run. By recording the measured values every 2.5 s, we achieve
a resolution of around 475 data points per kelvin. Figure 1 shows the
heat capacity around the transition temperature while cooling as an
example.

Mounting the magnet at its lowest field causes an applied
magnetic field of about 0.02 T, which shifts the peak pattern
slightly to higher temperatures while the number and intensity of
the peaks remain. This effect is also seen in Ref. 12 in their study of
isofield measurements during heating DSC runs. However, the
cooling pattern shows that, even at this low field, not all peaks shift
by the same amount (see arrow in Fig. 1 or supplementary material
for dynamic view). The investigated applied magnetic fields,
besides 0 and 0:02 T, were 0:16, 0:31, 0:45, 0:60, 0:73, 0:86, and
0.98 T. Due to the complex sample geometry, the internal demag-
netization field of the sample cannot be determined and thus only
the applied field is given in the following.

B. Materials

We investigated a flake-shaped La(Fe11:47Si1:28Mn0:25)H1:65

sample, kindly supplied by Vacuumschmelze GmbH. The sample

weighs 2.64 mg and is shown in Fig. 2. The low mass ensures that
the flake uniformly follows the device induced temperature ramp.
The magnetic phase transition occurs nominally around 30 �C.
Before and after the experiment the sample remained mechanically
coherent, i.e., its shape and structural integrity were conserved
throughout the experiment. We used thermal glue and vacuum

FIG. 2. Picture of La(Fe11:47Si1:28Mn0:25)H1:65 flake (1� 2:5 mm) glued to the
measuring Peltier element of the DSC. The picture also shows the two perpen-
dicular arranged Hall Probe sensors. The Pt100 sensor is glued in on the side
with epoxy and thermal paste at the interface with the Cu-rod ensuring good
thermal contact.

FIG. 1. Heat capacity peak pattern from a 2.64 mg of La(Fe11:47Si1:28Mn0:25)H1:65
sample during a DSC experiment at �0:05 K/min ramp rate without applied field
(blue) and a small magnetic field (red). The arrow denotes a peak that shifts less
to the right than the rest.
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grease in order to gain sufficient thermal contact in the DSC and
to prevent the sample from moving. The mass of the grease was
determined by a subtractive method utilizing a standard lab scale.
It turned out that grease alone is not sufficient to achieve sample
immobilization due to the forces caused by frequent magnetic field
variations. Hence, the estimated weight of the applied glue has
been added to the grease mass, since their heat capacities are com-
parable. It amounts to maximal 10% of the joint masses of sample
and grease. In order to calculate the sample’s heat capacity, we
measured the DSC signal of a 38.7 mg copper cube and took,
respectively, the copper reference values according to Ref. 16.
Above 300 K, we found the values by linear extrapolation.

C. Data analysis

The term “tracking” serves to describe the process of finding
the same peak at different applied magnetic fields. Each respective
peak pattern at a particular applied field denoted a “peak forest” in
the following. The relative positions of the peak centers vary on the
temperature axis as illustrated in Fig. 3 as a function of applied field.

In order to work out the relative variation for particular peaks,
we additionally determine their temperature difference with respect
to the most intense peak (Peak 0) at the respective applied field. In
general, the intensity serves as the main criterion for re-identifying
a specific peak at a different field. The selection of peaks is per-
formed manually and their numbering (Peak 0 excluded) is only

for labeling. In some cases, peaks overlap or have shoulders, which
complicates the peak tracking. In these cases, which, in particular,
occur during heating measurements, we do not identify the peaks.
As an example, considering the right part of Fig. 3, it is clear that a
fifth peak (Peak 4) is present at 0:98 T and additionally Peaks 1
and 3 have switched positions (see the supplementary material for
a dynamic view).

In contrast, the multiple peak selection of Figs. 3 and 4 shows
the tracking of only the most intense peak as a function of applied
field. We obtain the depicted, corrected sample temperature by lin-
early extrapolating the peak temperatures, measured for ramp rates
of +0:1 and +0:05 K/min, toward zero ramp rate. The extrapo-
lated slopes are used to correct the peak forests, examined in the
Results section (Fig. 5), for their thermal lag introduced by Pt100
to the sample distance. Moreover, the plot reveals the diminishing
thermal hysteresis of our sample with respect to the magnetic field,
as it is typical for first-order magnetocaloric materials.3

D. Modeling

We employ the well-known Bean–Rodbell (BR) model9 in
order to analyze the experimental results. The BR model is an
extension of the Weiss mean field model17 with the addition of
assuming a linear coupling between the exchange constant and the
volume change in the material. This coupling is often denoted by
the magneto-elastic coupling and is assumed to be linear in the

FIG. 3. Four peak forests with tracked
peaks for heating at 0.16 T (right top),
heating at 0.98 T (right bottom), cooling
at 0.16 T (left top), and cooling at
0.98 T (left bottom).
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volume change which in itself is assumed isotropic. The coupling is
conventionally expressed through the parameter β,

Tt ¼ T0 1þ β
ΔV
V0

� �
, (1)

with Tt denoting the transition temperature between ferromagnetic
and paramagnetic phases. T0 is the transition temperature the
material would have in the absence of this coupling (β ¼ 0). The

volume in the absence of the magneto-elastic coupling is V0 and
ΔV ¼ V � V0, with V denoting the actual volume of the sample.
The sign of β is important if finite pressures are taken into account
in the model. If the ambient pressure is assumed to be zero, then β
only enters quadratically in the free energy,18

F ¼ �kBT
N
V0

ln
sinh 2Jþ1

2J χ
� �

sinh 1
2J χ

� � þ 1
2
λ0μ0M

2 þ 3
8
λ20β

2κμ20M
4, (2)

with kB denoting Boltzmann’s constant; N , the number of spins; J , the
spins’ angular momentum; and χ ¼ gμB

kBT
J H þ λ0(1þ 1

2 λ0β
2κM2)M

� �
,

where g is the Landé factor, μB is the Bohr magneton, κ is the com-
pressibility of the material, and λ0 ¼ 3T0kB

J(Jþ1)g2μ2B

V0
N . The equation

above has been minimized with respect to volume analytically
assuming zero pressure.18 It also needs to be minimized with
respect to magnetization, M, in order to yield the equilibrium solu-
tion(s). This is done numerically. When considering the BR model,

it is often useful to define the parameter η ¼ 40N
V κkBTβ

2 (J(Jþ1))2

(2Jþ1)4�1
.

First, as β enters quadratically, its sign has no influence on η.
Second, when η . 1, the transition is first order since there the
magnetic entropy exhibits a finite jump, i.e., latent heat is present.
When η � 1, the transition is second order. For η . 1, there may
be two minima in the free energy as a function of magnetization.
This is interpreted as hysteresis, i.e., the phase transition occurs at a
higher temperature when going from a ferromagnetic state to a
paramagnetic state (heating), while it occurs at a lower temperature
when going from a paramagnetic to a ferromagnetic state (cooling).

FIG. 4. The peak temperature of the most intensive peak as a function of the
applied field.

FIG. 5. Heat capacity peak patterns (seven peak forests)
obtained during DSC cooling runs at �0:05 K/min ramp
rate at different applied fields (shown in the legend). The
black arrows point to a peak, which moves relative to its
neighbors.
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The magnetic entropy is found through

Smag ¼ kBN
V

ln
sinh 2Jþ1

2J χ
� �

sinh 1
2J χ

� � � χBJ(χ)

0
@

1
A, (3)

with the Brillouin function

BJ (χ) ¼ 2J þ 1
2J

coth
2J þ 1
2J

χ � 1
2J

coth
1
2J

χ: (4)

Finally, when considering the heat capacity of the system, the
contributions from the lattice and the electrons also need to be
included. We adopt the conventional Debye model for the lattice

and the Sommerfeld model for the electronic contribution,

Slat(T) ¼ � 3NAt

V
kB ln 1� e�

TD

T

� �
� 4D

TD

T

� �� �
,

D(τ) ¼ 1
τ3

ðτ
0

χ3

eχ � 1
dx,

Sele ¼ γeT:

(5)

The total entropy is then the superposition of the magnetic,
lattice, and electronic entropies. The number of atoms per volume is
NAt
V , the Debye temperature is TD, and the Sommerfeld constant is γe.

The model parameters used are the unit cell volume in the
absence of the magneto-elastic coupling, V0, the corresponding
transition temperature T0, and η. These model parameters were
chosen following Ref. 10, where the chemical inhomogeneity was
modeled by varying T0 through a Gaussian distribution with a
standard deviation σT0 . Table I summarizes the model parameters
and their values.

We model the sample as consisting of small non-interacting
units of different size with slightly different properties expressed
through variation in T0 and η. These two variables are stochasti-
cally varied through a Gauss distribution with standard variations
of σT0 ¼ 0:05K and ση ¼ 0:05, respectively. The resulting heat
capacity is assumed to obey the superposition principle expressed
as a weighted sum of the individual units’ heat capacities. In this
way, we can mimic a sample with slightly varying properties.

III. RESULTS

A. Movement of peaks with field

As shown previously in Fig. 3, the peaks in heat capacity move
with the applied field. In Fig. 5, we plot the cooling heat capacity as
a function of sample temperature at several applied magnetic fields.
This reveals that the peaks are moving relative to each other as a
function of the applied field. The black arrow points to one of
several peaks (denoted as “Peak 1” in the following) that can be
consistently tracked for the different applied fields. Note that the
peak moves relative to the surrounding peaks.

TABLE I. Summary of the parameters used in the BR model with their specific
values assumed here. The values are selected to match those of La(Fe, Mn, Si)13H
type materials. The compressibility is taken from Ref. 19. It is noted that these
values are similar to those used in Ref. 8.

Parameter name Variable Value

Magneto-elastic coupling η0 1.2
Total angular momentum J 1
Curie temperature in the absence of
magneto-volume coupling

Tt,0 306 K

Mass density ρ 7200 kg/m3

Number of magnetic ions per unit
volume

N 6.04 × 1028 m−3

Number of atoms per unit volume NAt/V 7.39 × 1028 m−3

Bulk compressibility κ 7.3 × 10−12 Pa−1

Debye temperature TD 350 K
Sommerfeld constant γe 0.24 J/(kg K)2

Pressure p 0 Pa
Standard deviation of transition
temperature

σT0 0.05 K

Standard deviation of BR parameter ση 0.05

FIG. 6. Tracked temperatures for
cooling peak patterns at �0:05 K/min
for different applied magnetic fields.
The peaks are subjectively numbered.
(a) Absolute peak temperature. (b)
Relative (to Peak 0) peak temperature.
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As described above, the peaks in heat capacity are tracked as
a function of temperature under different applied magnetic fields
in the range from 0:16 to 0:98 T. At lower fields, here 0.00 T and
0.02 T, the peaks cannot be identified consistently with peaks at
higher applied fields, and thus, these data are not shown in the
following figures, but are included within the supplementary
material. We assume lack of tracking to be caused by the pres-
ence of magnetic domains. As shown in Ref. 20, below a certain
field, the presence of magnetic domains in low crystalline anisot-
ropy samples makes the determination of the local field unreli-
able. For the investigated material, the reliability criterion
reached above 0:15 T.21

Figure 6 shows the results of the systematic tracking process of
all significant peaks in the absolute temperature scale (a) and relative
to the intensive peak, Peak 0, (b) for cooling. By considering the
peak propagation on the absolute temperature scale [Fig. 6(a)], we
clearly observe the field-driven linear shift of all peak temperatures.
Figure 6(b), however, shows that the peaks are moving relatively in
opposite directions. Moreover, the absolute temperature does not
entail a certain moving direction, i.e., peaks that occur in one peak
forest at lower/higher absolute temperature do not respectively
possess lower/higher slopes in the relative plot. Similar curves but for
heating are shown in Fig. 7. The relative heating curves in Fig. 7(b)
exhibit a linear trend most prominent for Peak 2, which is not close
to the other peaks. For those peaks, the assumption of the linear
trend seems to be only valid for fields lower than 0.45 T. Above
0:45 T, however, they start to diverge as was also observed by
Basso et al.3 Overall and in contrast to the cooling data, with

increasing applied field, the peaks seem to condense to an abso-
lute range of only 0.2 K from initially 0.42 K, which also makes
the re-identification of the peaks more difficult.

Table II summarizes the linear shifts for different peaks on the
absolute temperature scale [Figs. 6(a) and 7(a)]. Here, Tinit accounts
for the linearly extrapolated temperature at zero field for the respec-
tive, re-identified peak. From Table II, Figs. 6(a), and 7(a), the
heating peak occurrences on the absolute temperature scale show
similar linear trends as the cooling peaks with the difference of a
slightly decreased slope. The hysteresis induced asymmetry of the
FMPM phase transition explains this behavior, i.e., decreased latent
heat induced peak shifts for the FM ! PM compared to the
PM ! FM transition while exposed to an identical change in the
applied field. The fact that for cooling higher Tinit does not neces-
sarily lead to higher slopes will be explained within the framework
of the Bean–Rodbell model in Sec. III B.

Overall, we observe broad peak forests in heating and cooling,
i.e., there are significant peaks that exist even farther away than
0:1 K from Peak 0 temperature. During heating, this situation
seems to collapse at a magnetic field of 0:45 T, and thereafter, we
find the largest peaks only very close to the most intense Tt peak
(,0:1K). During cooling, however, even at the highest applied field,
i.e., 0:98 T, peaks still occur far from Tt (.0:1K). Additionally, the
shifts of the peaks behave linearly in the applied magnetic field but
not identically. Every peak shifts through the field with its own slope
or “speed,” which seems to be also independent from the starting
point at a low field in a way that peaks with ascending Tinits do not
necessarily have ascending slopes.

TABLE II. Values of linear fit for tracked peaks on the absolute temperature scale. Tinit denotes the y-intersection, and the 95% confidence intervals are given for Tinit and the
slopes of the linear fits for the cooling (c) and heating (h) peaks.

Peak No. Tinit (K) Slope (K/T) Peak No. Tinit (K) Slope (K/T)

Peak 0c 305.45 ± 0.06 5.13 ± 0.09 Peak 0h 306.17 ± 0.08 4.65 ± 0.13
Peak 1c 305.74 ± 0.07 4.90 ± 0.10 Peak 1h 306.36 ± 0.03 4.44 ± 0.04
Peak 2c 305.75 ± 0.08 4.98 ± 0.12 Peak 2h 305.94 ± 0.07 4.74 ± 0.10
Peak 3c 305.79 ± 0.03 5.21 ± 0.05 Peak 3h 306.29 ± 0.05 4.58 ± 0.08

Peak 4h 306.29 ± 0.04 4.55 ± 0.06

FIG. 7. Tracked temperatures for
heating peak patterns at 0:05 K/min for
different applied magnetic fields. The
peaks are subjectively numbered. (a)
Absolute peak temperature (b) Relative
(to Peak 0) peak temperature.
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To investigate if the relative movement of the peaks is a function
of the ramp rate, we have also conducted measurements at a ramp
rate of 0.1 K/min. The results here are consistent with those at
0.05 K/min and can be found in the supplementary material. The
peaks show the same shape but lower overall intensities, whereas the
intensity distribution is preserved. All corresponding peaks show the
same kinetics, i.e., they rise and decay within the same times, inde-
pendent of the maintained ramp rate. Thus, their first-order character
shapes the heat capacity response and not instrumental features.

B. Modeling

With the model as described above and the associated parame-
ters (Table I), the resulting slopes of peak forests consisting of 10
peaks were found through linear fits to the peak temperatures as a
function of the applied field. One of the peaks was selected arbitrarily
as a reference, and the change in slope with respect to the slope of
this peak is given in Fig. 8, both as a function of the associated
change in η [Fig. 8(a)] and the change in Tt [Fig. 8(b)].

Two points are immediately clear: first, the dependence of η is
very pronounced and close to, but not exactly, linear. Second, the
dependence of the change in slope with respect to the reference peak
of the change in Tt is almost random. This indicates that both η and
Tt may vary inside a sample over a narrow interval: the first parame-
ter (η) in a very systematic way and the second (Tt) almost not sys-
tematically at all. This supports the experimental result given above
(in particular, see Table II) that the degree of first orderness varies
within a sample but does not follow the local peak temperatures (Tt).

Furthermore and in contrast to η, Tt does not exhibit distinc-
tive symmetry with regard to heating and cooling. This is consis-
tent with the experimental results.

IV. DISCUSSION

The results show that the phase transitions occur at different
temperatures locally within the sample. This was already reported
in Ref. 12. Upon heating, we qualitatively reproduce the experimen-
tal results as reported in Ref. 3. In contrast to the interpretation of
Ref. 13, however, our combined modeling and experimental results
indicate that “distributed phase transitions” perhaps do not origi-
nate from impurity induced variation but may be an effect of the
sample composition, differences in shape, and composition of

material grains, which may result in marginal stoichiometry varia-
tions throughout the sample. We have shown that the peak temper-
atures move at different speeds as a function of applied field upon
cooling. This implies that not only does T0 vary locally but so does
η. This is supported by the BR model, where decoupled variation
of T0 and η showed exactly this. Our results have been controlled
by investigating another sample from the same material batch,
which showed qualitatively identical results.

It is of interest to consider to what degree T0 and η, which in
the experiment correspond to Tinit and the peak temperature slope,
are coupled. The answer is given in Table II, where the ascending
Tinit (T0) values do not lead to ascending slope (η) values. Hence,
the experiment reveals that η and T0 are not strongly coupled for
small variations.

V. CONCLUSION AND OUTLOOK

Through careful measurements of bulk
La(Fe11:47Si1:28Mn0:25)H1:65, we were able to consistently track heat
capacity peaks at several different applied magnetic fields. As a
function of field, we observed absolute and relative moving heat
capacity peaks around the sample’s transition temperature. In
detail, we recorded and tracked the movement of four (five) peaks
upon cooling (heating), respectively. At zero and low applied mag-
netic field, 0.02 T, the heat capacity peak pattern was domain domi-
nated, which made consistent peak identification impossible.

We showed that BR modeling was capable of reproducing the
relative peak moving behavior qualitatively and, to some degree,
quantitatively. We conclude that a higher T0 grain will, during an
identical change of applied magnetic field, not necessarily result in
faster moving peak temperatures compared to a lower T0 grain.
Indeed, both grains’ peaks shift with field toward higher temperatures
but do not show coupled relative movement. Hence, a grain can be
modeled by an individual value of η, which accordingly was shown
not to be a function of T0 for local variations.

Since T0 variation was already in the past associated with
inhomogeneity, in particular, with regard to the Mn content, now
the independent η variation requires physical interpretation.
Spatially distributed grains, as they are inherent in polycrystalline
samples, with different transition temperatures may be one possible
explanation. Further effects could include internal stresses in the
sample induced by varying properties, local field, and temperature.

FIG. 8. Model results showing the dif-
ference in slope of the peak positions
with respect to a peak arbitrarily
chosen in the middle of the peak
forest. (a) The slope difference as a
function of difference in η and (b) the
slope difference as a function of differ-
ence in Tt , both with respect to the
selected peak reference.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the complete peak forests at
different fields for heating and cooling at +0:1 and +0:05 K/min
ramp rates.
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