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Paramagnon heat capacity in (Ti,Zr,Hf)NiFexNiSn half-Heusler composites
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As a measure of the temperature response of the energy of matter, the heat capacity Cp is a fundamental
thermodynamic property. Its dependence on magnetic field, especially at low temperatures, yields insight into
the electronic, phononic, and magnetic states of condensed matter. Here, we present a set of paramagnetic and
ferromagnetic (Ti, Zr, Hf)NiFexSn half-Heusler composites that exhibit low-field (<3 T) maxima in Cp and
higher-field magnetic quenching of the heat capacity at temperatures below 10 K. Using rigorous statistical
analysis, we attribute the effect to the existence of paramagnons within the compounds. To explain the lowest-
temperature (<4 K), low-field declines in Cp, we derive a magnon model up to fourth order in dispersion.
While the combined paramagnon and magnon model matches the data well, the fit parameters are significantly
underdetermined. We provide a qualitative explanation of the secondary effect based on superconducting phases
within the composites. Overall, our work highlights the insight of field-dependent heat capacity studies at fixed
temperatures that cannot be as easily gleaned from the temperature-dependent heat capacity at fixed magnetic
fields.
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I. INTRODUCTION

The effect of an applied magnetic field H on ground-state
thermodynamic properties, including the magnetic suscepti-
bility χ , magnetization M, and heat capacity Cp, has been
critical in understanding the condensed-matter physics that
enables a wide range of technologies. Prime examples are
the magnetocaloric effect for magnetic refrigeration [1–3],
single-molecule magnetism for information storage [4,5], and
the spin Seebeck effect for spintronics [6,7]. Concerning mag-
netocalorics specifically, the magnetic contribution to the heat
capacity at temperature T , Cm(H, T ), is particularly impor-
tant in calculating the corresponding device figure of merit.
Cm(H, T ) is also intrinsically tied to the most fundamental
models of magnetism in condensed-matter physics, includ-
ing the classic Heisenberg model [8,9] and the more recent
Fermi liquid theory [10]. While studies of Cm(H, T ) as a
function of temperature are numerous, they often struggle
to disambiguate the types of magnetism present in material
systems and miss out on the unique response of Cm(H, T ) to
an applied magnetic field [11]. The rare heat capacity studies
that successfully incorporate magnetic fields can be insightful
[12–14], but frequently, the underlying physical mechanism is
unclear, and the effect is considered to be anomalous [15–20].

To thoroughly explore the dependence of the heat capacity
on magnetic field in a range of material systems, we selected
a paramagnetic half-Heusler (HH) composite and its mic-
tomagnetic counterparts (paramagnets with secondary phase
ferromagnetic TC ≈ 650 K) that we recently engineered for
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thermoelectric applications [21,22]. As a diamagnetic com-
parison, we also examine the magnetothermodynamics of
pure, elemental gold. At low temperatures (T = 2 to 10 K),
the experimentally measured Cp (heat capacity at constant
pressure) in the purely paramagnetic compound features a
maximum as a function magnetic field. The mictomagnetic
samples additionally display a high-field quenching of the
heat capacity. We are able to satisfactorily explain most of the
Cp(H ) behavior based on paramagnon contributions. How-
ever, the paramagnon model cannot account for the low-field
heat capacity of the mictomagnetic samples at temperatures
lower than 4 K. We therefore derive the magnon contribution
with quartic dispersion in field to model the ferromagnetic
component of Cp within the mictomagnetic samples. Despite
containing only one additional free parameter, the combined
paramagnon and magnon model overfits the experimental
data. Separate measurements of Cp down to 0.36 K support
the paramagnon analysis yet still demonstrate the pres-
ence of a separate low-temperature magnetic-field-dependent
heat capacity contribution. We qualitatively connect the dis-
tinct behavior to a magnetotransport effect witnessed in
our previous work [22], namely, the possibility of Sn-based
superconducting impurity phases. The Cp(H ) trend in the mic-
tomagnetic samples highlights the power of assessing the heat
capacity as a function of field at a given temperature compared
to the lower sensitivity Cp(T ) studies at a given field.

II. EXPERIMENTAL METHODS

Three polycrystalline composites of chemical formula
Ti0.25Zr0.25Hf0.50NiFexSn0.975Sb0.025 (TZHNSS), where x =
0, 0.05, and 0.10, were synthesized following the procedure
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in Ref. [21]. Several 10–20 mg pieces were taken from each
fully dense polished ingot in order to conduct the heat capacity
measurements. Throughout the text and figures, we commonly
refer to the HH samples individually as “HH#”, where #
is the atomic percentage of Fe included in the compound.
Specifically, HH0, HH5, and HH10 refer, respectively, to the
0, 5, and 10 at % Fe-added TZHNSS samples. Pure gold
wire of 99.9% purity was purchased from NETZSCH for a
diamagnetic comparison.

A Quantum Design physical property measurement system
(PPMS) Dynacool model equipped with a 14-T magnet was
used for all heat capacity measurements from 0.36 to 400 K.
Initial temperature-dependent measurements in zero magnetic
field were performed for all samples of the study upon cooling
to 2 K. For the 2 to 10 K temperature scans in magnetic field,
the chamber was initially set to 2 K to allow the sample holder
to stabilize temperature for 2 h. Then, the magnetic field was
ramped to a desired value before bringing the temperature to
10 K and waiting a few minutes for temperature stability. The
heat capacity was then measured in 1 K increments during
cooling, with the temperature stabilized before each measure-
ment. The process was repeated for magnetic fields of 0 to
14 T in fine increments. At each temperature and field, the
sample heater was turned on to collect the time-dependent
temperature response data T (t ). The 2τ modeling of T (t )
returned Cp values with less than 5% error. For the heat ca-
pacity measurement, a small dab of N grease was first placed
on the sapphire sample stage for an addendum measurement
without the sample. Once the addendum measurement was
complete, an approximately 10–20-mg thin, polished piece of
the individual samples was placed on the greased stage for
the sample measurement. The difference in Cp between the
sample measurement and the addendum yields the Cp of the
sample. The same procedure was utilized for the measurement
of Cp(H, T ) for HH10 down to 0.4 K, with 0.2 K increments
used for the in-field scans. The He-3 option of the PPMS,
which uses a specially designed sample holder to minimize
background noise, addenda values, and addenda field depen-
dence, was needed to achieve such low temperatures. Where
appropriate, we normalized Cp(H, T ) by the sample mass to
yield the specific heat.

III. RESULTS AND DISCUSSION

A. Microstructural properties

A detailed microstructural analysis of the TZHNSS sam-
ples can be found in Ref. [21]. We summarize the important
aspects here. The TZHNSS samples are composite materi-
als with regions of Ti-rich HH and (Zr, Hf)-rich HH, as
indicated by powder x-ray diffraction (PXRD) and scanning
electron microscopy. No impurity peaks were detected within
the resolution of the PXRD patterns. The chemical compo-
sitions and spatial extent of the individual phases are given
in Ref. [21]. Transmission electron microscopy unveiled Fe-
rich full-Heusler (FH) nanoparticles scattered among the two
distinct HH phases. The magnetic FH nanoparticles are of ap-
proximate composition TiNi4/3Fe2/3Sn, as per electron probe
microanalysis. In HH5, the nanoparticles are mainly isolated
and �10 nm in spatial extent. Larger conglomerations of the

Fe-rich phase (up to several hundreds of microns in diameter)
are present in HH10.

B. Heat capacity as a function of magnetic field

The magnetic field dependence of the heat capacity for the
four samples of the study are displayed in Fig. 1 at tempera-
tures of 2 to 5 K, where the largest-magnitude effects occur.
Unlike diamagnetic Au, which features essentially constant
Cp(H ), the HH samples exhibit starkly nonmonotonic trends
of the heat capacity as a function of magnetic field. Specif-
ically, HH0 and HH5 show pronounced peaks in the heat
capacities at several teslas, then significant declines in Cp at
higher magnetic fields. The maxima contract in magnitude as
the temperature is raised while also shifting to larger magnetic
field strength. For HH10, the lowest-temperature trends are
much different. Cp(H ) is fairly flat at 2 K until approximately
2 T, after which it drops precipitously by 50% at 14 T, a
Cp(H ) quenching equivalent to that of the HH5 sample at
2 K. Similar behavior is seen for HH10 at 3 K, but with a
smaller quenching of 35%. At 4 and 5 K, the Cp(H ) trends for
HH10 mimic those of the other two HH samples, displaying
a broad maximum at several teslas with an eventual decline.
We stress here that the temperature-dependent Cp at set fields
(see Fig. 4 below and Supplementary Material (SM) Fig. S1
[23]) obscure the trends with field in HH0 and show no signs
of the unique behavior in HH10, highlighting the sensitivity
of Cp(H ).

To explain the field dependence of Cp of the three HH
samples, we sought out intuitive models that could fit the
experimental data with reasonable confidence intervals. De-
tails for the two main models can be found in SM Secs. S1.1
and S1.2, while the fitting procedure and error analysis are
elaborated in Sec. S1.3. No modeling was performed for Au
since its maximum change in Cp(H ) of a mere 1.5% at 2 K
is within the addendum Cp(H ) limits [Fig. S5(a)]. Because
diamagnetic Au displayed no significant Cp(H ) effect and
paramagnetic phases are a common feature of the HH samples
(Refs. [21,22]), the role of paramagnetism in the magnetic-
field-dependent heat capacity was a natural first step in our
inquiry. Indeed, for HH0, the best-fit minimal model over the
whole temperature range is one of multilevel paramagnons
(the PM model, for short), which takes on the following
form:

Cp,para = −nI kBy2[(2J + 1)2csch2(2J + 1)y − csch2y]. (1)

In Eq. (1), nI is the concentration of paramagnetic ions,
each of total angular momentum J , and y = μBH/kBT is the
ratio of magnetic energy to thermal energy, containing the
Bohr magneton μB and Boltzmann constant kB [9]. We allow
for the possibility of small internal fields Hint,para within the
sample due to the presence of Ni in the compound and the
large amount of disorder that can create weak coupling of
neighboring spins [14,24,25]. Therefore, H = Hint,para + Hext,
with Hext being the magnetic field applied by the PPMS
during the experiment. We chose J = 1/2 for an electron
in an unfilled shell of a bonded atom with quenched orbital
momentum [26]. The fitted curves displayed in Fig. 1 capture
the structure of Cp(H ) with intuitively small internal fields,
Hint,para ≈ 1 T for HH0 and several teslas for the Fe-added
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FIG. 1. Magnetic-field-dependent heat capacity of the TZHNSS samples and Au. In (a)–(d), the best-fit curves (solid lines) are least-squares
solutions of the experimental data (scattered points) to the paramagnon (PM) model [Eq. (1)] at 2 to 5 K, respectively.

samples. Our statistical analyses in Figs. 2(a) and S3(a)–S3(c)
demonstrate reasonable overall confidence intervals for the fit
of the PM model to the Cp data of HH0.

The best-fit parameters of the PM model applied to the
specific heat of all of the composites are listed in Sec. S1.1,
Table S1. For HH0, the number of paramagnetic centers is
around 8.5 × 1017 per gram. Based on the molecular weight
of the compound (≈300 g/mol), there is approximately one
paramagnetic center of strength μB for every 2500 unit cells,
assuming a homogeneous spatial distribution. For HH5 and
HH10, nI increases by a factor of about 5, meaning that 1
in every 500 f.u. may contain a paramagnetic center. Be-
cause none of the constituent elements are at such a low
concentration, the Cp(H ) effect could stem from trace im-
purities introduced during the synthesis of the compounds.
An alternative explanation is that the phase separation native
to these composites naturally hosts unpaired electrons at the
grain boundaries, where defects are in abundance. According
to our calculation in the SM, Sec. S1.1, attributing all of the
paramagnetic centers to a boundary layer approximately 50
unit cells thick would correspond to a paramagnetic center
in every fifth unit cell. Such a configuration would maintain
the paramagnetic interaction and is consistent with our mi-
croscopy [21]. With the data presented here, we cannot discern
the paramagnon Cp as sourced solely by trace impurities or the
grain boundary defects. Assessing Cp(H ) in materials with
similar microstructures but different purity reagents in the
initial synthesis steps would be one way of understanding the
exact cause.

The PM model can capture the Cp(H ) behavior fairly well
in HH5 at temperatures above 2 K and in HH10 for tempera-
tures above 3 K. However, attempts to fit the Cp(H ) data with
the PM model at 2 K for the HH5 sample and at 2 and 3 K for
HH10 were not as successful as the fitting for HH0 (Figs. 2
and S3). The large confidence intervals of the corresponding
fits demonstrate the presence of a separate contribution to
Cp(H ). Considering that HH5 and HH10 contain ferromag-
netic regions in addition to their paramagnetic phases, we
believed that magnons could play a role in Cp(H ) at the lowest
temperatures. We therefore derived the magnon contribution
to the heat capacity Cp,ferro, as detailed in Sec. S1.2, with the
final expression being

Cp,ferro = V T
1
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In Eq. (2), V is the volume of the magnon phase, D is the
spin stiffness, g is the unitless Landé spectroscopic splitting
factor, and F ( j, tH ) are the Bose-Einstein integrals of order
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FIG. 2. Paramagnon modeling of the specific heat of the HH
composites at 2 K. The best-fit curves (solid black lines) to the
experimental data (scattered points) based on the paramagnon (PM)
model [Eq. (1)] at 2 K for (a) HH0, (b) HH5, and (c) HH10. The
shaded regions with color identical to the data markers are the 95%
confidence intervals (CIs).

j, defined as

F ( j, tH ) = 1

�( j)

∫ ∞

0

x j−1dx

exp
(
x + t−1

H

) − 1
, (3)

with tH = kBT/gμBH and � being the gamma function. Last,
the sum 5c1 + 3c2 repeated in Eq. (2) characterizes the quar-
tic dispersion terms of the magnons and is directly related
to lattice parameter [27]. The only variable not known, not
constant, nor experimentally controlled in Cp,ferro is D, so
the combined PM+M (paramagnons and magnons) model
contains a single additional free parameter. The best-fit curves
of the PM+M model in Fig. 3 match the experimental data
quite well. However, our statistical analysis found that the

FIG. 3. Magnon modeling of the heat capacity of the Fe-added
HH composites. The best-fit curves (solid lines) to the experimen-
tal data (scattered points) based on the combined paramagnon and
magnon (PM+M) model from 2 to 5 K for (a) HH5 and (b) HH10.

PM+M model overfits the data, as reflected in the 95%
confidence intervals of the magnon fit parameters that span
both positive and negative values surrounding the mean value.
Overall confidence intervals for the fits of the PM+M model
to Cp(H ) of HH5 and HH10 were not calculable. Therefore,
we cannot rigorously use the PM+M model to explain the
additional Cp(H ) behavior of HH5 and HH10 at 2 and 3 K.
Attempts to fit the data to a spin cluster model [28] as a way
of accounting for both the intercluster and intracluster inter-
actions of the magnetic secondary phases in HH5 and HH10
were equally unsuccessful. To entirely eliminate D as a free
parameter in the PM+M model, future work could utilize ei-
ther first-principles calculations or inelastic neutron scattering
experiments to assess the spin stiffness of the TiNi4/3Fe2/3Sn
phase. That way, the impact of Cp,ferro(H ) could be readily
determined without any fitting.

To further explore the unique trends of Cp(H ) in the Fe-
added samples at the lowest temperatures, we measured the
specific heat of HH10 down to 0.36 K using the He-3 option
of the PPMS. The results are shown in Fig. 4. Although no
evident peak as a function of temperature occurs in CpT −1

[Fig. 4(a)] at zero field, the application of a 1-T magnetic
field does create a maximum around 0.6 K. The peak shifts
to higher temperatures and broadens as larger magnetic fields
are applied. Such “Schottky peaks” are described by a generic
energy level splitting that can result from nuclear or electronic
magnetic moments [9,29,30]. The impact of nondegenerate
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FIG. 4. Specific heat data of HH10 at temperatures below ≈2.4 K. (a) Cp(H )T −1 against T 2 for HH10 at a number of magnetic fields. The
lines are guides to the experimental data points. (b) Normalized heat capacity as a function of magnetic field at several temperatures for HH10
with the best fits of the PM model [Eq. (1)]. Confidence intervals for the fits in (b) are displayed in Fig. S4.

N-level Schottky phenomena on the heat capacity is given by

Cp,Sch = nSchkB

[(
2yey

e2y − 1

)2

−
(

2NyeNy

e2Ny − 1

)2
]

= nSchkBy2
(
csch2y − N2csch2Ny

)
, (4)

which is exactly Eq. (1) with nSch = nI and N = 2J + 1.
Importantly, the presence of the so-called Schottky peak in
the temperature-dependent CpT −1 at the lowest temperatures,
and its equivalence with the paramagnon perspective, en-
sures that our analysis of the Cp(H ) in terms of the PM
model is a correct approach, even for HH5 and HH10 below
4 K.

We plot the normalized best fits to Cp(H ) of HH10 at
temperatures below 2 K in Fig. 4(b). The corresponding
confidence intervals are shown in Fig. S4, while the best-fit
parameters are listed in Table S1 of Sec. S1.1. The reemer-
gence of a sharp maximum in the heat capacity as a function
of magnetic field at the lowest temperatures is further support
that the PM model is appropriate for analyzing Cp(H ) since
the peak amplitude grows with decreasing temperature. How-
ever, the poor fits and large confidence intervals confirm that
a separate effect is impacting Cp(H ), as we already expected
from the 2 and 3 K data. The unique trend of Cp(H ) in HH10
at low fields and temperatures is not noticed in the temperature
dependence of Cp at set fields (Figs. 4 and S1), highlighting
the importance of the field-dependent measurement.

In our previous work [22], we identified a magnetotrans-
port effect in the samples at the lowest temperatures (<4 K)
that we attributed to weak antilocalization (WAL). The low-
ered electrical resistivity required fields of ≈1 T at 2 K to
return to the normal electronic state, which we argued ruled
out the presence of superconducting Sn-based impurity phases
that would have superconducting critical temperatures near
TC,Sn ≈ 3.7 K. Looking at the drop in Cp(H ) for HH10 at
2 K, we see that it coincidentally stops at around 1 T, after
which the expected rise and fall of the PM model kicks in. Fur-
thermore, the inexplicable Cp(H ) trend at low fields in HH5
and HH10 occurs only below 4 K, exactly like the magneto-

transport effect. The WAL state heat capacity manifests itself
as either a field-dependent electronic contribution, γ (H )T ,
or a Schottky-like form [31–33]. In Sec. S1, Fig. S2(a), we
demonstrate that γ is mainly independent of magnetic field for
all of the samples. Further, the presence of another Schottky-
like term, in addition to the paramagnon contribution, would
magnify the Cp(H ) enhancement with field upon decreasing
the temperature from 2 K, contrary to the decline in Cp(H ) at
low fields and temperatures [Fig. 4(b)].

Elemental superconductors can exhibit enhanced critical
fields when their spatial extent is reduced to the nanoscale.
For example, indium nanoparticles of diameter <50 nm ex-
hibit critical fields up to ≈10 T [34], and similarly sized
tin nanowires require fields of ≈2 T to return to the normal
resistive state at 2 K [35]. In general, cooling through the
superconducting transition results in an increased state of heat
capacity. Applying magnetic fields in the superconducting
state constantly diminishes Cp(H ) until it reaches the normal
state for T � TC [35–37]. Such a decline could account for
the low-field behavior of the heat capacity of HH5 and HH10
at temperatures lower than 4 K, where potential Sn-based
impurity phases would be superconducting. The simultaneous
enhancement of Cp(H ) by the paramagnons is offset by the
reduction of the superconducting state heat capacity as the
magnetic field is applied, resulting in the overall flat low-field
trends exemplified by HH10. Although we did not detect any
Sn-based impurity phases in the microscopy of the samples
[21], it is possible that such nanoscale features could go
unnoticed in small concentrations. Because the introduction
of Fe adds chemical disorder to the compound and increases
the phase separation, Sn-based impurity phases could become
more energetically favorable as the alloy demixes. We believe
the greater likelihood of Sn-based superconducting impurity
phases in HH5 and HH10 could therefore qualitatively explain
the unique Cp(H ) behavior seen below 4 K.

IV. CONCLUSION

In this paper, we have shown that the magnetic-field-
dependent heat capacity Cp(H, T ) at low temperatures
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(2 to 10 K) is highly sensitive to the presence of para-
magnetic centers in a number of magnetically different
materials. High-purity, diamagnetic gold displays a mainly
constant heat capacity with applied magnetic field, whereas
Ti0.25Zr0.25Hf0.50NiSn0.975Sb0.025, a highly disordered param-
agnetic composite, exhibits a �20% enhancement in Cp(H )
at 2 K under an applied field of 3 T. The peak is gradually
suppressed with increasing temperature, essentially vanish-
ing above 6 K. We rigorously showed that a two-level
paramagnon contribution to the heat capacity can capture
the field-dependent behavior. With added iron, the micto-
magnetic Ti0.25Zr0.25Hf0.50NiFexSn0.975Sb0.025 (x = 0.05 and
0.10) samples possess tendencies similar to those of the
paramagnetic half-Heusler above 3 K. However, at lower
temperatures, the confidence intervals of the paramagnon
model fits to the experimental data become quite large for the
mictomagnetic samples, suggesting a separate magnetic-field-
dependent contribution to Cp(H, T ). The intuitive magnon
model that we derived to explain the additional effect in
the partially ferromagnetic samples can mimic the heat ca-
pacity trend with one additional free parameter. However,
the confidence intervals on the fit parameters indicate that
the combined paramagnon+magnon model overfits the data.
Separate measurements of the heat capacity of the x = 0.10

sample down to 0.36 K confirm our paramagnon analysis
and the remaining low-field decline in Cp(H ) between 1 and
3 K. We qualitatively link the additional effect to a magneto-
transport phenomenon we observed in a previous study, likely
stemming from superconducting Sn-based impurity phases
that could be present in the composites. Our work illuminates
the advantage of studying the magnetic field dependence of
Cp at set temperatures, compared to temperature-dependent
studies at set fields, in order to witness the totality of under-
lying physical phenomena. It would be interesting to further
link the analysis here with magnetization and inelastic neutron
scattering studies to probe strong paramagnetic systems and
ideal ferromagnets.
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