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Room-temperature magnetic thermal switching by suppressing phonon-magnon scattering
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Thermal switching materials, whose thermal conductivity can be controlled externally, show great potential
in contemporary thermal management. The manipulation of thermal transport properties through magnetic fields
has been accomplished in materials that exhibit a high magnetoresistance. However, it is generally understood
that the lattice thermal conductivity attributed to phonons is not significantly impacted by the magnetic fields.
In this study, we experimentally demonstrate the significant impact of phonon-magnon scattering on the thermal
conductivity of the rare-earth metal gadolinium near room temperature, which can be controlled by a magnetic
field to realize thermal switching. Using first-principles lattice dynamics and spin-lattice dynamics simulations,
we attribute the observed change in phononic thermal conductivity to field-suppressed phonon-magnon scat-
tering. This research suggests that phonon-magnon scattering in ferromagnetic materials is crucial to determine
their thermal conductivity, opening the door to innovative magnetic-field-controlled thermal switching materials.

DOLI: 10.1103/PhysRevB.109.184411

I. INTRODUCTION

Solid-state thermal switches with a tunable thermal con-
ductivity have gained substantial attention in recent years
due to their potential for addressing pressing challenges of
thermal management in modern technologies [1]. Differing
from traditional static thermal components, which typically
are either thermally conductive or insulating, thermal switches
offer a dynamic response to external stimuli, enabling tran-
sitions between thermally conductive and insulating states.
Realizing this inherent capacity of thermal switching not only
contributes to our fundamental understanding of heat carrier
interactions in condensed matter systems, but also opens up
technological avenues towards externally controllable heat
flow. Such control is invaluable in a range of applications,
from adiabatic demagnetization refrigeration (ADR) [2,3] to
thermal management of electronic and energy systems [4] and
thermoelectric power generation [5]. Several approaches have
been explored to achieve solid-state thermal switching with
various mechanisms, leveraging different types of external
stimuli, including manipulating phonon transport properties
[6-9] or interfacial chemical bonding and charge distribution
[10] using an external electric field, utilizing large magne-
toresistance of electrons under a magnetic field [11], phase
transitions induced electrochemically [12], thermally [13,14]
or by light [15], electrochemical intercalation [16,17], and ma-
nipulation of the displacement amplitude of atomic vibrations
via hydration [18]. The underlying physics of these switching
mechanisms can vary significantly, and the discovery of new
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switching mechanisms can both inspire novel forms of stimuli
and guide the search for new thermal switching materials.
While previous thermal switch designs have relied mainly
on electric fields and electrochemical processes, magnetic-
field-driven thermal switching mechanisms remain less ex-
plored. The noncontact nature of magnetic fields can be
advantageous for certain applications. Moreover, magnetic
thermal switches can be particularly desirable in applications
where large magnetic fields are already present, such as in
ADR devices. In magnetic materials, heat conduction is deter-
mined by the transport and interaction processes of electrons,
phonons, and magnons. Existing thermal switching studies
have focused on the impact of a magnetic field on electron
transport, namely, magnetoresistance, essentially arising from
the alteration of electron trajectories in the presence of the ex-
ternal magnetic field. Since electrons also carry heat, materials
exhibiting high magnetoresistance can achieve a substantial
thermal switching ratio when an external magnetic field is ap-
plied [19]. In comparison, the impact of an external magnetic
field on the phononic transport properties is not as direct. Jin
et al. showed that a diamagnetic force induced by lattice vibra-
tions can lead to small magnetic-field-dependent changes in
the phononic thermal conductivity of nonmagnetic materials
at cryogenic temperatures [20]. Recent computational studies
have suggested that an external field can exert an indirect
influence on phonons through phonon-magnon coupling [21].
In magnetic materials, a collective excitation in the spin struc-
ture, known as a magnon, can contribute to heat conduction at
cryogenic temperatures in magnetic materials [20,22-24]. Al-
though, at room temperature, magnons contribute minimally
to the overall thermal conductivity due to their short mean
free path and small heat capacity [25], they can effectively
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scatter electrons and phonons and thereby indirectly modulate
thermal conductivity. Previous research has investigated the
phonon-magnon interaction at cryogenic temperatures, where
its impact on thermal conductivity is appreciable [26,27].
In particular, previous measurements in magnetic insulators
have demonstrated that suppressing the critical magnetic fluc-
tuations with an external magnetic field near the magnetic
phase transition temperature can lead to significant changes
in the thermal conductivity [28-32]. The physical origin
of this phenomena has been attributed to reduced phonon-
magnon scattering. However, these explorations have been
limited to cryogenic temperatures below 20 K and the possi-
bility of realizing solid-state thermal switching via controlling
phonon-magnon interaction has not been examined near room
temperature. In addition, the existing classic theory describing
the impact of phonon-magnon interaction on thermal con-
ductivity near magnetic phase transitions by Kawasaki [33]
is phenomenological, lacking the precision to unveil micro-
scopic details of this effect. In this work, we aim to study
magnetic-field-dependent thermal transport in materials with
strong spin-lattice interactions, which could result in suffi-
ciently strong phonon-magnon scatterings to realize a thermal
switching effect near room temperature. In the meantime,
we hope to target materials with simple chemical composi-
tions and structures such that we could apply state-of-the-art
simulation techniques to understand their phonon-magnon
interactions in detail [34].

For these purposes, a suitable candidate material is ele-
mental gadolinium (Gd), a rare-earth metal known to possess
strong spin-lattice coupling [34]. The thermal conductivity of
Gd has been a subject of investigation since 1964, when Arajs
et al. measured the thermal and electric conductivity of Gd
without an external magnetic field. Their study highlighted
the pivotal role of the magnetic transition in Gd’s thermal
transport [35]. Further work by Jacobsson et al. concluded
that magnons contribute to heat conduction in Gd below its
Curie temperature (7, = 293 K) and that the lattice thermal
conductivity strongly depends on pressure [25]. In a study
conducted by Glorieux et al., the thermal conductivity of Gd
was measured under a modest external magnetic field (60 mT)
using a photoacoustic method and was shown to change with
the field strength, especially near 7,. The authors suggested
that the observed changes in thermal conductivity with the ap-
plied field could be attributed to two main factors: an increase
in the effective mass of conduction electrons caused by local-
ized spins, and alterations in the density of states at the Fermi
surface due to the indirect Ruderman-Kittel-Kasuya-Yosida
(RKKY) exchange interaction, which is particularly signifi-
cant in rare-earth materials [36,37]. However, an important
aspect that was overlooked in their study was the influence
of the magnetic field on phononic thermal conductivity by
modifying spin-lattice coupling.

Here, we employed a customized steady-state measure-
ment system to measure thermal and electrical conductivity
of a single-crystal Gd sample at varying temperatures under
an external magnetic field up to 9 T, in order to clarify the true
origin of its magnetic-field-dependent thermal conductivity.
We found that the thermal conductivity of Gd increases with
the magnetic field strength, specifically in the vicinity of T,
while the change decreases at temperatures away from 7.

By isolating the electronic and phononic contributions to the
thermal conductivity, we found that the phononic contribution
plays a crucial role in the observed increase in the total ther-
mal conductivity. This conclusion was further corroborated by
first-principles spin-lattice dynamics (SLD) simulation, which
showed that phonon-magnon scatterings play an important
role in thermal transport in Gd even at room temperature. The
external magnetic field reduces the magnon population and
suppresses phonon-magnon scattering, leading to the increase
in the thermal conductivity. Our findings provide important
fundamental insights into magnetic-field-dependent thermal
transport in magnetic materials and suggest that controlling
phonon-magnon scattering through an external magnetic field
in materials with a strong spin-lattice coupling can be a
promising mechanism for solid-state thermal switching. Be-
cause materials with strong spin-lattice coupling often show
a prominent magnetocaloric effect [34], our study suggests
that further exploration of known magnetocaloric materi-
als may lead to promising candidates for thermal switching
applications.

II. EXPERIMENTAL METHODS

Single-crystal gadolinium (Gd) samples with 99.99% pu-
rity were obtained from Princeton Scientific. These samples
were shaped into bars of dimensions 5 x 1 x 1 mm?. Thermal
conductivity measurements were carried out using a steady-
state method in a high-vacuum (10~ Torr) environment
within the Quantum Design Physical Property Measurement
System (PPMS) sample chamber. A resistive heater (Omega
Engineering, 120 Q2 strain gauge) attached to a copper plate
functioned as the heat source. A copper plate positioned on
an Al,O3 plate was affixed to a PPMS puck, acting as both
a heat sink and the sample stage. Type T thermocouples,
composed of 25-um-diameter copper-constantan wires, were
custom made and used as thermometers. Silver epoxy was
employed to establish all contacts. Measurements were per-
formed at distinct temperatures ranging from 150 to 340 K
and discrete magnetic fields between —9 and 9 T. A waiting
period of at least 30 minutes was allowed for each temperature
and 10 minutes for each magnetic field to achieve thermal
equilibrium before conducting the measurements. Electrical
measurements were conducted on the same sample using the
same setup, with the copper plates in the heat source and the
heat sink functioning as current spreaders.

III. COMPUTATIONAL METHODS

A. Spin-lattice dynamics simulations

The spin-lattice dynamics (SLD) were executed utilizing
the recently integrated SPIN package within the LAMMPS soft-
ware framework [38]. Exchange coupling parameters were
derived utilizing the SPR-KKR package [39,40], establishing
a cluster of hep Gd crystals with a radius of 3.5 A. These
parameters were subsequently incorporated into our SLD sim-
ulations. Detailed computational parameters are outlined in
our prior publication [34].
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The thermal conductivity was computed utilizing a 10 x
10 x 10 supercell employing the Green-Kubo formula,

1 oo

= gy |, U0 O, M)
where k.4 denotes a specific component of the thermal con-
ductivity tensor. Here, kg represents the Boltzmann constant,
and T and V correspond to the temperature and volume of
the system, respectively. Furthermore, J, signifies the heat
current component along the o Cartesian direction (x, y, or z).
The angle brackets denote an ensemble average, equivalent to
the time average in molecular dynamics (MD) simulations.
The heat current J(¢) is defined as
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where 7;(¢) represents the time-dependent coordinate of atom
i, and ¢;(¢) signifies the site energy.

Phonon lifetimes can be quantified through the analysis of
the phonon spectral energy density (SED) using the atomic
trajectory data in the SLD simulation [41]. The calculation of
the phonon SED involves a Fourier transformation in spatial
dimensions applied to the power spectral density of atoms
[41,42], as expressed by the equation

T0
/ > ttg (. bit)
0

Ny.yz

Vg s Y m

ae{x,y,z}

2

x explig - R(ny ;) — iwt]dt 3)

Here, n, , . denotes distinct unit cells within the material, and
R(n,, ) represents the displacement vector from the refer-
enced basis unit cell to unit cell n, .. The function ¥ (g, w)
can be analyzed by fitting it using a linear combination of
Lorentzian functions. The peaks within this fitted function
correspond to the frequencies associated with phonons. This
formulation provides a detailed representation of how the
energy of phonons is distributed across different wave vectors
¢ and frequencies w. The summation over « accounts for the
three spatial dimensions (x, y, z), while i, (ny ., b; ) denotes
the time derivative of atomic displacements along the direc-
tion « in the unit cell indexed by n, , . at time 7.

B. First-principles lattice dynamics

In our study, we also utilized a first-principles lattice
dynamics (LD) approach for determining the phonon prop-
erties of Gd assuming its ferromagnetic ground state and
that the fluctuation of the magnetic moments is ignored.
This approach does not capture phonon-magnon scattering,
in contrast to the SLD approach, and thus overestimates the
phononic thermal conductivity. The first-principles calcula-
tions were conducted using the Vienna Ab initio Simulation
Package (VASP) [43,44], with the projector augmented wave
(PAW) potentials [45]. The valence electron configuration
for Gd consists of 55?5p%4f75d'6s> orbitals. We employed
a plane-wave basis set at a kinetic energy cutoff of 400 eV,
and applied Gaussian smearing with a width of 0.02 eV for

the electronic states. For the Brillouin zone integration of
the unit cell, a dense Monkhorst-Pack [46] k-point mesh of
18 x 18 x 9 was used to ensure convergence. The conver-
gence thresholds were stringently set to 1 x 1078 eV for the
total energy and 0.01 eV /A for the Hellmann-Feynman forces
on each atom. The calculations incorporated the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [47].
Furthermore, the on-site Coulomb interaction U for the Gd
4 f orbitals was treated using the spherically averaged density
functional theory (DFT)+U approach [48], where the Hamil-
tonian is solely dependent on the effective Coulomb repulsion
U, which was set to 6 eV. With this setup, Gd exhibits a
ferromagnetic ground state, and its spin moment is 7.4 up per
Gd atom, reflecting a high spin state with a half-filled 4 f shell.

The calculations of Gd phonon properties were carried
out using PHONOPY [49], based on the Hellmann-Feynman
forces [50]. The interatomic force constants (IFCs) for these
calculations were obtained from VASP. We utilized 64-atom
supercells with dimensions of 4 x 4 x 2 from the primitive
cell and a I'-centered 3 x 3 x 3 k-mesh grid for finite-
displacement calculations, applying the atomic displacement
amplitude of 0.01 A. For the calculation of the phononic
thermal conductivity k,n, we solved the phonon Boltz-
mann transport equation iteratively using SHENGBTE, which
included the isotopic effect [51]. The thermal conductiv-
ity calculation needs the third-order IFCs, and the details
were kept consistent with the second-order calculations. In
addition, the generation of third-order IFCs involves four
neighboring atoms and 84 finite-displacement jobs, equivalent
to a 5.8403 A radius cutoff. A 20 x 20 x 20 mesh is employed
for the phonon q-grid sampling. The convergence test for a
denser q-mesh grid shows less than 0.05 Wm~! K~! variation
in thermal conductivity.

For the calculation of the Lorenz number, we utilized
the linearized Boltzmann transport equation with BOLTZTRAP
[52,53]. This method invokes the constant relaxation time
approximation (CRTA) in the collision term of the equation.
The calculation began with the PBE + U electronic band
structure obtained from a I'-centered 50 x 50 x 25 k grid.
Further refinement was achieved by Fourier interpolating the
Fermi surface on a denser I'-centered 97 x 97 x 53 k grid.

IV. RESULTS AND DISCUSSIONS

The thermal conductivity of single-crystalline Gd was
measured using a customized steady-state method setup, as
shown in Fig. 1(a), with further details provided in Sec. II.
The magnetic field is applied along the hexagonal ¢ axis.
The thermal conductivity and the electrical resistivity are
also measured along the ¢ axis. As shown in Fig. 1(b), the
temperature-dependent thermal conductivity in the absence of
an applied magnetic field exhibits a trend that is consistent
with previously reported data [25]. Specifically, the thermal
conductivity decreases from 15.8 W/mK at 100 K to ap-
proximately 10.8 W/m K around its Curie temperature 7, of
293 K, a reduction attributable to increased phonon-phonon
scattering. Notably, the observed increase in thermal conduc-
tivity above T, deviates from the typical behavior expected
in crystalline solids, suggesting unusual behaviors of the
microscopic heat carriers.
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FIG. 1. (a) The schematic of the experimental setup. (b) Measured thermal conductivity of single-crystalline Gd as a function of
temperature without an external field. The inset shows the data near the Curie temperature. The thermal conductivity shows a minima around its
Curie temperature (293 K). (c) Measured thermal conductivity of single-crystalline Gd as a function of the external magnetic field at different
temperatures. The external magnetic field increases the thermal conductivity near the Curie temperature. (d) The switching ratio of the thermal
conductivity of Gd under a 9 T magnetic field. Error bars represent random uncertainties from three repeated measurements. More discussion
of the random and systematic errors in our measurements is provided in Appendix A.

Magnetic-field-dependent thermal conductivity measure-
ments were conducted at various temperatures, both near
(280, 293, and 300 K) and significantly distant from (150, 200,
250, 320, and 340 K) the Curie temperature, with magnetic
field strengths of up to 9 T, as illustrated in Fig. 1(c). Near
T., the thermal conductivity increases with the strength of
the external magnetic field, rising from 10.75 W/m K with
zero field to 11.6 W/mK under a 9 T magnetic field. This
field dependence decreases at temperatures away from 7, and
diminishes at 150 K. Consequently, as illustrated in Fig. 1(d),
the thermal conductivity switching ratio attains a maximum of
1.09 at the Curie temperature.

Thermal transport in metallic Gd can be mediated by
electrons, phonons, and magnons. Since the population of
magnons is suppressed by the magnetic field [54], the
magnonic thermal conductivity is expected to decrease with
the field, contrary to our observation. Furthermore, previous
studies have suggested that the contribution of magnons in Gd
at room temperature is negligible [25]. Therefore, we focus
on analyzing the field dependence of electronic and phononic
thermal conductivity.

To estimate the electronic contribution to the thermal con-
ductivity, the magnetoresistance of the same Gd sample was
measured. The electrical resistance of the sample as a func-
tion of temperature without an external field is provided in
Fig. 2(a), showing a typical metallic behavior and good agree-

ment with the literature [55]. As depicted in Fig. 2(b), the
sample exhibits a linear negative magnetoresistance, a result
of suppressed spin-electron scattering as the local magnetic
moments are aligned by the applied external magnetic field,
in agreement with previous reports [56,57]. In particular, we
found that the magnetoresistance is higher at lower temper-
ature compared to that near the Curie temperature, a similar
trend reported previously along the ¢ axis [56]. This behavior
is in contrast to the observed magnetic field dependence of the
thermal conductivity, which is maximized near the Curie tem-
perature. Based on the Wiedemann-Franz law, which remains
applicable in a magnetic field [58], the electronic thermal
conductivity can be calculated from the magnetoresistance
results. Using the electronic band structure of Gd calculated
from first-principles with the density functional theory (DFT),
the Lorenz number in Gd is calculated to be very close to
the classical value of 2.44 x 1078 V2 K~2 in the temperature
range of our experiment (see Fig. 4 in the Appendix). Al-
though our DFT calculation assumes a ferromagnetic ground
state and does not capture the effect of spin fluctuations at fi-
nite temperatures on the Lorenz number, we do not expect the
Lorenz number in Gd to significantly deviate from the classi-
cal value, a scenario that typically occurs in low-dimensional
conductors [59] and strongly correlated electronic systems
[60,61]. The calculated electronic thermal conductivity based
on this Lorenz number is shown in Fig. 2(c). The phononic
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FIG. 2. (a) Measured electrical resistivity of the single-crystal Gd as a function of temperature without a magnetic field. The resistivity
shows a general metal trend consistent with previously reported data. (b) The measured electrical resistance of single-crystalline Gd as a
function of an external magnetic field at different temperatures. A negative magnetoresistance is measured at all temperatures. A small up-turn
of the resistance at 293 K and 7 T is within the uncertainty of the measurement. (c) The electronic thermal conductivity of Gd as a function
of an external magnetic field at different temperatures. The electronic thermal conductivity is calculated by applying the Wiedemann-Franz
law to the electrical resistivity data. (d) The phononic contribution to the thermal conductivity of single-crystalline Gd as a function of an
external magnetic field at different temperatures. The phononic contribution is estimated by subtracting the electronic contribution from the

total thermal conductivity using the Wiedemann-Franz law.

thermal conductivity can then be isolated by subtracting the
electronic contribution from the total thermal conductivity.
The result is depicted in Fig. 2(d). Similar to the total ther-
mal conductivity, the magnetic-field-induced change in the
phononic thermal conductivity peaks near the Curie tempera-
ture 7. This result is in sharp contrast to the work by Glorieux
et al. [36], where the field dependence was fully attributed to
the electronic contribution.

Typically, phonons are not expected to directly interact
with external magnetic fields due to their nonmagnetic nature.
However, it has been proposed that phonons can indirectly
respond to such fields through spin-lattice coupling, affect-
ing either phonon-phonon [20] or phonon-magnon scatterings
[62,63]. Given prior simulations that show only slight varia-
tions in the phonon-dispersion relation in Gd under magnetic
fields [34], we hypothesize that the marked field dependence
of the phononic thermal conductivity is mainly attributable to
the reduction in phonon-magnon scattering instead of changes
in the phonon group velocity, phononic heat capacity, or
phonon-phonon scattering. Below the Curie temperature T,
the thermal fluctuations of the local magnetic moments are
suppressed by the external magnetic field because the mo-
ments tend to align with the field. Equivalently, the magnon
population is reduced by the external magnetic field. This can
be seen from the equilibrium Bose-Einstein distribution that

the magnons obey [54]:

1

() 1

fo(w) = )
ex

where o is the magnon frequency, g is the Landé g factor,
up is the Bohr magneton, B is the external magnetic field,
kp is the Boltzmann constant, and 7 is the temperature. This
effect is also reflected in the quenching of the heat capacity by
the applied magnetic field, i.e., the magnetocaloric effect [64].
Thus, the reduction of the magnon population due to an exter-
nal magnetic field leads to reduced scattering of heat-carrying
phonons by magnons, giving rise to an increased phononic
thermal conductivity with an applied field. In particular, this
effect is maximized near the Curie temperature 7., where the
thermal fluctuations and the exchange interactions of the spins
approximately balance each other. As a result, the application
of a magnetic field near 7, produces the largest change in the
magnetization and, thus, the magnon population [65].

To verify our hypothesis and elucidate the mechanisms
underlying the modulation of phononic thermal conductiv-
ity, we have employed first-principles lattice dynamics (LD)
and spin-lattice dynamics (SLD) simulations to quantitatively
explain our experimental results. Details of the calculations
are summarized in Sec. III. Briefly, in the LD approach [66],
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FIG. 3. (a) Comparison of the experimentally measured phononic thermal conductivity of single-crystalline Gd without an external
magnetic field (kp,_EXP) to the results from first-principles lattice dynamics (kp,_LD) and spin-lattice dynamics (kp,_SLD) simulations.
(b) Comparison of the experimentally measured magnetic field dependence of the phononic thermal conductivity in single-crystalline Gd
to the spin-lattice dynamics simulation results at different temperatures. The 7, simulated from SLD is 300 K, while the 7, obtained from
experiments is 293 K. (c) The phonon spectral energy density (SED) evaluated at q = [0.25, 0, 0] from the SLD simulation as a function of an
external magnetic field. The two lowest peaks, corresponding to the TA and LA acoustic modes, are fitted to a Lorentzian function to extract
their linewidths. (d) The extracted peak linewidth of the TA and LA modes in single-crystalline Gd from the SLD simulation as a function of
an external magnetic field up to 9 T. The observed narrowing of the SED peak linewidth in the presence of an external magnetic field suggests

suppression of phonon scattering by the field.

the interatomic force constants (IFCs) are calculated at 0 K
using DFT for the ferromagnetic ground state of Gd. These
IFCs are used to compute the phonon-dispersion relation and
phonon-phonon scattering rates at finite temperatures, from
which the phononic thermal conductivity can be calculated.
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FIG. 4. Calculated Lorenz number in Gd at different tempera-
tures using DFT within the constant relaxation time approximation.

The black dashed horizontal line indicates the reference value of the
Lorenz number, 2.44 x 1078 V2K~2 .

Within this approach, the spin degree of freedom is frozen and
the phonon-magnon scattering is not captured. The calculated
phononic thermal conductivity based on the LD simulation
up to the Curie temperature is shown in Fig. 3(a). As ex-
pected, the LD simulation provides a theoretical maximum
value that is significantly higher than our experimental result,
indicating the potentially important role of phonon-magnon
scattering. In contrast, in the SLD simulation, both the spin
and the lattice degrees of freedom are allowed to fluctuate
at a given temperature, with the spin exchange coefficients
and interatomic potentials obtained from first-principles using
DFT. With the SLD approach, the phonon-magnon scattering
is fully captured by taking into account the dependence of the
spin exchange interaction on the interatomic distance [34,67].
As shown in Fig. 3(a), when incorporating phonon-magnon
interactions through the SLD simulation, the calculated «
aligns more closely with the experimental data below the
Curie temperature. The small discrepancy between SLD and
the experimental results might be due to defect scatterings
in the sample. The difference between the LD and SLD
results indicates the contribution of phonon-magnon scatter-
ing in the determination of the thermal conductivity of Gd.
Notably, the SLD simulation predicts an almost temperature-
independent phononic thermal conductivity above the Curie
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temperature, likely due to the balance between the phonon-
phonon and phonon-magnon scatterings. This result suggests
that phonon-magnon interaction cannot explain the increase
in thermal conductivity with temperature in Gd above T
shown in Fig. 1(b), which may have an electronic origin
[55]. Nevertheless, the SLD simulation successfully and effec-
tively replicates the experimental field dependence observed
in the phononic thermal conductivity below T, as shown in
Fig. 3(b). In particular, the maximum switching effect near
T. is captured in the SLD simulation. To obtain a micro-
scopic understanding of the field-suppressed phonon-magnon
scattering, we calculated the peak linewidth of the phonon
spectral energy density (SED) at 7, under different external
magnetic fields from the trajectories of the ionic motion in
the SLD simulation [42]. The peak linewidth is inversely
proportional to the lifetime of the corresponding phonon
modes, including contributions from both phonon-phonon and
phonon-magnon scatterings. As shown in Figs. 3(c) and 3(d),
the peak linewidths associated with the transverse acoustic
(TA) and the longitudinal acoustic (LA) phonon modes de-
crease monotonically with the applied external magnetic field.
This result provides direct evidence that the total phonon
scattering rates are reduced as a result of the applied magnetic
field, leading to increased phononic thermal conductivity.

V. CONCLUSION

In summary, we utilized a customized steady-state mea-
surement system to investigate the thermal and electrical
magnetoconductivity properties of single-crystalline Gd at
various temperatures. Our findings reveal a notable increase in
the phononic thermal conductivity with an external magnetic
field, a phenomenon particularly pronounced near the Curie
temperature. To explore the origin of this field dependence,
we implemented first-principles LD and SLD simulations.
These simulations pointed to the suppression of phonon-
magnon scattering as the primary factor contributing to the
observed increase in the phononic thermal conductivity. Our
study paves the way for the development of innovative thermal
switching materials driven by an external magnetic field, es-
pecially those exhibiting strong spin-lattice interactions such
as magnetocaloric materials with first-order magnetic phase
transitions [68], opening new possibilities in the field of
material science and thermal engineering.
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APPENDIX A: ESTIMATING ERRORS IN THERMAL
CONDUCTIVITY MEASUREMENT

The measured thermal conductivity was calculated by

= (IV_Qrad_th)XL
A x AT

where [ is the current supplied to the heater, V is the measured
voltage across the heater, and Qr,q and Q. represent the heat
loss due to radiation and conduction through the thermocou-
ples, respectively. A represents the cross-section area of the
sample. The L and AT are the length and temperature differ-
ence between the two thermocouples, respectively. Given that
direct measurement of the heat flux is unfeasible, we estimate
the net heat conducted through the sample by calculating the
power (IV) dissipated in the heater resistor and subtracting
the losses attributed to radiation and thermal conduction down
the thermocouples. The quantities Q;,q and Q. represent the
heat loss due to radiation and conduction through the thermo-
couples, respectively. The radiation heat loss was estimated by

; (AD)

Ord = 01 X (5/2) x & x (T, — T\,

where or =5.67 x 1078 Wm2K™* is the Stefan-
Boltzmann constant, ¢ is the infrared emissivity of the
radiating surface S is the total sample surface area, and T /cold
are the temperature at the hot side and cold side. The total
heat losses were calculated to be less than 3%. The primary
sources of error in thermal conductivity measurements include
sample geometry uncertainty, which is on the order of 10%.
It is worth noting that even though the absolute uncertainty
is near 10%, the relative error in measuring the change in the
thermal conductivity due to magnetic fields is much smaller
for the same sample. Additionally, since all data are acquired
from the same sample, the systematic error 10% should be
considered as an offset rather than the error bar. Thus, we
used the standard deviation from three measurements, which
represents the random error, as the basis for the error bars in
the figures presented in our manuscript.

(A2)

APPENDIX B: COMPUTATIONAL ESTIMATION
OF THE LORENZ NUMBER IN Gd

The Lorenz number in Gd in its ferromagnetic state is
estimated using the exact electronic structure of Gd calculated
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by DFT (as detailed in the main text). The calculated result as
a function of temperature and Fermi level position is shown in

Fig. 4 and is very close to the classical value. It is noted that
the spin fluctuation effect is not captured in this calculation.
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