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ABSTRACT: Materials able to rapidly switch between thermally

conductive states by external stimuli such as electric or magnetic 81 vtal 2

fields can be used as all-solid-state thermal switches and enable a 71100] *

myriad of applications in heat management, power generation, and Y "

cooling. Here, we show that the large magnetoresistance which Ic; ;] .

occurs in highly conducting semimetal a-WSi, single crystals leads = xtal 1 .

to dramatically large changes in thermal conductivity at temper- - 41 [001] .,

atures <100 K. At temperatures <20 K, where electron—phonon % 31 xtal 1 'e, .
scattering is minimized, the thermal conductivity switching ratio 211100] .
between zero field and a 9 T applied field can be >7. We extract 1 uLETE
the electronic and lattice components of the thermal conductivity 1 10 100

and show that the Lorenz number for this material approximates T(K)

the theoretical value of L,. From the heat capacity and thermal

diffusivity, the speed of thermal conductivity switching is estimated to range from 1 X 10™*s at S K to 0.2 s at 100 K for a S mm long
sample. This work shows that WSi,, a highly conducting multicarrier semimetal, is a promising thermal switch component for low-

temperature applications such as cyclical adiabatic demagnetization cooling, a technology that could replace *He-based refrigerators.

KEYWORDS: thermal switching, magnetoresistance, thermal conductivity, semimetal, magnetothermal conductivity,
Wiedemann—Franz law

B INTRODUCTION moving parts, developing a solid-state heat switch allows for
durable, maintenance-free operation of the whole heat engine.

Here, we focus on materials whose thermal conductivities
change under applied magnetic fields at temperatures below 10
K. This temperature and field range matches that needed for
continuously operating cyclical adiabatic demagnetization
refrigerators (ADR’s) that operate below 2 K, utilizing the
same magnetic field for the magnetocaloric material (a
paramagnet like gadolinium gallium garnet, Gd;GasOy,) and
the thermal switch. ADR’s enable electronic loads to reach sub-
kelvin temperatures without the use of *He, a rare and strategic
gas. Continuously operating ADR’s are preferred over one-shot
methods that operate with helium exchange gas as a switch, as
occurs in dilution refrigerators. Heat switches are characterized
by their switching ratio, the ratio between the thermal
conductance or conductivity of the switch in its “on” and the
“off” state, giving a switching ratio (SR) of SR = K../Ko

Compared to the extensive research focused on transistor
materials in which the electronic conductance can be actively
switched between various states, there has been considerably
less effort focused on designing materials, systems, and
concepts whose thermal conductance can be actively switched
to enable the control of heat flow through a device." All-solid-
state heat switches that operate quickly and over large
temperature ranges would enable new, durable, wear- and
maintenance-free approaches to thermal management.”’ In
particular, thermal switches combined with heat accumulators
could increase the thermal efficiency of thermodynamic power
generation cycles in which the source of heat is transient."
Thermal conductivity switches enable new ways to control
the temperature of devices such as batteries” and spacecraft®
under varying thermal loads. Heat switches are necessary
components for electrocaloric and magnetocaloric solid-state
cycles, in which no fluid is circulated but heat must be supplied

- i B, s
to or drained from the active material.®"® In these applications, Received: November 26, 2023 ;
the switches have to function over the temperature range of the Revised:  January 31, 2024
cycle and during transient operation such as cooldowns, a Accepted:  February 1, 2024

requirement that can be difficult to meet with switches based Published: February 21, 2024

on phase changes in a material. Because the rest of the
components throughout the cycle are solid-state with no
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Model calculations’ of cyclical ADR’s using metallic heat
switches that have a SR of the order of 3—10 indicate that a
reasonable cooling power of 6—12 uW/g of gadolinium
gallium garnet can be achieved between 2 K and 400 mK,
albeit with a low coefficient of performance.

One possible mechanism to actively change the thermal
conductivity of a material is by exploiting the electrical
magnetoresistance of a material whose primary carriers of
thermal conductivity are electrons. In a nonmagnetic metal, the
total thermal conductivity (Ky;) comes from a summation of
the electronic component (k,) and the phonon contribution to
thermal conductivity in which lattice vibrations conduct heat
through the material (k;):

Kiotal = Ko T K

(1)

Each electron that travels through the material carries a charge
and an amount of heat, kzT (where kg is the Boltzmann
constant and T is the temperature), so that if the scattering
mechanisms that limit the mean free path for momentum and
energy transport are the same, the Wiedemann—Franz'®
relationship holds between electrical conductivity and thermal
conductivity:

k., = LTo

total

(2)

Here, o is the electrical conductivity, and L is the Lorenz
number, which for free electrons is L, = 2.44 X 1078 V> m™2,
Maximizing the switching ratio between the “on” and the “oft”
state of a magnetoresistive switch (SR = Kkyp/Kor = Kiora(0)/
Kiotal(B)) requires very metallic material, where x, > k;; this is
because the lowest value achievable for k. (B) is k. Because
the range of k) in most materials lies between ~0.1 and 1000 W
m™' K™ from 1 to 300 K, the Wiedemann—Franz law predicts
that the electronic resistivity would have to range from 107> to
10° Q m to meet the condition k, = k in the high
conductance state. At the same time, the material must have a
large magnetoresistance (MR), MR = [p(B) — p(0)]/p(0),
where p(B) is the electronic resistivity under an applied
magnetic field B. These two requirements are mutually
counter-indicated in most materials because a high MR
comes from a high mobility, and good metals in which «, >
K have much lower mobilities than semiconductors because
their large Fermi surfaces result in intensive electron—phonon
scattering.

Four classes of solutions have been proposed to circumvent
this dilemma. The first is to use the giant magnetoresistance in
magnetic multilayers such as Co/Cr, in which a cross-plane SR
value of ~1.8 has been observed."' The second is to use
superconducting thermal switches. Superconductors, such as
Nb,"” become normal metals when subject to a magnetic field
greater than their critical field, thereby leading to an
appreciable reduction in thermal k.. Superconducting Sn
wires, In switches, and Zn-foil switches have been made and
studied,'” but except at temperatures below 100 mK, their SR’s
are relatively modest; in all cases, switching can only occur at
temperatures below the superconducting transition temper-
ature. The third solution is to use topological Weyl and Dirac
semimetals including graphene,'* PtSn,," Bi,Sb,_,,'° and
NbP."” The condition kx, > & limits the SR in all these
solutions, although in PtSn, thermal SR > 100 has been
observed."”

Nonmagnetic, nonsuperconducting, nontogological semi-
metallic materials, like elemental Bi,"®'? Cd,**' Ga,*® or W,**
that have similar carrier densities and mobilities of both holes
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and electrons also undergo an appreciable magnetoelectrical
resistance, which leads to a significant magnetothermal
resistance.”> This large, nonsaturating magnetoresistance in
semimetals comes from electron—hole compensation that gives
rise to a mismatch between the Lorentz force and the Hall
voltage.6 Furthermore, when both electrons and holes are
present in clean compensated semimetals, the ambipolar
thermal conductivity can lead to an increase in L over the
free electron value Ly,>* which is beneficial for the SR. This
increase most commonly occurs in materials in which the
electron and hole pockets have the same partial electronic
conductivities."* Thus, fully evaluating the magnetothermal
conductivities in semimetallic materials beyond simple
elemental metals is essential to understand and realize their
full potential and limitations.

Here we explore the magnetothermal conductivity switching
in the compensated semimetal WSi,, a material recently
established to exhibit axis-dependent conduction polarity.”
Recent studies have found that at 2 K certain crystals of WSi,
exhibit a high transverse electronic MR of 4000—8000% at 14
T, where %MR = 100% X [p(B) — p(0)]/p(0).>*° This large
increase in electrical resistivity in the presence of a magnetic
field is expected to lead to a large increase in magnetothermal
resistance. To investigate the extent to which the thermal
conductivity of WSi, can be manipulated using an applied
magnetic field, we evaluated the changes in electrical and
thermal conductivities in two different single crystals from 2 to
300 K and 0 to 9 T. The total thermal conductivity can be
significantly reduced upon application of a 9 T magnetic field
below 20 K, leading to an SR > 7. The SR is larger in the
crystal with fewer defects on account of its lower baseline
electronic resistivity and larger corresponding magnetoresist-
ance. Negligible differences in the thermal switching ratio or
temperature dependence are observed along the [100] or
[001] directions. Both MR and SR decrease with increasing
temperature, although both crystals retain an SR close to 1.1 at
room temperature. We show that the Lorenz number for this
material closely matches the free electron value, thereby
indicating minimal ambipolar effects that contribute to the
thermal conductivity. We also calculate the thermal response
time from the specific heat and thermal diffusivity and show
that for a S mm® sample switching can occur in less than a
second at room temperature and much faster at lower
temperatures. Overall, this work shows that ultraclean,
compensated semimetallic compounds such as WSi, show
great promise as heat switches.

B EXPERIMENTAL PROCEDURES

WSI, crystals were grown using a xenon optical floating zone furnace
using a previously described procedure.”® Crystals were cut into 1 mm
X 1 mm X S mm bars along the [100] and [001] directions using a
diamond wire saw to maximize sample resistance, and these samples
were lapped and polished using 3 mm diamond grit in oil and a 0.05
mm alumina slurry on a precision lapping and polishing machine to
minimize sample geometry variance and contact resistance. Contacts
to the surface of the crystal were made using highly thermally and
electrically conductive Transene GE-40 gold—epoxy paste with
contact areas greater than the contact thicknesses, such that the
contacts do not contribute significantly to the thermal and electrical
resistance measurements. Transverse magnetoresistance measure-
ments were performed using a four-probe geometry in a Quantum
Design 14T PPMS from 2 to 300 K and from 0 to 9 T using the DC
resistivity option. Thermal conductivity measurements were per-
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formed from 2 to 300 K and from 0 to 9 T using the thermal transport
option (TTO) in a Quantum Design 9T PPMS.

B RESULTS AND DISCUSSION

a-WSi, crystallizes into a body-centered tetragonal I4/mmm
crystal structure (Figure 1a). This material has a metallic band
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Figure 1. (a) Crystal structure of I4/mmm a-WSi,. W atoms are
shown in gray, and Si atoms are shown in red. The unit cell is drawn
in black. (b) Electronic band structure of WSi,. (c) Brillouin zone for
a body-centered tetragonal material with ¢ > a. (d) Photograph of a
polished WSi, sample (5 mm in length, I mm in width and thickness)
that was used for magnetoresistance and magnetothermal con-
ductivity measurements.

structure with unique band curvatures that give rise to
simultaneous electron and hole conduction along different
crystallographic axes (Figure 1b,c).”” Single crystals of a-WSi,
previously synthesized using an optical floating zone furnace”
were selected to study how the thermal conductivity of WSi,
changes in the presence of an applied magnetic field. These
single crystals were confirmed to be phase pure with single-
crystal and powder X-ray diffraction and were oriented along
their primary [001] and [100] crystallographic directions using
Laue backscattering X-ray diffraction.” These rod-shaped
crystals were cut into 1 mm X 1 mm X S mm bars to
maximize sample resistance for electrical measurements, with
the crystallographic direction of interest ([100] or [001])
oriented along the length of the bar (Figure 1d). The surfaces
of the bars were polished to minimize electrical contact
resistances in the measurements and minimize sample
geometry variance.

The thermal conductivities of these polished bars of WSi,
were evaluated from 2 to 300 K in the presence of transversely
applied magnetic fields from 0 to 9 T using a steady-state
method (Figure 2). At low temperatures (<100 K), the thermal
conductivity significantly decreases in the presence of a
magnetic field. For crystal 1, the thermal conductivity at 2 K
decreased from 37.9 to 11.1 W m™ K™! in the [100] direction
(Figure 2a) while it decreased from 43.5 to 13.7 Wm™ K" in
the [001] direction (Figure 2b) when the magnetic field was
increased from 0 to 9 T. A switching factor of k(0 T)/x(9 T)
was determined from the thermal conductivity values
measured at 0 and 9 T at each temperature point (Figure
2¢). This factor is highest at 2 K, where SR = (0 T)/x(9 T) =
3.4 along the [100] direction while SR = 3.2 along the [001]
direction. For crystal 2 along [100], SR =7 + 0.1 at 7 K, and
its increase with decreasing temperature is not quite saturated
yet. These are remarkable values for a metal.” SR approaches
unity at 300 K.

To confirm that this reduction in thermal conductivity
comes from the large magnetoelectrical resistance observed in
WSi,, we measured the electrical resistivity of the two WSi,
crystals from 2 to 300 K when transverse magnetic fields of 0—
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Figure 2. Thermal conductivity versus temperature with an applied
transverse magnetic field of 0 to 9 T in 1 T increments for the (a)
[100] and (b) [001] directions in crystal 1 and the (c) [100]
direction in crystal 2. (d) Thermal conductivity switching factor,
calculated as SR = k(0 T)/x(9 T).

9T were applied (Figure 3). The residual resistivity values
(RRR) from the zero-field measurements (
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Figure 3. Electrical resistivity versus temperature with an applied
transverse magnetic field varying from 0 to 9 at 1 T increments for (a)
the [100] and (b) [001] directions in crystal 1 and (c) the [100]
direction of crystal 2. (d) %MR measured at 2 K for crystal 1 along
the [100] direction (purple), crystal 1 along the [001] direction
(blue), and crystal 2 along the [100] direction (red).

p(300K,0T) - p(2K,0T)
RRR = p(2K,0T)

[100] direction (Figure 3a) and 26.9 for the [001] direction
(Figure 3b), indicating good crystal quality. Crystal 2 had a
much higher RRR of 101, indicative of fewer defects measured
along the [100] direction. The presence of fewer defects in
crystal 2 was further evidenced by the lower baseline
resistivities. The magnetoresistance is maximized at low
temperatures in both crystals. The %MR for crystal 1 reached
2200—2400% at 9 T from 2 to 21 K for the [100] direction
(Figure 3a) and 3200—3500% at 9 T from 2 to 21 K for the
[001] direction (Figure 3b), closely matching previously

) for crystal 1 were 37.6 for the
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Figure 4. Thermal conductivity (red, left axes) and electrical resistivity (blue, right axes) versus magnetic field at 2 K for the (a) [100] and (b)
[001] directions for crystal 1. Plot of K (black), & (gray), and k. or (red) versus temperature measured along the (c) [100] and (d) [001]
directions for crystal 1. k, plotted versus temperature for magnetic field values of 0—9 T for the (e) [100] and (f) [001] directions for crystal 1.

published values.”>® Crystal 2 had a much larger %MR of
~9000—10000% at 9 T from 2 to 21 K for the [100] direction.
Above 21 K, the magnetoresistance effect starts to fall as
electron—phonon scattering decreases the mobility of the
carriers in the material at higher temperatures, as occurs in
nearly all metallic materials.””

The magnetic field-induced reduction in both thermal and
electrical conductivities occurs across similar temperature
ranges (2—100 K), with the effects being most pronounced
at low temperature. Importantly, although the magneto-
electrical resistance in the material increases quadratically
with magnetic field and does not saturate, the thermal
conductivity decreases asymptotically as the magnetic field is
increased. This is because «, is nearly eliminated, leaving only
k, which remains unchanged in the presence of a magnetic
field (Figure 4a,b). The thermal conductivity data do not fully
reach saturation at 9 T, but they are expected to do so at
higher magnetic fields. To determine the value of k; at each
temperature point, the field-dependent thermal conductivity
data for each temperature was fitted to the function

Keota = K + 7, in which y is a linear coefficient, § is a

_r
1+ 4B
quadratic coefficient representing the magnetoconductivity,
and B is the magnetic field. The last term in the equation
corresponds to the change in thermal conductivity correspond-
ing to electrical magnetoresistance. The data could only be fit
at temperatures up to 36 K. Above this temperature, the much
smaller magnetoresistance effect leads to a smaller change in
thermal conductivity across all fields, introducing a large
uncertainty in the determination of ;. Subtracting the fitted
value of k; from the experimentally determined k. at 0 T
yields a value for k, at 0 T, or Kk, gr. Kioray Ky and ko are all
plotted together versus temperature up to 36 K in Figure 4c,d.
The fact that k; continues to increase across this temperature
range indicates that the WSi, Debye temperature is above 36
K. k, is also plotted from 2 to 36 K and 0 to 9 T in Figure 4e,f,
showing how the electronic component of the thermal
conductivity decreases at higher field via the magnetoresistance
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mechanism. & remains unchanged while x, decreases with
increasing magnetic field, leading to an overall decrease in Ky
when a magnetic field is applied.

Using the k. values that we found by subtracting «; from
Koty We obtained a value for the Lorenz constant using the

Wiedemann—Franz law, L = ;—e Next, the ratio L/L, was

calculated at fields from 0 to 9 T and at temperatures from 2 to
36 K to determine if magnetoresistance and magnetothermal
conductivity change by the same proportion, which would
indicate that this material follows the free-electron Wiede-
mann—Franz law. The results for both the [100] and the [001]
directions are plotted in Figure S. L/L, values for both

a1z ., b 14, .0
101 o 5, 12
g8, ol.
Jo4 & : 0.61 .81
Mol 04111
062 o 0.21 et
t 0+
1 10 100 1 10 100
T(K) T (K)

Figure 5. L/L, for the (a) [100] and (b) [001] directions under
different applied magnetic fields for crystal 1.

crystallographic directions match closely between fields at each
given temperature point and are close to 1 (0.6—1.2),
indicating that the experimentally observed relationship
between magnetothermal conductivity and magnetoelectrical
conductivity is relatively proportional and obeys the
Wiedemann—Franz law. This proves that the large magneto-
resistance in WSi, is what gives rise to its accompanying
decrease in the thermal conductivity. Furthermore, the fact
that L/L, is close to 1 and not significantly larger likely reflects
the fact that truly ambipolar transport where electrons and
holes move together at the same rate under a thermal gradient,
rather than as two independent channels of unipolar
transport,'* does not exist in WSi,. This is because these
electrons and holes occupy different regions in the WSi, band
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structure as well as the anisotropic transport of electron and
hole conduction in this tetragonal material with axis-dependent
conduction polarity. Holes have a much smaller effective mass
along the a/b-axes lmj | = 0.14 m, and Im}, | = 2.1 m,, while
electrons have a much smaller effective mass along the c-axis |
mipl = 3.7 m, and Im¥ .| = 0.73 m,.”> This indicates that
materials that exhibit axis-dependent conduction polarity due
to this multicarrier mechanism are unlikely to have large
enhancements in L/L, that can improve the SR.

To understand the origin in the drop in SR with increasing
temperature that starts at 20—30 K (Figure 2d), the mean free
paths of both the electrons and holes were derived (Figure 6).

a b
=104 =10*
E [1o0]] & S, [001]
< S < *
Sio® - S "
g | g g
10 . w
c . c
© © .
(] Q .
=107 =10
1 10 100 1000 1 10 100 1000
T (K) T (K)

Figure 6. Mean free path of electronic carriers along (a) the [100]
and (b) the [001] directions. At low temperatures, the mean free
paths change only slightly at low temperatures before dropping below
20—-30 K.

First, the constant pressure specific heat was measured at ¢,

(Figure 7a), which was then converted into constant volume
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Figure 7. (a) Measured molar heat capacity of crystal 1. (b)
Calculated thermal response time for a S mm long sample of WSi,,
shown for the [100] (red) and [001] (black) directions.

specific heat, ¢;. The electronic portion of the specific was
extracted using a Debye T° law (¢, = yT + aT®) where y and @
are constants that correspond to the electronic and phononic
contributions, respectively. The electronic contribution to the
specific heat, c, is given by c, = yT. The mean free path of the

. . S 1
electronic carriers, /, is given by k, = gcel/l, where v

corresponds to the velocity of carriers. To estimate the carrier
velocities along the different directions, we first assumed that
electrons dominated k, along the [001] direction and holes
dominated k., along the [100] direction, considering the
aforementioned effective mass anisotropies. The velocities of
electron and hole carriers were then estimated using the
calculated Fermi energies, Ep and effective mass tensors of the

2
3 Mg o1V
electron and hole bands, assuming Ep, = “;” and

2
Egn = mh% The electron and hole mean free paths (Figure

6a,b) correspond to ~10 um at low temperatures and remain
almost constant until 20—30 K, until they decrease propor-
tionally with temperature. This behavior is indicative of defect

scattering at low temperatures and the emergence of acoustic
phonon scattering occurring above 20—30 K, which is the
temperature at which the SR starts to significantly decrease.
This indicates that increasing the temperature at which
acoustic phonon scattering starts to dominate would lead to
a higher temperature before SR dropoft occurs.

A functional thermal switch should be capable of rapidly
switching between the conductive and nonconductive states.
This rate is limited by the thermal diffusivity of the material
(given in m?/s), with diffusivity equal to the thermal
conductivity divided by the specific heat capacity: a = &/
(pc,), in which a is the diffusivity, ¢, is the specific heat
capacity in J/(kg K), and p is the material density in kg/m".
The experimentally measured molar heat capacity (c,) is
plotted in Figure 7a and, along with the thermal conductivity
data plotted in Figure 2, can be used to determine the thermal
diffusivity of the material. Then, a thermal response time for a
sample of a certain size is given by 7 = I/a, in which 7 is the
time constant and [ is the sample length. This value of 7 is
given for a S mm long sample of WSi, in Figure 7b. 7 values are
nearly isotropic along both primary crystallographic directions,
ranging from 1 X 107* s at 2 K to 0.8—1.1 s at 300 K.
Practically, this means that the thermal switching speed will
ultimately be dictated by the speed in which a magnetic field
can be applied to the material, which is much faster than our
current measurement setup.

B CONCLUSIONS

In total, we have shown that a single-crystal, compound
semimetal, WSi,, can have giant changes in thermal
conductivity upon application of a magnetic field at low
temperature. Specifically, a large 9000—10000% magneto-
resistance in WSi, at low temperatures of 2—21 K and fields of
0—9 T can be attributed to the electron—hole compensation in
this two-carrier material and gives rise to an accompanying 7-
fold decrease in the material’s thermal conductivity, which
closely follows the Wiedemann—Franz law. Furthermore, a
WSi, crystal with a larger relative resistivity ratio has a larger
SR, indicating that further minimization of defects during
crystal growth will provide opportunities to enhance the
magnitude of thermal switching. The appreciable change in the
thermal conductivity in the presence of a magnetic field, along
with the material’s ability to rapidly switch between thermally
conductive and less conductive states, makes WSi, a promising
material system for thermal switching applications at low
temperatures.
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