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New Concepts

This work introduces the concept that electronic phase transitions with large hysteresis can be exploited to decouple the
triggers for high- and low-thermal-conductivity states, enabling active thermal switching far beyond the narrow windows
of conventional materials. Most phase transition materials that have been targeted for thermal switching have limited
thermal hysteresis and can only be switched between their high and low states within a very narrow temperature range
near their phase transition. Sm;_ ,Gd,S demonstrates that a pressure-induced, isostructural metal-insulator transition can
stabilize a metastable metallic phase with a 2-fold enhancement in thermal conductivity at ambient conditions, while
heating to 573 K returns the system back to its low thermal conductivity, insulating state. Both the high and low thermal
conductivity state materials can be accessed across a remarkably broad 350 °C temperature window. This dual-stimulus,
hysteresis-enabled mechanism establishes a new design strategy for achieving fast, reversible thermal conductivity
control across extensive temperature ranges.
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Data Availability

The raw data supporting this study's findings are available from the corresponding author upon reasonable request. All
data supporting this work are present in the article and the Supplementary Information. The Supplemental Information
includes specific heat measurements, laser flash analysis of SmS and GdS, XRD and images of pellets, Raman
spectroscopy, and additional thermal conductivity analysis of Sm;_Gd,S alloys. The supplemental video shows real time
conversion of gold Smy ;,Gdy gsS pellet to the black phase upon placing the pellet on a 350 °C hot plate (file type, mp4).
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Solid-state materials with actively tunable thermal conductivities
can enable next-generation thermal management technologies.
There is a need for materials that can be switched between high
and low thermal conductivities over a large temperature window
using different on and off triggers. Here, we establish that Sm;.
xGd,S alloys, which undergo a pressure-induced, hysteretic, rock
salt-to-rock salt metal-insulator transition, can be repeatedly
cycled between high and low thermal conductivity states from 200
to 550 K due to differences in electronic contributions to thermal
conductivity. Intermediate stoichiometries (0.08 < x < 0.14)
transform from a mixed black/gold phase at ambient pressure to a
metallic gold phase upon uniaxial compression at 1 GPa, leading to
a 2-fold increase in thermal conductivity. The gold phase rapidly
reverts to the equilibrium low thermal conductivity phase upon
exposure to temperatures above 573 K. These findings establish
that Sm1..Gd,S alloys hold promise for thermal switching and
management applications.

Introduction

There has been a growing interest in enabling reversible and
active control of thermal conductivity by external stimuli'-> for
real time regulation of heat transport. Materials that are able to
toggle their thermal conductivities (k) between high (kpign) and
low (¥¢),w) states reversibly and on-demand may enhance system
efficiency for applications such as smart buildings,®® space
stations,” and magneto/electrocaloric cooling or heating.!% 1!
Different strategies to tune the thermal conductivity rely on
dynamically changing the electronic contribution (kee.) or the
lattice contribution (¥, to k. The effectiveness of a thermal
switch material is commonly evaluated by the thermal switching
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ratio (Knign/ Kiow), defined as the ratio between the maximum and
minimum thermal conductivity achievable in the switching
cycle.

Achieving dynamic, reversible control over thermal
conductivity remains a fundamental challenge. In contrast to
electronic systems where charge carriers can be modulated via
electric or magnetic fields, the inherently weak coupling between
external stimuli and phonons make it difficult to switch ki,
dynamically. A wide array of external stimuli to trigger thermal
switching has been explored including electric fields,'> 13
fields,'s 1

mechanical strain or structural deformation,?!24 and temperature

magnetic electrochemical intercalation,!6-20
induced phase transitions.?*>-3* Very few materials have exhibited
a thermal switch ratio larger than 2 over a large temperature
window from 200 to 500 K.

Phase change materials, which include materials that
undergo structural transitions as well as those that experience
metal-insulator transitions, have the potential for enabling
dynamic control of the thermal conductivity over a broad
temperature range. An ideal metal-insulator transition material
would have a low K, leading to a low thermal conductivity in its
insulating state, and a high thermal conductivity in its metallic
state due to the additional K.... Such an ideal material would be
actively switched between the two states over a broad
temperature window using triggers other than temperature. To
achieve active switching, there must be sufficient hysteretic
behaviour across the transition to stabilize either phase at
temperatures far from the nominal metal-insulator transition
temperature. Most known metal-insulator transition materials
lack sufficient thermal hysteresis to enable switching between
the insulating and metallic state outside a 20K temperature
window.3! For instance, VO, undergoes a first-order transition
from an insulating monoclinic phase to a metallic rutile phase,
enabling a thermal switching ratio of up to a factor of 1.5 from
3.6 to 5.4 W m! K'!, due to differences in kj,. This modulation
appears within a narrow 15K temperature window around 340 K,
where either phase could exist.20: 2527, 32,

A few other phase change materials can stabilize over a broad
temperature range. The canonical phase change memory material
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Ge,Sb,Tes can have a large variation in its thermal conductivity
that becomes 0.19 W m'! K-! in the amorphous state, 0.57 W m"
' K-l in the cubic structure, and 1.57 W m'! K'! in the metallic
hexagonal crystalline phase, due to differences in K,..2° All three
phases can be stabilized below 420 K and can be accessed
through controlled melting and cooling. Another phase change
(Pb1xSn,)Se exhibits a
controlled three-dimensional (3D)-to-two-dimensional (2D)

material reversible, temperature-
rock salt-to-distorted rock salt phase transition, in which either
phase can be accessed at temperatures from 100 to 623 K, by
heating and cooling. This structural transformation enables a
thermal switching ratio of 3.6 (from 0.29 to 1.1 W m"' K-! at 373
K) that is entirely due to k., by cycling the temperature across
the nonequilibrium phases via actively heating above 623 K and
cooling below 100 K.33

In comparison, Sm;_Gd,S is a distinct type of phase change
material with different triggers for cycling between the high and
low thermal conductivity states. SmS undergoes a pressure-
induced, isostructural, first-order metal-insulator transition
between a black insulating phase at ambient pressure to a gold
metallic phase at approximately 6.5 kbar (Fig. 1a).3* Both phases
have a rock salt crystal structure. The unit cell volume is
decreased by 15% upon the transition from the low-pressure to
the high-pressure phase. The metal-insulator transition is driven
by the changes in the electron configuration of Sm?*. In the black
insulating phase, Sm?* has a localized 4{° electron configuration,
whereas at high pressure, Sm?" is in a 4f55d! configuration in
which the 5d! electron is delocalized in the conduction band,
giving rise to the gold, metallic phase (Fig. 1b).3% 3¢ The gold
SmS phase is not stable at ambient pressure and reverts to the
black phase as the pressure is reduced below 1 kbar, indicating a
large 5.5 kbar pressure hysteresis between the gold and black
states.’” Substituting Sm with increasing amounts of Gd reduces
the transition pressure via doping and chemical pressure, until
only the gold phase is stable for Sm;,Gd,S with x=0.15.3°
Therefore, there exists a range of stoichiometries for Sm;_,Gd,S
(x<0.15) in which the thermodynamically stable black phase can
be triggered to the gold phase with high pressure, stabilized at
room pressure due to the large hysteresis, and can be converted
back to the stable black phase at high temperature. While the
thermal conductivity of the SmS black phase has been studied?®,
the thermal properties of the high-pressure gold phase and the
Sm;_Gd,S alloy series are unknown.

In this work, we establish the thermal conductivity
differences and switching performance of Sm; ,Gd,S materials.
We synthesized polycrystalline Sm;_Gd,S alloys (0.08 < x <
0.30) along with the end members SmS and GdS. Measurements
of the electrical and thermal conductivities reveal that the
differences in k are primarily driven by k... and are increased
by a factor of 3.7 from black SmS to gold GdS at room
temperature. Samples having a Sm;_,Gd,S stoichiometry of 0.08

< x < 0.14, can be actively converted from a black/gold phase
mixture to a phase-pure gold phase via uniaxial pressure with a
concomitant 1.8-2.0% increase in total thermal conductivity. The
gold phase can then be converted back to the equilibrium
These
materials can be repeatedly cycled between the high and low &

black/gold phase mixture upon heating to 573 K.

This journal is © The Royal Society of Chemistry 2026

states. The speed of conversion between the blagk, and gald
phases can occur within seconds of the apphcabiésMesaneor
heat triggers. Together, these results experimentally establish
that a metal-insulator phase change material can be designed
with a sufficiently broad hysteretic temperature window to
access high and low k states using different on and off triggers.

Materials and Methods

Synthesis

Samples of Sm; GdsS (0.0<x<0.3) were synthesized using a
multistep process. First, SmS and GdS were synthesized by first
grinding and pelletizing stoichiometric quantities of Sm, Gd, and
S powders in an Ar-filled glove box, then sealing into a quartz
tube and annealed at 600 °C for 24 hours followed by 1000 °C
for 6 hours. Subsequently, the pellets were ground, re-pelletized,
sealed in Ar-filled tantalum tubes, and then annealed at 1600 °C
for 24 hours. With phase pure SmS and GdS in hand, Sm;_Gd,S
(0.0=<x<0.3) was synthesized by weighing out stoichiometric
quantities of SmS and GdS, grinding and pelletizing, sealing in
Ar-filled tantalum tubes, and annealing at 1600 °C for 24 hours.
XRD, XRF, and Specific Heat Characterization

Powder X-ray diffraction data were acquired using a Bruker
D8 diffractometer configured in Bragg-Brentano geometry and
equipped with Cu Ko, radiation. Measurements were performed
over a 20 range of 10°-80° using a sealed copper X-ray source
operated at 40 kV and 40 mA. The resulting diffraction patterns
were analysed and structurally refined via the Rietveld method
using the GSAS-II software package.?®

X-ray fluorescence (XRF) spectroscopy was used to
determine Sm: Gd molar ratios in Sm; ,GdS samples by using
Sm,05/Gd,0; reference standards. XRF spectra were collected
with an ARL QUANT’X energy-dispersive XRF spectrometer
operated at an excitation voltage of 17 kV over an energy
window spanning 0-40 keV.

Specific heat measurements of SmS were performed between
80 and 300 K using a Quantum Design 14 T PPMS DynaCool
system employing the thermal relaxation technique. Milligram-
scale bulk samples were mounted on a heat-capacity puck with
Apiezon H grease to ensure efficient thermal contact. An
additional measurement was conducted separately with just the
grease to subtract from the total heat capacity. Measurements
were conducted in a zero magnetic field.

In conjunction with the Laser Flash Analysis (LFA)
experiments, the specific heat of SmS and GdS was measured
from 300 to 400 K using a Netzsch DSC 214 Polyma differential
scanning calorimetry (DSC). Pellet samples were placed in the
standard Pt-Rh crucible. A sapphire sample in the standard
crucible was used as a reference. An empty crucible was used as
the baseline. DSC monitored the difference in the amount of heat
flow required to raise the temperature of the sample and the
reference at the same heating rate. The specific heat was
calculated from the ratio in the measurement signals between the
sample and reference upon baseline correction. In each
measurement, the heating-cooling cycle was repeated three times
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to stabilize the thermal history. The result for the last run was
reported.

Raman Measurement

Raman scattering spectra were acquired on powders at room
temperature using a Renishaw Raman IR microprobe with an inVia
confocal Raman microscope, using a 514 nm laser, and a charge-
coupled detector. The 50 mW laser power, 1800 lines/mm grating
size, and acquisition times were kept the same for all samples. Eight
random spots of each sample were measured to confirm the uniformity
of the spectrum.

Steady State Electronic and Thermal Conductivity
Measurements

Electronic  conductivity and thermal conductivity
measurements from 80 to 400 K were conducted with the
samples in a Janis SuperTran cryostat system (Lakeshore) with
the cryogen.

measurements were performed using the 4-probe method, and

liquid nitrogen as Electronic conductivity
thermal conductivity measurements were collected using the
steady-state method with the sample joined in series with a heater
and a heat sink. A typical measurement setup is shown in Figure
S1. Highly thermally and electrically conductive silver-based
epoxy (EPO-TEK H20E) was used to affix brass sheets on the
top and bottom surfaces of the sample. The sheets serve as
current spreaders to provide a uniform electrical and thermal
current flow. The sample was then mounted onto an insulating
alumina baseplate, which acted as the mounting plate and heat
sink, assuring uniform heat flow in the samples. Current wires
(20 pm copper wire) were affixed to the top and bottom brass
plates. Type-T thermocouples comprised of the same 20 pm
copper wire and Constantan wire that were placed 2-3 mm apart
along the pellet length. Finally, a resistive heater was affixed to
the top surface for thermal conductivity measurements. For
electrical conductivity measurements, the 20 um copper wires
were used as the measurement leads. The samples were then
placed in a vacuum environment inside the cryostat. The
temperature was allowed to stabilize for at least one hour before
each measurement.

For thermal conductivity measurements, heat was applied to
the sample through a resistive heater until a steady-state
temperature gradient >3 K was established. The power to the
resistive heater was held constant for approximately 5 minutes to
ensure thermal equilibrium, prior to recording the thermal
conductivity.

The total thermal conductivity k is obtained via the equation.

_ Q1
= A% AT

In this method, Q is the heat conducted through the sample, / is
the distance between the thermocouples, A is the pellet cross-
sectional area, and A7 denotes the temperature difference
measured between the thermocouples. The total power generated
by the heater (Qy) was calculated from Qu= Vyly, where Vi and
I are the heater voltage and current, respectively. A portion of
Qy is lost to the surroundings via conduction and radiation. To

This journal is © The Royal Society of Chemistry 2026
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suppress convective and conductive heat losses,throughoait,
measurements were conducted under VALUHHOCORANTEIRS 4T
approximately 10 Torr. The diameter of the lead wires is as
small as 20um to reduce conductive loss through them.
Radiative heat losses could not be fully eliminated. A calibration
was carried out by repeating the measurements on an iron
reference bar with a known thermal conductivity (#;,,). The heat
loss (Qy) was calculated to be O, =Vuolng - Kiron ATo* Alyon! Liron
where Vyp and Ip are  the heater voltage and current,
respectively, and A4,,,, and L, are the cross section and length
of the iron bar. For this calibration sample, the Q; / Qy ratio
ranges from 0.02 at 200 K to 0.29 at 400 K. Although this ratio
could increase for samples with a decreased thermal conductivity
and increased surface emissivity, here the measured Q; with the
iron reference is used to estimate the heat loss to determine the
heat input into the sample as Q = Oy - O;.

Near room temperature, the dominant sources of uncertainty
in the thermal conductivity obtained from the static heater-sink
technique arise from radiative heat losses and geometric
uncertainties. The latter is usually dominated by the spacing
between the thermocouples, where the error is given by the ratio
between the size of the thermocouple contacts (which gives the
uncertainty) and the distance between them. In this work, the
resulting uncertainty is estimated to fall within the range of 8-
15% (Supplementary information).

Thermal conductivity was also determined via the laser flash
analysis (LFA) technique. The thermal diffusivity (a) of SmS
and GdS pellets with thicknesses of 1.34 mm and 1.35 mm
respectively, and diameters of 5.98 mm were measured using a
Netzsch LFA 457 laser flash apparatus. In the measurements,
laser shots were repeated 3 times at each temperature that was
increased from 300 to 400 K and decreased back in 20 K
increments. The thermal diffusivity was calculated by fitting the
temperature-time signal curves based on Cape-Lehmann + pulse
correction model. The thermal conductivity was calculated as
Kk = apCp The reported uncertainty is the standard deviation of
the measurement results.

Mater Horiz., 2026, 00, 1-3 | 3
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Fig. 1 Structural evolution and characterization of Sm;_,Gd,S (0 < x < 0.3). a) Schematic illustration showing the switching from the equilibrium cubic insulating black
phase to the cubic metallic gold phase with pressure and reverting to the black phase with heat. b) Simplified density of states diagram illustrating the differences between
the black and gold phases. The delocalized Sm 5d and S 3p bands are on the right side of the Energy axes, and the localized Sm 4f states are depicted as lines to the left.
¢) XRD patterns of Sm,;Gd,S samples showing the peaks of the larger unit cell black phase (highlighted in grey), the smaller unit cell gold phase (highlighted in orange),
and trace (Sm;_,Gd,),0,S impurities (starred). d) Lattice parameters as a function of Gd concentration of the black and gold phase, determined from Rietveld refinements.

Results and Discussion

Polycrystalline pellets of Sm;,Gd,S (0<x<0.3) alloy phases
were prepared by first synthesizing gold GdS and black SmS and
then annealing them together at 1600°C. X-ray diffraction
(XRD) and Rietveld analysis were performed to determine the
ratios of the black to gold phase, the phase purities, and the lattice
parameters for each alloy (Fig. lc, d, Table 1). X-ray
Fluorescence measurements confirmed the overall Sm:Gd ratio.
The ratio of the black and gold phase can be determined by the
composition. This decrease is consistent with previous studies
on these alloys,® and is expected due to the smaller radius of Gd
than Sm due to presence of a larger and smaller unit cell rock salt
lattice, respectively. For SmS and Smy¢5Gdg ¢sS, only the large

This journal is © The Royal Society of Chemistry 2026

unit cell rock salt phase of the black phase was observed. For
Sm,_,Gd,S (0.08<x<0.14), a mixture of both the black and gold
Sm,_,Gd,S phases was observed (Fig. 1c). Only the small unit
cell lattice gold phase was observed for x>0.22. In all samples,
impurity (Sm;_,Gd,),0,S phase fractions of less than 10% were
observed. SmS has a lattice constant of 5.9398(1) A. The lattice
parameter of the black phase decreases with increasing quantities
of Gd. The lattice constant of the gold phase that first appears in
Smy 9>Gdy 0sS is 5.6997(2) A and decreases with increasing Gd.

Next, the thermal and electronic transport properties were
obtained on the sintered as-grown pellets at temperatures from
80 to 400 K, to follow their evolution with Gd incorporation. The
density of these sintered pellets ranged from 82-85% of the
theoretical density for all samples. The mixed black/gold Sm;._
xGd,S (0.08<x<0.14) phases were not measured below 200 K, as

Mater Horiz., 2026, 00, 1-3 | 4
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Table 1. Summary of stoichiometry, lattice parameters, and phase fractions for Sm; (Gd,S samples, showing contributions from black and gold phases along with (Sm;.,Gd,),0,S

impurity.

Stoichiometry Black a [A] %Black [Phase %] Gold a [A] %Gold [Phase %] (Sm;.,Gd,),0,S impurity [Phase %]
SmS 5.9398(1)

Simo9rGido osS 5.8807(3) 85.5(6) % 5.6997(2) 9.5(5) % 5.0(4) %

SmyggsGdy.12S 5.8663(2) 61.1(5) % 5.6970(1) 31.7(4) % 7.2(5) %

SmggsGdo 14S 5.8646(6) 39.7(4) % 5.6945(5) 51.5(4) % 8.8(2) %

Smy 75Gdy2,S 5.6659(9) 333)%

Smy 70Gdy 30S 5.6423(1) 3.93) %
GdS 5.5553(1) 4.0(1) %
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these compounds undergo a second low-temperature phase
transition that results in sample fracturing.?®> The electrical
conductivities (o) increase with Gd incorporation starting from
the semiconducting black SmS phase to the mixed black/gold
Sm; ,Gd,S (0.08<x<0.14) phases, and to the gold Sm; GdS
(x>0.22) phases (Fig. 2a). The electrical conductivity of SmS is

5.56x10° S m'' at room temperature and increases with
increasing temperature expected for
semiconducting phase. In comparison, the -electrical
conductivities of the mixed black/gold Sm;_,Gd,S (0.08<x<0.14)
phases are high and range between 4.02x10* and 1.10x10° S m"
l'at 300 K.

as would be a

a. b.
107 3 16 H
Gds. =1 | ¢4
TR B2:2320000 28000004 | St IONCE m””
E s ] Tttt T 8 ettt
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Fig. 2 Electronic and thermal conductivities of Sm;,Gd,S. a) Electrical conductivity versus temperature. b) Total thermal conductivity versus
temperature. ¢) Temperature-dependent electronic thermal conductivity estimated from the Wiedemann-Franz law. d) Temperature-dependent lattice

thermal conductivity

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Thermal conductivity under external triggers. a) Cycling of Sm; Gd,S (0.08<x<0.14) through the metal-insulator transition by pressure (black to gold)
and annealing (reversion to black phase). b-d) Thermal conductivity evolution of the as-grown sintered pellet, compressed, annealed, and re-compressed samples
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simplicity, samples with black/gold phase mixtures are labelled as “black”.

Among these three samples, the electrical conductivities
decrease with increasing fraction of the insulating (Sm;.
xGdyx)>0,S impurity phase. The electrical conductivities of the
gold Sm; (Gd,S (x>0.22) phases show a further increase with
increasing Gd concentration. GdS has a large room temperature
electrical conductivity of 1x10° S m-!, which approaches values
of elemental metals. The electrical conductivity of these gold
phases decrease with increasing temperature, as would be
expected for a metal.

The K of these materials above 300 K show a similar
dependence on the composition as the electrical conductivity. At
400 K, SmS has the lowest value of 3.5 W m'! K-!, followed by
3.8 to 4.8 W m! K for the mixed black/gold Sm;_Gd,S
(0.08<x<0.14) alloys, 5.7 to 7.6 W m-! K-! for the gold Sm;_
xGd,S (x=0.22, 0.30) alloys, and 14.3 W m-! K-! for GdS (Fig.

This journal is © The Royal Society of Chemistry 2026

2b). The thermal conductivity of the purely semiconducting SmS
phase shows a characteristic 1/T dependence on temperature (7))
above 80 K (Figure S2), indicating a phononic origin of the
thermal conductivity, in contrast to the metallic and mixed
metallic phases. The thermal conductivities of SmS and GdS
were further confirmed by laser flash diffusivity measurements
from 300 - 400 K, which when combined with measured specific
heat values and densities for each sample, resulting in similar
thermal conductivities within measurement errors (Figure S3).

The contributions of k... and Ky, to the total thermal
conductivities were then extracted for each stoichiometry (Fig.
2¢, d). K. was estimated using the Wiedemann-Franz law, Keje.
=LoT, where L=2.44x10% V2 K2 is the Lorenz number, and T is
the temperature. k), was determined by subtracting K. from k.
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The standard Lorenz number is assumed to remain valid across
the measured temperature range, even with f-electrons near the
frontier bands, since deviations from this value due to inelastic
electron-phonon scattering and correlation effects generally
occur only at low temperatures in most metallic materials.*
Supporting a metallic instead of semiconducting behaviour
where the electronic thermal conductivity measured in the close-
loop condition would contain an additional ST term compared
to the open-loop measurement, thermopower measurements for
all Gd-containing samples show that S*L <<0.07 across the
temperature range (Figure S4). In addition, the temperature range
of these measurements is much higher than the Debye
temperature of SmS (155+£7K),*! supporting dominant small-
angle, quasielastic electron-phonon scattering. This material
system has not shown correlated electron transport behaviour at
the temperature range of the measurements.

The total thermal conductivity of SmS is almost entirely due
to Kia, as a consequence of low electronic conductivity in black
The mixed black/gold Sm,;,Gd,S
(0.08<x<0.14) phases have electrical conductivities that are

insulating  phase.
almost 1-2 orders of magnitude higher than SmS, leading to an
increase in Ko 0 0.4 -1 W m' K- at 400 K. The purely metallic
gold phases of Sm;,Gd,S (x=0.22, 0.30) have electronic
conductivities above 2x10° S m'! at 400 K, which results in
significantly enhanced K. values of 2.1 and 3.7 W m'! K,
respectively. The highly conducting GdS phase has a large ke
of 8.9 Wm! K-

Across the alloy series, k), remains relatively similar at high
temperatures (3.2 - 4.4 W m'! K at 400 K), except for GdS,
which has a much higher K, (5.4 W m™! K-'at 400 K), attributed
to its much smaller lattice parameter (5.55 A). Raman
spectroscopy of the alloys was performed across the alloy series
(Figure S5) and the spectra match those previously reported for
SmS.#? The first order optical phonon mode ranges from 185-187
cm’l, across the entire series, and there is a negligible change in
the full width at half maximum, which suggest that alloy or
defect scattering plays a minimal role in the phonon band
structure. This is likely a consequence of the fact that the natural
isotopic composition of Sm and Gd contain 5 and 6 stable
isotopes, respectively, reducing the alloy or defect mixing and
effects of
confirmation of the change in the phonon modes will require

scattering lanthanide substitutions.  Future
investigations via inelastic neutron scattering. Taken together,
this

stoichiometries are largely due to changes in k., although the

analysis shows that the changes in k among all
extracted lattice thermal conductivity also varies between
different compositions (Fig. 2d).

We then evaluated the changes in thermal conductivity in the
mixed stoichiometries Sm,;,Gd,S (0.08<x<0.14) by cycling
through the metal-insulator transition by applying uniaxial
pressure to convert these phases into the gold phase and reverting
to the mixed black/gold ground state by annealing (Fig. 3a,
Figure S6). First, the 1600 OC “sintered” Sm;_,Gd,S pellets were
ground into powders and then compressed at 1 GPa using a
rectangular pellet press for 60 s, causing the samples to turn
copper coloured. The XRD patterns of the compressed pellets
show that Smg gsGdy.12S and Smg g6Gdo 14S are exclusively in the

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 The temperature at which the high x gold Smy 5sGdy 1S thermally reverts
to the equilibrium mixed phase. The thermal conductivity of SmggsGd, 1S was
measured at 400 K after annealing for 20 minutes at each temperature, showing
that Smy gsGd 1S reverts to the mixed phase above 550 K.

gold phase, whereas Smg¢,Gdg¢sS contains the residual black
semiconducting phase (Figure S7). The total thermal
conductivity has significantly increased for all three samples. At
400 K, x for Smy ggGdy. 12S and Smg gsGdg 14S increased from 3.8
to 6.1 Wm'! K!, and 4.7 to0 9.3 W m'! K-!, respectively (Fig. 3b,
c, e, f). Despite incomplete conversion into the gold phase,
Smy 9,Gdg0sS also exhibited an increased K after compression
from 4.3 to 5.9 W m™! K-! (Figure S8).

Next, to revert the compressed pellets to their mixed
black/gold ground states, the pellets were placed on a 623 K
(350°C) hot plate for 15 s under an Ar atmosphere. An immediate
colour change was observed upon placing them on the hot plate,
and the pellets had become black within 5 s (Supplementary
video). XRD analysis of these thermally reverted pellets showed
that the samples had converted back to mixed black-gold phases.
The thermal conductivities of these thermally reverted pellets
were nearly identical to the originally measured “sintered pellet”
mixed black/gold phases. To confirm the reproducibility of this
thermal conductivity swing, the pellets were placed back into the
rectangular press and “re-compressed” at 1 GPa for 60 s, after
which the pellets converted again into the pure gold phase based
on the XRD pattern (Figure S7a-c). The k of the “recompressed”
gold phases are within measurement error of the originally
measured compressed gold phase. This process was repeated
over 10 times on the same pellet, during which identical thermal
conductivity changes between the black and gold phases were
observed, within the measurement error (Figure S9).

Finally, the same compression-annealing procedure was
performed on the non-switching Smg 70Gdg 30S stoichiometry as
a negative control (Fig. 3d, g). No significant changes in x were
observed between the sintered and compressed phases of this
control. XRD analysis confirms that this stoichiometry remains
entirely as the gold phase even after compression at 1 GPa
(Figure S7d). Furthermore, the electrical conductivity before and
after compression are identical within measurement error (Figure
S10), which rules out interference from additional defect
scattering caused by compression, offsetting any changes caused
by changes in k.. in these materials.
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To determine the temperature range at which thermal
switching can occur, we evaluated the temperature at which a
compressed SmygsGdy 1S alloy
equilibrium mixed phase. The SmggsGdy1,S device was

thermally reverts to the

annealed for 20 minutes over the temperature range of 400-625
K in 25 K increments. Following each annealing step, k was
measured at 400 K using the steady state approach (Fig. 4).
Annealing between 400 and 550 K produces negligible changes
in K, indicating Smg gsGdy 1,S remains in the high Kk gold state.
In contrast, annealing above 550 K leads to a reduction in ¥ and
by 600 K the system has undergone a complete reversion from
the metallic gold phase to the mixed equilibrium phase. The
transition temperature was observed for the Sm;_,Gd,S (x=0.08,
0.14) phases. Thus, thermal switching in Sm; Gd,S can be
achieved between 200-550 K.

Several features of Sm;_,Gd,S make it a unique material for
thermal switching. First, in contrast to most metal-insulator
transition materials that have been evaluated for thermal
switching, the changes in thermal conductivity are largely due to
changes in K. The gold phases have sufficiently high
electronic conductivities to produce k... values comparable to
K. This is in part due to their high free carrier density of ~1 e
per Sm or Gd atom in the compressed gold phases, as well as the
highly symmetric rock salt crystal structure that produces more
widely disperse bands, with effective mass values of m*=1.2.43
44 Second, the ability to access both the high thermal
conductivity gold phase and the equilibrium low thermal
conductivity mixed phase over a broad temperature range is a
direct consequence of the large hysteresis of the metal-insulator
transition in Sm;_Gd,S, the origin of which may be similar to
SmBg.%

Finally, the 1 GPa pressure needed to induce the metal-
insulator transition is accessible for thermal switching devices,
especially if thin films of Sm;,Gd,S can be created. In a
commercial device setting, single-crystal thin film form factors
would potentially have faster switching kinetics and potentially
an enhanced long-term structural stability upon repeated cycling,
compared to the polycrystalline pellets measured here. Along
these lines, SmSe thin films which undergo a type-II pressure-
dependent metal-insulator transition, have been utilized as
piezoresistive sensors in devices with piezoelectric actuators
capable of reaching 2 GPa.*6-47

Conclusions

Sm,_,Gd,S alloys show promising properties for thermal
switching applications. In contrast to nearly all other metal-
insulator transition materials, which switch between their Ky;gh
and K, states at a specific temperature, the large pressure
hysteresis in the Sm;GdiS enables different triggers for
switching into the Ky, state with pressure and into the ko, state
with temperature. Sm; Gd,S alloys can be triggered between
Khigh and Ko, states with Kpin/Kiow ratios up to 2, exhibit fast
switching (within 5-15 seconds), and both states can be accessed

This journal is © The Royal Society of Chemistry 2026

over a broad 200-550 K temperature range. We established that
the differences in thermal conductivityD@loiip! Gkt C8iiiQQkds
alloy series are largely due to the additional k.. contributions as
the material changes from the semiconducting black phase to the
metallic gold phase. These results identify Sm,;Gd,S as an
emerging thermal switching active material for future thermal
management technologies.
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