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Active and reversible modulation of thermal conductivity can rea-
lize efficient heat energy management in many applications such as
thermoelectrics. Using first-principles calculations, this study
reports a giant thermal switching ratio of 12, much higher than
previously reported values, in monolayer 2H-VSe, above room
temperature. Detailed analysis indicates that the high thermal
switching ratio is dominated by the ferromagnetic ordering induced
phonon bandgap, which significantly suppresses the phonon—pho-
non scattering phase space across the entire vibration spectrum.
The thermal switching in bulk 2H-VSe; is also investigated and the
thermal switching ratio reaches 9.2 at the magnetic transition
temperature. Both the phonon—phonon scattering space phase
and phonon anharmonicity are responsible for the 9.2-fold thermal
switching. This study advances the understanding of heat energy
transport in two-dimensional ferromagnets, and also provides new
insight into heat energy control and conversion.

Introduction

Thermoelectric materials can convert waste heat into electri-
city, making them attractive in the field of heat energy harvest-
ing. In order to achieve a high conversion efficiency, a low
thermal conductivity is highly desired.'” For example, doping,
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Giant thermal switching in ferromagnetic VSe,
with programmable switching temperaturef
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New concepts

Ferromagnets are potential candidates for thermal switching since they
typically have a high switching ratio of thermal conductivity. However, a
high switching ratio is only achieved at low temperature and no switching
ratio over 3 has been reported around room temperature. Herein, we
report a giant switching ratio of 12 at a magnetic transition temperature
of 430 K from the ferromagnetic to paramagnetic phase in monolayer
2H-VSe,. We also find that the switching ratio in 2H-VSe, has a weak
dependence on thickness. Combining the fact that the magnetic
transition temperature of few-layer 2H-VSe, decreases monotonously
with increasing thickness, a highly efficient thermal switch with
programmable switching temperature can be realized based on few-
layer 2H-VSe, by simply using an appropriate thickness. These findings
advance the understanding of thermal control in ferromagnets and
provide a practical way to design thermal switching with a desired
working temperature.

as an efficient method, has been widely employed to achieve a
low thermal conductivity and a high thermoelectric power
factor coefficient.® On the other hand, for hot-spot thermal
management in the field of electronic cooling, one should
combine active and passive cooling and both a high power
factor and a high thermal conductivity are desired.””® Thus,
actively and reversibly controlling the thermal conductivity
is a new horizon for efficient heat energy management and
conversion.

Compared with electrons, phonons (heat energy carriers)
have no mass and charge, i.e., there is a lack of direct connec-
tions between phonons and the external environment, making
their control much more difficult. Nevertheless, many methods,
including structural phase transitions by external stimuli,”"*
electrochemical ion insertion and removal,">*® mechanical
stress,"®'” and charge density redistribution,’® have been
proposed to actively and reversibly control phonon transport
or thermal conductivity. For example, in ferroelectric perovs-
kites, structural phase transition or domain wall density change
triggered by an electric field,">"*>" temperature,">>> and sub-
strate strain®*?* has been employed to explore the reversible

This journal is © The Royal Society of Chemistry 2023
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control of thermal conductivity. Considering the possible tech-
nological applications of thermal control, we propose the
following two general conditions: (i) the switching ratio should
be up to 10; and (ii) the switching temperature or working
temperature should be around room temperature. Accordingly,
ferromagnets are the most potential material systems for
thermal control since they have the highest switching ratio
based on published studies.>*>” However, high thermal switch-
ing in ferromagnets typically occurs around the magnetic
transition temperature, which is much lower than that occur-
ring at room temperature, making condition (ii) not satisfied.
Thus, at present, finding a ferromagnet with a high magnetic
transition temperature or increasing the magnetic transition
temperature by external stimuli is necessary to realize control-
lable thermal transport for practical applications.

Compared with bulk ferromagnets, it has been demon-
strated that an electric field,”®>° magnetic field,>"** electro-
static doping,*® and strain®*° can significantly modulate the
magnetic transition temperature in two-dimensional (2D) ferro-
magnets. Thus, 2D ferromagnets have a high possibility to
realize a high switching ratio around room temperature.
Recently, the discovery of various 2D ferromagnets,**™*° such
as Crl;,*" and Cr,Ge,Teg,”® has provided the possibility of
realizing novel devices with broad applications from sensing
to van der Waals spintronics. The thermal switching properties
in several 2D ferromagnets were also investigated by first-
principles calculations.**** Although these first-principles
calculations observed high thermal switching ratios at low
temperature, there is no report on thermal switching in 2D
ferromagnets around room temperature. Fortunately, a recent
experiment reported that ferromagnetic (FM) ordering in mono-
layer 1T-VSe, can persist well above room temperature.** A more
recent experiment reported that for an 8 nm 2H-VSe, thin film,
the FM-to-PM (paramagnetic) phase transition temperature can
reach ~430 K due to magnetic anisotropy.*® In addition, with an
increase in the thickness, the magnetic transition temperature
decreases monotonously from ~430 K to ~300 K at around
50 nm. Therefore, the high magnetic transition temperature
from the FM to the PM phase in VSe, provides the possibility
of realizing a high thermal switching ratio around room
temperature.

To address the possibility of thermal switching in VSe,, in
the current study, the switching ratio that originates from the
FM-PM phase transition in monolayer and bulk 2H-VSe, is
investigated using first-principles calculations. The calculation
results indicate that at the FM-PM transition temperature of
430 K, the switching ratio in monolayer 2H-VSe, reaches up to
12, which is the highest ratio for ferromagnets around and
above room temperature. The switching ratio decreases to
9.2 in bulk 2H-VSe, along with a decrease of the magnetic
transition temperature to 80 K. Our detailed analysis indicates
that the high thermal switching ratio is dominated by the large
difference in the weighted phonon-phonon scattering phase
space (WP3) in monolayer 2H-VSe, and both the WP3 and
phonon anharmonicity in bulk 2H-VSe,. This study deepens
the understanding of phonon transport in 2D materials and
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indicates the possibility of 2H-VSe, for controllable thermal
switching around room temperature.

Results and discussion

The effect of FM ordering on 2H-VSe, is firstly reflected in the
structural and energy information through relaxing the struc-
tures with (FM) and without (PM) spin polarization. The total
energy of both monolayer and bulk 2H-VSe, (Fig. 1) in the FM
phase is lower than that of the corresponding PM phase
(Table S1, ESIf), consistent with experimental measurements*
and previous theoretical calculations.*®"” The lower energy in the
FM phase indicates the preferred stability and FM ordering for
2H-VSe,. In addition to the difference in energy, FM ordering also
alters the lattice constants, bond angles, and atomic positions, as
shown in Table S1 (ESIt). For example, the angle / Se;V;Se,
decreases from 79.816° to 79.682° in monolayer 2H-VSe, when
FM ordering is included. Thus, for 2H-VSe,, FM ordering lowers
its energy and alters its lattice structure significantly.

Due to the significant change in lattice structure, the effect
of FM ordering on 2H-VSe, is secondly reflected in the lattice
vibration or the phonon dispersion. Since phonon-orbit
coupling may be important in quantifying spin-phonon
coupling,® the phonon dispersion with spin-orbit coupling is
also calculated. The calculation results show that spin-orbit
coupling has weak effects on the phonon dispersion, especially
for the acoustic phonons in 2H-VSe, (Fig. S2, ESIT); thus, in the
current work, the spin-orbit coupling is ignored. For both
monolayer and bulk 2H-VSe,, FM ordering creates the phonon
bandgap due to the upshift of optical phonon modes (Fig. 2),
which is also distinctly indicated by the phonon density of
states (DOS) and was observed in a previous study.*” Strain
engineering and doping'®*® are two efficient strategies for
modulating the phonon bandgap. Here, we discover that FM
ordering is another efficient and non-destructive strategy for
modulating the phonon bandgap. As indicated in ref. 50,
introducing or enlarging the phonon bandgap can decrease
the number of phonon-phonon scattering channels since the
conservation of both energy and momentum during the scatter-
ing process becomes more difficult to satisfy. Thus, FM order-
ing may significantly alter the phonon transport properties and
thermal conductivity in 2H-VSe,.

As discussed above, FM ordering has significant effects on
the lattice structure and phonon dispersion, both of which are
directly related to the phonon thermal conductivity. Thus,
based on first-principles calculations using the linearized
Boltzmann transport equation, the lattice (phonon) thermal
conductivity of FM and PM 2H-VSe, was calculated since they
are semiconductors and phonons dominate the thermal
transport.*>*! The calculation details are shown in the ESLt
Notably, the ground state of VSe, is still under debate. As
indicated in ref. 52, estimation of the ground state in VSe, is
quite tricky and dependent on the functional used as well as
the treatment of V d-electrons. The basic reason, we think, is
the close energy of the two structures, i.e., 1T-VSe, and 2H-Vse,.
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Fig. 1 Atomic structure of monolayer and bulk 2H-VSe,. The top view (a and c) and side view (b and d) of monolayer and bulk 2H-VSe,, respectively. The
red atoms throughout represent V and the green atoms represent Se. The thickness of monolayer 2H-VSe; is defined as the summation of t in (b) and h in (d).

| Monolayer

Density of states (a.u.)

LEME B B B B B B B B L
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Fig. 2 Phonon dispersion and phonon DOS of 2H-VSe,. The red and blue lines as well as the orange and purple lines, respectively, represent the FM and

PM phases of monolayer (a) and bulk (b) 2H-VSe,.

In our calculations, the total energy of the 2H structure is just
0.016 eV per unit cell higher than that of the 1T structure.
Despite the debate, VSe, with the 2H structure has been
successfully synthesized*® and our calculated phonon disper-
sion of the 2H structure (Fig. 2) has no imaginary frequency,
both of which thermodynamically favor the stability of 2H-VSe,.
Thus, the thermal switching in 2H-VSe, is considered in the
current work. For the magnetic transition temperature Tgy-pm
from the FM to the PM phase of monolayer 2H-VSe,, the
experimental data of 430 K is directly adopted.*” Due to the
lack of experimental data for bulk 2H-VSe,, the Tgypy 0f 80 K
is estimated based on the energy of the spin exchange inter-
action obtained from the Heisenberg model,>*> the details of
which are shown in the ESL{ The decrease in the magnetic
transition temperature with increasing thickness is consistent
with previous experimental measurements.”’ The underlying
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reason for the decrease indicated by the measurement is the
gradual disappearance of magnetic anisotropy with increasing
thickness.

From Fig. 3a, the thermal conductivity of both monolayer
and bulk 2H-VSe, in the PM phase is lower than 5 W m ™ * K *
around room temperature, indicating the potential for thermo-
electric applications.>®”® As indicated in ref. 57, Se vacancies
have important effects on the ferromagnetism in VSe,. In order
to measure the effects of Se vacancies on the ferromagnetism
and thermal conductivity in 2H-VSe,, we perform two compara-
tive calculations. First, we calculate the magnetic moment of
the V atom in monolayer 2H-VSe,, and the calculated results
observed were 1.0 up per V atom, which is consistent with
previous work.”® Then, we take two Se atoms away ina 2 x 2 x 1
supercell to mimic the Se vacancies and calculate the magnetic
moment of the V atom. Interestingly, the magnetic moment per

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Phonon transport properties of 2H-VSe,. The temperature dependent thermal conductivity (a), specific heat averaged group velocity (b), specific
heat (c), and specific heat averaged phonon lifetime (d). Throughout, the blue squares represent monolayer 2H-VSe, and the olive diamonds represent
bulk 2H-VSe,. The thermal conductivity of both monolayer and bulk 2H-VSe, shows a giant change at the magnetic transition temperature.
For monolayer 2H-VSe,, the magnetic transition temperature is 430 K, which decreases to 80 K for bulk 2H-VSe,.

V atom increases to 1.8 ug. Thus, Se vacancies can significantly
enhance the ferromagnetism in 2H-VSe,. For the effects of Se
vacancies on the thermal conductivity, vacancies typically
decrease the thermal conductivity due to phonon-defect scat-
tering. However, ferromagnetism in 2H-VSe, increases the
thermal conductivity as shown in Fig. 3a. Thus, there is a
competition between Se-vacancy-introduced phonon-defect
scattering and enhanced ferromagnetism. The increase or
decrease of thermal conductivity in 2H-VSe, depends on which
one is dominant. This competition is interesting, which
deserves further study.

From Fig. 3a, we can also observe that for both monolayer
and bulk 2H-VSe,, the thermal conductivity in the FM phase is
much larger than that in the PM phase, ie., at the Trypy Of
430 K (80 K) the thermal conductivity of monolayer (bulk)
2H-VSe, in the FM phase is about 12 (9.2) times that in the
PM phase. Notably, the PM phase in the current study is treated
as the non-magnetic (NM) phase. There are two reasons for this
treatment: (1) the bulk VSe, observed in many experimental
studies®”®® and first-principles calculations predicted the non-
magnetic phase in monolayer VSe,;*" and (2) if the randomly
oriented magnetic moments, namely spin fluctuations, are
considered (PM), the thermal conductivity change or the
switching ratio at Tgyopm Should be even larger since spin
fluctuations typically decrease the thermal conductivity.®>
Thus, the large change in thermal conductivity at Tgypym in

This journal is © The Royal Society of Chemistry 2023

the current work represents the lower limit of the switching
ratio in 2H-VSe,. Such a large change in thermal conductivity
indicates that FM ordering can significantly improve the
phonon transport. A similar phenomenon was also observed
in the 2D van der Waals ferromagnets FeClz, RuCl;, RuBr3, and
Rul;.*® Interestingly, for 2H-VSe,, at Try_py the high switching
ratio of thermal conductivity has a weak dependence on the
thickness (Fig. 3a). Combining the fact that the magnetic
transition temperature of 2H-VSe, decreases monotonously
with increasing thickness,” a high switching ratio with a
programmable switching temperature can be realized by simply
employing an appropriate thickness. In order to verify the
accuracy of the thermal conductivity and thermal switching
ratio, the thermal conductivity of 1T-VSe, (Fig. S3, ESIt), the
convergence of the number of g points and scalebroad during
the solution of the Boltzmann transport equation (Fig. S4,
ESIT), and four-phonon effects (Fig. S5, ESIT) are investigated.
The details are shown in the ESI.f All these considerations
support the findings in the current work. Since the structural
parameters of the PM and FM phases are different due to FM
ordering, in order to understand the effects of pure structural
change and pure magnetic order on the thermal properties, we
calculate the phonon dispersion of 2H-VSe, using the PM
structure with spin polarization. Interestingly, the phonon
dispersion of the PM structure with spin polarization is similar
to that of the FM structure but is much different from that of

Nanoscale Horiz., 2023, 8, 202-210 | 205
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the PM structure without spin polarization (Fig. S6, ESIT),
indicating that the giant thermal switching in 2H-VSe, is
caused mainly by magnetic order while the structural change
has weak effects.

Based on kinetic theory, the lattice (phonon) thermal con-
ductivity k is determined by the specific heat C, phonon group
velocity v, and phonon lifetime 1, i.e., k = £,C;v,%1;, where A is
the phonon mode. Next, we will investigate the effects of these
three parameters individually on the thermal conductivity
change at Trypym. Since v; and 7, are phonon mode A depen-
dent parameters, in order to clearly and intuitively show their
effects on the thermal conductivity, the specific heat averaged
v and 7 are calculated as follows:

> CX;

X = 72 c (1)

where X denotes v or 7. The specific heat C is calculated by
summing C; among all the phonon modes, ie., C =3 C;.

Fig. 3b-d, respectively, show the temperature dependent v, C,
and 7. Through these three figures, it is obvious that at Try-pm,
both the phonon velocity and specific heat have slight effects
on the large change in thermal conductivity for 2H-VSe,, which
instead is dominated by the phonon lifetime. Moreover, these
three figures can explain that the slightly lower switching ratio
in bulk 2H-VSe, is caused by the larger increase in the specific
heat (Fig. 3c) and phonon group velocity (Fig. 3b) from the FM
to the PM phase, partially eliminating the effects of the phonon
lifetime (Fig. 3d). Since the phonon lifetime is dominant and
determined by WP3 and phonon anharmonicity, in order to
further explore the change in thermal conductivity at Try-pm,
the specific heat averaged WP3 and Griineisen parameter y
using eqn (1) are then calculated, as shown in Fig. 4. For
monolayer 2H-VSe,, at the Tgy_pym Of 430 K, the specific heat
averaged WP3 in the PM phase is about 9.1 times that in the FM
phase (blue square symbols in Fig. 4a). The ratio of the specific

View Article Online
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heat averaged WP3 between the PM and FM phases is similar to
that (8.8) of the specific heat averaged phonon lifetime between
the FM and PM phases (Fig. 3d), indicating the dominant role
of phonon-phonon scattering phase space on the thermal
conductivity change. The much smaller WP3 in the FM phase
originates from the FM ordering induced phonon bandgap
(blue lines in Fig. 2a), which makes the conservation of both
energy and momentum more difficult to satisfy. The much
weaker change in specific heat averaged y at the Tgypyp (blue
squares in Fig. 4b) verifies the dominant role of phonon-
phonon scattering phase space. For bulk 2H-VSe,, at the
Trm-pm Of 80 K, in addition to the phonon-phonon scattering
phase space (olive diamond symbols in Fig. 4a), phonon
anharmonicity also significantly affects the thermal conduc-
tivity change (olive diamonds in Fig. 4b). Quantitatively, the
ratio of the specific heat averaged WP3 between the PM and FM
phases is 3.1 and the ratio of the specific heat averaged y
between the PM and FM phases is 3.2; thus, the overall ratio
combining WP3 and y between the PM and FM phases is 9.9,
which is similar to the ratio of the phonon lifetime (8.2) or
thermal conductivity (9.2) between the FM and PM phases for
bulk VSe,.

Although the specific heat averaged 7, WP3, and y can
provide an intuitive explanation for the large change in thermal
conductivity at Tgy-pm, What is missing is detailed mode
dependent information that can provide a deeper understand-
ing about the underlying mechanism of thermal switching.
Next, the mode (frequency) dependent t data are compared at
Trm-pm between the FM and PM phases. As shown in Fig. 5, for
both monolayer and bulk 2H-VSe,, at Tgy-pm the phonon
lifetime in the FM phase is much larger than that in the PM
phase over the whole frequency range, indicating that FM
ordering can improve phonon transport across the entire
vibration spectrum. Such an FM ordering introduced improve-
ment of phonon transport is very different from previous
strategies for modulating the thermal conductivity, for
which phonons within only a narrow spectrum range can be
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Fig. 4 Specific heat averaged weighted phonon—phonon scattering phase space WP3 (a) and Gruneisen parameter (b) of 2H-VSe,. Throughout, the
blue squares represent monolayer 2H-VSe, and the olive diamonds represent bulk 2H-VSe,. For monolayer 2H-VSe,, the giant thermal conductivity
change at Tgm—pm in Fig. 3a is dominated by the giant change in phonon-phonon scattering phase space; by contrast, for bulk 2H-VSe,, the change in
both phonon-phonon scattering phase space and phonon anharmonicity contributes to the change in thermal conductivity at Tem—pm.
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Fig. 5 Phonon lifetime of monolayer (a) and bulk (b) 2H-VSe, at the magnetic transition temperature from the FM phase (hollow symbols) to the PM

phase (solid symbols).

modulated. The improvement in phonon transport across the
entire vibration spectrum is the underlying reason for the giant
thermal conductivity change for 2H-VSe, at the FM-PM phase
transition.

As discussed above, the phonon lifetime is determined by
WP3 and phonon anharmonicity. Thus, the mode dependent
WP3 and phonon anharmonicity are compared between the FM
and PM phases, respectively. For monolayer 2H-VSe,, the mode
dependent WP3 in the PM phase is about 10 times that in the
FM phase over the whole frequency range (Fig. 6a), verifying
the dominant role of phonon-phonon scattering phase space in

the thermal conductivity change indicated in Fig. 4a as well as
the significant effects of the enlarged phonon bandgap on
thermal switching (Fig. 2a). By contrast, for bulk 2H-VSe,, the
difference in the mode dependent WP3 data between the FM
and PM phases is much smaller (Fig. 6b) since the phonon
anharmonicity also contributes significantly to the large ther-
mal conductivity change at Tgy_py, Which is verified by the
mode dependent y in Fig. 6d. Therefore, for the monolayer 2D
ferromagnet 2H-VSe,, the phonon-phonon scattering phase
space dominates the thermal conductivity change at the mag-
netic transition temperature, whereas for bulk 2H-VSe,, both
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Fig. 6 Phonon frequency dependent WP3 (a and c¢) and Gruneisen parameter (b and d) for monolayer and bulk 2H-VSe; at the magnetic phase transition
temperature, respectively. Throughout, the hollow symbols denote the FM phase and the solid symbols denote the PM phase.
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the phonon-phonon scattering phase space and phonon anhar-
monicity control the thermal conductivity change at the mag-
netic transition temperature.

Based on the above discussion, 2H-VSe, has a giant switch-
ing ratio of thermal conductivity. Fig. 7 compares the tempera-
ture dependent switching ratio values for some ferromagnets.
Notably, the solid symbols represent the theoretical data while
the hollow symbols represent the experimental data. As shown
in this figure, although a high switching ratio can be obtained
at low temperature, a switching ratio of over 3 around room
temperature has never been reported in previous literature,
either theoretically or experimentally. For example, through
magnetic field induced magnetization vector alignment from
antiparallel to parallel, a switching ratio of only 2.5 was
experimentally obtained at 300 K for Cu/CosoFes, multilayer
films,”* and a small switching ratio of 1.4 was theoretically
predicted for bulk FeRh at 340 K.”> Our work predicts a giant
switching ratio of 12 at 430 K and 9.2 at 80 K. Based on the
experimental data, the magnetic transition temperature from
the FM to the PM phase for few-layer 2H-VSe, can be modulated
via the thickness. Combining the fact that the switching ratio
shows only a slight decrease with increasing thickness (the
dashed red line in Fig. 7), a giant switching ratio at a desired
working temperature can be obtained using an appropriate
thickness.

Conclusions

In summary, this study reports giant thermal switching in the
2D ferromagnet 2H-VSe, using first-principles calculations with
the linearized Boltzmann transport equation. For monolayer
2H-VSe,, the thermal conductivity at the magnetic transition
temperature of 430 K from the PM to the FM phase jumps
12-fold, which originates from the FM ordering induced drop in
phonon-phonon scattering phase space. For bulk 2H-VSe,, the
thermal switching ratio is 9.2 at the magnetic transition tem-
perature of 80 K, where both the phonon-phonon scattering
phase space and phonon anharmonicity contribute to the
thermal conductivity change. Since both monolayer and bulk
2H-VSe, has a giant switching ratio and the magnetic transition
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temperature can be designed by simply changing the thickness,
this study discovers a material that can meet two important
factors - i.e., a high switching ratio and a switching tempera-
ture around room temperature - for thermal switching, which
indicates the high possibility of realizing controllable thermal
transport.
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