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The realization of reversible thermal conductivity through ferromagnetic ordering can improve the heat management
and energy efficiency in magnetic materials-based devices. VI3, as a new layered ferromagnetic semiconductor, exhibits
a structural phase transition from monoclinic (C2/m) to rhombohedral (R3̄) phase as temperature decreases, making it a
suitable platform to investigate thermal switching in magnetic phase transition materials. This work reveals that the thermal
switching ratio of VI3 can reach 3.9 along the a-axis. Mechanical properties analysis indicates that the C2/m structure is
stiffer than the R3̄ one, causing the larger phonon velocity in C2/m phase. Moreover, due to the fewer phonon branches in
C2/m phase, the number of phonon–phonon scattering channels in C2/m phase is smaller compared to that of R3̄ phase.
Both the larger phonon velocity and the longer phonon lifetime lead to larger lattice thermal conductivity in C2/m phase.
This study uncovers the mechanical and thermal properties of VI3, which provides useful guides for designing magnetic
materials-based devices such as thermal switch.
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1. Introduction
Thermal switch, which provides an opportunity for

controlling heat flow flexibly, has attracted tremendous
attention.[1–5] The performance of thermal switch is esti-
mated by the switching ratio κon/κoff, where κon and κoff

are the highest and the lowest thermal conductivity during
the switching process, respectively.[6,7] Thermal switching can
be realized in ferroelectric, ferromagnetic, and ferroelastic
materials.[8–12] For example, a ∼ 11% change in thermal con-
ductivity was observed in Pb(Zr0.3Ti0.7)O3 thin films because
of the variations in the ferroelectric domain density induced
by an electric field.[13] Liu et al.[14] also reported that the
thermal conductivity of polycrystalline Cu2−xSe can vary by
77% due to the temperature induced phase transition. Much
larger switching ratio of ∼ 8× was achieved in polyethy-
lene nanofibers due to the structural phase transition.[15] Sim-
ilarly, Lu et al.[16] also reported a switching ratio of ∼ 10× in
SrCoOx by employing ionic liquid gating to cause the struc-
tural phase transitions. Theoretically, Liu et al.[17] predicted
that the thermal conductivity decreases by 5.8 times with the
structure transforming from P4mm to Pm phase. Moreover,
Wang et al.[8] proposed that the maximum switching ratio of
PdSe2 can reach an order of magnitude by strain-driven struc-
tural phase transition. As discussed above, phase transition

plays a vital role in causing large switching ratio and phase
transition can be controlled by various methods such as strain,
electric field, and temperature.

In addition to ferroelectric and ferroelastic materials, fer-
romagnetic materials are also potential candidates for switch-
able thermal conductivity. VI3, which belongs to ferromag-
netic van der Waals (vdW) materials, has been synthesized
successfully.[18–20] Like layered chromium trihalides, VI3 un-
dergoes a structural transition from monoclinic phase with
space group C2/m to rhombohedral one with space group R3̄
as the temperature decreases to 79 K.[19] Moreover, several
works observed that VI3 exhibits long-range ferromagnetic or-
dering and behaves insulating below 50 K.[19,20] Tian et al.[19]

reported that VI3 undergoes an obvious structural phase tran-
sition from monoclinic to rhombohedral at 79 K, while Kong
et al.[20] found that it experiences a subtle structural transition
without changes in symmetry space group. Further theoretical
and experimental studies are needed to understand this contra-
diction.

In the current work, the dynamic stability of differ-
ent structures and thermal switching in VI3 are systemati-
cally investigated with first-principles calculations. The low-
temperature structure (R3̄ phase) of VI3 is optimized with spin
(ferromagnetic, FM) or without spin (nonmagnetic, NM) po-
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larization. The imaginary frequency appeared in NM R3̄ phase
implies that the lattice structure of R3̄ phase without FM order-
ing is dynamically unstable. For the high-temperature struc-
ture with space group C2/m, there is no imaginary frequency
when the calculations exclude spin polarization. Therefore,
the high-temperature phase of VI3 could prefer to the NM
C2/m structure. Although the reversibility of phase transition
driven by temperature in VI3 has not been demonstrated in this
work, the temperature is a highly controllable and reversible
tuning knob to drive the phase transition.[21,22] Moreover,
cooling triggered phase transition from C2/m to R3̄ phase in
VI3 has been demonstrated experimentally,[19,20] thus, we be-
lieve the phase dependent thermal conductivity in VI3 can re-
alize the thermal switching, i.e., reversible modulation of ther-
mal conductivity. Furthermore, the mechanical properties of
FM R3̄ and NM C2/m phases are calculated and show that the
C2/m phase is stiffer than the R3̄ one. This leads to larger
phonon group velocity and longer phonon lifetime in C2/m
phase and then results in larger thermal conductivity. Ther-
mal switching ratio of VI3 can reach to 3.9 along the a-axis
at the phase transition temperature of 50 K. Moreover, the
longer phonon lifetime caused by smaller phonon scattering
channels also contributes to the larger thermal conductivity in
C2/m phase.

2. Methods
For the first-principles calculations, the package VASP

was employed and the Perdew–Burke–Ernzerhof of gener-
alized gradient approximation (GGA) was chosen as the
exchange–correlation functional.[23] The Γ -centered 𝑘-mesh
was set as 11× 11× 5 for R3̄ phase (11× 5× 11 for C2/m
phase) to simulate the Brillouin zone in the total energy calcu-
lation and structural optimization. To introduce the vdW inter-
actions into VI3, we imposed the density functional dispersion
correction method of Grimme (DFT-D3)[24] in all calculations.
The tolerances for structural optimization were set as the dif-
ference in atomic force being within 10−3 eV/Å. In order to
calculate Young’s modulus of VI3, a larger energy cutoff of
600 eV was chosen. First, the elastic tensor was determined
by performing six finite distortions of the lattice, then the elas-
tic constants was obtained based on the previous elastic ten-
sor and the strain–stress relationship.[25] Finally, the Young’s
moduli of VI3 were derived from elastic constants Ci j metrics
through a series of formulas.[26,27]

For R3̄ phase:
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2
9
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C11 +C12 +
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2
+2C13

)
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1
30
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For C2/m phase:
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Here B, G, E, and ν represent the bulk modulus, shear mod-
ulus, Young’s modulus, and Possion’s ratio, respectively. The
subscripts V, R, and H denote Voigt bound, Reuss bound,
and Hill average, respectively. The arithmetic average of
Voigt and Reuss bounds is termed as the Voigt–Reuss–Hill
approximations.[28] Based on this method, Young’s modulus
E and Possion’s ratio ν were derived from the following for-
mulas:

E = 9BG/(3B+G), (17)

ν = (3B−2G)/(3B+G)/2. (18)

Furthermore, Young’s modulus of VI3 was projected on the ab
and bc planes by using ELATE program.[29]

To investigate the thermal transport in VI3, the harmonic
interatomic force constants were calculated. We chose the
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2× 2× 2 supercell with Γ -centered 1× 1× 1 𝑘-mesh. In
order to obtain the anharmonic interatomic force constants,
a 2× 2× 2 supercell with Γ -centered 1× 1× 1 𝑘-mesh was
chosen and up to the eight-nearest neighbors were consid-
ered. The thermal conductivity was calculated with the Sheng-
BTE code[30] by iteratively solving the linearized BTE. A
11× 11× 5 𝑞-mesh with a scalebroad of 1.0 for R3̄ phase
(a 11× 5× 11 𝑞-mesh with a scalebroad of 1.0 for C2/m
phase) was chosen to guarantee the convergence of calcula-
tions. In order to describe phase transition effects on phonon–
phonon scattering, the weighted phonon–phonon scattering
phase space (WP3) was calculated and written as[31,32]

W±
λ

=
1

2N ∑λ ′λ ′′

{
2( fλ ′ − fλ ′′)
fλ ′ + fλ ′′ +1

}
δ (ωλ±ωλ ′ −ωλ ′′)

ωλ ωλ ′ωλ ′′
, (19)

where N is the number of phonon modes λ including phonon
wavevector and branch, fλ is the equilibrium phonon dis-
tribution, and ω is the phonon angular frequency. The
phonon mode λ ′′ is determined under the condition of quasi-
momentum conservation λ ′′ = λ ±λ

′+ p, where p is the re-
ciprocal lattice vector and the symbol “±” means the adsorp-
tion (+) and emission (−) processes.

In order to clearly show the difference of phonon lifetime
between C2/m and R3̄ phases, the average value (τ̄ ) was eval-
uated as[33]

τ̄ =

∫
(vα

λ
(ωλ ))

2C(ωλ )τ(ωλ )dω∫
C(ωλ )(vα

λ
(ωλ ))

2 dω
, (20)

where DOS(ωλ ) is the phonon density of states, C(ωλ ) and
τ(ωλ ) are the specific heat and phonon lifetime of mode λ ,
respectively.

3. Results and discussion
The high-temperature crystal structure of VI3 is mono-

clinic AlCl3 structural type (space group C2/m, No. 12) with
V3+ cations surrounded by six I− anions in an octahedral co-
ordination as shown in Figs. 1(a) and 1(b). When the temper-
ature is below 79 K, VI3 adopts the rhombohedral BiI3 struc-
tural type (space group R3̄, No. 148) as illustrated in Figs. 1(c)
and 1(d). Each layer in both two structure types is stacked
along c-axis via vdW interaction. The lattice constants and
interlayer spacing of the two structures are summarized in Ta-
ble 1. The interlayer spacing contracts 2.9% with the structural
transition from monoclinic phase to rhombohedral one. Such
a huge change of interlayer spacing has also been observed
in other layered magnetic halide compounds and it could be
attributed to the spin–lattice coupling. The effect of spin po-
larization or FM ordering on structural stability will be dis-
cussed below. Moreover, from Fig. 1(b), V and I atoms show
different configurations along the a- and b-axis in monoclinic
phase, indicating the anisotropy within the in-plane directions;

while these atoms display the same configurations within the
in-plane directions in the rhombohedral phase as shown in
Fig. 1(d). Hence, the thermal properties of VI3 should undergo
a transition from anisotropy to isotropy within the in-plane
directions when the phase transition occurs from monoclinic
structure to rhombohedral one.

(a) (b)

(c) (d)

b

a

b

a
c

a
b

b
a

c

Fig. 1. The atomic structure of VI3 with monoclinic phase (a), (b) and
rhombohedral phase (c), (d). The V atoms are in olive green and the I
atoms are in red.

Table 1. Lattice constants a, b, and c (nm), layer spacing (nm), bulk mod-
ulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), and Pos-
sion’s ratio ν for VI3 in monoclinic and rhombohedral phases.

Phase a b c Layer spacing B G E ν

C2/m 0.6818 1.1225 0.7151 0.6821 20 13 32 0.22

R3̄ 0.6961 0.6961 1.9878 0.6624 14.6 9.4 23 0.24

First, the dynamic stabilities of VI3 with different
phases are investigated by comparing their phonon dispersions
(Fig. 3). Based on the experimental data, VI3 exhibits mon-
oclinic structure without long-range ferromagnetic ordering
when the temperature is higher than 79 K, so the spin polar-
ization is switched off in our first-principles calculations when
mimicking phonon transport in monoclinic phase of VI3. Be-
cause the long-range ferromagnetic ordering appears for VI3

when the temperature is lower than 50 K and the intermediate
state between 79 K and 50 K might be complex, in the cur-
rent work we focus on the thermal switching before and after
the phase transition rather than the complex phase transition
process and R3̄ phase is considered when the temperature is
lower than 50 K. The phonon dispersions of R3̄ structure are
calculated with and without spin polarization. Compared to
the phonon dispersion of NM R3̄ shown in Fig. 2(c), the imag-
inary frequency disappears in FM R3̄ as shown in Fig. 2(a).
Thus, for R3̄ phase, FM phase is the ground state. As dis-
cussed above, there is no long-range ferromagnetic ordering
for C2/m structure and its phonon dispersion with NM phase
as shown in Fig. 2(b) has no imaginary frequency, indicat-
ing that the high-temperature structure prefers to monoclinic
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NM C2/m phase, which is consist with Tian’s findings.[19]

Therefore, NM C2/m and FM R3̄ are considered as the low-
temperature and high-temperature phases of VI3, respectively
in this work. The primitive cell of C2/m structure contains
16 atoms so that the phonon spectrum of this phase has 48
branches; while the primitive cell of R3̄ structure contains 24
atoms, 24 more branches exist in its phonon spectrum, lead-
ing to more scattering channels in R3̄ structure. It is obvious
that the optical branches shift to lower frequency region in R3̄

structure. This is also seen from the phonon density of states in

Fig. 2(d) that overall phonon modes of R3̄ structure are soft-

ening throughout the Brillouin zone. This redshift of lower

optical branches or phonon softening indicates that the C2/m

structure is stiffer than the R3̄ structure.

As discussed above, the C2/m structure is stiffer than the

R3̄ structure. Then, the elastic properties of the two structures

are calculated based on their elastic modulus tensors.
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Fig. 2. Phonon dispersion of VI3 with ferromagnetic R3̄ structure (a), with nonmagnetic C2/m structure (b) and nonmagnetic R3̄ structure (c).
(d) Phonon density of states in VI3 with ferromagnetic R3̄ structure (red line) and nonmagnetic C2/m structure (blue line).
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Fig. 3. Phonon group velocity of VI3 with FM R3̄ phase (a) and NM C2/m phase (b) along different axis.

The elastic modulus tensor Ci j is obtained from the
stress–strain relationship as σ = Ci jε , where σ and ε are
the engineering stress and strain vector, respectively.[8,34]

Based on the elastic modulus tensor, the mechanical prop-
erties such as Young’s modulus of C2/m and R3̄ structures
are calculated.[27,35] Due to the different space groups of the

two structures, different equations listed in Section 2 are em-
ployed. The calculated results are summarized in Table 1. In
detail, Young’s moduli of C2/m phase is 39.1% larger than that
of R3̄ one. Meanwhile, Young’s modulus of VI3 in both phases
are also larger than that of nine-layers thick CrI3 with the
value of 15 GPa,[36] which means VI3 can sustain more strains
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than CrI3. Larger Young’s modulus represents stiffer structure
which leads to larger phonon velocity. So, it is clear that the
highest phonon velocities of C2/m within the in-plane direc-
tion are larger than that of R3̄ as shown in Fig. 3. Such a phe-
nomenon can also be reflected in the directional dependence of
Young’s modulus in the ab plane of the two phases as shown
in Fig. 4. For R3̄ phase, the same Young’s modulus within the
in-plane directions manifests the isotropic mechanical proper-
ties in the ab plane. For C2/m phase, Young’s modulus along
the a-axis is almost 1.65 times that of R3̄ phase. Thus, C2/m
phase exhibits anisotropic mechanical properties, which leads
to its anisotropic thermal conductivity. Especially, Young’s
moduli of both phases along the out-of-plane direction are the
smallest due to the weak vdW interactions, which is also re-
flected in the thermal properties. Besides the difference of
Young’s moduli of the two phases, the smaller Poisson’s ra-
tio of 0.22 for C2/m structure (0.24 for R3̄ structure) indicates
that the bonding is more directional in C2/m structure.[37] The
V–I bond distance of 2.757 Å is uniform in R3̄ structure, while
the V–I bonds display two lengthes of 2.712 Å and 2.908 Å
in C2/m structure. This also implies the anisotropy of C2/m
structure. On the other hand, the ratio of bulk modulus (B) and
shear modulus (G) of R3̄ structure is larger than that of C2/m
structure, indicating larger ductility of C2/m phase.[37,38]

In order to investigate the thermal switching of VI3 from
C2/m to R3̄ phase, the lattice thermal conductivities of the
two phases are calculated based on Boltzmann transport equa-
tion and the calculated results are shown in Fig. 5(a). When
temperature is lower than 50 K, the thermal conductivities
of R3̄ VI3 have the same values along a-axis and b-axis di-

rections; while the thermal conductivities become different
along a-axis and b-axis directions when the phase transforms
from R3̄ to C2/m at the transition temperature. These results
clearly demonstrate the isotropic property of R3̄ phase within
the in-plane direction and anisotropic property of C2/m phase.
Meanwhile, the thermal conductivity of C2/m phase is much
larger than that of R3̄ phase for all three directions. Quantita-
tively, at the phase transition temperature, the largest switch-
ing ratio can reach to 3.9 along the a-axis, which is much
larger than that predicted in bulk FeRh of 1.4[39] and semi-
hydrogenated graphene of 2.3.[40]
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Fig. 4. Directional dependence of Young’s modulus projected into the
ab plane of C2/m phase (a), (b) and R3̄ phase (c), (d).
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Fig. 5. (a) Lattice thermal conductivity of VI3 with FM R3̄ and NM C2/m phases as a function of temperature. The frequency-dependent
phonon lifetime (b), weighted phonon–phonon scattering phase space (c) and Grüneisen parameters (d) of VI3 with FM R3̄ (blue squares) and
NM C2/m (red circles) phases. Notably, the phonon lifetime and WP3 are obtained at 50 K.
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As mentioned above, the narrowed phonon band gap of
phonon branches provides more channels for phonon–phonon
scattering, leading to the decrease in phonon lifetime. From
Fig. 5(b), the phonon lifetime of R3̄ phase is actually shorter
than that of C2/m phase. The average lifetime in R3̄ phase
is 28 ps, while in C2/m phase it is 74 ps. The 2.6 times
increase in lifetime is consistent with the 3.9 times increase
in thermal conductivity, indicating the dominant effects of
phonon lifetime on the thermal switching. To further under-
stand the reason for increase in phonon lifetime, we analyze
the phonon–phonon scattering phase space and phonon anhar-
monicity. The frequency dependent weighted phonon–phonon
scattering phase space WP3[41] and Grüneisen parameters, in-
dicators of phonon anharmonicity, are then calculated. It is
clearly that the WP3 of R3̄ phase is much larger than that of
C2/m phase, indicating more phonon scattering channels in
R3̄ structure. To quantify the WP3, the specific heat averaged
value is calculated and they are 0.08 ps4/rad4 and 0.02 ps4/rad4

for FM R3̄ and NM C2/m, respectively. However, the calcu-
lated average Grüneisen parameters at 50 K are 0.6 and 0.9 for
FM R3̄ and NM C2/m, respectively, implying that R3̄ structure
has weaker lattice anharmonicity, inconsistent with the shorter
phonon lifetime. The larger phonon anharmonicity in cubic
phase has also been found in III–V and II–VI semiconductors
with cubic and hexagonal phases.[42] The weaker lattice an-
harmonicity in R3̄ structure can be explained by ferromagnetic
ordering caused attenuation of anharmonicity in R3̄ structure.
It has also been reported in CrI3

[43] and semi-hydrogenated
graphene.[40] Therefore, the reduced WP3 is the main factor
for the enhancement of phonon lifetime in C2/m phase.

4. Conclusion

In summary, this work initially focuses on the dynamic
stability of different phases of VI3 with or without spin polar-
ization. The calculated results indicate that the R3̄ phase with
ferromagnetic ordering is dynamically stable and the high-
temperature structure of VI3 prefers to C2/m phase. With the
further investigations on mechanical properties of both phases,
Young’s modulus of C2/m phase is 33% larger than that of R3̄
phase, implying the higher phonon group velocity in C2/m
phase. Moreover, the phonon lifetime decreases by 2.6 times
as the structure transforms from C2/m to R3̄ phase. This drop
is attributed to the increase of phonon–phonon scattering chan-
nels in R3̄ phase. The variations of phonon lifetime and group
velocity at the phase transition from C2/m to R3̄ cause the
large thermal switching ratio of 3.9 in VI3. This reversible
thermal conductivity enables us to control thermal energy in
magnetic materials-based devices.
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