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V5S8 is an ideal candidate to explore the magnetism at the two-dimensional (2D) limit. A recent experiment has
shown that the V5S8 thin films exhibit an antiferromagnetic (AFM) to ferromagnetic (FM) phase transition with reducing
thickness. Here, for the first time, using density functional theory calculations, we report the antiferromagnetic order of
bulk V5S8, which is consistent with the previous experiments. The specific antiferromagnetic order is reproduced when
Ueff = 2 eV is applied on the intercalated vanadium atoms within LDA. We find that the origin of the magnetic ordering
is from superexchange interaction. We also investigate the thickness-dependent magnetic order in V5S8 thin films. It is
found that there is an antiferromagnetic to ferromagnetic phase transition when V5S8 is thinned down to 2.2 nm. The
main magnetic moments of the antiferromagnetic and ferromagnetic states of the thin films are located on the interlayered
vanadium atoms, which is the same as that in the bulk. Meanwhile, the strain in the thin films also influences the AFM–FM
phase transition. Our results not only reveal the magnetic order and origin in bulk V5S8 and thin films, but also provide a
set of parameters which can be used in future calculations.

Keywords: V5S8, superexchange interaction, AFM–FM phase transition
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1. Introduction
Intrinsic magnetism in two-dimensional (2D) materials

has been investigated extensively for years.[1–4] According to
Mermin–Wagner theorem, the long-range magnetic order can
hardly exist in the 2D regime due to the strong thermal fluctu-
ations, while the magnetic anisotropy can overcome the ther-
mal fluctuations.[5] In recent years, 2D ferromagnetic (FM)
insulators, such as CrI3 and Cr2Ge2Te6,[6,7] and metallic fer-
romagnets, such as Fe3GeTe2,[8,9] have been synthesized in
experiments. Meanwhile, various 2D materials are also ex-
pected to exhibit magnetic order in density functional theory
(DFT) calculations.[10–15] In addition, the 2D magnets have
been applied to fabricate various 2D heterostructures with
engineered levels of strain, chemistry, optical, and electrical
properties.[2,16–18] Hence, exploring the 2D magnets together
with the material engineering could open up a wide range of
possibilities for the fundamental physics and the design of
spintronics devices.

The magnetic order of 2D magnets can be controlled
by using external means, such as magnetic field[19] and
current.[20,21] In many 2D magnets, the magnetic ordering ex-
hibits thickness-dependent properties. Some 2D vdW mag-
nets, such as CrI3

[22] and MnBi2Te4,[23] have been predicted
to exhibit ferromagnetic ordering in monolayer while the thin
films with even number of layers exhibit interlayer antifer-
romagnetic (AFM) ordering. In addition, the magnetic or-

dering in some thin films can be tuned in a process of a
spin-reorientation transition (SRT), which is usually driven by
thickness.[24–26] For example, reduction of the thickness of
FeRh results in an antiferromagnetic to ferromagnetic phase
transition.[25]

V5S8, which exhibits antiferromagnetism in bulk, also ex-
hibits thickness-dependent properties in magnetic order. An
AFM to FM phase transition is reported to occur when the
thickness is down to 3.2 nm while a spin-glass-like state is
found during the transition.[27] Meanwhile, the magnetoresis-
tance hysteresis disappears as the thickness is reduced, sug-
gesting that the metamagnetic transition changes from first or-
der to second order.[28] Although the single-layer V5S8 has not
been synthesized yet, the intriguing thickness-dependent mag-
netism accomplished with other magnetic properties makes
V5S8 a candidate for future spin related applications. How-
ever, the question remains open on the mechanism of mag-
netism and the phase transition occurred in V5S8 films.

In this paper, we investigate the magnetic order of V5S8

bulk and thin films using DFT calculations. We find that
the bulk V5S8 exhibits antiferromagnetism while only the in-
tercalated vanadium atoms have magnetic moments, which
is consistent with previous experiments. Our calculation re-
sults reveal that the magnetic exchange coupling is from su-
perexchange interaction. Thickness-dependent magnetic order
shows that the FM states become more stable with reducing
thickness. The critical thickness of the AFM–FM transition
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ranges from 1.4 nm to 2.2 nm depending on different surface
terminations. The major magnetism of the thin films originates
from the same type of vanadium atoms, the interlayer vana-
dium, as that in the bulk material. However, the other types
of vanadium atoms, those in the VS2 layers, gradually exhibit
small magnetic moments with reducing thickness. Meanwhile,
the phase transition can also be affected by the strain in the thin
films. Our results verify the existence of AFM to FM phase
transition in V5S8 thin films and provide a possible mecha-
nism for the AFM–FM phase transition.

2. Computational methods
All DFT calculations are performed using the Vienna ab

initio simulation package (VASP).[29,30] The interactions be-
tween valence electrons and ionic cores are described with
the projector augmented wave (PAW) method.[31,32] A plane
wave basis set with a cutoff energy of 520 eV is used to ex-
pand the wave functions. For the exchange and correlation,
we mainly employ the LDA+U approximation,[33] and com-
pare the Perdew–Burke–Ernzerhof (PBE) functionals[34] with
PBE+U . The atomic coordinates are fully optimized until the
forces are smaller than 0.01 eV/Å. We use a vacuum spacing
of 20 Å, which reduces the image interactions caused by the
periodic boundary conditions. The Brillouin-zone integration
is carried out using 2× 8× 4 and 2× 8× 1 Monkhorst–Pack
k-point meshes for bulk and thin films V5S8, respectively. To
treat the localized d orbitals of V atom, we use Dudarev’s ap-
proach with the rotationally invariant effective U parameters
Ueff =U − J, where U and J are the on-site Coulomb and the
exchange parameters, respectively.[35]

3. Results and discussion
Bulk V5S8 adopts a monoclinic structure with F2/m space

group, as shown in Fig. 1(a).[36] The structure can be viewed
as one layer of V atoms (red ones in Fig. 1) intercalated
into VS2 layers with 1T phase. Meanwhile, the intercalated
V atoms lead to a distorted 1T-VS2 layer. Therefore, there
are three inequivalent V sites drawn in three different col-
ors: V(1) (red), V(2) (blue), and V(3) (green). The interca-
lated V atoms are on the V(1) sites, forming a slightly dis-
torted triangular lattice. The magnetic properties of bulk V5S8

have been investigated experimentally for decades.[37–39] It
has an antiferromagnetic ground state while the critical tem-
perature is around 32 K. Neutron scattering[40] and nuclear
magnetic resonance[41] experiments revealed that the interca-
lated V atoms are responsible for the magnetism. The anti-
ferromagnetic alignment of spins is depicted in Fig. 1(b) ac-
cording to previous reports.[40] Despite experimental investi-
gations, few theoretical works have been reported.

First, we try to reproduce the generally accepted magnetic
ordering of bulk V5S8, AFM ground state with the magnetism

from intercalated V(1) atoms, using DFT based quantum me-
chanical calculations by comparing the total energy between
the configurations with different magnetic orderings. Here, we
construct three different types of AFM states and one FM state
among which AFM-1 has been generally accepted based on
experimental observations, as shown in Figs. 1(b)–1(e). The
energy difference is defined as ∆E = EAFM−n −EFM, where
EAFM−n and EFM represent the total energies of AFM-n (n= 1,
2, and 3) and FM structures, respectively. Negative ∆E means
AFM state is more stable than FM state, vice versa. Mean-
while, we extract the magnetic moments on different V atoms
for the AFM-1 structures to see if the magnetic moments only
reside on the V(1) atoms. Here, the magnetic moment is ne-
glected if it is smaller than 0.1 µB due to the limitation of cal-
culation precision.

(a)

(b) (c)

(d) (e)

V(1)

V(2)

V(3)

S

AFM 3 FM 1

AFM 1 AFM 2

a

b

c

Fig. 1. Structures and magnetic order of bulk V5S8. (a) The crystal
structure of V5S8. V(1), V(2), and V(3) represent the inequivalent
V atoms. Various magnetic orders considered in our calculation: (b)
AFM-1, (c) AFM-2, and (d) AFM-3 are three different types of AFM
magnetic orders and (e) FM is the one possible FM magnetic order. Es-
pecially, AFM-1 is the magnetic order of bulk V5S8 determined by the
neutron diffraction measurements.[40]

In order to obtain the correct ground state of bulk V5S8,
AFM-1, we perform the calculations on the four configura-
tions shown in Fig. 1 with different effective interaction pa-
rameters (Ueff) and different exchange correlation function-
als. Ueff has been applied on all vanadium atoms in the ini-
tial states. The exchange–correlation functionals we used are
LDA and PBE. The ∆Es calculated with LDA and PBE are
presented in the upper panels of Figs. 2(a) and 2(b), respec-
tively. The calculations with LDA function show that the
AFM-2 state is the most stable state and the energy differ-
ence between AFM-1 and AFM-2 is less than 0.2 eV using
different Ueff. The calculations with PBE functional find that
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the AFM-1 state is the most state. Therefore, both functionals
show reasonable results and the PBE functional is a little bit
better from the view of total energy. Then, we check the mag-
netic moments on different vanadium atoms for the AFM-1
state using LDA and PBE functionals, which are shown in the
lower panels of Figs. 2(a) and 2(b), respectively. Both V(2)
and V(3) atoms have nonnegligible magnetic moments for the
PBE functional. As for LDA, though some of the V(2) atoms
have a nonnegligible magnetic moment, 0.11±0.07 µB in av-
erage, the magnetic moment of the V(3) atoms are tiny. Since
previous experiments[38] reported that only V(1) atoms are re-
sponsible for the magnetism, it seems that Ueff employed on
all the vanadium atoms in the initial state cannot generate the
correct antiferromagnetic ground state. We then employ Ueff

on the V(1) atoms only. The variations of ∆Es and the average

magnetic moments with different Ueffs ranging from 0.5 to 4.0
are shown in Figs. 2(c) and 2(d) for LDA and PBE function-
als, respectively. For the LDA+U calculations, the FM state
is the ground state when Ueff is smaller than 2 eV with negligi-
ble magnetic contribution from the V(2) and V(3) atoms (the
magnetic moments of both V(2) and V(3) atoms are less than
0.1 µB). The AFM-1 state becomes the ground state if Ueff is
equal to 2 eV while the AFM-2 state becomes the ground state
if Ueff is larger than 2 eV. For PBE+U , the AFM-3 state is al-
ways energy favorable for different Ueffs. Based on the above
calculations, we find that DFT calculations with Ueff less than
2 eV for V(1) atoms within LDA generate a ground state which
agrees well with experimental observations. Therefore, we
do further calculations within the LDA+U formalism using
Ueff = 2 eV for the V(1) atoms only.
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Fig. 2. The energy difference ∆E (upper panel) and the average magnetic moments of V(1), V(2), and V(3) atoms in AFM-1 structure as a
function of Ueff. (a) LDA+U and (b) PBE+U with varied Ueff from 0 to 1.5 on all V atoms. (c) LDA+U and (d) PBE+U with varied Ueff from
0 to 4 on V(1) atoms only.

According to the crystal structure, the distance between
two V(1) atoms is around 6.5 Å. How the cooperative mag-
netism occurs in such large distance still remains unclear.
The distance between two V(1) atoms is too large for di-
rect coupling. In general, the indirect magnetic coupling can
be distinguished into superexchange interaction and RKKY
interaction.[42] The superexchange interaction is controlled by
a shared ligand of metals.[43,44] Changing the angle between
the metals and ligand will affect the metal–ligand orbital over-
lap and the subsequent superexchange. While, the nature of
RKKY is determined by the density of conduction electrons

and the metal–metal distance.[43,45] Therefore, the exchange
coupling can be RKKY interaction if it is very sensitive to the
distance or can be superexchange if it is sensitive to the angle
between the metals and ligand.

To investigate the indirect V(1)–V(1) magnetic coupling,
we evaluate and compare the total energies of 4 magnetic or-
derings mentioned above. The distance effects are exhibited
by expanding each lattice constant for 1% to 3%. The energy
differences are shown in Fig. 3(a). The AFM-1 structure is al-
ways energy favorable. This indicates that the V(1)–V(1) cou-
pling is not sensitive to the distance, which means RKKY in-
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teraction does not contribute to the magnetic ordering. Mean-
while, we move the V(1) atom along a-axis and c-axis for 1%
of lattice constant to change the angle between V(1) atoms and
VS2 layer, as shown in Fig. 3(b). The AFM-2 structure is more
stable than the AFM-1 structure with the movement of V(1)
atom along the a-axis. The FM structure becomes the ground
state if the V(1) atoms move along the c-axis. This indicates
that the V(1)–V(1) coupling changes if the angle between lig-
and VS2 and metal V(1) is changed. Hence, the superexchange
interaction results in the magnetic ordering of V5S8.

To understand the physical nature of the thickness-driven
AFM to FM phase transition observed in experiments,[27] we
perform calculations of the magnetic order in V5S8 thin films.
Since V5S8 can be regarded as the VS2 intercalated with V(1)
atoms, there are three types of thin films with different ter-
minations as defined in Fig. 4(a): V(1)–V(1), V(1)–VS2, and
VS2–VS2 terminated monolayers.

Here, we use the energy difference, ∆E = EAFM−1−EFM,
to depict the phase transition with different thicknesses. As
shown in Fig. 4(b), the ∆E turns to positive from negative
with the decrease of the thickness, suggesting that the FM
state becomes the ground state instead of AFM state. The
transition from AFM state to FM agrees with previous ex-
perimental observation.[27] Meanwhile, the AFM–FM phase
transition is independent of the terminated surfaces and oc-
curs on all the three types of thin films at different thicknesses.
From Fig. 4(c), we find that the V(1) atoms contribute the most
magnetism in the thin films we considered, which is indepen-
dent of the thicknesses. However, the magnetic moments vary
from the bulk due to different external environment. Partic-

ularly, the internal V(1) atoms generate a magnetic moment
around 1.8 µB, while the V(1) atoms on the surface generate
a magnetic moment around 2.5 µB. Meanwhile, some of the
V(2) and V(3) atoms also reserve magnetic moments in the
thin films.
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In our calculation, the phase transition occurs at a thick-
ness ranging from 1.4 nm to 2.2 nm, while the experiment
discovered the phase transition at a thickness around 3 nm. To
understand the thickness difference between our calculation
and the experiments, we do further calculations on the thin
films under strain since the strain influences the magnetism
in many materials.[25,46] The strain is induced by expanding
or compressing the lattice constant. Here, we only consider
monolayers of the three types of thin films to explore the ef-
fect of the strain. For all three types of monolayers, the ∆Es
(Fig. 4(d)) decrease after 1% compression of the lattice con-
stant and increase after 1% expansion. For V(1)–V(1) and
V(1)–VS2 monolayers, the AFM-1 state even becomes the sta-
ble state after the compression. Hence, the strain can influence
the AFM–FM phase transition in the V5S8 films. In the exper-
iments, the thin films can be introduced with strain due to the
thermal expansion accomplished with the change of tempera-
ture or the substrate. However, our model is based on an ideal
external environment. Hence, the thickness that induced the
phase transition can be different between calculations and ex-
periments.

4. Conclusion
In summary, we investigate the magnetic order of V5S8 in

bulk and thin films using DFT calculations. We find that the
bulk V5S8 exhibits antiferromagnetism while only V(1) atoms
are responsible for the magnetism, which is consistent with
previous experiments. The specific parameters (Ueff = 2 eV
applied on the intercalated vanadium atoms within LDA func-
tional) can reproduce the antiferromagnetic order, which is
consistent with experiments. We discover that the magnetic or-
dering originates from superexchange interaction. In the V5S8

thin films, the AFM to FM phase transition occurs at a thick-
ness ranging from 1.4 nm to 2.2 nm and the FM state, which is
contributed by V(1) atom, becomes more stable with reducing
thickness. Our results provide a set of parameters used in cal-
culations that result in the magnetic ordering reported by the
experiment for V5S8 bulk materials. Furthermore, our calcu-
lations based on these parameters show a thickness dependent
AFM–FM transition that agrees with the experimental obser-
vations.
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