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Being parent materials of two-dimensional (2D) crystals, van der Waals layered materials have received revived
interest. In most 2D materials, the interaction between electrons is negligible. Introducing the interaction can give rise
to a variety of exotic properties. Here, via intercalating a van der Waals layered compound VS,, we find evidence for
electron correlation by extensive magnetic, thermal, electrical, and thermoelectric characterizations. The low temperature
Sommerfeld coefficient is 64 mJ-K~2-mol~! and the Kadowaki—Woods ratio rgw ~ 0.20ag. Both supports an enhancement
of the electron correlation. The temperature dependences of the resistivity and thermopower indicate an important role
played by the Kondo effect. The Kondo temperature T is estimated to be around 8 K. Our results suggest intercalation as

a potential means to engineer the electron correlation in van der Waals materials, as well as 2D materials.
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1. Introduction

Strong electron correlations can give rise to many ex-
otic properties in materials, such as high temperature super-
conductivity, heavy fermions, quantum spin liquids, etc.=3]
Understanding the effect has been a grand challenge in con-
densed matter physics. An example of a strongly correlated
electron system under extensive study is the Kondo lattice,
in which a dense array of local magnetic moments interact
with itinerant conduction electrons via the so-called Kondo ef-
fect. The competition between the Kondo effect, which results
in screening of the local moment, and the Ruderman—Kittel—
Kasuya—Yoshida (RKKY) interaction, which promotes order-
ing of the moment, leads to a variety of ground states, e.g.,
a Kondo insulator, an antiferromagnet, and a heavy fermion
superconductor. 24131

Note that the key ingredients of a Kondo lattice include
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local moments and itinerant electrons. A naive idea to de-
sign such a material is to embed an array of moments in
a conductive material. Here, we demonstrate that this sim-
ple route is feasible by introducing the Kondo effect into a
nonmagnetic van der Waals layered material via intercalation
with local moments. We study V5Sg (or V; /4VS2), a self-
intercalated compound of VS,. The magnetic susceptibility,
specific heat, electrical and thermoelectric transport studies
coherently suggest Kondo physics at work and the consequent
enhancement of electron correlation in V5Sg. Intercalation of
van der Waals materials has been well studied, for instance,

14-161 Various

in graphite and transition metal chalcogenides.!
chemical species with very different properties can be inter-
calated. Given a large body of van der Waals materials, we
believe that this technique can be a versatile means to intro-
duce a class of Kondo lattices. Moreover, the same idea can

be applied to two-dimensional materials, too.!!7-18]
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2. Experimental techniques
2.1. Methods

V5Sg bulk single crystals were grown by a chemical va-
por transport method, using vanadium and sulfur powders as
precursors and iodine as a transport agent. These species were
loaded into a silica ampule under argon. The ampule was then
evacuated, sealed, and heated gradually in a two-zone tube fur-
nace to a temperature gradient of 1000 °C to 850 °C. After two
weeks, single crystals with regular shapes and shiny facets can
be obtained. X-ray experiments on grown crystals indicate a
pure V5Sg phase. The crystallographic structure of the single
crystal was further confirmed by high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM).
Transport properties were measured using a standard lock-in
method in an Oxford variable temperature cryostat from 1.5 K
to 300 K. Heat capacity was measured in a Quantum Design
physical properties measurement system. A Quantum Design
SQUID magnetometer was employed to measure the magnetic
susceptibility. Thermopower of bulk single crystals was mea-
sured using a standard four-probe steady-state method with a
Chromel/AuFe(0.07%) thermocouple.
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2.2. Structure

V5Sg can be seen as a van der Waals layered material VS,
self-intercalated with V, i.e., V| 4 VS,. It crystallizes in a mon-
oclinic structure, space group C2/m. V atoms lie on three in-
equivalent sites. Intercalated V atoms take the V! site, while
V atoms in the VS, layer take VI and VIl sites. Each V!
atom is surrounded by six S atoms, forming a distorted octa-
hedron, shown in Fig. 1(b). The resultant crystal field is be-
lieved to be intricately related to the local magnetic moment
of V atoms.!'%?°l Figure 1(a) shows a HAADF-STEM im-
age of a single crystal, in which both V and S atoms can be
clearly seen, as well as the rectangular arrangement of the in-
tercalated V! atoms. Images have been taken at various spots.
All of them show high crystallinity and the same lattice ori-
entation, indicating uniform V intercatlation (see Fig. Al in
Appendix A). A zoom-in and color-enhanced image is shown
in the lower right of Fig. 1(a), which is in excellent accor-
dance with the in-plane atomic model of VsSg. The lattice
constants, a = 11.65 A and b = 6.76 A, are determined from
a fast Fourier transformation (FFT) image shown in the upper
right of Fig. 1(a).

(b) & i -
Dl A - 3 7“7‘
{ W b Ll
=/ T

)
/) ¥
‘ | ) 4 ‘(
| L0’ (? OO(?Q'OJ§OOO?;6\
=1 & 2 |l a=al &y 4 ”
¢ = T=Lp ¥ : Lﬁ—’: *”(:\) l* '4
7 ' 4

(d)

[1/(x—X0)]/em™?-mol

0 1 I 1 | 1
0 100 200 300

T/K

Fig. 1. Structural and magnetic properties of V5Sg bulk single crystal. (a) HAADF-STEM image. Lower inset, a zoom-in image with the
in-plane atomic model. Upper inset, a reduced FFT image. (b) The magnetic unit cell with the V!Sg octahedron. The blue arrows indicate the
direction of the magnetic moments on V! sites. (c) The molar magnetic susceptibility y for B| ( B L ab plane) and By (B || ab plane). The inset
shows the low temperature (T = 2 K) isothermal magnetization curves. (d) The inverse magnetic susceptibility 1/( — xo) for B, . The blue
dashed line is a linear fit of the Curie—Weiss law, which gives 8 = 8.8 K, yo = 0.01 cm®-mol~!, and p¢ = 2.43up per V.
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2.3. Magnetic properties

VS, is a non-magnetic layered TMD. 121 V5Sg, however,
becomes an antiferromagnetic (AFM) metal because of the lo-
cal moment of the intercalated V ion. The magnetic suscep-
tibility of VsSg displays a paramagnetic behavior which fol-
lows the Curie—Weiss (CW) law at high temperatures and un-
dergoes an antiferromagnetic transition at about 32 K, shown
in Fig. 1.1?! The high temperature CW behavior indicates lo-
cal moments. Fitting of the paramagnetic susceptibility to
the CW law, ¥ = xo + %, yields a positive CW temper-
ature Ocw ~ 8.8 K despite the AFM order and an effective
magnetic moment of U = 2.43up per VsSg formula unit
(f.u.). This value is consistent with the reported ones, rang-
ing from 2.12up to 2.49up.?2>24! It is generally believed that
only V! ions carry a local magnetic moment.[!%20-231 So, the
measured moment is close to the theoretical value 2.64up for
V3+(3d2).119:22.26] Below the Néel temperature, the moments
point in the direction of 10.4° away from the ¢ axis toward the
a axis. They align as 11 along the a axis, while ferromag-
netically aligned along the b and c axes.!'”! Consequently, the
in-plane (B || ab plane) susceptibility is larger than the out-of-
plane one. The field dependence of the out-of-plane magne-
tization displays a sudden change of the slope at about 4.5 T,
seen in the inset of Fig. 1(c). This is caused by a metam-
agnetic spin-flop transition.?”) Taking the measured param-
agnetic moment of 2.43ug, S = 0.8 is obtained, close to the
expected value 25 = 1.7. (271 However, below Ty, this moment
was found to be smaller than expected, 0.7ug by neutron scat-
tering or 0.22up by nuclear magnetic resonance.>>?8 This
discrepancy has been an unresolved puzzle. We would also
like to point out that the susceptibility deviates from the CW
law below 140 K. In the following, we are going to show that
this puzzle and the deviation can be explained in terms of hy-
bridization of the local d-electrons on V! with the conduction
electrons in the VS, plane, a correlation effect known as the
Kondo effect.

2.4. Specific heat

There have already been indications for interactions be-
tween the localized d-electrons and the conduction electrons
in this system. Anomalous Hall effect, due to skew scatter-
ing of conduction electrons off from local moments, has been
observed in V5Sg.!?° Photoemission-spectroscopy study has
shown both local-moment-like and band-like features for V
3d electrons. To understand the discrepancy, it was thus pos-
tulated that the 3d electron that provides the local moment

s.[20] Recently,

becomes partially itinerant at low temperature
the Kondo effect has been observed in similar compounds,
VSe, with dilute V intercalation**! and VTe, nanoplate.3!! In

V5Sg, where local moments of V! atoms arrange in a periodic

array, a Kondo lattice may even emerge. It is expected that
the effective mass of the conduction electron will be enhanced
by the electron correlation. We have carried out specific heat
measurements. The data of a 3.18 mg bulk single crystal are
presented in Fig. 2(a). A sizeable jump at Ty = 32 K manifests
the AFM transition. In the inset of Fig. 2(a), C(T)/T is plot-
ted as a function of 72. By a linear fit to C/T = y+ BT?, the
electronic Sommerfeld coefficient, Y = 74 mJ-K—2 per mole of
V! atoms, is obtained, as is commonly done. [2:6-32.33]

Since the system exhibits an antiferromagnetic order, to
obtain Y more accurately, one needs to consider the contribu-
tion from spin waves. So, the total specific heat at low temper-

atures consists of three parts,
C=9T+BT>+BVTe A/, (1)

where BT represents the phonon contribution. Generally, 77
is a good approximation of the Debye model at low tempera-
tures. The third term is the spin wave contribution, in which B

34.35] To avoid hav-

is a prefactor and A is the spin wave gap.!
ing too many parameters when fitting the low 7 data to Eq. (1),
we first estimate 3 from the data above Ty. According to the
Debye model, the full formula of the phonon contribution Ci,

can be written as%

T\® [0/ x4e*
Ci, =9NR (6D> /o de, 2)
where N is the number of atoms in a f.u., R is the mole gas con-
stant, and Op is the Debye temperature. At temperature much
higher than 7y, the specific heat is dominated by the sum of
the electronic and lattice contributions, C = C. + Cj,.3"! Cinag
is relatively small, because it is described by the Schottky
formulal8! or the Schotte & Schotte formula,?**% and de-
cays rapidly with temperature.*! Fitting high-T data to this
sum yields 6p ~ 475 K. Although the linear-T" dependence
of C. needs to be included to obtain a good fit, the fitted 6p
is not acutely sensitive to the linear term. Data for different
samples with different ¥ produce essentially the same Debye
temperature. 3 = 0.235 mJ/mol-K* can be calculated from
B = 12NR7*/563.

Once B is determined, C at low temperatures is fitted
to Eq. (1). In Fig. 2(b), we plot the three contributions to
the total specific heat according to the fitting results. The
fitted 7 is 64 mJ-K~2-mol~!, close to the one by the fit to
C/T = y+ BT?. Though much smaller than those in some
f-electron heavy-fermion systems,[®! the y value is still com-
parable to that of some strongly correlated materials. >33 The
suppression of the Sommerfeld coefficient by magnetic order-
ing is typical in heavy fermion systems that order magnetically

[6,32

at low temperatures.(®3?! This is because of the competition

between the Kondo coupling and the RKKY interaction. #!
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Fig. 2. Specific heat. (a) The specific heat C as a function of temperature. The inset shows a C/T versus T2 plot. The solid line is a linear
fit, which yields y = 74 mJ K=2.mol~!. (b) The low-T specific heat. C. (dashed line) is the linear term y7 deduced from (a); the lattice
contribution (dotted line), Cj, = BT?, is inferred from the Debye model fitting; the magnetic term Crag (dash-dot line) is extracted by the fitting
to Eq. (1). The sum of all three contributions, that is, the fitting curve using Eq. (1) (the solid line) is in good agreement with the experimental
data (red circles). (c) The non-lattice part of specific heat AC for three types of samples with different 7. The dashed lines are the fits using
Eq. (1) without [)’T3. The inset shows the fitting parameters as a function of 7y. (d) The relationship between the discontinuity of specific heat

at TN(5C) and TK/TN.

Such competition is reflected in the observed negative
correlation between Y and Ty. In Fig. 2(c), the specific heat
analysis has been carried out for three samples. These sam-
ples display a variation of Ty, likely due to different inter-
calation levels.[?”l As Ty decreases, the spin-wave gap A is
gradually reduced, but y increases from 64 mJ-K~2-mol~! to
158 mJ-K~2-mol~!. Such a negative correlation is illustrated
in the Doniach phase diagram of heavy fermion systems, in-
dicating approaching to the quantum critical point.* Similar
behavior has been observed in Kondo systems with a magnetic
order.[41:421

In order to better understand the Kondo scale in this sys-
tem, we estimate the Kondo temperature Tx by the jump of
the specific heat (6C) at the Néel temperature Ty. According
to the mean field theory, without Kondo coupling, the discon-

tinuity in the specific heat 5C at Ty is!*>*4]
55(S+1)
0C = ———"—Nak 3
€= 3@ ag 1 Ake, )

with Na the Avogadro’s constant and kg the Boltzmann con-

stant. Assuming S = 1 for our system, the derived 6C should
be 2Npkg =~ 16.6 J/K-mol~!. In the presence of Kondo cou-
pling, the magnetic moment is partially screened, leading to a
suppressed 8C, which is directly related to Ti /Ty, *%*! as de-
picted in Fig. 2(d). Therefore, according to the experimental
value of 6C derived from Cinag, that is, about 13.3 J/K-mol~!
at Ty, the Kondo temperature Tk can be estimated as ~ 8.1 K.

Given the key effect of intercalated V atoms in introduc-
ing the Kondo effect, it would be informative to compare the
intercalate V4 VS; and the host compound VS,. However, it
is challenging to grow VS, because of self intercalation and
contradicting properties have been observed so far.[*6! Conse-
quently, we have measured the specific heat of VSe; instead,
an isoelectronic and isostructural compound of VS,, shown
in Appendix A. The Sommerfeld coefficient is found to be
46 mJ-K 2 per mol of V4Seg, smaller than that of VsSg. This
difference offers additional evidence for enhanced electronic
correlation by the Kondo coupling.

To get an idea of the strength of the electron correla-
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tion, we estimate the effective quasiparticle mass enhanced
by the correlation by comparing the experimental Sommer-
feld coefficient to that calculated from the Kohn—Sham model
to density functional theory (DFT).[*”) Within such a non-
interacting electron model, the Sommerfeld coefficient can
be estimated as y = 17*kEN(gr), where kg is the Boltz-
mann constant and N(g&g) is the density of states (DOS) per
f.u. at the Fermi level €g. Our DFT calculation for the an-
tiferromagetic phase of V5Sg yields an electronic DOS of
6.6 states/eV/f.u., which translates to a Sommerfeld coefficient
of only 16.8 mJ-K~2-mol~!. To understand the difference be-
tween the experimental value and the calculated one here, it is
necessary to first take into account the electron—phonon cou-
pling which can enhance the Sommerfeld coefficient by a fac-
tor of (14 Aep), where A is the mass enhancement factor due
to the electron—phonon coupling.!*®! A reasonable estimate of
Aep is 1.19,191 which was obtained in V metal. This leads to
an enhanced Sommerfeld coefficient of 36.8 mJ-K~2-mol~'.

Thus, one can see that, even after accounting for the electron—

(a)——sample Al
150 —sample A2
sample A3

phonon coupling effect, the theoretical value estimated from
a quasiparticle picture is still markedly smaller than the ex-
perimental one. We attribute the remaining discrepancy to the
mass enhancement effect due to electron correlations. That is,
electron correlations give rise to an enhanced effective mass
of 1.58 m, with m. being the bare electron mass. The details
of our DFT calculation for the electronic DOS can be found in
Appendix B.

2.5. Electrical resistivity

The temperature dependent resistivity of many metallic
Kondo lattice materials exhibits characteristic features, such
as a maximum, stemming from the Kondo scattering.[*! Fig-
ure 3 shows the resistivity for three V5Sg single crystal sam-
ples Al, A2, and A3 grown from the same batch as sample AO.
At 32 K, the resistivity exhibits a kink, which results from the
antiferromagnetic transition. Above this temperature, there is
an apparent hump at about 140 K, in stark contrast to a linear

dependence commonly seen in metals.
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Fig. 3. Temperature dependence of resistivity. (a) The temperature-dependent resistivity of three samples. The inset illustrates the high-7'
resistivity after subtracting the non-magnetic p of VSe, from that of VsSg. The dotted lines are the —InT fits. (b) Fits of the low-T (T < 10 K)
resistivity p/p (T = 50 K) for the three samples in (a). The dashed lines indicate the fits using Eq. (4), the fitting results are shown in the lower
right. The A and A are in units of uQcm‘K’2 and K, respectively. (c) Temperature dependent resistivity at different fields. (d), (e) The low-T'
resistivity p/p(T = 50 K) for sample Al at different magnetic fields (B L ab plane). Dot-dashed lines are fits to Eq. (4). (e) The fitted gap of
sample Al as a function of field. The curves in (b)—(d) are vertically shifted for clarity.
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In fact, VSe; displays a typical metallic resistivity linear
in 7. We tentatively subtract the resistivity of VSe, from that
of V5Sg to highlight the effect of intercalated atoms. As shown
in the inset of Fig. 3(a), the broad maximum is evident. This
feature has been observed in Kondo lattices and believed to
originate from coherent Kondo scattering.[®123259 Although
the crystal field may play a role, it often indicates collective
local-moment deconfinement,*1°2] The deconfinement also
manifests as a deviation from the Curie—Weiss behavior, which
is observed at almost the same temperature in our experiments,
see Fig. 1(d). On the high temperature side of the maximum,
the resistivity roughly follows a —InT dependence, consistent
with the effect of incoherent Kondo scattering.

We now turn to the low temperature resistivity in the AFM
state. In the magnetically ordered state, the strong decrease of
the resistivity below Ty is caused by the reduction of spin-
disorder scattering. In this case, the resistivity consists of both
the electronic contribution and the magnon scattering term,
and takes the form

p(T):p0+AT2+b§ (1+2(§))e*A/T, )

where py is the residual resistivity, the AT? term represents the
Fermi liquid contribution, the last term is associated with the
spin wave, and A is the spin wave gap.!!>33-33] The resistivity
below 8 K can be well described by Eq. (4) (see Fig. 3(b)).
The fitting parameters A and A are ~ 0.008 uQ-cm-K~2 and
~ 13.5 K, respectively. The fitted gaps of all three samples A1,
A2, A3 are in accordance with the gap fitted from the specific
heat of AQ. Moreover, A is found to be nearly independent
of the magnetic field, which is consistent with the Fermi lig-
uid contribution.!>*7] On the other hand, with increasing B,
A decreases gradually from 15 K to 5 K (see Fig. 3(d)), which
is similar to those observed in other antiferromagnetic Kondo
systems, P48

In strongly correlated systems, it has been found that
the Kadowaki-Woods ratio, rgw = A/y?, is significantly
enhanced, around ap = 1.0 x 10> pQ-cm(mol-K/mJ)?.1>°!
Using  the coefficient y =
64 mJ-K 2mol~! and A ~ 0.008 pQ-cm-K~2, we obtain

rgw = 0.20ag. This value is comparable to those in d-electron

obtained Sommerfeld

strongly correlated systems such as LiV,04, V203, S1pRuQy,
Nag.7C00, etc.3390-631 and much larger than 0.04ay in tran-
sition metals. 4]

The magnetoresistance shows features in agreement with
the Kondo lattice. Figure 4(a) shows the magnetoresistance
MR = % x 100% at different temperatures. Below Ty,
MR displays a sudden drop at the spin-flop transition, while
in the high temperature paramagnetic state, MR follows a B>

dependence, consistent with the spin fluctuation scattering. [>’!

Moreover, MR data in the paramagnetic state collapse onto
a single curve when the field is scaled by T + T*, where T*
is a characteristic temperature, as shown in Fig. 4(b). It is
known that in a Kondo impurity model, the magnetoresistance
follows the Schlottmann’s relation % = f[B/(T +T%)].1%]
The scaling behavior confirms the Kondo effect and has been
observed in many Kondo lattices.['>3%%] However, the best
scaling of our data yields a negative T* = —6 K. This sign is
consistent with the positive CW temperature. Both the positive
CW temperature and the negative 7™ indicate the presence of

5.[12:50.66] A pegative T* has been re-

ferromagnetic correlation
ported in other antiferromagnetic heavy fermion compounds,

such as CeNiGes,P% CeBi,, %] and YbPtSn.[0”]
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Fig. 4. Scaling of magnetoresistance for sample Al. (a) Magnetore-
sistance MR at various temperatures. The curves are vertically shifted
for clarity. (b) Normalized resistivity versus B/(T +T*), where T* is a
scaling parameter.

2.6. Thermoelectric power

The thermoelectric properties of heavy fermion com-
pounds share some common features. 8! Figure 5 shows the
temperature-dependent thermopower S for VsSg bulk single
crystal. Instead of a linear 7 dependence as expected for

ordinary metals, S shows a sign change at about 140 K, as
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well as a negative S minimum around 60 K. A change of sign
is generally associated with a change of carrier type. How-
ever, this explanation is inconsistent with hole conduction in-
ferred from Hall measurement in the whole temperature range
(see Appendix A for details). In a Kondo lattice system, the
interplay between the Kondo and crystal field effects gives
rise to a broad peak in thermopower S at high temperatures.
More prominently, with decreasing temperature, S changes its
sign at T = aTx, where roughly a = 2.5-10. After that, S
displays an extremum and may change sign again in some

4268701 Our data agree with some of these es-

compounds. !
sential features, e.g., a sign change and a negative peak. It
is worth mentioning that the temperature of 140 K, at which
S changes its sign, is very close to the temperature obtained
from the resistivity maximum and deviation of the magnetic

susceptibility from the CW law.

8

S/uV-K~1

n n n n 1 n n n n 1 n n n n
0 100 200 300
T/K

Fig. 5. Temperature-dependent thermopower S. S changes its sign at about
140 K and displays a negative minimum at 60 K.

3. Conclusion

Based on these observations, we conclude that itinerant
electrons in V5Sg interact with intercalated local moments
through the Kondo effect, giving rise to the enhancement of
electron correlation. Under this picture, the magnetic suscep-
tibility can be understood. The deviation from the CW law be-
ginning at 140 K results from local-moment deconfinement by
Kondo coupling, which has been seen in other heavy fermion

9,12,32,50-52,7172] The reduction of the magnetic

compounds. !
local moment at low temperatures is due to the Kondo screen-
ing, which, though strongly suppressed, persists in the AFM
state. [6-10]

Our experiments strongly suggest that itinerant electrons
in the intercalated material V5Sg are correlated. The results
have demonstrated a means that can potentially bring a class

of materials into the category of correlated electronic systems.

Appendix A: Additional experimental results

We studied the evolution of the Hall resistivity p,, with
temperature, as shown in Fig. A4(a). Here, p,, includes two
contributions, i.e., Pxy(B) = RoB + RangMoM, where Rg and
Rayg are the ordinary and anomalous Hall coefficients, re-
spectively, M is the magnetization, and L the vacuum per-
meability. So, the Hall coefficient can be expressed as Ry =
Pxy/B = Ro+ RangtoM /B, namely, Ry o ). We plot Ry ver-
sus x at different temperatures above 7y and find a good lin-
ear relation (see Fig. A4(b)). The intercept of the linear fit
gives a positive value of Ry = 2.5 x 107 cm?- C~!, indicat-
ing a temperature independent holes carrier concentration of
n=25x102cm™3.

Fig. A1. HAADF-STEM images taken from different regions of a V5Sg sin-
gle crystal. (a)-(c) HAADF-STEM images with different sizes. (d) Color-
coded STEM image reveals clearly the V! rectangular configuration (the
brightest yellow dots).
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Fig. A2. Specific heat C of a 3.5 mg VSe; single crystal. VSe; displays no
magnetic transition. At low temperatures, C/T is linearly dependent of T 2,
A linear fit yields a Sommerfeld coefficient ¥ ~ 11.5 mJ-K~2 per mole of
VSe; formula, shown in the inset.
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Fig. A3. (a) Comparison of the temperature dependent resistivity p(7T') be-
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except for an anomaly at ~ 90 K, which is due to a charge density wave
transition. The dotted line is the baseline subtracted from the resistivity of
V5Sg so as to highlight the contribution of the intercalation, Ap. (b) Ap as
a function of temperature.
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Fig. A4. Anomalous Hall effect and the carrier density of VsSg. (a) Hall re-
sistivity pyy (vertically shifted for clarity) at different temperatures. (b) Lin-
ear relation between the Hall coefficient Ry and the magnetic susceptibility
X above Tn. The blue line is a linear fit.

Appendix B: DFT calculations

We carried out density functional theory (DFT) calcula-
tions using the Perdew—Burke-Ernzerhof (PBE)!73 general-
ized gradient approximation as implemented in the all-electron
first-principles code package Fritz Haber Institute ab initio
molecular simulations (FHI-aims) package.!”*! In accord with
the experimental findings, the monoclinic crystal structure
with antiferromagnetic ordering of the V! atoms was used in
our calculations. We employed an extended unit cell contain-
ing 8 formula unit cells (104 atoms in total), and a 6 x 3 x 3
k grid (with the I" point included) for the Brillouin zone sam-
pling. The FHI-aims “light” setting for the numerical grid in-
tegration and numerical atomic basis sets (5s4p2d1f for V and
4s3pld for S) were used in the calculations. The unit cell ge-
ometry and atomic positions were fully relaxed, with resultant
lattice parameters of a =22.62 A, b =6.62 A, c = 11.37 A,
and o = y=90°, B = 91.7°. The calculated electronic den-
sity of states (DOS) is presented in Fig. B1, where one can see
that the DOS at the Fermi level is dominated by contributions
from V. The DOS value of 53.0 states/eV for the calculated su-
percell corresponds to N(&g) = 6.6 states/eV per formula unit
cell. In Fig. B2 the projected DOSs of individual V species
are presented, where the V! atoms yield a pronounced peak
just below the Fermi level, and contribute a major part of the
spin polarization. A Mulliken charge analysis indicates that
the local mangetic moments from V!, VII, and VI atoms are
1.93ug, 0.15up, and 0.04up, respectively.

150

100

Density/(states/eV)

-8 —6 —4 -2 0 2 4
Energy/eV
Fig. B1. Calculated total (black lines) and species-projected density of states

(V: red lines; S: blue lines) of V5Sg bulk. The dash line at the 0 eV repre-
sents the Fermi level.
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Fig. B2. The atom-projected density of states (PDOS) of V! (solid red
curve), VI (dashed blue curve), and V' (dot-dashed green curve) in VsSg
bulk.
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