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Abstract

Since the discovery of graphene, a tremendous amount of two dimensional (2D) materials have
surfaced. Their electronic properties can usually be well understood without considering correla-
tions between electrons. On the other hand, strong electronic correlations are known to give rise
to a variety of exotic properties and new quantum phases, for instance, high temperature super-
conductivity, heavy fermions and quantum spin liquids. The study of these phenomena has been
one of the main focuses of condensed matter physics. There is a strong incentive to introduce
electronic correlations into 2D materials. Via intercalating a van der Waals layered compound
VSy, we show an emergence of a Kondo lattice, an extensively studied strongly correlated system,
by magnetic, specific heat, electrical and thermoelectric transport studies. In particular, an excep-
tionally large Sommerfeld coefficient, 440 mJ-K~2-mol~!, indicates a strong electron correlation.
The obtained Kadowaki-Woods ratio, 2.7 x 1076 p-cm-mol?>-K?-mJ~2, also supports the strong
electron-electron interaction. The temperature dependence of the resistivity and thermopower cor-
roborate the Kondo lattice picture. The intercalated compound is one of a few rare examples of
d-electron Kondo lattices. We further show that the Kondo physics persists in ultra-thin films.

This work thus demonstrates a route to generate strong correlations in 2D materials.



The past decade has seen an explosion in research of two dimensional (2D) materials|1, 2].
During discovery of a flood of 2D materials, many salient effects in solid, e.g., integer and
fractional quantum Hall effect, quantum spin Hall effect, superconductivity and magnetism,
have been observed in 2D materials|3-6]. Most of the electronic properties of 2D materials
can be described by a single-electron picture. On the other hand, strong electron correlations
have been one of the most important problems in condensed matter physics and are believed
to play a pivotal role in systems, such as high temperature superconductors, heavy fermions,
and quantum spin liquids, etc|7-9]. There has been little interaction between these two fields.
Very recently, emergence of strong correlations in twisted bilayer graphene has stirred much
excitement in both communities[10, [11]. The excellent tunability via electrical gating and
surface engineering of 2D materials may provide to the experimental investigation of strong
correlation phenomena a powerful knob that is not available in research of three dimensional

bulk.

2D materials are derived from their three dimensional counterpart, van der Waals layered
compounds. Many kinds of atoms and molecules, varying significantly in size and property,
can be inserted into the interlayer gap due to weak interlayer coupling. In fact, there
have been extensive studies on intercalated graphite and transition metal dichalcogenides
(TMD’s)[12-14]. New electrical, optical and magnetic properties have been introduced to the
host material this way. Such intercalation can be achieved in bilayers[15, [16], hence making
a new 2D material. Therefore, intercalation is expected to greatly expand the spectrum of
properties of 2D materials. A naive idea is to insert local magnetic moments so that they
couple to the conduction carriers in the layer, forming a Kondo lattice. This could be a

versatile scheme for designing strongly correlated 2D electronic systems.

Here, we demonstrate that the scheme is viable by showing that V5Sg, a self-intercalated
compound of VS,, is a Kondo lattice. VS, is a non-magnetic layered TMD|17]. V;5Ss,
however, becomes an antiferromagnetic (AFM) metal because of the local moment of the
intercalated V ion. In this work, we study the magnetic susceptibility, specific heat, electrical
and thermoelectric transport of V5Sg. The Sommerfeld coefficient is found to be 440 and
67 mJ-K~2 per mole of local moments above and below the Néel temperature, respectively.
The exceptionally large coefficients indicate renormalization of the effective electron mass
due to strong electron correlation. Both the electrical resistivity and thermopower show

characteristics of a Kondo lattice, suggesting that the strong correlation results from the



Kondo coupling between itinerant electrons in the plane and intercalated local moments.
The low temperature resistivity follows a 72 dependence, consistent with the Fermi liquid
effect. The Kadowaki-Woods (KW) ratio is ~0.27ay, indicating strong electron-electron
scattering. Our results reveal that V5Sg is a d-electron Kondo lattice compound and thus
show that intercalation of van der Waals layered materials can be an effective and versatile

method to bring new effects, such as strong correlation, into many known 2D materials.

V;5Sg bulk single crystals were grown by a chemical vapor transport method, using vana-
dium 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 furnace to a temperature gradient of 1000 °C to 850 °C. After
two weeks, single crystals with regular shapes and shiny facets can be obtained. V;5Sg thin
flakes were grown by a chemical vapour deposition method|18]. 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 mi-
croscope (HAADF-STEM). Transport properties were measured using a standard lock-in
method in an OXFORD variable temperature cryostat from 1.5 to 300 K. Heat capacity
was measured in a Quantum Design Physical Properties Measurement System. A Quan-
tum Design SQUID magnetometer was employed to measure the magnetic susceptibility.
Thermopower of bulk single crystals was measured using a standard four-probe steady-state
method with a Chromel/AuFe(0.07%) thermocouple, while a micro-heater method was used

for thin films|19].

V5Sg can be seen as a van der Waals layered material VS, self-intercalated with V,
V1/4VS,. It crystallizes in a monoclinic structure, space group C2/m. V atoms lie on three
inequivalent sites. Intercalated V atoms take the V! site, while V atoms in the VS, layer
take VII and VI sites. Each V! atom is surrounded by six S atoms, forming a distorted
octahedron, shown in Fig. [[b). The resultant crystal field is believed to be intricately
related to the local magnetic moment of V atoms|20, 21]. Fig. D(a) shows a HAADF-
STEM image of a single crystal, in which both V and S atoms can be clearly seen, as
well as the rectangular arrangement of the intercalated V! atoms. Images have been taken
at various spots. All of them show high crystallinity and the same lattice orientation,
indicating uniform V intercatlation. A zoom-in and color-enhanced image is shown in the

lower right of Fig. [[(a), which is in excellent accordance with the in-plane atomic model
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of V5Sg. 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. [l(a).

The magnetic susceptibility of V5Sg displays a paramagnetic behavior which follows the
Curie-Weiss (CW) law at high temperatures and undergoes an antiferromagnetic transition

at about 32 K, shown in Fig. [{]22]. The high temperature CW behavior suggests presence of

_C
T—0cw’

local moments. Fitting of the paramagnetic susceptibility to the CW law, x = xo +
yields a positive CW temperature Ocw ~ 8.8 K despite the AFM order and an effective
magnetic moment of peg = 2.43up per V5Sg formula unit (f.u.). This value is consistent
with reported ones, ranging from 2.12 to 2.49 pg[22-24). It is generally believed that only
V! ions carry a local magnetic moment[20, 21, 25]. So, the measured moment is close to
the theoretical value 2.64up for V3*(3d?)[20, 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 Tl{ along the a axis, while they align ferromagnetically along the b and ¢ axes|20].
Consequently, the in-plane (B || ab plane) susceptibility is larger than the out-of-plane one.
The field dependence of the out-of-plane magnetization displays a sudden change of the slope
at about 4.5 T, seen in the inset of Fig. [[{c). This is caused by a metamagnetic spin-flop
transition][22]. A neutron scattering study found a moment of 0.7 and 1.5up in two single
crystals, respectively|27], while a nuclear magnetic resonance study found a much smaller
moment, 0.22 pp|25]. Taking the measured paramagnetic moment of 2.43up, S ~ 0.8 is
obtained. The moment below Ty mostly seems smaller than the expected value 25 = 1.7[2g].
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 hybridization of the local
d-electrons on V! with the conduction electrons in the VS, plane, a correlation effect known

as the Kondo effect.

There have already been indications for interactions between the localized d-electrons and
the conduction electrons in this system. Anomalous Hall effect, due to skew scattering of
conduction electrons off from local moments, has been observed in V;Ss|18]. Photoemission-
spectroscopy study has shown both local-moment-like and bandlike features for V 3d elec-
trons. To understand the discrepancy, it was thus postulated that the 3d electron that pro-
vides the local moment becomes partially itinerant at low temperatures|21]. Recently, in a

similar compound, VSe, with dilute V intercalation, the Kondo effect has been observed[29].
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In V5Sg, where local moments of V! atoms arrange in a periodic array, a Kondo lattice is
naturally anticipated. As a result, the effective mass of the conduction electron will be
substantially enhanced by the electron correlation. We have carried out specific heat mea-
surements for V5Sg. The data of a 3.18 mg bulk single crystal are presented in Fig. la). A
sizeable jump at Ty = 32 K manifests the AFM transition. In the inset of Fig.2(a), C(T")/T
is plotted as a function of 72. A linear dependence is observed above Tx. By a linear fit to
C/T = ~,+BT?, a very large electronic Sommerfeld coefficient, 7, = 440 mJ-K~2 per mole of
V! atoms, is obtained. The value is comparable to those in f-electron heavy-fermion systems
that exhibit a magnetic order at low temperatures, e.g., 148 mJ-K=2-mol™! in CeyRh3Ges|30]
and 504 mJ-K~2-mol~! in UyZn;7[31]. Coincidentally, v = 420 mJ-K~2-mol™! in a vanadium
oxide, LiVyOy, which is the first d-electron heavy fermion metal[32]. The observed large
Sommerfeld coefficient provides direct evidence for the mass enhancement in V5Ss.

Below Ty, taking into account the spin wave contribution, the non-lattice part of the
specific heat can be expressed as

[T 39 /T 51 /T\?
— 4 - —A/T e - i -
AC =T + AcA A© 1+20 <A)+32 (A)

where vy, represents the electron contribution in the magnetically ordered state, A is the

: (1)

spin-wave gap[33-36]. In Fig.[2(b), we plot the low-T" AC curve obtained by subtracting the
lattice contribution (8T?) according to the high-T fit, i.e., AC' = C — BT3. The data below
20 K can be well fitted to Eq. (), producing v, = 67 mJ-K~2mol~! and A = 12.2 K. Though
much smaller than =, vy, is still comparable to some strongly correlated materials|30, 137].
The suppression of the Sommerfeld coefficient by magnetic ordering is typical in heavy
fermion systems that order magnetically at low temperatures[30, [31]. This is because of
the competition between the Kondo coupling, which results in mass enhancement, and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which promotes a magnetic order|3§].

The competition is also reflected in the observed negative correlation between ~,, and
Tx. Fig.Blc) compares the non-lattice part of the low-T specific heat AC' for three types of
V5Sg samples. These samples display variation of Ty, possibly due to different intercalation
level|22]. As Ty decreases, the spin-wave gap A gradually is reduced, but ., increases
from 67 to 156 mJ-K=2mol~!. Such a negative correlation is illustrated in the Doniach
phase diagram of heavy fermion systems, indicating approaching to the quantum critical

point[38].



Given the key effect of intercalated V atoms in introducing the Kondo effect, it would be
informative to compare the intercalate V;,4VS; and the host compound VS,. However, it is
challenging to grow VS, because of self intercalation and contradicting properties have been
observed so far[39]. Consequently, we have measured the specific heat of VSe, instead, an
isoelectronic and isostructural compound of VS,, shown in the Supporting Materials. The
Sommerfeld coefficient is found to be 46 mJ-K=2 per mol of V,Seg, smaller than that of
V5Sg. This difference offers additional evidence for enhanced electronic correlation by the

Kondo coupling to local moments.

To get an idea of the strength of the electron correlation, we estimate the effective quasi-
particle mass enhanced by the strong correlation by comparing the experimental Sommer-
feld coefficient to that calculated from the Kohn-Sham model to density functional theory
(DFT)[40]. Within such a non-interacting electron model, the Sommerfeld coefficient can
be estimated as v = im?k3N(ep), where kg is the Boltzmann constant and N(ep) is the
density of states (DOS) per f.u. at the Fermi level eg. Our DFT calculation for the antifer-
romagetic phase of V;Sg 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 between
the experimental value and the calculated one here, it is necessary to first take into account
the electron-phonon coupling which can enhance the Sommerfeld coefficient by a factor of
(1+Aep), where Aep is the mass enhancement factor due to the electron-phonon coupling[41].
A reasonable estimate of A, is 1.19[42], 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-phonon coupling effect, the theoretical value estimated from a
quasiparticle picture is still a factor of 2 smaller than the experimental one. We attribute the
remaining discrepancy to the mass enhancement effect due to strong electron correlations.
In the antiferromagnetic phase, the electron correlation gives rise to an enhanced effective
mass of 1.82 m, with m, being the bare electron mass. In the paramagnetic phase, this
mass enhancement effect is much more pronounced, where the effective mass is estimated to
be 11.4 m,.. The details of our DFT calculation for the electronic DOS are included in the

supplementary materials.

The temperature dependent resistivity of many metallic Kondo lattice materials exhibits
characteristic features, such as a maximum, stemming from the Kondo scattering[31, 133].

Fig. Bl shows the resistivity for three V5Sg single crystals, #S1, #S2, and #S3. At 32 K,
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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. In fact, VSey displays a typical metallic resistivity
linear in T'. We tentatively subtract the resistivity of VSe, from V5Sg to highlight the effect of
intercalated atoms. As shown in the inset of Fig. Bk, the broad maximum is evident. Similar
features have been observed in Kondo lattices and believed to originate from a combined
effect of the Kondo coupling and the crystal field[30, 131, 133, 43]. On the high temperature
side of the maximum, the resistivity roughly follows a —InT" dependence, consistent with
the effect of incoherent Kondo scattering. The resistivity maximum is at about 7" = 140
K, suggesting that the crystal field splitting is qualitatively of the order of 140 K.

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 contri-

bution and the magnon scattering term, and takes the form of

1T 2/(T 2 (T\?
— 2 2, [ —A/T il el 2=
p(T) = po + AT* + CA e 1+3< >+15< )

where pj is the residual resistivity, the AT? term represents the Fermi liquid contribution, the

, (2)

last term is associated with the spin wave, and A is the spin wave gap[33-36]. The resistivity
below 20 K can be well described by Eq. (2)) (see Fig.Bb). The fitting parameters A and A are
~0.012 p2-cm-K=2 and ~ 28 K, respectively. Moreover, A is found to be nearly independent
of the magnetic field, which is consistent with the Fermi liquid contribution[44, 45]. On the
other hand, with increasing B, A decreases gradually from 30 to 15 K[46, 47).

In strongly correlated systems, it has been found that the KadowakiCWoods ratio,
rew=A/772, is significantly enhanced, around ag = 1.0 x 10™° zQ-cm(mol-K/mJ)?[48]. Using
the low-T" Sommerfeld coefficient v = 67 mJ-K~2mol™* and A = 0.012 uQ-cm, we obtain
rkw = 0.27ag. This value is similar to those in strongly correlated systems such as LiV,0y,
V503, SroRuO,4 and Nag 7CoOs, etc[37, 49-52].

The thermoelectric properties of heavy fermion compounds share some common features[53].
Fig. M shows the temperature-dependent thermopower S for V;Sg. Instead of a linear T
dependence as expected for ordinary metals, S shows a sign change at about 140 K, as
well as a negative S minimum around 60 K. A change of sign is generally associated with

a change of carrier type. However, this explanation is inconsistent with hole conduction

8



inferred from Hall in the whole temperature range (see the Supplementary Material). 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" = aTk, where roughly o = 2.5-10. After that, S
displays an extremum and may change sign again in some compounds[53-56]. Our data
agree with some of these essential 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 T™ obtained from the resistivity maximum and deviation of the magnetic susceptibility

from the CW law.

Based on these observations, we conclude that V5Sg is a d-electron Kondo lattice com-
pound. Under this picture, the magnetic susceptibility can now be understood. The devia-
tion from the CW law beginning at 140 K results from the Kondo coupling and the crystal
field effect, which has been seen in other heavy fermion compounds|30, 33,36, 43, |57]. The
reduction of the magnetic local moment at low temperatures is due to the Kondo screening,

which, though strongly suppressed, persists in the AFM state[31, [58].

Finally, we investigate the evolution of the correlation effect with reducing thickness.
Since it is difficult to measure the specific heat of thin layers, we focus on the resistivity and
thermopower and monitor how those features that are relevant to the electron correlation
change, as shown in Fig. As samples become thinner, the broad maximum of resistiv-
ity shifts towards low temperatures, implying reduction of the crystal field splitting, see
Fig. Bl(a). The main features in thermopower, e.g., the sign change and the negative peak,
remain, shown in Fig. Bl(c), though the sign change temperature is suppressed. The same
trend takes place in Ty. Below a critical thickness of 5 nm, AFM disappears and a very
weak ferromagnetic order emerges[18]. One intriguing feature is that the positive tempera-
ture coefficient of resistivity below Ty suddenly turns negative when the thickness is reduced
to 7.6 nm (see the inset of Fig.[Bl(a)). With further reducing thickness, a —In7T" dependence
in resistivity develops at low temperatures. It is not clear whether the disappearance of
the metallic resistivity reflects a beakdown of Fermi liquid behavior or a metal-to-insulator
transition. Another possibility would be an appearance of the second incoherent Kondo
scattering contribution due to the crystal field effect|30, 143, 59]. Further investigation are
needed. Nevertheless, all these data indicate that the Kondo physics still plays a key role in

ultra-thin samples.



Our experiments strongly suggest that the intercalated material V5Sg is a d-electron
Kondo lattice compound. The Kondo physics persists in nano-thick films. The results have
not only discovered a 2D strongly correlated material, but open a door to bring tremendous
possibilities into 2D material research by intercalation. A recent work has demonstrated
that the intercalation can be extended to heterointerfaces, which will further expand the

scope of the method|[60].
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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 VIS octahedron. The blue arrows indicate the direction of the
magnetic moments on V! sites. ¢, the molar magnetic susceptibility x for B, ( B L ab plane)
and B|| (B || ab plane). The inset shows the low temperature (7' = 2 K) isothermal magnetization
curves. d, the inverse magnetic susceptibility 1/(x — xo) for B, . The blue dashed line is a linear

fit of the Curie-Weiss law, which gives 6 = 8.8 K, xo = 0.01 cm®mol~! and Hepf = 2.43up per Vi
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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 Yp = 440 mJ K=2 mol~!. b, the low-T
specific heat AC after subtracting the lattice contribution ST according to the high-T' fit. The
dashed line represents a fit to the Eq. (I]). c, the non-lattice part of specific heat AC for three types
of samples with different Tx. The dashed lines are the fits using Eq. (). d, the fitting parameters

as a function of Tx.
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FIG. 3. Temperature dependence of resistivity. a, the temperature-dependent resistivity of three
samples. The inset illustrates the high-T resistivity after subtracting the non-magnetic p of VSes
from that of V5Sg. The dotted lines are the —InT fits. b, the normalized low-temperature
resistivity p/p(T = 50 K). The dashed lines indicate the fits using Eq. ([2). The inset shows

the low-T" resistivity p/p(T" = 50 K) (vertically shifted for clarity.) for Sample #S1 at different
magnetic fields (B L ab plane).
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FIG. 4. Temperature-dependent thermopower S. S changes its sign at about 140 K and displays

a negative minimum at 60 K.
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FIG. 5. Electrical and thermoelectric transport of V5Sg thin films. a, the temperature dependent
resistivity for samples with different thicknesses. The inset shows the low temperature data and
— InT fits for thin samples. b, a typical device for resistivity p and thermopower S measurements.

c, the temperature dependent thermopower for thin films.
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Supplemental Materials: V;Ss: a Kondo lattice based on
intercalation of van der Waals layered transition metal

dichalcogenide
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FIG. S1. a Comparison of the temperature dependent resistivity p(7') between V5Sg and VSes.
p versus T. VSe, displays a linear-T' dependence, except for an anomaly at ~ 90 K, which is
due to an 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. S2. Scaling of magnetoresistance for sample #S51. a, Magnetoresistance MR at various
temperatures. The curves are vertically shifted for clarity. b, Normalized resistivity versus B /(T +

T*), where T* is a scaling parameter.

We have performed detailed magnetoresistance measurements of V5Sg bulk single crystal.
Fig. [S2[(a) shows the magnetoresistance MR = % x 100% at different temperatures.
Above Ty, M R follows a B? dependence, consistent with the spin fluctuation scattering|S1].
Moreover, M R data collapse onto a single curve when the field is scaled by temperature,
T+T*, as shown in Fig.[S2(b). Tt is known that in a Kondo impurity model, the magnetore-
sistance follows the Schlottmann’s relation % = f[B/(T+T%)][S2]. The best scaling yields
a characteristic temperature of 7" = —6 K. The negative sign suggests ferromagnetic cor-
relations in the antiferromagnetic ground state[S3-S5]. This corroborates with the positive

Currie-Weiss temperature.
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FIG. S3. Anomalous Hall effect and the carrier density of V5Sg. a, Hall resistivity pg, (vertically
shifted for clarity) at different temperatures. b, Linear relation between the Hall coefficient Ry

and the magnetic susceptibility x above Tx. The blue line is a linear fit.

We studied the evolution of the Hall resistivity p,, with temperature, as shown in
Fig. S2(a). Here, p,, includes two contributions, i.e., py,(B) = RoB + RanrpoM, where
Ry and Ragg are the ordinary and anomalous Hall coefficients, respectively, and M is the
magnetization, po the vacuum permeability. So, the Hall coefficient can be expressed as
Ry = puy/B = Ry + RangpoM/B, namely, Ry o< x. We plot Ry versus y at different
temperatures above Ty and find a good linear relation (See Fig. S3[(b)). The intercept of
the linear fit gives a positive value of Ry = 2.5 x 10™* cm?® C~!, indicating a temperature

independent holes carrier concentration of n = 2.5 x 102 cm 3.
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FIG. S4. 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 represents the Fermi level.

We carried out density functional theory (DFT) calculations using the Perdew-Burke-
Ernzerhof (PBE)[S6] generalized gradient approximation as implemented in the all-electron
first-principles code package Fritz Haber Institute ab initio molecular simulations (FHI-aims)
package[ST]. 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 containing 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 sampling. The FHI-aims “light”
setting for the numerical grid integration and numerical atomic basis sets (5sdp2d1f for
V and 4s3pld for S) were used in the calculations. The unit cell geometry and atomic
positions were fully relaxed, with resultant lattice parameters of a = 22.62 A, b = 6.62 A,
c=11.37 A, and a = v = 90°, B = 91.7°. The calculated electronic density of states (DOS)
are presented in Fig. [S4] 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 supercell
corresponds to N(ep) = 6.6 states/eV per formula unit cell. In Fig. [SB the projected DOSs
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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
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FIG. S5. The atom-projected density of states(PDOS) of different Vanadium atoms for V! (solid

red curve), VI (dashed blue curve) and VI (dot-dashed green curve) in V5Sg bulk.
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