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Possible Wigner states in Crl; heterostructures with graphene: A tight-binding model perspective
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In this study, we present an effective tight-binding model for an accurate description of the lowest energy
quadruplet of a conduction band in a ferromagnetic CrX; monolayer, tuned to the complementary ab initio
density functional theory simulations. This model, based on a minimum number of chromium orbitals, captures
a distinctively flat dispersion in those bands but requires taking into account hoppings beyond nearest neighbors,
revealing ligand-mediated electron pathways connecting remote chromium sites. Doping of states in the lowest
conduction band of CrXj requires charge transfer, which, according to recent studies [Tenasini et al., Nano Lett.
22, 6760 (2022); Tseng et al., Nano Lett. 22, 8495 (2022); Cardoso et al., Phys. Rev. B 108, 184423 (2023)],
can occur in graphene(G)/CrX; heterostructures. Here, we use the detailed description of the lowest conduction
band in Crl; to show that G/Crl;/G and G/Crl; are type-1I heterostructures where light holes in graphene would
coexist with heavy electrons in the magnetic layer, where the latter can be characterized by Wigner-Seitz radius
ry ~ 25—35 (as estimated for hBN-encapsulated structures).

DOI: 10.1103/PhysRevMaterials.8.074007

I. INTRODUCTION

Chromium trihalides (CrX3, where X = CI, Br, or I) form a
fascinating family of van der Waals materials, celebrated for
their versatile magnetic properties [ 1-9]. Over the recent years
a broad range of studies of these magnetic insulators has been
performed on both bulk materials and atomically thin films
produced by mechanical exfoliation [10-24]. While the main
focus of those studies was on magnetic properties of CrX3
compounds and their dependence on the number of layers
[11,25-31], various CrXj3 films were also implemented in het-
erostructures with other two-dimensional (2D) materials, like
graphene, with a view to proximitize ferromagnetic exchange
[32-35]. A by-product of such studies was an observation
of a substantial charge transfer between graphene and CrX3
reported by several groups [10,32], attributed to electrons
filling narrow conduction bands of CrX3 [16,18], rather than
impurity states inside its bandgap.

The above-mentioned observation opens an interesting av-
enue toward creating a 2D material that would combine both
highly mobile holes in graphene with strongly correlated
heavy electrons in CrX3. Such a system is sketched in Fig. 1:
a trilayer assembled from two graphenes with an embedded
CrX; monolayer, where the transfer of electrons is hosted
by the lowest spin-polarized conduction band of CrX;. To
describe this band (together with three more bands that be-
long to a quadruplet traced [16,18,25,37-39] to d orbitals of
chromium), we develop an effective tight-binding (TB) model
based on a minimal number of Cr orbitals and parametrized by
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comparison with density-functional theory (DFT) calculations
for Crls. This gives us access to the accurate description of
the conduction band edge across the entire Brillouin zone,
hence, obtaining a description of doping features of G/Crl3 /G
stacks, and a possibility to estimate the Wigner-Seitz radius
for the heavy electrons.

II. TIGHT-BINDING MODEL FOR CrX; MONOLAYER

In the crystal structure [40—43] of CrXj, illustrated in
Fig. 2(a), metal ions form a honeycomb middle-sublayer
lattice, bonded by halogen atoms in the outer sublayers. Fol-
lowing an analogy with graphene, we divide Cr sites into A
and B sublattices. Similarly to graphene, the crystal lattice has
inversion symmetry with respect to the centers of the honey-
combs and y — —y mirror symmetry; however, it lacks mirror
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FIG. 1. Charge transfer in G/CrX;/G trilayer. The density of
states for graphene (left and right) and CrX3 (center) is shown with
an offset E, (E. = 0.2¢eV for Crl; as in Ref. [36]), which leads to
the transfer of electrons from graphene to the lowest empty band of
the d-orbitals-based quadruplet in CrX; highlighted in Fig. 2. Painted
areas indicate occupied states.
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FIG. 2. Parametrization of the tight-binding model of Crl; using its DFT computed band structure. (a) Lattice structure of CrX; monolayers
(X =1, Cl, Br). Cr ions (blue circles) form a honeycomb lattice; lighter and darker pink circles show halogen positions in upper and lower
sublayers. Yellow lines show coordination circles labeled with a hop type. (b) The magnitudes of parameters used in the parametrization.
(c) Left: DFT-calculated band structure of Crl; (with SOC taken into account) with color-coding reflecting spin polarization of the bands. The
bottom of the conduction band is dominated by a quadruplet formed of chromium orbitals in Eq. (1) implemented in the tight-binding model
(3). Right: the result of tight-binding model (3) parametrization (Table I), which accounts for Cr-Cr hoppings up to third neighbor, compared

with the DFT data.

symmetry with respect to the horizontal plane and x — —x
mirror symmetry, due to three out of six nearest halogen atoms
lifted into the top sublayer and the other three pushed down to
the bottom sublayers. This makes the symmetry group of the
crystal Ds3,.

Recent ab initio DFT modeling of various CrX3; mono-
layers has indicated that wavefunctions of a quadruplet of
the lowest spin-polarized conduction bands are dominated by
d orbitals of chromium atoms [16,18,25,37-39]. Therefore,
in the TB model described below, we implement a basis of
mixed orbitals that would belong to the e,; doublet at each Cr
site, where, in addition to d orbitals we include a permitted
admixture of p orbitals as a way to mimic the hybridization
with halogen atoms:

Y = oYy — B(eYs )
Yar = oY, * + B(CY) —nY);
Yp = oYy — (Y =yt
Vg = oY, 2+ B(CY,) +nY);

=1 P4t =1 ey

Here, Y" are spherical harmonics; «, 8 are on-site mixing pa-
rameters for m = 2(—2) and m = —1(1) angular harmonics;
¢, n describe the mixing between / = 1 and / = 2 harmon-
ics with |m| =1; ,; and vp; are associated with two
orbitals (j = 1,2) at A and B sites, respectively. The spa-
tial distribution of the density of such basis states reflects
the threefold rotational symmetry of the CrXj3 lattice. This
basis gives E x E reducible representation of the D3, point
group.

We use this basis as a minimal set to formulate an ef-
fective TB model describing the conduction band quadruplet
highlighted in the Crl; monolayer band-structure displayed in
Fig. 2(b). This band structure was obtained by DFT model-
ing of the ferromagnetic Crl; monolayer (magnetized along
z axis) using the DFT + U + J scheme within the Quantum-
Espresso ab initio package [44,45] with fully relativistic
pseudopotentials [thus, taking the full account of spin-orbit
coupling (SOC)] and the Perdew-Burke-Ernzerhof (PBE) ap-
proximation for the exchange-correlation functional [46]. For
U andJ,wetake U = 1.5eV and J = 0.5eV [19]. The effect
of SOC on the band structure both in DFT and TB calculations
is additionally shown in the Supplemental Material [47].
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For the plane-wave version of the TB model we use Bloch functions and an effective Schrodinger equation,

Z eiq'R ( Z eiq-R ( )
Xajq - (X)) = —Yui(r —R);  xpjqr) = ——Ypi(r—R);
J.4 - \/ﬁ J Jj,q — \/N j

A

A
(Hq — ExSo)| B;

B,
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where R are vectors of a dimensionless Bravais lattice with a unit period, q = Kkay is a dimensionless wave vector (normalized
by lattice constant ayg, k is the wave vector), and Hq and Sq are the TB Hamiltonian and overlap matrix. We formally describe
the structure of S and H using the Slater-Koster approach as follows:

r=1,3

MHy=Y (=D Ve + 1) afa; +bb)+ Y t1Pal b+ He,;

J

i,j ij

A=1,3
Sq =Y (8ij+ 3@l ai+bfb)+ Y siPalb; + Hes
i,j i,j
) ) ) o). (»=1,3) ) o). (A=1,3) ) (). (2) (2)* (2) ¢(2).
Sit =83 =787 s =5H"S sy =578 s =80 = L7857
) ) p(A). ) ) p()., (2=1,3) ) p(1). (A=1,3) A p()., (2) (2)* (2) p(2).
0y =h0RY ) = A7R0 1 = LR b =GRy =6 = L7RT
) 2 (A) ) ) 2 A(n—1) 22 ( o(X) no(d) rn 2 o(h na(x .
SpZip=a (3dea +4Si4n +des) —4p [(_1) D¢ (des - (=D den) + (=D (S,ipl —(=D S1(7p)7r)]’
(1) s 2 (s,1) (s,h) (s,1) s 2[ 2 (s,A) (s,1) A2 s,h S, .
Py = Z (+2)'« (3Vdda + 4V + Vaas )+4(:F1) B [5 (Vdda + Vadx ) + (=D (V;;a) + Vp(pn ))]’
s=0,1
W) _ 2 (a17(0.%) (0,%) (0,3) 2 A2 (17(0,0) (0,%) 2(17(0.1 0,1)\.
P =a (3Vdd<7 = WVuw” + Vaas ) —4p [(_1) ¢ (Vdds — Vidx ) +n (Vp(pa) - Vp(pn ))’]
“iar | s V3 2n(n—1) 1 e~y 2n(n—1) 3ty
M | cos b _ I @ = —cos [ /3 _— —;
I 4 {e 2 3 e L 4 Ot T )
1 3g, 3 1 3q, 3q, . 3. . 3
@ = i (2 cos «/;q cos % + cos \/gqx); AR 2 (COS V3¢, — cos V34 cos % — ia/3sin V3q sin %) (3)

Here aﬁib and bgii,z are projection operators onto A, and
B, components of the four spinor in Eq. (1); tl%) and sl(ﬂj)
are the hopping and overlap parameter coupling i and j or-
bitals: neighbor rank A identifies the coordination circle for
the sites involved in a hop (A = 1 corresponds to nearest-
neighbour hop between different sublattice sites denoted as
ABI1 in Fig. 2(a), A = 2 is the shortest intrasublattice hop
denoted as AA1, A = 3 is the second-neighbor intersublattice
hop AB2, etc.). The first term in # describes on-site splitting
of the orbitals due to SOC and accounts for the six short-
est (A = 2) intrasublattice (A-A and B-B) hops. The second
term describes three A-B and B-A hops, taking into account
both closest (A = 1) and next-neighbour (A = 3) processes.
An advantage of the proposed basis (1) is that each of the
hopping elements is factorized into k-dependent functions
f*(q) and fitting parameters P*). The latter can be formally
related to Slater-Koster (SK) parameters [48] for d and p
orbitals V.*») of two types indicated by index s = 0, 1. Those
marked by s = 0 correspond to two-center SK integrals of
the spin-independent time-reversal-symmetric part of the one-
electron Hamiltonian of the crystal; parameters with s = 1 are
related to the time-reversal symmetry breaking by ferromag-
netic ordering brought up by SOC. Similarly, the elements

(

of the overlap matrix S are expressed through two-center SK
integrals but without any SOC contribution. Further details on
hopping parameters are given in the Supplemental Material
[47], including a discussion of longer hops (A = 4, 5).

The fitted values of TB parameters are listed in Table I and
graphically represented in Fig. 2(b). Figure 2(c) displays a
direct comparison between the lowest spin-polarized conduc-
tion bands quadruplets computed using DFT (solid lines) and
our TB model (dashed lines). While Fig. 2 shows an already
very accurate fit for the lower band, the extended TB model

TABLE I. The values used for the parametrization of the tight-
binding model. The rows are for neighbor rank A. The precision to
which each value is given is based on sensitivity of the discrepancy
between the TB and DFT spectra with respect to variation of the
corresponding parameter.

P (meV) P (meV) P (meV)  SPY s
r=1 122 31 —43 —2.88 0.91
A=2 —54 —151 35 0.53 0.34
A=3 213 181 —243 —0.13  —0.20
On-site SOC &, 38 meV
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FIG. 3. Lower conduction band filling of Crl; monolayer. (a) The
energy profile map of the lower conduction band; the band edge is at
six Q,Q’ points. (b) Lower energy band profile along the K’ — I' — K
path. Below critical value of the doping n* only the Q-point min-
ima are filled, at the doping n > n* the filling of the minima at I
begins. (c) The Fermi level relative to the band edge as a function
of G-Crl; band offset for hBN/G/Crl;/G/hBN (solid line) and
hBN/G/Crl;/hBN (dashed line) stacks. The regions corresponding
to below critical and above critical value n* are indicated.

accounting for longer hops achieves a better agreement for
other bands, too [47]. A remarkable feature of the identified
parameters is the relevance of hops beyond nearest neighbor,
in particular, the large magnitude of overlap parameters Sg.
On the one hand a large intersite overlap and the nonorthog-
onality of the basis (1) would make it difficult to use the
proposed TB for many-body calculations. On the other hand,
it points to that the hops are mediated by the halogens, which
could be used to formulate a TB model with a basis expanded
by, e.g., p orbitals of halogens. This extension of the TB model
we leave for future studies and, here, simply use the accu-
rate semianalytical description of the lowest conduction band
in the quadruplet to analyze the charge transfer in CrX;/G
heterostructures.

III. GRAPHENE/CrI; HETEROSTRUCTURE

In Fig. 2(c), the lowest among the conduction band quadru-
plet of Crls is quite flat. The details of the dispersion of
this lowest band are elaborated using the semianalytical de-
scription enabled by TB Hamiltonian (3) and are shown in
Fig. 3(a). This band features six edge points Q, located ap-
proximately halfway along a I' — K path: here we identify
three Q and Q’ pairs related by time inversion of recipro-
cal space. The dispersion at the band minima is parabolic
with slightly anisotropic effective masses m; = 0.54mg, mp =
0.58myg, my being the free electron mass. An additional min-
imum at the I" point is located ~3 meV above the band edge
with an isotropic effective mass exceeding 10my producing
a sufficiently high capacity of electron states for pinning the
Fermi level in Crl; at high doping densities n > n*. From this
we conclude that in terms of doping the essential bandwidth
of the Crl; monolayer is &3 meV, so that the charge trans-
fer into it from the environment such as graphene (Fig. 1)
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FIG. 4. Charge transfer in Crl;-graphene stacks. Top: Sketches
illustrating charge transfer in a Crl3/G stack (left) and G/Crl3/G
(right). The transferred sheet density n creates a positive charge
at graphene and negative charge at Crl;, producing a displace-
ment field D and intralayer polarizations [see Eqs. (4) and
(5)]. Bottom: transferred carrier density, n (red lines, r.h.s. axis)
and Wigner-Seitz radius, r; (blue lines, lLh.s. axis) as func-
tions of the band offset, E.. Solid lines correspond to hBN-
encapsulated trilayer hBN/G/Crl;/G/hBN, dashed lines correspond
to hBN/G/Crl3/hBN, and E}; corresponds to the Fermi level reach-
ing the I" valley edge.

is determined by the interplay between the single-particle
band offset, E.., between the above-mentioned Crl; band and
graphene Dirac point, electrostatics (classical capacitance),
and Fermi level of holes in graphene (quantum capacitance
contribution). The band edge profile along the K’ — ' — K
direction is shown in Fig 3(c).

It has been reported based on first-principles calculations
that the electron affinity of the Crl; monolayer exceeds the
work function of undoped graphene by E. ~ 0.2—0.4¢eV,
suggesting a charge transfer between the layers in G/Crl; het-
erostructures [33,36]. A charge transfer of up to ~10'3 cm~2,
also electrically tunable, has been observed experimentally
for graphene-CrXjs interfaces, X = I, Cl, Br [10,32,49-51].
While one reason for such transfer could be related to defects
in the crystal, suggestions have been made that the observed
graphene p doping is associated with electron transfer into a
CrX; conduction band. Using the structure of the lowest con-
duction band of Crl; obtained by our modeling, we calculate
the charge transfer for G/Crl3/G and G/Crl; stacks shown
schematically in Fig. 4.
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For the G/Crl; stack, the corresponding capacitor model
is sketched in Fig. 4 (left). Here a difference V between the
on-layer potential energies of graphene and Crl; layers can be
expressed as

_ed P Peouy . . en
V—g(en—T——z ) P_(s—l)(T—P), @)

where n is the sheet density of transferred carriers, d is
the distance between the middle of the layers (i.e., carbon
and chromium planes), g cr1, are the out-of-plane dielectric
susceptibilities of graphene and Crl; monolayers, 7 is the mo-
bile charge sheet densities in the monolayers, Pg, c;1, denotes
polarizations of the corresponding layers [see Fig. 4(a)]. In
the expression for V [Eq. (4)] the first term in brackets is
due to displacement field produced by the transferred charge
in the layers, while two other terms take into account the
layer’s dielectric polarisations, as sketched in Fig. 4. Here
we note that the out-of-plane polarization of each layer is
caused by the other layer, which is reflected by a factor of
1/2 in the expression for P in [Eq. (4)] (because the dielectric
polarization of a monolayer is not affected by displacement
field generated by transferred charge of itself due to mirror
reflection symmetry in each monolayer plane [52]).

For the case of Crl; sandwiched between two graphene
layers, the corresponding capacitor model is sketched in Fig. 4
(right). In this case, the Crl; layer in the middle is not po-
larized, due to the symmetry of the structure. The expression
for the electrostatic energy difference between a graphene and
Crl; monolayer takes the form

ed Fg . _ en
V=g(en—7>, PG—(SG_I)(?_PG)’ ®)

where 7 is determined as electron density in Crls (therefore,
both graphene layers are doped with n/2 holes).

The carrier density in Crls, n, and the position of the Fermi
level for both one- and two-graphene cases can be obtained
from the overall charge neutrality of a stack, combined with
Egs. (4) and (5):

goaV E=V=Er 2EdE Er
n= W == G/O —n'vzhz :/0 ,O(E)dE,
dG/Crl; = Aeoecn, 5 QG/ar; /G = SS—G,
2egec, + ecm; + &G 3eg + 1
(6)

where p is the density of states of the Crl; monolayer,
and Ng = 1,2 indicates the number of graphene layers in
the stack. For numerical simulations we use g = 2.6 [52],
eai, = 4 [19], and d = 0.5 nm [53]. The resulting depen-
dence of Er and n on the G/Crl; band offset, E., is shown
in Figs. 3(c) and 4, respectively. The analyzed interval of E,
covers the values suggested in Ref. [36]. We note that density
n* corresponds to E &~ 0.2eV.

To assess how heavy are the electrons populating the Crls
band, we compute the Wigner-Seitz radius for the analyzed
interval of doping [54-56], Fig. 4. Unlike electrostatics de-
termining the charge transfer discussed above, the Coulomb
interaction within the layer largely depends on the in-plane
polarization properties of the media and encapsulation of the

stacks, in particular hBN-encapsulated structures. For a bulk

hexagonal BN encapsulation eypn = \/ahENsﬁ-gN, where we
take SHEN = 3.5, sjn = 6.9 for the dielectric constant parallel
and perpendicular to ¢ axes, respectively [57-59], resulting in
ensN = 4.9. Then, we note that, due to spin + valley degen-
eracy, number of graphene layers (top and bottom), and steep
dispersion of Dirac holes, screening of Coulomb repulsion of
heavy electrons in the magnetic layer by graphene is ineffi-
cient (in particular, because the average distance between the
electrons in Crl3 is much smaller than the Fermi wavelength of
holes in graphene). Therefore, we determine the Wigner-Seits
radius as

62«/77.'71

Is = >
47T€hBN50EF

and plot its computed values in Fig. 4. For the range of
G/CrXj; band offsets suggested in the recent literature, the re-
sulting r, values fall in the range 25 < r; < 35, which indicate
that heavy electrons in Crls would be strongly correlated. We
note that for n < n*, apart from r;, the valley degeneracy (six
Q points) significantly impacts the importance of many-body
effects. However, this impact does not simply reduce to a
modification of ry; it depends on the specific effects being con-
sidered [60]. As a result, here, we get a type-II semiconductor
system hosting light highly mobile holes in graphene(s) com-
pensating heavy electrons in Crl3, with a Wigner-Seitz radius
almost in the range of Wigner crystallization conditions.

IV. DISCUSSION

Based on the data presented in Fig. 4 we note that the
charge transfer to the Crl; monolayer band and the corre-
sponding p doping of graphene appears to be several times
lower than the charge transfer evidenced by ~(5—10) x
10" ¢cm~2 graphene doping (both monolayer and bilayer)
experimentally observed in one-sided graphene on thick Crls
heterostructures [10,32]. This discrepancy can be attributed
to either a contribution of defects producing in-gap states
[61], or to a substantial broadening of the conduction band in

Ep b
- (@) (b)
Q

2z

g

= —0a

&

= R
o

= 10"

10° 10° 10" 100 107 10"
Localized states per u.c. per layer

FIG. 5. Sketch of a charge transfer between graphene and bulk
Crl;. (a) In-gap defects (A ~ 0.5eV) in multiple Crl; layers reduce
conduction band filling, completely quenching it when the number
of localized states per unit cell in each monolayer is N; > N7, as
computed for E. = 0.2¢eV. (b) Crl; conduction band broadening by
the interlayer hybridization could also shrink the bandgap for a bulk
material, hence, increasing a charge transfer from graphene.
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multilayer Crl; by the interlayer hybridization (thus shrinking
the bandgap, similar to what has been found in InSe [62,63]).

We illustrate the influence of in-gap states in Fig. 5(a) by
analyzing a simultaneous filling of in-gap and band states for
G/Crl; offset E. = 0.2 eV and note that N} ~ 0.5 x 1073 de-
fects per Crl; unit cell per layer would quench the conduction
band occupancy by electron transfer into several Crl; layers
near its surface. From this point of view, the suggested het-
erostructures based on monolayer Crl; would reduce the role
of in-gap defects. Moreover, the graphene-encapsulated Crlz
monolayer (G/Crl3/G) would be an even more promising sys-
tem for bringing up the above-discussed strongly correlated
heavy electrons.

As to the alternative option, related to the interlayer
hybridization of Crl; band states, its careful quantitative de-
scription would require an extension of the TB model (3)
onto multilayer structures. For developing such an exten-
sion it is worth noting a dominant role of the next-unit-cell
hops between chromium orbital highlighted in Fig. 2(b). The

latter feature of the developed TB model can be attributed
to involving halogen orbitals as intermediate states in the
hopping process. At the same time halogen orbitals should
be accounted for in the interlayer hybridization as the halogen
ions are located in the outer sublayers of the 2D crystal. This
suggests an alternative formulation of a TB model for CrX;
where the minimum number of Cr orbitals coupled by several
neighbor hops will be superseded by a combination of Cr and
halogen orbitals with only Cr-halogen and nearest-neighbor
halogen-halogen hops (both within and between the layers).
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