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Controlling interlayer magnetic coupling in the two-dimensional magnet Fe;GeTe,
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Interlayer magnetic coupling in emerging two-dimensional layered magnets holds great potential for manipu-
lating layered magnetic structures for cross-layer transport or tunneling phenomena. In this paper, we employed
first-principles calculations to show enhanced ferromagnetic (FM) interlayer exchange coupling for Fe;GeTe, by
reducing stacking symmetry or reducing the layer number. Electronic structure analysis reveals that the former
is mainly due to low-symmetry enhanced interlayer orbital hopping, and the latter originates from reduced Pauli
potential for out-of-plane metallic electrons with respect to thicker layers. Interlayer FM coupling could also be
weakened by substrates due to the screened Coulomb interactions, simulated by reducing the onsite Coulomb
repulsion for Fe d electrons. In this paper, we provide guidance to rationally control interlayer magnetic coupling
via engineering stacking configuration and dielectric environment.
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I. INTRODUCTION

Magnetically ordered van der Waals (vdW) layered mate-
rials [1-3] hold great promise as building blocks in spintronic
devices for next-generation information technology. Their
inherently weak interlayer coupling allows easy access to
ferromagnetic (FM) and antiferromagnetic (AFM) interlayer
magnetic states even without inserting spacing materials (e.g.,
magnetic tunnel junctions and hetero-interfaces), and hence,
their distinct cross-layer electrical resistances have been re-
ported [4,5]. A critical parameter to study multiple interlayer
magnetic states is interlayer exchange coupling, which is
strongly related to the total energy difference between FM
and AFM states. A variety of magnetic states beyond the
collinear FM and AFM can exist owing to the perturbative
coupling between spin and orbitals, which is beneficial for
neuromorphic computing [6], or one could tune interlayer
exchange coupling to realize topological magnons based on
inverted acoustic and optical magnons [7]. However, the mi-
croscopic interlayer exchange coupling mechanism and the
approaches to control it have rarely been understood and
developed, particularly for Fe;GeTe, (FGT). The evolution
from hard FM in thin FGT into soft FM in thicker FGT [8] in-
dicates the coexisting FM and AFM interlayer configurations
[9]. It remains an open question whether such behavior orig-
inates from stacking symmetry, such as Crl; whose tunable
interlayer exchange coupling has been extensively studied
[10-20], or from the intrinsic layered-dependent electronic
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structure. Band renormalization [21] analysis indicates that
FGT is close to a strongly correlated system with probable
quantum phase transformation under slight variations in onsite
Coulomb repulsion strength or kinetic hopping parameters.

In this paper, we investigate the microscopic interlayer
exchange coupling mechanism and its control for FGT us-
ing first-principles calculations. Stacking configuration and
layer thickness effects were investigated by varying the on-
site Coulomb parameter. Two crystal features were found to
enhance FM interlayer exchange coupling almost indepen-
dently via low-symmetry stacking enhanced interlayer orbital
hopping and surface-induced Pauli potential reduction. Onsite
Coulombic interaction also has significant effects, with favor-
able interlayer exchange coupling type switchable to AFM by
a slight reduction of the Coulomb interaction. Thus, nonlocal
substrate screening could be an effective approach to tailor
the interlayer FM coupling in FGT. The calculated sufficiently
small stacking-fault energy suggests that experimental real-
ization of stacking engineering is feasible via both chemical
synthesis and artificial mechanical construction. In this paper,
we provide valuable guidance to rationally control the inter-
layer exchange coupling in FGT.

II. COMPUTATIONAL METHODS

All density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package
(vAasp) [22,23]. Different exchange-correlation functional
types were examined with and without including the Hubbard
Coulomb interaction for Fe d electrons in the Liechtenstein
scheme [24], where the major behavior for different J values
can be described singly in terms of U-J (Fig. S1 in the
Supplemental Material [25]); thus, our results obtained for
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J =0 are applicable to other J values with an associated
value of U—J and will be presented against Uiy = U—J in this
paper, and vdW functionals, such as TS and vdW-optB86b,
were also considered. We used a plane-wave energy cutoff
of 400 eV, with k-meshes 18 x 18 x 2 and 18 x 18 x
1 for bulk and bilayer, respectively. The k-meshes used
for HSEQ6 calculations are 6 x 6 x 2 and 12 x 12 x 1,
respectively, while the vacuum layer of 15 A was considered
to model the slab bilayer system. Structural optimization
was performed using the force criteria 0.02 eV/A. All
calculations were performed without including spin-orbit
coupling, but the main conclusion would be the same when
spin-orbit coupling is included. Exchange coupling constants
were calculated using the Green’s function method [26].
The magnetic Hamiltonian is Hgpin = — Zi’j Jij€i - €,
where  J;; = (1/2m) [ _de Im Tr[A,-GiTjAjGj.i] is a
magnetic exchange parameter between Fe spins at
sites i and j; A= [dK[H](k)—Hj(K)]. Gl/*(e)=
JdK[e + Ep — H'Y(K)];' are 5 x 5 matrices spanned

by five Fe d orbitals; and H 14 (k) are DFT Hamiltonians
projected into Wannier basis functions [27]. This allows
atomic orbital analysis by tracing over a specific type in
Fe d orbitals after proper transformation onto crystal field
axes. The screened onsite Coulomb interaction parameter by
constrained random phase approximation PRPA =P, 4 P,
was calculated with five d orbitals for one Fe for P; and the
rest maximally localized Wannier orbitals (Fe-s, p, d, Ge- p,
Te- p, Mo-d) for P,. We employed a k-mesh 6 x 6 x 1, which
was sufficient for effective U convergence. The in-plane
lattice parameter of the FGT/MoTe, heterosystem was fixed
as the experimental value, extending the Mo-Te bond length
and maintaining the bond angle (Te-Mo-Te) to preserve the
main features for a pristine MoTe, electronic structure.

III. RESULTS AND DISCUSSION

Figure 1(a) shows three possible FGT stacking types with
two-layer periodicity along the out-of-plane direction. The
monolayer comprises five atomic layers with the central layer
forming a Fe''"Ge honeycomb lattice, then the next two layers
form vertical Fe! dumbbells, and the outermost two layers
have Te atoms above and below Fe'l. When FGT layers are
vdW stacked, energetically stable and favorable structures
should have every Te atom at either of two adjacent Te layers
at the vdW contact adsorb at the hollow site of the other Te
layer. The hollow sites form two types with stacking sequence
ab-ca or ab-ab for Fe'Te-TeFe' where “-” denotes the vdW
gap, and q, b, and ¢ denote three different in-plane coordinates
(0,0, (%, %), (%, %), respectively, and Fig. 1(a) shows their
crystal structures (indicated by Hy and H;). Here, Hy and H;
belong to the same space group P63/mmc (No. 194), where
the experimental structure [28] corresponds to Hy. Upper and
lower layers in the unit cell for Hy and H; are related by
180 ° rotation about the horizontal C, axis in the vdW gap
[Fig. 1(a), crosses]. Otherwise, two layers in the unit cell are
simply related by lateral translations, and two hollow stacking
types produce one equivalent crystal structure with sequence
ab-cb [Fig. 1(a), H,] and space group P6m;, (No. 187) without
the inversion center present for Hy and H;.
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FIG. 1. Stacking types and interlayer binding energies for
Fe;GeTe, (FGT). (a) Side view for FGT unit cell for three possi-
ble van der Waals (vdW) stacking types and associated top views
of four interfacial atomic layers Fe'Te-TeFe' with lower and up-
per two atomic layers shaded and unshaded, respectively, to show
different in-plane coordinates. Crosses in the vdW gap for H, and
H, indicate the horizontal C, rotation axis. (b) Interlayer binding
energies with respect to vertical distance / [as shown in (a)] for
three stacking types, where the different symbols indicate different
density functional theory (DFT) functionals (LDA + U = square,
optB86b = circle, and PBE + TS = triangle) employed to calculate
E, = Epux-2EMmL, Where Eyyi and Eyy are total energies for bulk per
unit cell and monolayer, respectively, and dashed lines are only for
guidance.

Figure 1(b) shows interlayer binding energies calculated
for bulk FGT of FM interlayer exchange coupling with
respect to interlayer distance (/) but maintaining experi-
mental intralayer atomic positions. We examined different
exchange-correlation functional forms within DFT with Hub-
bard Ue and vdW dispersion corrections. Figure S2 in
the Supplemental Material [25] compares calculated ex-
perimental equilibrium distances with experimental A®P =
2.95 A for Hy. Local density approximation (LDA) or
Perdew-Burke-Ernzerhof (PBE) predicted shorter or longer
equilibrium distance hPA — 285 A or WPBE =345 A, re-
spectively. Including Hubbard U = 3 eV has little influence
on equilibrium distance for LDA + U or PBE + U. Adding
dispersion correction to PBE reduced 4B to 2.75 A within
PBE + TS, and optB86b-vdW produced the most plausible re-
sult 3.05 A among the examined functionals. These results are
consistent with previous studies [29,30], with fully optimized
lattice parameters by optB86b-vdW a = 3.99 A, ¢ = 16.37 A
showing good agreement with experimental a®*P = 3.99 A,
¢ = 16.33 A.

Figure 1(b) shows the results by three representative func-
tionals. Binding energy strongly depends on functional type,
varying as much as ~50 meV/atom, indicating significant
effect from electron correlation, where electron mass en-
hancement [31] and Kondo lattice behavior [32] have been
previously observed experimentally. Calculations are consis-
tent with previous theoretical reports, in that using LDA +
U, PBE, and optB86b-vdW overestimate Fe spin magnetic
moments as m(Fe') ~ 2.8 ug and m(Fe'') ~ 2.0 ug, whereas
experimental m(Fe)®*? ~ 1.6 ug [31]. Properly describing
electron correlation using PBE with dynamical mean-field
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theory (DMFT) shows that m(Fe!) = 1.60 up and m(Fe'") =
1.54 up with mild band renormalization by 0.6 to match well
with experimental spectra [21].

Thus, no DFT method has successfully provided the full
description for FGT structural, magnetic, and spectral proper-
ties [29,33-35], except sophisticated methods such as DFT +
DMFT without structural relaxation. Nevertheless, Fig. 1(b)
shows consistent relative stability about stacking type remains
for different functionals, with Hy being most stable, H; least
stable, and H, intermediate. Full structural optimizations us-
ing optB86b-vdW give the binding energies = —66.3, —62.8,
and —64.1 meV/atom for Hy, H;, and H,, respectively, with
only ~2 meV/atom difference between Hy and H,. This is of
the same order as the vdW stacking fault energy (10 mJ/m? ~
1 meV/ A?) for graphene or hBN [36], indicating proba-
ble stacking-type disorder or interfacial inversion symmetry
breaking by H, leading to nonvanishing antisymmetric in-
terlayer exchange coupling in multilayer FGT. Significant
stacking faults have been reported previously for structurally
similar materials such as «-RuCls [37], Fe4GeTe, [38], and
Fes.sGeTe; [39,40]. FesGeTe, strongly depends on synthesis
conditions, e.g., for quenching; hence, stacking fault severity
can be significantly altered [40]. Hence, there could be an op-
timal synthesis condition for some metastable FGT structure.
External pressure can also be applied to tune stacking type, as
shown elsewhere for bilayer Crlz [17].

We used LDA + U, varying U, = 0—4 eV to investigate
stable interlayer spin configurations. Total energy difference
between AFM and FM configurations AE = Expy-Erpv Was
calculated, where we used experimental intralayer atomic
positions and interlayer distance (h**P) to exclude other struc-
tural effects.

Figure 2(a) shows that the calculated H realizes stable
AFM configuration for Ue = 0.0 eV and changes to FM be-
yond U ~ 1.0 eV, consistent with previous studies [34]. The
HSEQ6 calculation also predicts FM to be more stable than
AFM by 14.2 meV per interface [Fig. 2(a), horizontal dashed
lines]. In contrast with Hj, other stacking types have FM as
the ground state for almost all U, with larger enhancement
toward FM for H; than H, for each U.g. Thus, FM interlayer
exchange coupling is more favored when FGT has stacking
faults. Figure 2(b) confirms that AE dependence on stacking
type remains the same for bilayer FGT but with significantly
increased magnitude compared with bulk by LDA + U or
HSEO06, indicating that FM interlayer exchange couplings
were more favored.

Stronger FM interlayer exchange coupling for bilayer than
bulk [Figs 2(a) and 2(b)] can be understood qualitatively from
phenomenological theory: the Bethe-Slater curve for energy
exchange with respect to interatomic distance for transition
metals. Figure 2(c) compares AE with respect to & calculated
using Uer = 3.0 eV for bulk and bilayer FGT for stacking type
Hj. Both curves exhibit typical shape with peaks at certain
distances and decaying to zero with increasing distance, but
AE is significantly greater for bilayer than bulk for distances
larger than the peak position.

Previous studies have shown that net interlayer exchange
coupling for metallic vdW magnets is decided by two com-
peting energies [41]. AFM configuration is preferred over FM
due to the Pauli principle once interlayer hybridization of
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FIG. 2. Stacking-dependent interlayer magnetic coupling for
bulk and bilayer Fe;GeTe, (FGT). Total energy difference between
antiferromagnetic (AFM) and ferromagnetic (FM) interlayer ex-
change coupling configurations for (a) bulk and (b) bilayer FGT for
three stacking types by LDA + U, varying Fe d Hubbard Uy =
0—4eV. AFM and FM total energies, Eapm and Egy, respectively, per
unit cell, are used to obtain AE = (Eapv-Erm)/2 for bulk and AE =
Expm-Epm for bilayer to compare interlayer exchange coupling in
millielectronvolts per van der Waals (vdW) interface (meV/int.) from
(a) and (b). The open circles in (a) and (b) indicate the results by
HSEO06 with a small horizontal offset for clarity, where AE = 14.2,
16.4, and 16.0 meV/int. for Hy, H,, and H,, respectively, in bulk
and 24.4, 30.6, and 27.8 meV/int. in bilayer. (c) AE for bulk and
bilayer FGT for H, type by LDA + U,y = 3eV with varying h.
Experimental distance (AP = 2.95 A) is indicated by the vertical
line. Dashed lines are included for guidance to calculated data trends.

ligand p orbitals forms, and the preference is enhanced for
larger energy level splitting between bonding and antibond-
ing hybridization type orbitals with occupancies two (up and
down spin) and zero, respectively. In contrast, FM configura-
tion is favored since there is kinetic energy gain by electron
hopping across the vdW gap. Figure 2(c) shows enhanced
FM interlayer exchange coupling for the bilayer, assuming
almost equal interlayer hopping strengths between bulk and
bilayer cases, attributed to reduced Pauli potential (see later
discussion).

We calculated exchange constants for bulk and bilayer
FGT using Green’s functions (see Sec. II) to investigate mi-
croscopic details for interlayer exchange coupling. Nearest
neighbor intralayer pairs strongly favor parallel alignment
with energy gain ~100 and 50 meV for Fe'-Fe! or Fe!-Fe!,
respectively, consistent with previous studies [42,43], with lit-
tle stacking-type dependence: nearest neighbor Fe!-Fe! pairs
exhibit maximal variation ~10 meV between H; and H, types
(see Table S5 in the Supplemental Material [25]).

We denote interlayer exchange coupling by J,,, where m =
1, 2, and 3 (or 4) refer to Fe'-Fe', Fe'-Fe", and Fe'-Fe'
(or Fe'l-Fe') interlayer pair types, respectively (Fig. 3, solid
arrows), where H, lacking inversion symmetry causes Jy #
J3. Vertical distances can exceed the shortest distance for pairs
involving Fe' dumbbell atoms, indicated by J;, J/, J;, and
J, (Fig. 3, dashed or dotted arrows). Table I shows calcu-
lated interlayer exchange coupling constants for three (four)
types for the smallest lateral shift cases, and Table S1 in the
Supplemental Material [25] shows up to third neighbor pairs
with further lateral shifts contributing significantly less, which
would not change the main conclusion.

014406-3



PARK, GONG, KIM, AND LEE

PHYSICAL REVIEW B 105, 014406 (2022)

(= Ho Hy H,
< ]y
pr—
°
.
— I3
e Iy
°
—
S— °
c
ae—T—>h oFe! oFell

FIG. 3. Exchange constants for interlayer Fe atom pairs. Fe
atoms associated with interlayer exchange coupling J,, (m =1, 2,
3, 4) across the van der Waals (vdW) gap, indicated by two-sided
arrows with four different colors, where each Fe pair involves either
Fe'! or Fel atoms in the lower or upper layer, respectively. Side views
are the [110] direction with only two nearest atomic layers shown
by unshaded (front) and shaded (rear) scheme. Red, green, and light
blue indicate J; for Fe'-Fe!, J, for Fe'-Fe, and J; for Fe'-Fe"" or
Fe'l-Fe!, respectively, with blue color indicating J, for Fe'-Fe' since
H, lacks inversion symmetry. Dashed arrows for m = 1, 3, and 4
correspond to pairs associated with Fe! at further vertical distance,
denoted by J{, J{, Jj;, and J;. Left-most rectangular boxes indicate
interlayer exchange constants significantly affected by stacking type
(J1) or termination (J,; see Table I and above for details).

Thus, |J;| > |J;] or |J{'|, with significant variation between
bulk and bilayer. However, magnitude increases greatly when
changing from H, to other cases (Tables I and S1 in the
Supplemental Material [25], bold numbers), almost fourfold
for H;, and the number of associated pairs for both H; and H,
is threefold that for Hy. Although J, and J3 also exhibit non-
negligible stacking dependence, the variation is significantly
smaller than for J;, and the number of interlayer pairs does not
change. Thus, the enhanced FM interlayer exchange coupling
for H; and H, in Figs. 2(a) and 2(b) is ascribed to J;.

Considering m = 2, each bilayer stacking type has more
than twice |J,| compared with bulk (Tables I and S2 in the
Supplemental Material [25], underlined numbers). Thus, we
mainly attribute bulk and bilayer dependence to J,, which is
reasonable because the Fe!' layer in bulk is equally affected
by upper and lower interfaces.

First, we investigated why |J;| is significantly increased
for bilayers compared with bulk by analyzing the electronic
structures. Orbital resolved analysis (Table II) tracing over

TABLE II. Atomic orbital projection for itinerant-type interlayer
exchange coupling constant for bulk and bilayer FGT. J, decomposi-
tion for H, into three crystal-field components of d orbital, i.e., [ or
I'=0(z%), 1 (xz,yz2), 2 (x> — ¥, xy). The unit is millielectronvolts.

J, for H, Bulk Bilayer

€0 0 1 2 0 1 2
0 1.33 0.06 0.02 3.15 0.07 0.05
1 0.06 —0.19 0.01 0.07 —-0.29 0.01
2 0.02 0.01 0.00 0.07 0.01 0.00

only Fe!! dz2 orbitals at i- and j-site Fe atoms comprises almost
90% of J». Therefore, we inspected Fe' d? orbital contribution
to the band structure.

Figure 4(a) shows the spin-up band structure for bulk FGT
with Hy type, where contributions from Fe'' d? and Te p,
orbitals are indicated by red and blue circles, respectively.
The Fel dz2 and Te p, orbitals form mainly four bands near
the Fermi level with significant dispersion along the out-of-
plane direction (I" to A). We analyzed the four Bloch orbital
characteristics at I' [Fig. 4(a), arrows]. Figure 4(b) shows that
isosurfaces ¥; and i, have the same superposition pattern for
atomic orbitals within individual layers but opposite interlayer
parities, with a similar trend for i3 and ¥4. Hence, bond-
ing and antibonding characteristics between interfacial Te p,
orbitals arise as verified by crystal orbital Hamilton popula-
tion (COHP) analysis [Fig. 4(a)] [44,45]. COHP is positive
for ~—0.8 and 1.2 eV [Fig. 4(a), black arrows], suggesting
that associated Bloch orbitals are mainly characterized by
bonding type v and 3, respectively, and negative at ~0.2
and 2 eV, suggesting antibonding characteristics for i, and
Y4, respectively. Energy separation between positive bilayer
peaks [Fig. 4(a), red arrows] is significantly smaller than
that for bulk, indicating reduced Pauli potential for bilayers,
increasing the tendency toward FM-type interlayer exchange
coupling, hence the main reason for enhanced |J,| for bilayer
FGT.

As J, involves the metallic band across the vdW gap, we
considered the FGT quartet layer to study vertical distance and
thickness effects. Figure 4(c) inset shows three J, pairs with
vertical interatomic distance z;; = ¢/2, where ¢ = 16.33 Ais

TABLE L. Calculated interlayer exchange coupling constants for bulk and bilayer FGT. Calculated values for interlayer exchange constants
J,, for Fel-Fe! (m = 1), Fe'-Fe' in = 2), and Fe!-Fe™ (m = 3) pair types (see Fig. 3). For m = 1 and 3, associated with the Fe! dumbbell, pairs
(J; and J7', J5') have furthest vertical distances, and H, contains an additional type Fe"-Fe' (m = 4) due to lacking inversion symmetry. Values
in the square brackets next to exchange constants denote the number of associated pairs for each 1 x 1 unit cell and one vdW gap. Calculations
were performed using Green’s functions (see Supplemental Material [25]) with LDA and Uy = 3 eV. The unit is millielectronvolts. Bold
Jy values or underlined J, values indicate significant dependence of stacking type (Hy, H;, H,) or termination (bulk with respect to bilayer),
respectively (see text for details).

Stacking System Ji, L JY J I3, T Ji, I,

Hy Bulk 0.95[1], 0.16[2], —0.13[1] 1.33[3] 0.64[3], 0.50(3]
Bilayer 1.31[1], 0.53[2], 0.22[1] 3.17[3] 0.60[31, 0.42[3]

H, Bulk 4.00[3], 0.11[6], 0.01[3] 0.54[3] —0.60[1], 0.40[1]
Bilayer 4.29(3], 0.30[6], 0.10[3] 1.66[3] —0.82[1], 0.14[1]

H, Bulk 1.72[3], 0.12[6], —0.08[3] 1.09[3] —0.48[1], 0.77[1] 0.54[3], 0.43[3]
Bilayer 2.14[3], 0.30[3], 0.03[3] 2.31[3] —0.91[1], 0.59[1] 0.50[3], 0.59[1]
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FIG. 4. Out-of-plane metallic band for bulk Fe;GeTe, (FGT) and
itinerant-type interlayer exchange coupling for FGT quartet layer. (a)
Spin-up band structure (LDA + U.s = 3eV) for bulk FGT with Hy
type, with Fe"" d? and Te p, orbital contributions indicated by red
and blue circles sizes, respectively. Right panel shows crystal orbital
Hamilton population (COHP) curves for Te p, orbitals with respect
to energy for bulk and bilayer, where positive and negative values
indicate bonding and antibonding interlayer orbital hybridizations,
respectively. (b) Isosurfaces (isolevel 3 x 1073) for four Bloch or-
bitals at I', indicated by numbered arrows in (a) band structure, with
yellow and blue colors indicating positive and negative, respectively.
(c) Calculated J, for quartet layer FGT with H, type with respect
to vertical interatomic distance for Fe"-Fe"" varying as z;; = ¢/2, c,
and 3¢/2, where ¢ = 16.33 A is the bulk lattice parameter. z; i =c/2
exhibits two equivalent outer pairs and one inner pair with J>(c/2) =
2.0 and 1.5 meV, respectively. Similarly, there are two equivalent
pairs for z;; = ¢ and one pair for z;; = 3¢/2.

the bulk lattice parameter, two at the outer region and one
at the center. Calculated results [Fig. 4(c)] show J(c/2) =
2.0meV for two outer pairs is significantly smaller than that
for the bilayer (3.17 meV), and J,(c/2) = 1.5meV for the
inner pair is close to that for bulk (1.33 meV). Thus, the effect
of stacking termination is considerable only for the outermost
surface layer. Similarly, J, exhibits almost diminished mag-
nitudes for vertical distances > c/2 with negative or positive
sign for z;; = c or 3¢/2, respectively, indicating almost perfect
itinerant interlayer exchange coupling shielding by the quin-
tuple layer.

We then investigated stacking-type dependence for J;. In
contrast with J,, J; has much less system (bulk vs bilayer)
dependence, indicating nonitinerant-type exchange interac-
tions favoring FM interlayer exchange coupling. Direct FM
coupling between minority-spin p electrons from interfacial I
atoms was shown to cause FM interlayer exchange coupling
in Crl3 [14], which is similarly observable in our case.

As Tables S2-S4 in the Supplemental Material [25] show,
Fe! dy./d,; orbitals mainly contribute to Ji, in hybridization
with Te p,/p, orbitals. Figure 5(a) shows spin-up band struc-
tures for three stacking types, where Fe' d../ dy; and Te p,/p,
orbitals contribute mainly below and above the Fermi level

(indicated by red and blue circles), respectively. Stacking type
mainly affects dispersion around K and H in the Brillouin
zone. Consider Hy and H; along the I'-K direction whose
little group contains the twofold rotation axis (Cy,). The Bloch
orbitals have even (odd) C,, parity indicated by A; (A»),
A3 (Ay) irreducible representations, respectively. For Hy, two
orbitals with opposite C,, parities have the same energy eigen-
value with twofold degeneracy at the K-H line, whereas for
H,, their energy levels are split, except at H (k, =  /c). Such
distinctive behavior originates from vanishing and nonvanish-
ing interlayer orbital hopping at K for Hy and H,, respectively.
Figure 5, insets show isocharges for A; and A4 Bloch orbitals
at K.

We investigated symmetrical origins for dramatically dif-
ferent interlayer orbital hopping strengths between Hy and H;.
For monolayer FGT (Fig. S3 in the Supplemental Material
[25]), associated Bloch orbitals at K have significant contri-
bution Te x + iy with even and odd M, parities for v¢BM
(valence band maximum) and wVBM !, respectively, where
M, denotes mirror reflection about the central atomic layer
(Fe''Ge). For bulk FGT with Hy and H, types, once one Te
layer at the vdW contact has atomic orbital symmetry x + iy,
the other Te layer should have symmetry —x + iy or x — iy, to
maintain even or odd C,, parity, respectively. Even parity re-
sults in representations A from WVBM and A, from 1//VBM !
along I' to K, whereas odd parity gives A4 and Aj.

Figure 5(b) shows that interlayer hopping can be de-
scribed between ¢; = x + iy from lower Te’ and ¢y = x—iy
(or —x + iy) from upper TeV with the three nearest neigh-
bor lateral vectors 7;, j =1, 2, and 3 from Tel to Te.
Thus, the hopping integral at K is vanishing for Hy, but
3(V, — Vi )e 27/3 for H; due to reverted 7;, where V, and
Vr are hopping parameters for p,, p, orbitals for ¢ and =
bonds, respectively. This enhanced interlayer orbital hopping
increases exchange integrals, hence enhancing J;.

We investigated Crlz bilayer with R3 and C2/m symme-
tries, where electron doping can strengthen FM interlayer
exchange coupling for both stacking types [14]. Like Hy vs
H, for bulk FGT, the conduction band exhibits stacking-
dependent band splitting near K [Fig. 5(c), dashed circle],
indicating larger interlayer orbital hopping for lower symme-
try C2/m. The strengthening rate for FM interlayer exchange
coupling with electron doping is faster than that for R3.

Interlayer exchange coupling effects on Curie temper-
ature (T¢) with stacking-type dependence are practically
interesting. We used mean field theory [46], Tc ~ Jmax/
In(3mwJimax /4K ), where K is uniaxial magnetic anisotropy, and
Jmax 18 the maximum eigenvalue for the exchange constant
matrix [47-49]. We adopted K = 1.0meV/Fe as reported
previously [30] with 15 A cutoff distance for Fe spin pairs in
constructing the exchange constant matrices. Estimated Curie
temperatures are 332, 350, and 339 K for Hy, H;, and H,
types, respectively, for bulk FGT. The 18 K increase chang-
ing from Hy to H; was ascribed to interlayer J; (Table I)
and intralayer (Table S5 in the Supplemental Material [25])
exchange constant enhancements.

Finally, FM interlayer exchange coupling is significantly
suppressed with reducing U value [Fig. 2(a)], which could
be related to the metallic band width associated with J,
(Fig. S4 in the Supplemental Material [25]). Therefore, we
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FIG. 5. Stacking-dependent interlayer orbital hopping. (a) Spin-up band structures (LDA + U,z = 3eV) for bulk Fe;GeTe, (FGT) for
three stacking types with contributions from Fe! d,, /dy. and Te p,/p, orbitals indicated by red and blue circles, respectively. A, and As 4
have even or odd parity along the I'-K direction under C,, (twofold rotation about [110]), whereas A; and A, for H, have even or odd parity
by mirror operation M, about the central atomic layer (Fe"'Ge). Insets show Hy and H; isocharges for Bloch orbital at K with side views of
adjacent four atomic layers Fe' Te-TeFe! at the van der Waals (vdW) gap. The Brillouin zone is given at the most right. (b) Stacking-dependent
(Hy or H,) interlayer hopping magnitudes between two monolayer Bloch orbitals at K. Blue circles with L and U represent lateral positions for
interfacial Te atoms from lower and upper layers, respectively, at the vdW contact, with relative lateral positions 7; (j = 1, 2, 3). (¢) Spin-up
band structures for bilayer Crl; with two stacking symmetries, where dashed circle indicates stacking-dependent band splitting similar to Hy
vs H; in bulk FGT. Right panel shows calculated interlayer exchange energy for bilayer Crl; with increasing number of electrons () per unit
cell. We used the PBEsol density functional theory (DFT) functional for Crl; with Hubbard Uz = 3.0eV [14].

investigated how the substrate influences effective U because
even weakly interacting vdW interface could reduce it via
nonlocal screening. We considered two extreme electronic
structure types for the same vdW substrate: semiconducting
and metallic MoTe;, and calculated effective U values using
the constrained random phase approximation. Figure S5 in the
Supplemental Material [25] shows that effective U is smaller
for metallic substrate (17-MoTe,) by ~0.2 eV compared
with semiconducting substrate (2H-MoTe;) for heterostruc-
ture monolayer FGT on top of MoTe,, which could be mainly
due to enhanced screening by zero-gap electrons. In addition,
such zero-gap electrons in a certain semiconductor substrate
might be activated by an electrical manner [50,51].

IV. CONCLUSIONS

We performed DFT calculations to investigate the inter-
layer exchange coupling in FGT. FM interlayer exchange
coupling is enhanced by reducing stacking symmetry and
the layer number, where the former is caused by enhanced
interlayer orbital hopping and the latter by itinerant-type ex-
change coupling with reduced Pauli potential. We also showed

that itinerant-type FM interlayer exchange coupling could be
weakened by nonlocal Coulomb interaction screening, which
can be experimentally achieved by placing two-dimensional
FGT on substrates of various dielectric constants. Thus, in
this paper, we provide guidance to rationally control FGT
interlayer exchange coupling by engineering stacking config-
uration and dielectric environment.
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