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van der Waals magnetic heterostructures, consisting of a wide band-gap nitride semiconductor and an
intrinsic ferromagnetic semiconductor, are potentially useful for low-dimensional spintronic field-effect tran-
sistors. However, there is a significant challenge. For instance, the integration often leads to a decreased
Curie temperature, the magnetic anisotropy direction change, and low conductivities. Here, we employ the
first-principles density-functional method to systematically investigate the electronic and magnetic properties
of the GaN/CrI; van der Waals heterostructures under electrostatic doping. Though the easy magnetization axis
of the monolayer Crl; transforms from out-of-plane to in-plane direction over 0.2 electron doping per unit cell,
the GaN/Crl; van der Waals heterostructure maintains perpendicular anisotropy under electron doping, crucial
for high-density information storage. The Curie temperature of the GaN/Crl; van der Waals heterostructure
can be enhanced under both electron and hole doping. The GaN/Crl; van der Waals heterostructure presents
half-metallic properties and the spin-up conductivities are much larger than that of the monolayer Crl; under
the same electrostatic doping. Our results indicate that constructing heterostructures with ferromagnets and
nonmagnetic semiconductors is an effective strategy for developing high-performance field-effect transistors.
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I. INTRODUCTION

The integration of two-dimensional (2D) ferromagnets into
field-effect transistors (FETs) promotes the development of
spintronics and valleytronics [1,2], meeting the urgent de-
mand for energy-efficient performance, miniaturization, and
high density of the electronics. Constructing van der Waals
(vdW) heterostructure has been proven to be an effective
strategy to realize tunable magnetic devices [3,4]. Experimen-
tally, entirely new magnetic and topological properties can
be found in vdW heterostructures based on 2D ferromagnets
and 2D nonmagnetic semiconductors due to the magnetic
proximity-induced exchange interaction [5,6]. Meanwhile,
ferromagnetic (FM) vdW heterostructures present flexible and
interesting electronic and magnetic properties under conven-
tional control methods, such as applying electric field [7],
magnetic field [8], electrostatic doping [9], and so on. These
results indicate promising applications of the combination
of 2D ferromagnets and 2D nonmagnetic semiconductors in
spintronics.

Graphenelike 2D gallium nitride (GaN) is a nonmagnetic
semiconductor with an indirect band gap [10,11]. Theoretical
calculations suggest that 2D GaN remains stable at high tem-
peratures [12]. Experimentally, 2D GaN has been successfully
realized via graphene encapsulation [13]. The 2D GaN and
GaN-based vdW heterostructures are suitable for deep ultra-
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violet excitonic light sources and microcavity devices [14,15].
The carriers of 2D GaN are predicted to have high mobility,
which shows potential for photocatalysis [16,17]. Besides, the
high carrier mobility provides favorable conditions to enhance
the transport properties of GaN-based vdW heterostructures.
However, nonmagnetic 2D GaN has limited applications in
spintronics. Two-dimensional chromium triiodide (Crl3) is
one of the ferromagnets most frequently used to fabricate
magnetic devices [18,19]. Two-dimensional Crl; is a FM
material with a Curie temperature (7;) of 45 K [20]. Few-
layer Crl; tunnel junction exhibits large magnetoresistance
of 10000% [21], presenting strong coupling between mag-
netism and electronic transport of vdW FM semiconductors.
Though 2D Crl; has been integrated into different spin FETs
experimentally, theoretical studies suggest that the electronic
effective mass is large. The larger carrier effective mass tends
to result in smaller carrier mobility, which is the main reason
why the 2D Crl; seems more like an insulator rather than a
semiconductor [22]. Both effective mass and mobility play
decisive roles in the electrical transport performance of FETs.
The electrical transport performance of materials can be im-
proved by constructing vdW heterostructure [23].

Here, we construct vdW heterostructures based on 2D
GaN and 2D Crls. The electronic, magnetic, and transport
properties of GaN/Crl; vdW heterostructures are systemati-
cally investigated via first-principles calculations. Meanwhile,
the effects of electrostatic doping are also considered for
stable vdW heterostructures. Our calculations show that
the GaN/Crl; vdW heterostructures present higher T, the
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robustness of the easy magnetization axis (EMA), and supe-
rior spin-dependent conductivities compared to the isolated
GaN and Crl;. This paper is organized as follows. In
Sec. II, we present the computational methods and details. In
Sec. I A, we determine the structure and magnetic ground of
GaN/Crl;z vdW heterostructures. The magnetic anisotropy is
investigated and T, is calculated in Sec. III B. Finally, the spin-
dependent transport properties are presented in Sec. III C. In
Sec. IV, we briefly conclude our results and findings.

II. METHODOLOGY

We employ the first-principles calculations density-
functional method as implemented in the Vienna Ab-initio
Simulation Package (VASP) with projector augmented-wave
method [24]. The exchange-correlation potential is approx-
imated in the form of Perdew-Burke-Ernzerhof functional
[25]. Generalized gradient approximation plus U(GGA+U)
is adopted to describe the 3d orbitals of the Cr atoms [26],
in which the Hubbard U parameter of 2.63 eV is calculated
based on random-phase approximation [27,28]. In the calcula-
tions of Hubbard U parameters, the f,, orbitals of Cr atoms are
selected as the orbital projections by the means of maximally
localized Wannier functions, which are implemented in the
WANNIER9O code [29,30]. The D3 Grimme correction was
adopted for the consideration of vdW interaction in all com-
putational processes [31]. A 20-A vacuum is applied along
the out-of-plane direction to avoid the interaction between the
neighboring unit cell. Plane-wave cutoff energy of 500 eV
is used for all calculations. Numerical integration over the
Brillouin zone is performed with a I"-centered 8 x8x 1 k-point
mesh. Both the lattice constants and the atomic positions
are relaxed fully until energy and force converge to 107 eV
and 0.01 V/A, respectively. The band structures are obtained
by using Heyd-Scuseria-Ernzerhof hybrid functional (HSE06)
[32], which can provide more accurate values of band gaps
[33]. Spin-orbit coupling (SOC) is switched on in the calcu-
lation of magnetic anisotropy energy (MAE) [34]. All ionic
positions are fully relaxed with fixed lattice constants under
electrostatic doping. For the GaN/Crl; vdW heterostructure,
2x2x1 supercells are constructed for phonon spectra calcu-
lations. The spin-polarized electronic transport properties are
calculated with the semiclassical Boltzmann transport theory,
using BOLTZTRAP2 code [35]. The transport properties are
calculated in a temperature range of 30-90 K. The temper-
ature and energy-dependent relaxation time is obtained by the
deformation potential theory [36].

II1. RESULTS AND DISCUSSION
A. Stabilities and electronic properties

Four magnetic configurations (see Fig. S1 in Supplemental
Material [37]) for monolayer Crl; and three typical stack-
ing configurations [Fig. 1(a)] are considered for GaN/Crls
vdW heterostructure, respectively. It should be mentioned
that 2D GaN can be planar and buckled. However, under
the limitation of monolayer structure, the planar structure
has been proven the energetically most favorable structure
for monolayer GaN [38]. Though hydrogen passivation can
preserve the buckled structure of monolayer GaN, obvious
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FIG. 1. (a) Three typical stacking configurations, (b) the energy
difference between AFM and FM configuration of GaN/Crl; vdW
heterostructures at GGA+U level, and (c) phonon spectra of stacking
C3 with and without carrier doping.

imaginary modes exist in the phonon spectrum (see Fig.
S3(c) in Supplemental Material [37]). Therefore, planar GaN
is chosen in our work. The lattice constants of monolayer
GaN and monolayer Crl; are 3.20 A [11] and 6.97 A, which
are consistent well with the previous works [39,40]. The
unit cell of the GaN/Crl; vdW heterostructure is composed
of a 2x2x1 supercell of the monolayer GaN. The lattice
constants of the GaN/Crl; vdW heterostructures are similar
for different stacking configurations. Both the C2 and the
C3 stacking configurations favor FM ground state with the
magnetic moment of 6.0 ug/unit-cell. The C1 stacking con-
figuration favors Néel AFM ground state with the magnetic
moment of 0 up/unit-cell (see Table SI in Supplemental Ma-
terial [37]). The binding energies (E}) are calculated as

E, = Eganjcr; — Egan — Ecitys

where Egan/cr,» Egan, and Ecy, are the total energy of
the GaN/Crl; vdW heterostructures, monolayer GaN, and
monolayer Crls, respectively. We focus on the C3 stacking
configuration whose E}, is the lowest among the three stacking
configurations. Imaginary modes exist in the phonon spectra
of CI and C2 stackings (see Figs. S5(a) and S5(b) in Sup-
plemental Material [37]), and no imaginary modes exist in
phonon spectrum [Fig. 1(c)], which indicates good dynami-
cal stability of the GaN/Crl; vdW heterostructures with C3
stacking configuration.

The band structures of the monolayer GaN and monolayer
Crl; are presented in Fig. S3 (see Supplemental Material
[37]). The band gap of the monolayer GaN is 3.23 eV. The
band gaps of the monolayer Crls are 1.77 and 3.78 eV for
the spin-up and spin-down channels, respectively. The pro-
jected band structures of the GaN/Crl; vdW heterostructure
are presented in Fig. 2. Due to the octahedral crystal field,
the 3d orbitals of the Cr atoms are split into two groups: the
double e, and the triple #,, orbitals. For the spin-up channels,
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FIG. 2. The projected band structure of the GaN/Crl; vdW het-
erostructure at HSEO6 level. The yellow and blue distribution of
the insets correspond to charge accumulation and depletion with the
isosurface of 0.0002 ¢ A3,

the valence-band maximum (VBM) is mainly contributed by
the 5p orbitals of the iodine atoms, and the conduction-band
minimum (CBM) is contributed by the 5p orbitals of the
iodine atoms and the e, orbitals of the Cr atoms. As for the
spin-down channels, both the VBM and CBM are contributed
by the 5p orbitals of the iodine atoms and the t,, orbitals
of the Cr atoms, respectively. The band gaps are 1.22 and
2.88 eV for the spin-up and spin-down channels, respectively.
Therefore, both the spin-up and spin-down channels present
type-1 band alignment. As presented in the insets of Fig. 2,
complex charge rearrangement happens after constructing the
GalN/Crl; vdW heterostructure, which reveals strong inter-
layer interaction between the GaN layer and the Crl; layer.

B. Magnetic anisotropy and Curie temperatures

Electrostatic doping is a novel way to modify carrier con-
centration in a dual-gate FET [9,41]. Figure 3(a) presents
a schematic of a dual-gate FET based on GaN/Crl; vdW
heterostructure, where the GaN/Crl; vdW heterostructure
is encapsulated by two dielectric layer and two gates. We
consider a doping concentration within 1.36x 10" cm™2, cor-
responding to 0.5 hole (h) or 0.5 electron (e) doping per
unit cell. Experimentally, the doping concentration of 103 ~
10" cm™ can be realized [42—44]. The magnetic ground
states of monolayer Crl; and GaN/Crl; vdW heterostructure
are FM under electrostatic doping (see Fig. S4 in Supplemen-
tal Material [37]). No spurious charge exists in the vacuum
region under electrostatic doping, which is proved via Bader
charge analysis and charge difference (see Figs. S4 and S5
in Supplemental Material [37]). Due to the important role of
MAE and T in practical applications, we carried out calcu-
lations on the MAE under different doping concentrations.
As presented in Fig. 3(c), the MAE is calculated by setting
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FIG. 3. (a) Schematic of a dual-gate FET based on the GaN/Crl;
vdW heterostructure. (b) The calculated E; — E, of Cr and iodine
atoms in the monolayer Crl; and GaN/Crl; vdW heterostructure at
GGA+U+SOC level, respectively. (c) The total MAE of monolayer
Crl; (left) and GaN/Crl; vdW heterostructure (right), respectively.
The left and right scales of the color bar are for the monolayer Crl;
and GaN/Crl; vdW heterostructure, respectively.

magnetic axes along different directions and the angles with
the lowest MAE are the EMAs. The results indicate that the
EMA of Crl; changes from out-of-plane direction to in-plane
direction when doping concentration is over 0.3 //unit-cell
or 0.2 e/unit-cell. Note that perpendicular magnetization
anisotropy is crucial for high-density information storage
[45]. As for the GaN/Crl; vdW heterostructure, the EMA can
remain out-of-plane direction 0.3 & ~ 0.5 e/unit-cell doping.
As shown in Fig. 3(b), the MAE of both the monolayer Crls
and GaN/Crl; vdW heterostructure are largely contributed
by the iodine atoms, while Cr atoms present negligible
contribution to MAE under electrostatic doping. Our re-
sults of the monolayer Crl; are consistent with the previous
works [11,46]. The doping-induced transformation of mag-
netic anisotropy can be explained from the second-order
perturbation theory analysis [47]. The SOC-induced MAE is
given by

ZZ OIHSLIu

where o and u correspond to the occupied and unoccupied
states near the Fermi energy level, respectively; E, and E, are
the energy levels of the states. HS" = £ - f, where &, 7,
and f are the SOC constant, Pauli matrix, and orbital an-
gular momentum operator, respectively. When the directions
perpendicular (L) and parallel (||) to the plane are defined as
the out-of-plane and in-plane direction, respectively, the MAE
can be calculated via

(ol L, u)|* — [{olLy|u)|?
Eu - Eo

AE =E —E =+£Y)

where =+ is decided by the spin states of the occupied and un-
occupied states (+ and — for parallel and opposite spin states,

075433-3



YE, WANG, BAI, ZHANG, WU, ZHANG, AND WANG

PHYSICAL REVIEW B 104, 075433 (2021)

4
(a) n = J, e J, A, (b) m-J, e J, A, A
6 mo - . 2 ok
— S — B AT YO SOOI Y N
z LI e %2, .'\ A.o. “
E4r 1 £ ®imm
S [R20 0. 0. N & ‘m
Aal S2ia AA or :
ok A, -A X l._. ) A .4 Aao, ‘: u
L L] L L L
80+ 30
[ N m
—_ - ~ 70 S
2 60 - u . g L
o L <~ 60 S u
~ ‘B 13 . B
40 + - —— sol »-m - K L]
. e
L L L L L, u L L L L L
20 04h 02h 0 02e Ode 40 04h 02h 0 02¢ 0.4e
Doping (n/unit cell) Doping (n/unit cell)
©, - @,
¥ ,:3.
¢ o
@ 2 M 2.
E] 2
2 2
2 Y
g g
g S ol
g 1 | g1
2 2
g | 2 0
= =

FIG. 4. The exchange parameters at GGA+4U level and T. of
(a) monolayer Crl; and (b) GaN/Crl; vdW heterostructure under
electrostatic doping. The simulated average magnetic moment of Cr
atoms of (c¢) monolayer Crl; and (d) GaN/Crl; vdW heterostructure
under electrostatic doping.

respectively). More details are presented in Part III of Supple-
mental Material [37]. As shown in Fig. 2, the highest occupied
states are the 5p orbitals of the iodine atoms, while the occu-
pied 1, states of the Cr atoms are much lower. Therefore, the
Cr atoms contribute little to the MAE. In the cases of elec-
trostatic doping, the 5p orbitals of iodine atoms are the main
acceptor of the extra holes and electrons, which means the oc-
cupancy of the iodine atoms varies under electrostatic doping.
However, the occupied f,, states of the Cr atoms cannot be
changed. Therefore, the MAE of the iodine atoms is sensitive
to electrostatic doping and the iodine atoms dominate the
transformation of EMA. The Crl; layer in GaN/Crl; vdW
heterostructure obtains fewer extra carriers than the isolated
Crl; under the same concentration of electrostatic doping.
Meanwhile, the GaN layer makes no contributions to MAE.
Consequently, the MAE of the GaN/Crl; vdW heterostructure
changes more gently than that of the monolayer Crl;.

Based on the Heisenberg model, the 7, of the systems
is estimated by Monte Carlo simulation. We consider the
first-, second-, and third-nearest exchange interactions and
magnetic anisotropy. The spin Hamiltonian can be written
as [48]

H=— ijzgi'gj_AiZ(gi‘;i)zs
ij i

where, J;; is exchange parameters between site 7 and j, con-
taining the first- (J;), second- (J;), and third-nearest (J3)
exchange interactions (see Fig. S2(a) in Supplemental Ma-
terial [37]). A; is single-ion anisotropy constant [49], and Z
is the unit vector long EMA, respectively. The calculated ex-
change interaction parameters under electrostatic doping are
presented in Figs. 4(a) and 4(b) for the monolayer Crl; and

GalN/Crl; vdW heterostructure, respectively. The simulated
average magnetic moments of Cr atoms under electrostatic
doping are presented in Figs. 4(c) and 4(d), respectively. The
simulated 7, without doping is 45 and 46 K for monolayer
Crl; and GaN/Crl; vdW heterostructure, respectively. The
simulated 7, of the monolayer Crlj; is in great agreement with
the experimental value [20]. The 7, of monolayer Crl; can be
enhanced via hole doping. However, under electron doping,
the 7. of monolayer Crls is decreased. That is, hole doping
helps stabilize FM order of monolayer Crl;. The same evo-
lution of magnetism under electrostatic doping is also found
in 2D VSe, [50]. The highest T, of 71 K is realized under
0.5 h/unit-cell doping, which decreases as electrons doping
and the lowest 7, is 23 K at 0.5 e/unit-cell doping. As for
the GaN/Crl; vdW heterostructure, both holes and electrons
doping can enhance the 7;. The highest T, of 75 K can be
realized at 0.3 e/unit-cell doping. Ferromagnetism of Crl; can
be enhanced by constructing vdW heterostructure [5S1], which
may attribute to additional possible superexchange interac-
tions in the form of Cr-N-Cr induced by GaN (see Fig. S2(b)
in Supplemental Material [37]).

C. Temperatures, electrostatic doping, and spin-dependent
transport properties

Electronic transport properties are also crucial for the prac-
tical applications of spintronic devices. The spin-dependent
transport properties are calculated within the semiclassical
Boltzmann transport theory. The conductivity along the «
direction is calculated via [52]

[ dfo(T, E)]dE,

gaa:_/ 9E

where V is the volume of the unit cells, v, is the group
velocity, fo(T,E) = (e ~E)/%sT 4 1)~1 is the Fermi-Dirac
distribution function, kg is the Boltzmann constant, Ef is
the Fermi energy level, and T is temperature. The energy-
dependent relaxation time t of carriers is given by t(7, E) =
‘L'Q(T)(E — EVBM/CBM)/kBT [53], where EVBM and ECBM are
the energy of VBM and CBM in the cases of hole doping and
electron doping, respectively. The reference relaxation time 7
is obtained from the deformation potential theory [36]:

W Cop

t() S 9
ksTmy(E;)

where h, Cop, my = /mjgm;‘, and E; are the reduced Planck
constant, elastic modulus, average effective mass, and defor-
mation potential constant, respectively, which are shown in
Table 1. The x and y directions correspond to the zigzag and
armchair directions, respectively. These results are consistent
with the previous works [54-56] and more details of the
calculations are presented in Part IV of Supplemental Mate-
rial [37]. Besides, we can obtain the mobility of carriers via
w = te/m*, where t and m* are relaxation time and effective
mass of carriers, respectively. The calculated mobilities are
presented in Fig. 5. The mobility of holes is much larger than
that of the electrons in monolayer GaN. The mobilities of
spin-down carriers in monolayer Crl; are much larger than
that of the spin-up carriers, which is due to the low effective
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TABLE I. Calculated elastic modulus C,p (N/m), effective mass m* (m,), and deformation potential constant E; (eV) of different systems.

Results of spin-up and spin-down states are separated by the slashes.

System Cop Direction m m Ef E}l

GaN 140.12 Zigzag 0.26/0.26 1.33/1.33 —10.42/—-10.42 —0.85/—0.85
Armchair 0.28/0.28 1.27/1.27 —10.40/—-10.40 —0.91/-0.91

Crly 27.79 Zigzag 2.38/2.04 1.37/1.10 —4.95/-2.19 —6.97/—7.48
Armchair 40.26/0.70 3.32/1.46 —4.94/—-1.41 —7.19/-17.62

GaN/Crl; 165.84 Zigzag 0.58/0.32 1.31/0.82 —4.24/-3.43 —10.71/-10.53
Armchair 2.11/0.29 1.28/0.96 —4.94/-2.72 ~10.07/-11.72

mass of spin-down carriers. The mobilities are enhanced
in GaN/Crl; vdW heterostructure. Similar to the monolayer
Crls, the mobilities of spin-down carriers are larger than that
of the spin-up carriers in GaN/Crl; vdW heterostructure.
Figure 6 presents the calculated spin-up conductivities of
monolayer GaN, monolayer Crls;, and GaN/Crlz vdW het-
erostructure, respectively. The monolayer GaN presents high
conductivities along both the zigzag and armchair directions.
The conductivities of the monolayer Crl3 are almost 10> ~ 10°
times lower than that of the monolayer GaN under the same
temperature and electrostatic doping. Meanwhile, the conduc-
tivity of the monolayer Crl; along the armchair direction is
much lower than that of the zigzag direction under electrons
doping, which may attribute to the much larger effective mass
of electrons along the armchair direction. As presented in
Figs. 6(c) and 6(d), the conductivities are enhanced appre-
ciably after constructing the GaN/Crl; vdW heterostructure,
especially the armchair direction. The conductivity along
the armchair direction is enhanced by over 10? times. The

spin-down conductivities are presented in Fig. S14 of Sup-
plemental Material [37]. Though the spin-down carriers in
monolayer Crl; and GaN/Crl; vdW heterostructure present
higher mobilities, the spin-down channel is insulated from the
large band gap. The spin-down channels of Crl; are com-
pletely insulated under 0.5 & ~ 0.5 e¢/unit-cell doping, and
the spin-down channels of GaN/Crl; vdW heterostructure
are also insulated under 0.3 & ~ 0.5 e/unit-cell doping (see
Fig. S14 in Supplemental Material [37]). For the monolayer
Crl; and GaN/Crl; vdW heterostructure, the spin-down chan-
nels are almost insulated due to the absence of spin-down
states at the Fermi energy level, which means pure spin-up
polarized current can be realized. As discussed above, the
direction of the EMA of monolayer Crl; changes over 0.2
e/unit-cell doping, limiting its application in high-density in-
formation storage. Therefore, the GaN/Crl; vdW heterostruc-
ture is a promising candidate for low-dimensional spintronic
FETs with higher conductivity, higher 7, and stability
of EMA.
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FIG. 5. Calculated mobilities of spin-up carriers for (a) monolayer GaN, (b) monolayer Crl;, and (c) GaN/Crl; vdW heterostructure,
respectively. Calculated mobilities of spin-down carriers for (d) monolayer GaN, (e) monolayer Crls, and (f) GaN/Crl; vdW heterostructure,

respectively.
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FIG. 6. Temperature and electrostatic doping-dependent resolved spin-up conductivities of (a) monolayer GaN, (b) monolayer Crl;, and
(c) GaN/Crl; vdW heterostructure along the zigzag direction, respectively. (d)—(f) The corresponding spin-up conductivities along the armchair

direction.

IV. CONCLUSIONS

We have proposed that the combination of nonmag-
netic semiconductor GaN and ferromagnet Crl; can provide
enhanced MAE, T,, and spin-resolved conductivities for dual-
gate FETs. The decreased T, the change of EMA, and
the low conductivities of the monolayer Crl; under elec-
trons doping will limit its potential applications in future
nanoscale spintronic devices. Interestingly, these issues are
partially resolved in the GaN/Crl; vdW heterostructure. The
T. of the GaN/Crl; vdW heterostructure can be enhanced
under both electron and hole doping. The direction of EMA
remains along the out-of-plane direction under electron dop-
ing, which is highly desired in high-density information
storage. Meanwhile, pure spin-up polarized current and ap-
preciable enhancement of the spin-up conductivity can be
realized through constructing heterostructure with 2D GaN.
Our findings suggest that the vdW heterostructure engineer-

ing may be an effective method to realize enhanced T,
robust EMA, and high conductivities for low-dimensional
spintronics.
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