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Electrical tuning of the magnetic properties of two-dimensional magnets: Cr2Ge2Te6
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Motivated by growing interest in atomically thin van der Waals magnetic materials, we present an ab initio
theoretical study of the dependence of their magnetic properties on the electron/hole density ρ induced via the
electrical field effect. By focusing on the case of monolayer Cr2Ge2Te6 (a prototypical 2D Ising ferromagnet)
and employing a hybrid functional, we first study the dependence of the gap and effective mass on the carrier
concentration ρ. We then investigate the robustness of magnetism by studying the dependencies of the exchange
couplings and magneto crystalline anisotropy energy (MAE) on ρ. In agreement with experimental results, we
find that magnetism displays a bipolar electrically-tunable character, which is, however, much more robust
for hole (ρ > 0) rather than electron (ρ < 0) doping. Indeed, the MAE vanishes for an electron density ρ ≈
−7.5 × 1013 e × cm−2, signaling the failure of a localized description based on a Heisenberg-type anisotropic
spin Hamiltonian. This is in agreement with the rapid increase of the coupling between fourth-neighbor atoms
with increasing electron density.
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I. INTRODUCTION

The family of atomically thin “beyond graphene” ma-
terials is now very large [1,2] and contains also magnetic
crystals [3–10], including Cr2Ge2Te6 [11–13], CrI3 [14–27],
Fe3GeTe2 [28,29], CrBr3 [30,31], and CrCl3 [32]. Given their
two-dimensional (2D) nature, these materials are being ac-
tively investigated as building blocks in van der Waals (vdW)
heterostructures to fabricate novel spintronic devices with
ultra-small footprint [33–35]. In addition, their 2D nature
paves the way for achieving an unprecedented control of mag-
netism via the electrical field effect.

Though most of these magnets behave as 2D semicon-
ductors, very few groups [12,17,19,36–39] have been able to
fabricate devices displaying field-effect-transistor-type behav-
ior. Experimental work [19] on monolayer CrI3, for example,
revealed that the magnetic properties of this material can
be modulated electrically. In fact, hole (electron) doping
strengthens (weakens) the magnetic order. Furthermore, an
electron doping ρ ∼ −2.5 × 1013 e × cm−2 in bilayer CrI3

induces a transition from an antiferromagnetic to a ferromag-
netic ground state. This magnetic switching seems to be fully
dominated by electrostatic effects and the antiferro-to-ferro
phase transition appears to be facilitated by the formation
of magnetic polarons [40]. Similarly, Zhang et al. [36] were
able to tune the antiferromagnetic resonances of bilayer CrI3
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by carrier doping, confirming that electrostatic gating is a
powerful tool to modulate various magnetic properties.

Electrostatic gating has also employed to modulate the
magnetic properties of Cr2Ge2Te6. Few-layer Cr2Ge2Te6 ex-
hibits bipolar gate tunability, although much stronger effects
have been observed for electron-type doping [12,37,38]. As
expected, the I-V characteristics of the fabricated field-effect
transistors (FETs) indicate a stronger tunability with de-
creasing the device thickness. In the window of doping ρ ∈
[−7,+7] × 1012 e × cm−2, the Curie critical temperature TC

is almost constant, TC ∼ 55 K [12], while for a heavy electron
doping of ρ ∼ −4 × 1014 e × cm−2 a large enhancement of
TC—up to TC ∼ 200 K—is observed. Heavy electron doping
can also switch the sign of the magnetic anisotropy energy
(MAE), leading to a change in the magnetic easy axis, from
out-of-plane to in-plane. Verzhbitskiy et al. [37] observed that,
at high electron densities, the sheet resistance of few-layer
Cr2Ge2Te6 decreases with increasing temperature, indicating
a metallic character. From Hall effect measurements, they
inferred the occurrence of an insulator-to-metal transition at
ρ ∼ −4 × 1014 e × cm−2.

On purely theoretical grounds, we conclude by stating that
doping a 2D magnetic insulator opens also a wealth of intrigu-
ing possibilities in the realm of 2D plasmonics [41]. Indeed, it
has been demonstrated that spin waves couple to the charge
collective modes (i.e., plasmons) of the itinerant electron
system [42]. These plasmon-magnon interactions naturally
arise from the exchange interaction between the itinerant
carriers and the localized magnetic moments hosted by the
lattice and do not require spin-orbit coupling to exist. Other
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mechanisms explaining the origin of plasmon-magnon cou-
pling in 2D magnetic crystals have been proposed in the recent
literature. In the case of a topological insulator (TI), Efimkin
and Kargarian [43] proposed that the helical nature of spin-
momentum locking of Dirac-type surface states is responsible
for magnon-plasmon coupling (for earlier work on coupling
between charge and spin modes on the surface of a TI see
also Ref. [44]). Costa et al. [45] and Dyrda et al. [46] showed
that plasmon-magnon coupling can arise from the interaction
between the electromagnetic field of plasmon oscillations and
localized spins in a magnet via the direct Zeeman coupling
and inverse spin galvanic effect, respectively. The presence
of itinerant charge carriers induced via the electrical field
effect is the common ingredient in all these works [42–46]
on plasmon-magnon interactions.

Despite this body of literature, we are unaware of theoreti-
cal investigations of the doping dependence of the magnetic
properties of 2D vdW materials. There are two ways of
studying such dependence. One procedure, dubbed as “rigid
doping,” assumes that the 2D material under study is uni-
formly doped and overall charge neutrality is compensated
through a jellium background. This approach is plagued by
an intrinsic problem: no external electric field, which can be
greater than ≈1.5 Volt/Å, is included in the corresponding
calculations. As a result, the induced charge density dis-
tributes uniformly throughout the simulation cell, even in the
vacuum region far from the 2D material and, in the case of
thicker flakes, in the bulk of the sample.

The second approach [47–50], which is used in this ar-
ticle, relies on an effective parallel-plate capacitor model in
which one of the plates is a charged layer (here labeled metal
gate) and the other “plate” is the 2D material of interest—see
Fig. 1(a). Given the atomic-scale distance between the gate
and the 2D material in Fig. 1(a), this second approach loyally
mimics the physisorbed electrical double layer that forms in
real devices where ionic liquids are used to achieve large
carrier densities such as those (|ρ| ∼ 1014 e × cm−2) explored
in this article. In this second approach, one is able to reproduce
the strongly localized voltage drop at the surface of the 2D
material and the consequent charging.

In this article, we present an ab initio, density functional
theory (DFT) [51,52] study of the doping dependence of the
electronic, structural, and magnetic properties of monolayer
Cr2Ge2Te6, which is a prototypical 2D magnetic semiconduc-
tor. In order to this end, we do not assume “rigid doping”
but, rather, employ the field effect configuration depicted in
Fig. 1(a). We use a hybrid functional to properly take into ac-
count the role of nonlocal electron-electron interaction effects
[53–57]. As discussed at length in our previous work [53],
such functional transcends the severe limitations that the com-
monly used LDA + U/GGA + U approaches [58–60] have
displayed in the context of 2D magnetism. In passing, we note
that the experimental works [12,37] on Cr2Ge2Te6 cited above
contain results of DFT calculations. These, however, concen-
trated only the role of “rigid doping” on bulk Cr2Ge2Te6 and
were carried out using the LDA + U/GGA + U approaches,
which neglect the crucial role of nonlocal electron-electron
interactions.

This article is organized as following. In Sec. II we
present a brief discussion of our theoretical method (Sec. II A)

(a)

(b) (d)

(c)

FIG. 1. (a) Monolayer Cr2Ge2Te6 placed in front of a metal
gate. When a uniform charged plane is placed in front of
the system, the latter is charged with the same amount of
opposite charge. (b) Top view of monolayer Cr2Ge2Te6. In grey,
the rhombohedral unit cell. (c) The corresponding Brillouin
zone with the high-symmetry points used for the calculation of the
electronic band structure [52]. d) Intralayer exchange couplings
between Cr atoms (orange and red refer to nonequivalent atoms):
J1, J2, J3, and J4 denote the coupling between nearest-neighbor,
second-neighbor, third-neighbor, and fourth-neighbor atoms,
respectively.

and a description of the device geometry (Sec. II B). In
Sec. III we present a summary of our main numerical re-
sults on the electronic structure of monolayer Cr2Ge2Te6 in
the presence of an electrostatic gate. Results on the doping
dependence of the exchange couplings and MAE are instead
reported in Sec. IV. A summary of our main findings and
a brief set of conclusions are finally presented in Sec. V.
A wealth of additional numerical results is reported in the
Appendix.

II. THEORETICAL APPROACH

In this section, we first discuss the computational tools
we have used (Sec. II A) and then (Sec. II B) present the
details of the device geometry (crystal structure of monolayer
Cr2Ge2Te6 and FET geometry). Uninterested readers can skip
Sec. II A and jump directly to Sec. II B.

A. Computational details

We perform DFT calculations by using the QUANTUM

ESPRESSO (QE) [61–63] and CRYSTAL17 [64,65] codes,
which use plane waves and atom-centered (Gaussian) basis
sets, respectively.

For the calculations with QE we use the SG15 opti-
mized norm-conserving Vanderbilt (ONCV) pseudopotentials
[66–68], including also the contribution from spin-orbit
coupling (SOC). We use an energy cutoff up to 70 Ryd
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FIG. 2. Panel (a) Relativistic band structure and projected density of states (DOS) of monolayer Cr2Ge2Te6 in the ferromagnetic state.
Data in this panel refer to an electron charge density ρ = −2.5 × 1012 e cm−2 (corresponding to −0.01 e/cell) and have been obtained with
the HSE06 hybrid functional. In the DOS panel, colors refer to the DOS as projected onto the atomic orbitals of the various atoms (as in
Fig. 1): Cr-3d (red), Ge-4p (blue), and Te-5p (green). The HSE06 hybrid functional yields an insulating ferromagnetic state with an indirect
gap Eg ∼ 0.651 eV. (b) Dependence of the indirect electronic gap Eg on the doping charge ρ. In the inset a zoom of the results relative to the
interval ρ ∈ [−1, 1] × 1013 e cm−2 is shown. (c) Dependence of the effective mass (in unit of the bare electron mass in vacuum me) for holes
(m∗

h) as a function of ρ. (d) Same as in panel (c) but for electrons: m∗
�K (m∗

⊥) refers to the electron effective mass evaluated at the minimum of
the conduction band along the direction �K (orthogonal to �K) of the BZ. In panels (b–d), filled symbols represent the calculated points while
solid lines are just guides to the eye.

for all the calculations. We adopt the HSE06 [69], hy-
brid exchange-correlation (xc) functional, which mixes the
Perdew-Burke-Ernzerhof (PBE) exchange [70] with 25%
of the exact nonlocal Hartree-Fock exchange, thereby in-
cluding nonlocal electron-electron interaction effects [53].
The vdW-D2 correction is included through the method
proposed by Grimme [71]. For the Brillouin zone (BZ) in-
tegration we employ a Marzari-Vanderbilt smearing [72] of
10−3 Ryd with a Monkhorst-Pack (MP) [73] k-point grid
with 8 × 8 × 1 for self-consistent calculations of the charge
density.

For the calculations with CRYSTAL17 we use a 86-411d41
Gaussian all-electron basis set [74] with 24 valence elec-
trons for Cr and a double-zeta basis set with an effective
core pseudo-potential (m-cc-pVDZ-PP) [75] with 24 valence
electrons for Te and 22 valence electrons for Ge. The charge
density integration over the BZ are performed using a uniform
24 × 24 MP k-point grid. When we use a super-cell, we scale
the MP grid size to assure the same accuracy as in the single-
cell calculations.

In order to evaluate fully relativistic electronic band struc-
tures with the HSE06 hybrid xc functional, we used the
WANNIER90 [76] code. In fact, at odd with the case of
semilocal functionals depending only on the density or the
density and its gradient, band structure calculations in the case
of hybrid functionals require the knowledge of the electronic
wave functions in all points where the bands need to be calcu-
lated. However, at the end of the self-consistent run, the wave
functions are known only on a uniform grid in the BZ. Thus,
an interpolation scheme is needed to extract the electronic
structure along high symmetry directions.

The WANNIER90 code allows us to overcome this problem
interpolating the electronic band structure using Maximally
Localized Wannier Functions (MLWFs) [77,78] extracted
from the DFT calculations with QE. As starting guess for the
“Wannierization” procedure, we project the Bloch states onto
trial localized atomiclike orbitals: d orbitals for the Cr atoms,
p orbitals for Te atoms, and pz orbital for Ge atoms. We made
this choice analyzing the composition of the density of states
around the Fermi energy, as shown in Fig. 2(a).
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We use CRYSTAL17 to evaluate the exchange coupling
parameters to reduce the computational cost due to the size
of the super-cell and therefore the high number of atoms.
In particular, we evaluate the magnetic exchange couplings,
with the HSE06 hybrid functional, in a 4 × 4 super-cell
with 160 atoms. We have been able to switch from QE
to CRYSTAL17 after testing the consistency of the results
with both codes, comparing electronic band structures, re-
laxed atomic positions, and charge distribution in the FET
setup.

Finally, we use the VESTA [79] and XCRYSDEN [80] codes
to visualize the geometrical structure and BZs—see Fig. 1.

B. Geometrical structure and FET Setup

Bulk Cr2Ge2Te6 forms a layered structure with monolayers
separated by a vdW gap [53]. Each monolayer—Figs. 1(a)
and 1(b)—is formed by edge-sharing CrTe6 octahedra where
the Ge pairs are located in the hollow sites formed by the
octahedra honeycomb. In Fig. 1(a) we present the FET de-
vice geometry we have studied. It consists of monolayer
Cr2Ge2Te6 placed in front of a metal gate, which is modeled
as a uniformly charged plane with a charge density −ρ. The
charged plane was placed at a distance dg = 4.5 Å from the
Cr2Ge2Te6 layer. Spurious interactions between the funda-
mental unit represented by monolayer Cr2Ge2Te6 placed in
front of the gate and its periodic replicas (due to the fact that
we do calculations by imposing periodic boundary conditions
in all directions) must be accounted for carefully as discussed
at length in Ref. [47]. Finally, a potential barrier of height
Vb = 10 Ryd and width db = 2 Å was used to simulate the
gate dielectric and to prevent ions from moving too close to
the gate. (We have checked that the final results were inde-
pendent of the barrier height and width, provided that one
explores a range of values of Vb and db such that electrons
do not spill towards the gate for large electron doping.) The
internal, three-layer structure of monolayer Cr2Ge2Te6 there-
fore acquires the same amount of opposite charge, yielding
a finite electric field in the region between the “system” and
the gate [47–50]—see Appendix A. Finally, in Fig. 1(c) we
illustrate the BZ of monolayer Cr2Ge2Te6.

For the calculation of the electronic and magnetic proper-
ties of monolayer Cr2Ge2Te6 we use the hexagonal unit cell
shown in Fig. 1(b). We consider a super-cell with about 15
Å of vacuum along the ẑ direction between periodic images.
We have decided to adopt the experimental lattice parameters
to compare on equal footing the results obtained via QE with
those obtained via CRYSTAL17 [53]. Using the experimental
lattice constants [81,82] a = b = 6.8275 Å, we relaxed the
atomic positions until the maximum force on all atoms was
less than 10−4 Ryd/Bohr. Relaxation of the atomic positions
has been carried out in the ferromagnetic phase using using
the PBE xc functional. We repeat such procedure for each
doping ρ, although we have not observed significant structural
variations with changes in this parameter.

Throughout this article, ρ, measured in units of e × cm−2,
denotes the doping charge density, where e = | − e| > 0 is
the magnitude of the elementary charge −e. This means that
ρ < 0 (ρ > 0) denotes electron (hole) doping. We explore the
following range of doping: ρ ∈ [−1,+1] × 1014 e × cm−2.

III. ELECTRONIC STRUCTURE

In this section we present our main results for the elec-
tronic structure of monolayer Cr2Ge2Te6 in the FET device
geometry.

In Fig. 2(a) we show the relativistic electronic band
structure of monolayer Cr2Ge2Te6 in the ferromag-
netic state, with an electron doping of ρ = −2.5 ×
1012 e cm−2 (−0.01 e/cell). We find an almost rigid
translation of the band profile as compared to the undoped
case [53]. This is in stark contrast with the case of
transition-metal dichalcogenides [48], where significant
differences between “rigid doping” and field effect
calculations have been reported.

The density of states (DOS), projected onto the atomic
orbitals, is also reported in Fig. 2(a). Our results for the
DOS demonstrate that the main contribution to the electronic
bands near the Fermi energy comes from the Cr − 3d and
Te − 5p orbitals, which are strongly hybridized [53]. Such hy-
bridization is very weakly affected by the doping charges. We
remind the reader that the Te atoms have a fundamental role
in stabilizing the ferromagnetic phase of Cr2Ge2Te6 because
they mediate super-exchange interactions in the Cr-Te-Cr
bonds, as per the Goodenough-Kanamori rule [83,84]. This
was also confirmed in a recent angle-resolved photoemission
spectroscopy study on bulk Cr2Ge2Te6 [85].

As we will see below in Sec. IV—and in agreement with
experimental results on few-layer Cr2Ge2Te6 [12,37]—the
magnetic properties of monolayer Cr2Ge2Te6 change in a
much stronger fashion for electron-type (rather than hole-
type) doping. Indeed, the magnetic moment localized on the
Cr atom increases linearly with the doping charge for both
dopings, but the rate of change is much lower for hole-type
doping—see Fig. 7 in the Appendix. This behavior can be
explained by looking again at the DOS in Fig. 2(a): by adding
electrons to the system, states of the Cr atom are immediately
populated thereby yielding an increase of the its magnetic mo-
ment. On the contrary, a hole-type doping influences mainly
the Te 5p orbitals, leading to a much weaker effect on the Cr
magnetic moment (and, in turn, to a much weaker tunability
of magnetism for holes).

In Fig. 2(b) we plot the dependence of the magnitude of
the (indirect) electronic band gap Eg on doping ρ. We clearly
see an approximately linear decrease of Eg with increasing ρ,
with Eg decreasing of about 10 meV from its undoped (ρ =
0) value (Eg|ρ=0 ∼ 0.66 eV) to its value at ρ ± 1014 e × cm−2

(i.e., Eg ∼ 0.56 eV).
Due to our interest in the q dispersion of plasmon modes

of doped 2D vdW magnets (and their coupling to spin waves)
[42], we also evaluated the effective mass of holes (electrons)
via a parabolic fitting of the top (bottom) of the valence (con-
duction) band. While the hole effective mass m∗

h is isotropic
near the Fermi level, the electron effective mass m∗

e is not. In
fact, the Fermi surface near the bottom of the first conduction
band has an ellipsoidal shape with the short axis along the
�K direction of the BZ. We therefore decompose the electron
effective mass m∗

e in two components: m∗
�K and m∗

⊥, which
are evaluated by fitting the minimum of the conduction band
along the �K direction and the direction orthogonal to it,
respectively. In Fig. 2(c) [Fig. 2(d)] we report our results for
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FIG. 3. Intralayer exchange coupling parameters Ji—defined in Fig. 1—as functions of the doping charge ρ. The inset in every panel shows
a zoom of the results relative to the interval ρ ∈ [−1,+1] × 1013 e cm−2. In all panels, filled circles are the calculated data points while solid
lines are just guides to the eye.

m∗
h (m∗

e ). Electrostatic doping increases m∗
h and m∗

⊥, while m∗
�K

remains approximately constant.

IV. EXCHANGE COUPLINGS AND MAGNETO
CRYSTALLINE ANISOTROPY

We now turn to discuss about the dependence on ρ of the
magnetic properties of monolayer Cr2Ge2Te6.

In order to understand the microscopic properties of mag-
netic materials it is crucial to map the ab initio results onto
an effective spin model. In the case of localized magnetic mo-
ments, the Heisenberg spin Hamiltonian can be used [86,87].
In our previous work [53], we calculated all the relevant
exchange couplings (and the MAE) for monolayer, bilayer,
and bulk Cr2Ge2Te6, with the HSE06 hybrid functional. Here,
we greatly extend this previous study by calculating how
the intralayer exchange couplings of monolayer Cr2Ge2Te6

change with ρ. On the one hand, these calculations allow us to
understand the range of values of ρ where a localized descrip-
tion of magnetism based on the Heisenberg spin Hamiltonian
is valid. On the other hand, our results allow us to understand
the mechanism that enables electrical control of magnetism.
Indeed, a high level of doping may affect the super-exchange
mechanism that stabilizes the ferromagnetic ground state.

The spin Hamiltonian we use has the following
form (see Ref. [53] and references therein to earlier

work):

Ĥspin =
∑
i< j

Ji j Ŝi · Ŝ j +
∑

i

AiŜ
2
iz. (1)

(i) The first term on the right-hand side of Eq. (1) is the
rotationally invariant Heisenberg Hamiltonian with exchange
couplings Ji j , the sum over i, j running over all the Cr pairs
without double counting.

(ii) The second term is the MAE, the sum over i running
over all the Cr sites. (We remind the reader that this term is
crucial to stabilize long-range magnetic order in 2D [88,89]
since it lifts the rotational invariance of the first term in
Eq. (1), effectively allowing to bypass the Mermin-Wagner
theorem [88].) The MAE, which stems from SOC [90,91],
can be calculated [11,53,91,92] by looking at the total energy
difference—obtained through self-consistent calculations in
the presence of SOC—between the configuration with all
spins aligned along the ẑ direction (i.e., perpendicular to the
plane hosting monolayer Cr2Ge2Te6) and that with all spins
aligned along the x̂ or ŷ direction (i.e., parallel to the plane
hosting monolayer Cr2Ge2Te6). A positive (negative) sign of
the MAE means that the system is an easy-plane (easy-axis)
ferromagnet.

(iii) We emphasize that Eq. (1) does not contain a
Dzyaloshinski-Moriya (DM) interaction term of the form
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FIG. 4. The difference �J (filled red circles) between the ex-
change couplings evaluated at finite ρ and the same quantities
evaluated for ρ = 0 (i.e., in the undoped system). On the horizontal
axis we have displayed the Cr − Cr distance. Results in this plot
refer to ρ = −1014 e cm−2. The oscillating behavior of �J is fitted
(blue curve) with an RKKY interaction for a 2D electron gas model
[51,102,104].

FIG. 5. Panel (a) MAE (per Cr atom) as a function of the doping
charge ρ. The red star denotes the value of electron doping ρc at
which the MAE vanishes (i.e., ρc ≈ −6.4 × 1013 e cm−2). At this
value of doping the Curie temperature TC vanishes. Panel (b) Curie
temperature TC as a function of doping charge ρ. In the inset we
report a zoom of the results relative to the interval ρ ∈ [−1, 1] ×
1013 e cm−2. In both panels, filled circles are the calculated points—
according to Eqs. (2) and (3)—while solid lines are just guides to the
eye.

∑
i< j Di j · (Ŝi × Ŝ j ). This is certainly fully justified in

the case of a free-standing monolayer Cr2Ge2Te6 due to the
presence of an inversion symmetry center [93]. However, the
presence of an electric field orthogonal to the atomically thin
system breaks such symmetry and a nonzero DM should be,
at least in principle, taken into account [94]. However, we do
expect such contribution to be very small in magnitude, on the
order of ∼μeV, as reported in Ref. [94] for the case of CrI3,
because, as discussed in Sec. III, the electrical field effect
geometry in the present case induces an almost rigid shift of
the band structure and no significant structural changes.

Microscopic calculations of the exchange couplings Ji j are
more subtle than the MAE. As discussed at length in Ref. [53],
an accurate method to calculate Ji j for small-gap semiconduc-
tors and metals is the four-state mapping analysis (FSMA)
approach [95–98]. The FSMA approach considers one spe-
cific magnetic pair at a time in a super-cell. Such method
is accurate when the super-cell used for the calculations is
large enough. In fact, we can monitor the accuracy of the
calculated exchange coupling by increasing the super-cell size
[53]. In the present case of a doped system, we observed that
we need at least a 3 × 3 super-cell of monolayer Cr2Ge2Te6

to have converged results with doping charge in the range
ρ ∈ [−1,+1] × 1013 e cm−2. For values of ρ outside this
interval we were forced to use a

√
13 × √

13 super-cell—see
Figs. 8 and 9 in the Appendix.

A. Exchange couplings

In Fig. 3 we present our results for the intralayer exchange
couplings J1, . . . , J4 (defined in Fig. 1), which are plotted as
functions of the doping charge ρ. These results have been
calculated with the HSE06 hybrid functional, but without the
inclusion of SOC. The reason is that we do not expect that
SOC contributes appreciably to the exchange couplings as the
magnetic moments of the Cr atoms do not chance signifi-
cantly with the inclusion of SOC [53]. For ρ ∈ [−1,+1] ×
1013 e cm−2, we observe much stronger effects for electron-
type doping. For this type of doping, indeed, all the exchange
couplings Ji display an almost linear dependence on ρ < 0:
see the insets in Figs. 3(a)–3(d). For hole-type doping Ji are
roughly independent of ρ. These results are in agreement
with the DOS analysis discussed earlier in Sec. III and the
experimental results reported in Ref. [12].

The situation becomes more complicated for larger values
of ρ: see main panels in Figs. 3(a)–3(d). Increasing ρ < 0 to
values larger than −1013 e cm−2, J1 is significantly reduced,
reaching J1 ≈ −4 meV for ρ = −1 × 1014 e cm−2. In the
same interval, J2 changes sign, while remaining much smaller
than J1 in magnitude, thereby not altering the ferromag-
netic order. For large values of ρ < 0, J3 becomes large and
negative (thereby contributing to the stabilization of ferromag-
netism), reaching J3 ≈ −2 meV for ρ = −1 × 1014 e cm−2.
Such a large value of J3 suggests a change in character of
magnetism, from a strongly localized to a rather delocalized
type, for heavy electron doping. This is the reason why we
evaluated also the fourth-neighbor exchange coupling J4 [99].
This coupling is on the order of 0.01 meV in the undoped
system (and for small values of ρ) but it becomes significantly
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FIG. 6. Doping density ρ(z) of monolayer Cr2Ge2Te6 as a function of z. The vertical dashed lines indicate the position of the atoms, the
color coding being identical to that reported in Fig. 1(a) of the main text. In panel (a) we clearly see that the doping charge mainly accumulates
in the inner layers of Cr2Ge2Te6 closer to the gate. In panel (b) we plot the same quantity as in panel (a) but for the case of “rigid doping.”

large for large values of ρ < 0. We find J4 ≈ −0.6 meV for
ρ = −1014 e cm−2.

These trends of the exchange couplings suggest that,
for large values of ρ < 0, a long-range, carrier-mediated
interaction emerges (on top of the local, super-exchange
mechanism). Examples include interactions mediated by the
double-exchange mechanism [37,100] or Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions [51,52,101,102]. These
phenomena arise due to the delocalized nature of the conduc-
tion bands, which stems from the hybridization of the Cr − 3d
orbitals with the Te − 5p orbitals [53]. In Fig. 4 we plot the
difference �J between the exchange couplings in the presence
and absence of doping charge, as a function of the Cr − Cr
bond length. An RKKY model for 2D systems [51,101–105]
fits well our numerical data. Such qualitative validity of the
RKKY fit corroborates the metallic character of magnetism
observed experimentally [37] for large values of ρ < 0. From
a theoretical point of view, much more work is however
needed to precisely establish which long-range scenario better
describes the magnetic properties of monolayer Cr2Ge2Te6

for large values of ρ < 0.
The dependence of the exchange couplings on ρ for holes

(ρ > 0) is not as complicated as for electrons. As clear in

FIG. 7. Calculated magnetic moment of Cr (in units of the Bohr’s
magneton μB) as a function of the doping charge ρ. In the inset we
report a zoom of the results relative to the interval ρ ∈ [−1, 1] ×
1013 e cm−2.

Fig. 3, after a small plateau for small values of ρ > 0, the
exchange couplings increase with increasing ρ > 0, leading
to a more stable ferromagnetic order. The largest changes
with ρ > 0 are observed in J1 and J2, while J3 and J4 do
not change significantly, even for large values of ρ > 0. This
suggests that, contrary to what discussed above for electrons,
magnetic order retains its localized character with increasing
ρ > 0, even at high hole densities—see Figs. 10 and 11 in
the Appendix to see the stability of ferromagnetic phase in
monolayer Cr2Ge2Te6 with respect to changes in ρ and results
for the exchange couplings obtained in the “rigid doping”
approach.

B. Magneto crystalline anisotropy energy

In Fig. 5(a) we presents our results for the dependence of
the MAE (per Cr atom) on ρ. We clearly see that the MAE in-
creases in absolute value for hole-type doping (ρ > 0). Once
again, the situation for electron-type doping is dramatically
different. With increasing ρ < 0, the MAE first decreases
and then changes sign at ρc ∼ −6.4 × 1013 cm−2. (This crit-
ical value ρc has been obtained by interpolating in a linear
fashion between two results for the MAE, one obtained at
ρ = −1014 e cm−2 and one at ρ = −5 × 1013 e cm−2.) This
signals a change in the magnetic easy axis, from out-of-plane
to in-plane. At this value of electron doping, long-range mag-
netic order ceases to exist due to the Mermin-Wagner theorem
[88]. We also estimate the Curie temperature TC by consid-
ering only the largest exchange coupling (i.e., J1) and the
MAE. We use an expression for TC proposed by the authors
of Ref. [89], which reads as follows:

TC = T Ising
C f

(
A

J1

)
, (2)

with

f (x) = tanh1/4

[
6

Nnn
log(1 + γ x)

]
. (3)

Here, A coincides with the MAE, Nnn is the number of
nearest neighbors (3 in our case), γ = 0.033, and T Ising

C =
1.52S2J1/kB.

Using the calculated dependencies of J1 and A on ρ inside
Eq. (2) we obtain the Curie temperature trend reported in
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FIG. 8. Convergence of the intralayer exchange coupling parameters J1, J2, and J3 of monolayer Cr2Ge2Te6 with the size of the super-cell.
Results in this figure refer to a doping ρ ≈ −5 × 1012 cm−2 and have been obtained in the framework of the PBE functional and in the electrical
field effect configuration depicted in Fig. 1(a) of the main text. The red vertical dashed lines denote the values of the super-cell size used in
this article.

Fig. 5(b), which is in excellent qualitative agreement with the
experimental results of Refs. [12,37] for thin films. Indeed, TC

is almost constant for small doping, i.e., for ρ ∈ [−1,+1] ×
1013 e cm−2 while for heavy hole doping TC is almost twice
as large as the critical temperature for the undoped case. A
more quantitative analysis between our calculations and the
above mentioned experimental results is beyond the scope of
the present work for two reasons. On the one hand, we focus
on monolayer Cr2Ge2Te6 while the results of Refs. [12,37]
refer to thin films (TC has a strong dependence on the thickness
of the sample [11,53]). On the other hand, a truly quantitative
comparison would require the inclusion of J2 in a theory of
TC, while Eq. (2) includes only the MAE and J1.

V. SUMMARY AND CONCLUSIONS

In summary, in this article we have reported on an ex-
tensive density functional theory study of the electronic and
magnetic properties of the atomically thin magnetic material
Cr2Ge2Te6, in the presence of an electrical field effect.

Taking into account nonlocal electron-electron interactions
through the use of the HSE06 hybrid functional [53], we have

FIG. 9. Convergence of the intralayer exchange coupling param-
eter J1 with the size of the super-cell. Results in this figure refer to
a doping ρ ≈ −5 × 1013 cm−2 (i.e., ten times higher than in Fig. 8)
and have been obtained in the framework of the HSE06 hybrid xc
functional and in the electrical field effect configuration depicted in
Fig. 1(a) of the main text. The red vertical dashed line denotes the
values of the super-cell size used in this article.

calculated the relativistic electronic band structure of mono-
layer Cr2Ge2Te6 showing its rigidity under the application
of an external electric field induced by a nearby metal gate.
We have calculated the dependence on the doping charge ρ

of the electronic band gap—see Fig. 2(b)—and hole-electron
effective masses—see Figs. 2(c) and 2(d). We have then com-
puted the dependence of the magnetic properties on ρ, i.e., the
exchange couplings up to the fourth-neighbor one (see Fig. 3),
the magneto crystalline anisotropy energy [see Fig. 5(a)], and
the approximate Curie temperature TC [see Fig. 5(b)]. The
obtained results have been compared with experimental data,
when available.

The nonnegligible values of the fourth-neighbor exchange
coupling J4 at high electron doping signal a change in the
character of magnetism and raise questions on the under-
laying microscopic mechanism. Qualitatively, our data for
heavy electron dopings can be described by an RKKY-
type interaction—see Fig. 4. The authors of Ref. [37],
however, suggest that, at high doping, a carrier-mediated
double-exchange mechanism kicks in. Understanding on the-
ory grounds the best microscopic mechanism responsible for
magnetism at high electron dopings is beyond the scope of
the present article and is left for future work. More in general,
much more experimental work on few-layer Cr2Ge2Te6 is
needed to assess the microscopic validity of nonlocal func-
tionals for atomically thin 2D materials.

FIG. 10. The difference EFM − EAFM between the total energy
of the ferromagnetic (EFM) and anti-ferromagnetic (EAFM) phases is
plotted as a function of ρ.
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FIG. 11. The three intralayer exchange coupling parameters J1, J2, and J3 are plotted as functions of doping ρ. Results in this plot have
been obtained with the HSE06 hybrid functional. The inset in each panel contains results in the interval ρ ∈ [−1, 1] × 1013 e cm−2. Results
obtained in the simplified “rigid” doping” approach (red symbols) are compared to the ones obtained in the electrical field effect approach
(black symbols).
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APPENDIX: ADDITIONAL NUMERICAL RESULTS

In this Appendix we present additional numerical results.
In Fig. 6(a) we plot the planar averaged doping density

ρ(z) due to the presence of the metal gate, after integrating the
three-dimensional doping density over the 2D system’s area.
It has been evaluated as the difference between the full charge
density of the doped system and the undoped one. The charge
density of the neutral system was calculated with the geometry
of the doped one. Corresponding results for the case of rigid
doping are reported in Fig. 6(b).

In Fig. 7 we report the calculated magnetic moment of Cr
as a function of the doping charge density ρ.

We now briefly summarize the four-state mapping anal-
ysis (FSMA) approach [53,95–98]. This approach relies on
total-energy calculations but focuses only on the spin config-
urations of the two ions “linked” by the exchange coupling
of interest, leaving all the other ions in the ground-state
configuration. Additionally, each magnetic pair is considered
individually within a super-cell. The energy expression is

given by

E = Espin + E0 = J12S1 · S2 + S1 · K1 + S2 · K2

+ Eothers + E0, (A1)

where Espin and E0 represent magnetic and nonmagnetic ener-
gies, respectively. Here, J12S1 · S2 is the exchange coupling
between sites 1 and 2, and Si · K i represents the coupling
between site i and all magnetic sites except 1 and 2. Ad-
ditionally, Eothers denotes the energy contribution from the
interaction between sites 1 and 2 and all other nonmagnetic
sites.

Consider the following collinear spin states:

State S1 S2

1 (0, 0, S) (0, 0, S)
2 (0, 0, S) (0, 0,−S)
3 (0, 0,−S) (0, 0, S)
4 (0, 0,−S) (0, 0,−S)

The remaining spin states are held constant according to
the ground-state spin configuration. Using Eq. (A1), the ener-
gies of the four states are expressed as follows:

E1 = E0 + J12S2 + S1 · K1 + S2 · K2,

E2 = E0 − J12S2 + S1 · K1 − S2 · K2,

E3 = E0 − J12S2 − S1 · K1 + S2 · K2,

E4 = E0 + J12S2 + S1 · K1 − S2 · K2.

Solving this system leads to the equality

J12 = E1 − E2 − E3 + E4

4S2
, (A2)

which represents the FSMA operational definition of the ex-
change coupling J12. The exchange couplings J12 converge
as the supercell size increases. In Figs. 8 and 9 we illustrate
a summary of our convergence tests in the context of the
calculations of the intralayer exchange coupling parameters
Ji. All the necessary details are reported in the corresponding
figure captions.

In Fig. 10 we present an analysis of the stability of fer-
romagnetic phase in monolayer Cr2Ge2Te6 with respect to
changes in ρ.
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In Fig. 11 we compare results for J1, J2, and J3

obtained with two different methods: (i) black sym-
bols denote results obtained in the electrical field effect

geometry sketched in Fig. 1(a) of the main text; (ii)
red symbols denote results obtained in the “rigid doping”
approach.
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