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Evolution of Berry phase and half-metallicity in Cr2Te3 in response to strain, filling,
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Cr2Te3 is a ferromagnetic, quasi-two-dimensional layered material with perpendicular magnetic anisotropy,
strong spin-orbit coupling, and nontrivial band topology. The nontrivial topology results in an intrinsic anoma-
lous Hall conductivity (AHC) that switches sign under filling and biaxial strain. Thin films can exhibit
half-metallicity. Using density-functional theory combined with maximally localized Wannier functions, we
reveal the physical origins of the sensitivity of the sign of the AHC to strain and filling, and we determine the
effect of surface termination on the half-metallicity. We find that thin films terminated on the Te layers are the
most energetically stable, but only the thin films terminated on both sides with the partially occupied Cr layers are
half metals. In bulk Cr2Te3, the sensitivity of the sign of the AHC to strain and filling results from the complex
Fermi surface comprised of three bands. Filling of local minima and bands near anticrossings alters the local
Berry curvature, consistent with the negative-to-positive switching of the AHC. Similarly, strain depopulates a
local minimum, shifts a degenerate point closer to the Fermi energy, and causes two spin-orbit split bands to
reverse their order. These findings provide a physical understanding of the evolution of the Berry phase, AHC,
and half-metallicity in Cr2Te3.

DOI: 10.1103/PhysRevB.109.134430

I. INTRODUCTION

The magnetic structure of bulk Cr2Te3 has been extensively
investigated for decades [1–7]. More recently, interest has
shifted to thin films of Cr2Te3 [8–14]. Due to the van der
Waals coupled CrTe2 layers and unique self-intercalated Cr
layers, Cr1+xTe2 is a promising candidate for modulating both
its magnetic properties and topological properties [15].

Half-metallicity is an important feature in high-
performance spintronic devices. In a half metal, there is
a band gap in one spin channel and metallic behavior in
the other. As a result, the electrons at the Fermi level are
fully spin polarized. Within the Cr-Te family, half-metallic
ferromagnetism was reported in bulk zinc blende CrTe [16].
There has been little focus on the effect of surface termination
on the stability and half-metallicity in few-layer films. Bian
et al. [11] found that Cr1+δTe2 thin films terminated by Te
layers have in-plane lattice contraction compared to that
of the bulk and to that of Cr-terminated films, and they
concluded that few-layer films terminated with Te layers
were unstable. They found that Cr-terminated Cr2Te3 films
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with thicknesses ranging from one monolayer to four layers
exhibit half-metallic behavior.

The anomalous Hall conductivity (AHC) of various Cr-
Te compounds has been actively studied. Huang et al. [17]
reported an AHC of 67 k� cm and a corresponding anoma-
lous Hall angle of 5.5% in a 170-nm-thick 1T-CrTe2 flake at
T = 3 K. It was determined that the large AHC originated
from extrinsic skew scattering rather than from the intrinsic
Berry phase. Fujisawa et al. [15] investigated Cr1+δTe2 thin
films grown by molecular beam epitaxy (MBE) and tuned by
the stoichiometry ratio in the range 0.3 < δ < 0.8. Angle-
resolved photoemission spectroscopy measurements showed a
relatively rigid shift of the Fermi energy (EF ) as a function of
stoichiometry of �EF /�δ ∼ 1.54 eV/atom. The sign of the
AHC changed from positive to negative as δ varied from 0.33
to 0.47. The experimental values of the AHC qualitatively
matched the calculated intrinsic AHC values, including the
change of sign, although the calculated values were two orders
of magnitude greater than the experimental ones.

Chi et al. [18] reported strain-tunable anomalous Hall
conductivity in Cr2Te3 thin films. The growth of various
thicknesses of Cr2Te3 films on Al2O3 and SrTiO3 resulted in
different levels of average strain. A sign reversal of the AHC
was observed under compressive strain both experimentally
and theoretically. The quantitative value of the AHC, calcu-
lated from the intrinsic Berry phase of the unstrained crystal,
agreed with the experimental value. Furthermore, under the
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application of compressive biaxial strain, the calculated in-
trinsic AHC was found to change sign, consistent with the
experimental data.

Guillet et al. [19] demonstrated MBE growth of five mono-
layers of Cr2Te3 on sapphire and on various 2D substrates:
graphene, WSe2, and Bi2Te3. A sign change in the AHC
was observed for samples on sapphire. Theoretically, a sign
reversal of the AHC occurred as EF was shifted by 10 meV
with respect to its equilibrium value. Possible origins of the
AHC sign reversal were suggested to be strain dependence,
thermal broadening upon heating, and charge transfer due to
the substrate effect. The authors claimed that the AHC was
primarily from the intrinsic effect; however, the Berry phase
analysis was not discussed in detail. The effect of strain was
also studied theoretically by Gebredingle et al. [20] for Cr2X3

(X = S, Se, Te), although its affect on the AHC was not
considered.

In this paper we determine the effect of surface termination
on thin-film stability and half-metallicity. We then show how
strain and band filling affect the electronic band structure and
the Berry curvature, which is the physical origin of the sign
reversal of the intrinsic AHC in bulk Cr2Te3.

II. METHODOLOGY

The first-principles electronic structure calculations are
carried out within the projector augmented-wave method, as
implemented in the Vienna Ab Init io Simulation Package
(VASP) [21]. The generalized gradient approximation is used to
describe the exchange-correlation functional as parametrized
by Perdew, Burke, and Ernzerhof (PBE) [22]. The van der
Waals interaction is included using the DFT-D3 method of
Grimme et al. with zero damping [23]. We apply biaxial
strain and relax the atomic positions within the unit cell.
After relaxation, the forces acting on the ions are less than
5 × 10−3 eV/Å, and the change in the total energy between
two ionic relaxation steps is smaller than 10−6 eV. The high-
symmetry k path has been chosen by the AFLOW software
[24]. With a cutoff energy of 520 eV, we use a converged
Monkhorst Pack 8 × 8 × 4 k grid for geometric relaxation and
a �-centered 12 × 12 × 6 k grid for the electronic calculation,
including spin-orbit coupling (SOC).

Figures 1(a) and 1(b) display a top and cross-sectional view
of the hexagonal unit cell of bulk Cr2Te3, consisting of 8 Cr
atoms and 12 Te atoms. The Brillouin zone, and the high-
symmetry paths, are shown in Fig. 1(c). The space group of
bulk Cr2Te3 is P3̄1c (No. 163) with sixfold in-plane symmetry
[18]. The unit cell consists of alternating layers in which all
of the metal sites are either fully occupied with Cr atoms
or partially occupied with Cr atoms. The partially occupied
layers are also referred to as “vacancy layers” or “interstitial
layers.” There are three inequivalent Cr atoms in the unit
cell. The Cr atoms in the two vacancy layers are equivalent
and labeled as Cr1. The fully occupied layers contain two
inequivalent Cr atoms. The Cr atoms directly above and below
the Cr1 atoms are labeled as Cr2. The Cr atoms at the corners
and edges of the fully occupied layers are labeled as Cr3. In
the unstrained state, the optimized lattice constants of bulk
Cr2Te3 are a = 6.799 Å and c = 12.022 Å . Structural stabil-
ity is checked by performing phonon spectra and molecular

FIG. 1. (a) Top (001) and (b) side (210) views of bulk Cr2Te3.
Interlayer distances are shown. The vertical and horizontal thin lines
in (a), (b) show the unit cell from the (001) and (210) directions. The
legend provides the labels for the three nonequivalent Cr atoms in
the unit cell. The values for the a and c lattice constants and the
interlayer distances of the fully relaxed structure are also shown.
(c) The Brillouin zone and the high-symmetry lines used for plotting
band structure and Berry phase.

dynamics calculations. The phonon dispersion is calculated
using the second-order interatomic force constants (IFCs) and
the finite displacement method as implemented in PHONOPY

[25]. Ab init io molecular dynamics (AIMD) calculations, as
implemented in VASP, are performed applying a canonical
ensemble with a Nose-Hoover thermostat at room tempera-
ture. To choose the Hubbard U parameter for the Cr atoms,
we investigate values of U ranging from 0 to 4 eV. As the
value of U increases, the average magnetic moments per Cr
ion increase monotonically from 2.85 μB to 3.10 μB while
the magnetic anisotropy energy (MAE) decreases monoton-
ically from 1.4 × 106 J/m3 to −7 × 105 J/m3. The values
are plotted in Fig. 2. The MAE changes sign at ∼U = 2 eV,
at which point out-of-plane anisotropy (easy axis along the

FIG. 2. Average magnetic moment per Cr atom (left axis) and
magnetic anisotropy (right axis) as a function of +U parameters of
the Cr atom. Magnetic moments are in units of Bohr magnetons (μB).
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FIG. 3. Side views of the thin-film structures arranged from left to right in order of increasing in-plane lattice constant and decreasing
stability. Interlayer distances are shown.

c axis) gives way to easy-plane anisotropy in the a-b plane.
According to experimental results [18], bulk Cr2Te3 has a
strong out-of-plane magnetic anisotropy and a magnetic mo-
ment per Cr atom of 2.82 μB [1]. With U = 0 eV, we obtain
magnetic moments of 2.85 μB per Cr atom and an out-of-
plane MAE of 0.5 meV per Cr atom. We also calculated the
AHC using a value of U = 2 eV, and the result differs from
the experimentally measured value by a factor of 10 as shown
in Table IV of Appendix B. Therefore, U = 0 is used for all
of the calculations in this paper.

The WANNIER90 package [26–29] is used to transform
the Hamiltonian into the Wannier basis and to calculate
topological properties, such as the Berry curvature and the
AHC, with a denser k mesh of 100 × 100 × 100. The AHC
k-convergence test results are shown in Appendix B. We
employ maximally localized Wannier functions (MLWFs),
including Cr d-orbitals and Te p-orbitals. For MLWF calcu-
lations, we set the magnetization along the z axis and include
SOC. With five d orbitals ×2 spins per Cr atom and three
p orbitals ×2 spins per Te atom, the resulting Wannier ba-
sis consists of 152 orbitals per unit cell. The Hamiltonian
matrix elements 〈m, 0|H |n, R〉 and the Wigner-Seitz cell de-
generacies ND(R) determined from WANNIER90 are used to
construct the Hamiltonian in the Bloch-sum basis, HW

mn(k) =∑
R 〈m, 0|H |n, R〉eik·R/ND(R). The eigenvalues of HW

mn(k)
are used to generate the multiple slices of the Fermi surface,
with each slice calculated on a 400 × 400 k grid.

For current in the a-b plane, the intrinsic AHC is governed
by the z component of Berry curvature [�z(k)], which can be
expressed as [30]

�z
n(k) =

∑
n′ �=n

[ 〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉
(ωn′k − ωnk )2

− 〈ψnk|vy|ψn′k〉〈ψn′k|vx|ψnk〉
(ωn′k − ωnk )2

]
, (1)

= −2Im
∑
n′ �=n

〈ψnk|vx|ψn′k〉〈ψn′k|vy|ψnk〉
(ωn′k − ωnk )2

, (2)

where v is the velocity operator, n is the band index, and the
band energy at wave vector k is Enk = h̄ωnk. The intrinsic
AHC is determined from the sum of �z

n(k) over the occupied
bands,

�z(k) = −
∑

n

fn(k)�z
n(k), (3)

where fn(k) is the occupation of band n at wave vector k.
The intrinsic AHC is obtained by integrating �z(k) over the
Brillouin zone:

σxy = −e2

h̄

∫
BZ

d3k

(2π )3
�z(k). (4)

III. RESULTS AND DISCUSSION

A. Structural stability and half-metallicity in thin films Cr1+δTe2

The formation energies, lattice constants, and magnetic
properties of finite slab structures are affected by the surface
termination. We first consider the effect of surface termination
on the structural stability of few-layer films. We calculate the
formation energies and in-plane lattice constants for different
surface terminations and layer numbers, and we also calcu-
late the phonon dispersions and perform ab init io molecular
dynamics to confirm structural stability at room temperature.
The results from the phonon and molecular dynamics calcula-
tions are displayed in Appendix A.

We investigated three different types of terminations of the
top/bottom Cr1+δTe2 slab surfaces: Te/Te, Cr/Te, and Cr/Cr.
Figure 3 shows the structures considered for monolayer and
bilayer Cr1+δTe2 with different surface terminations. The in-
terlayer distances are also shown. The structures are arranged
from left to right in the order of decreasing stability. Table I
shows in-plane lattice constants, vertical heights, the in-plane,
perpendicular, and hydrostatic strains (defined with respect to
the bulk distances), formation energies, and formation ener-
gies per atom.

The formation energy is calculated from

Eform = Etotal − (nECr + mETe), (5)
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TABLE I. In-plane lattice constant a, vertical height h with the equivalent bulk distance in parentheses, formation energy Eform, and
formation energy per atom for the slab structures in Fig. 3 and for bulk Cr1+δTe2. The quantities ε‖, ε⊥, and ��/�bulk are the in-plane,
out-of-plane, and volumetric percent changes with respect to the bulk values.

System 1L CrTe2 1L Cr4Te6 1L Cr5Te6 2L Cr7Te12 2L Cr8Te12 2L Cr9Te12 Bulk Cr2Te3

Cr(Te) per u.c. 3(6) 4(6) 5(6) 7(12) 8(12) 9(12) 8(12)
In-plane a (Å) 6.350 6.638 6.849 6.668 6.726 6.812 6.799
ε‖ = a−abulk

abulk
(%) –6.6 –2.4 0.7 –1.9 –1.1 0.2 0

Vertical h (Å) 3.34(3.02) 4.40(4.52) 5.66(6.01) 9.13(9.04) 10.47(10.53) 11.74(12.02) 12.02
ε⊥ = h−hbulk

hbulk
(%) 10.4 –2.7 –5.8 1.0 –0.6 –2.3 0

��/�bulk(%) –3.8 –7.2 –4.4 –2.4 –2.7 –2.0 0
Eform (eV) –3.270 –2.240 –1.098 –8.612 –7.427 –6.335 –10.818
Eform/atom (meV) –363 –224 –100 –453 –371 –302 –541

where n(m) is number of Cr(Te) atoms in a unit cell, and
ECr(ETe) is the single atom energy obtained from the total
energy per atom of the bulk crystal of Cr(Te). The calcu-
lated values are ECr = −9.528 eV and ETe = −3.144 eV. The
formation energy per atom is Eform/(n + m). The formation
energies are defined such that more negative values corre-
spond to greater stability. The results in Table I show that the
structures terminated on the Te layers have the lowest forma-
tion energies in both monolayer and bilayer structures. Thus,
the order of stability of both monolayer and bilayer films,
arranged in decreasing order, is Te/Te-terminated > Te/Cr-
terminated > Cr/Cr-terminated. While the Te/Te-terminated
films are most stable, all terminations are stable at room tem-
perature, as shown by the molecular dynamics calculations
in Appendix A. Thus, it is likely that all terminations can be
found in experiments.

The changes in the optimized in-plane lattice constants
and vertical interlayer distances also have monotonic depen-
dencies on the layer terminations, but in opposite directions.
The in-plane lattice constants of the Te/Te-terminated films
(CrTe2 and Cr7Te12) decrease, and the vertical heights be-
tween the highest and lowest Te layers increase with respect
to the bulk values. For the Cr/Cr-terminated films (Cr5Te6

and Cr9Te12), the opposite is true. The in-plane lattice con-
stants slightly increase, and the vertical heights significantly
decrease with respect to that of the bulk. In both of the above
cases, the change in the in-plane and out-of-plain dimensions
have opposite signs, as would be expected to preserve volume.
For the Janus-type Te/Cr termination, the changes in both the
in-plane and out-of-plane dimensions are negative. This could
be seen as the behavior of an auxetic material with a negative
Poisson’s ratio [31–33]; however, as we discuss further below,
this behavior is better viewed as a surface effect due to the Cr
termination.

These trends are quantified in terms of the in-plane, out-
of-plane, and volumetric percent changes with respect to
the bulk values: ε‖, ε⊥, and ��/�bulk. The definitions are
given in the left column of Table I. While we are using the
symbols generally used for strain, we emphasize that these
quantities are simply percent changes with respect to the
equivalent bulk quantities. They are not actual strain, since
each slab is fully relaxed. The in-plane percent change ε‖
is large and negative for the Te/Te-terminated films, and it

becomes small and positive for the Cr/Cr-terminated films.
The out-of-plane percent change ε⊥ is large and positive for
the Te/Te-terminated films, and it becomes large and negative
for the Cr/Cr-terminated films. For all structures, the volumet-
ric percent change ��/�bulk ≈ 2ε‖ + ε⊥ is negative. For the
monolayer (1L) structures, the magnitude of the volumetric
percent change is smallest for Te/Te termination, because of
the compensating signs and magnitudes of ε‖ and ε⊥. For
the bilayer (2L) structures, the magnitude of the volumetric
percent changes for Cr/Cr and Te/Te termination are com-
parable, –2.0 and –2.4, respectively. For both 1L and 2L
structures, the magnitudes of volumetric percent changes are
maximum for the Te/Cr-terminated structures, since the signs
of ε‖ and ε⊥ are both negative.

There are two competing trends that determine the percent
changes in the vertical heights of the slabs with respect to that
of the bulk: the vertical expansion of the CrTe2 layers and
the large contraction of the vertical distances of the surface
Cr layers. The thickness of the bulk CrTe2 layer is 3.02 Å
(see Fig. 1). For the monolayers (bottom row of Fig. 3), the
vertical expansion is largest for the single CrTe2 monolayer
(3.34 Å), and it decreases as Cr atoms are added to the top
and bottom surfaces. For the bilayers, all of the CrTe2 layers
are slightly expanded compared to that of the bulk, but the
trend with respect to the addition of Cr surface layers is weak
or nonexistent. The qualitative behavior of the expansion of
the CrTe2 layer is identical to that observed when comparing
bulk 1T-CrTe2 to bilayer and monolayer 1T-CrTe2 [34].

The opposing trend is the reduction of the distance of the
partially occupied Cr surface layer from the Te layer. In the
bulk, the Cr1-Te interlayer distance is 1.49 Å (see Fig. 1).
In the Cr8Te12 and Cr9Te12 bilayers, that distance shrinks by
–15% to 1.27 Å. In the monolayers, the shrinkage is slightly
larger. It is the large vertical contraction of this surface Cr
layer distance that causes ε⊥ to be negative for all of the
structures terminated on at least one surface with Cr, i.e., the
Cr/Te and Cr/Cr structures. This is the reason for the unusual
trend present in the 1L and 2L Cr/Te-terminated structures in
which both ε‖ and ε⊥ are negative.

Another distinguishing feature of Cr1+δTe2 thin films is
half-metallicity. The density of states of differently termi-
nated thin films are depicted in Fig. 4. The Te/Te-terminated
monolayer CrTe2 [Fig. 4(g)] and bilayer Cr7Te12 [Fig. 4(a)]
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FIG. 4. Spin-resolved density of states and electronic band structures of differently terminated Cr1+δTe2 few-layer films. Red (blue)
indicates the majority (minority) spin channel for both the density of states and the electronic band structure (E -k) plots. The density of
states of Te/Te-, Cr/Te-, and Cr/Cr-terminated bilayers are shown in (a)–(c), respectively, and the corresponding E -k plots are shown in
(d)–(f). The spin-resolved density of states of Te/Te-, Cr/Te-, and Cr/Cr-terminated monolayers are shown in (g)–(i), and the corresponding
E -k plots are shown in (j)–(l).

have both majority- and minority-spin states at the Fermi
level. In the Cr/Te-terminated monolayer and bilayer Cr2Te3

structures, the density of minority-spin states at the Fermi
energy is low, as shown in Figs. 4(b) and 4(h). The
electronic band structures of these monolayer and bilayer
Cr/Te-terminated films in Figs. 4(e) and 4(k) show that two
minority-spin hole bands cross the Fermi level near �. Adding
another partially occupied Cr layer on the bottom surface,
such that both surfaces are Cr terminated, the thin films
become half metals, as shown in Figs. 4(c) and 4(i). The
minority-spin hole bands at � are now 0.19 eV (0.47 eV)
below the Fermi energy for the 2L (1L) structures, and the
bands crossing the Fermi level are all majority carrier bands.
The spin gap of monolayer Cr5Te6 is 1.07 eV and that of
bilayer Cr9Te12 is 0.55 eV, as shown in Figs. 4(f) and 4(l). The
Cr added to the Te-terminated surfaces acts as a donor dopant,
since it raises the Fermi level with respect to the existing
bands, and it also increases the minority-spin gap between
the minority-spin valence band at � and the minority-spin
conduction band at M. These results are consistent with the
electronic structure of bulk CrTe, which is a half-metallic
ferromagnet [16], since adding extra Cr layers on the surfaces
of the Cr2Te3 thin films makes their stoichiometry closer to
that of CrTe.

B. Anomalous Hall conductivity and Berry
curvature in bulk Cr2Te3

The sign of the AHC is sensitive to both band filling and
strain. We will show that the origin of the sensitivity results
from the filling, emptying, and shifting of three bands that
cross the Fermi level. We now calculate the changes in the
AHC of bulk Cr2Te3 resulting from filling and strain, and then
analyze the changes by determining the effect of filling and
strain on the electronic band structure and Berry curvature.

The calculated values of the AHC as a function of the
Fermi level with respect to the equilibrium Fermi level for
different values of biaxial strain are shown in Fig. 5. There
exists a general trend that the AHC becomes more positive
with filling for all strains. For the unstrained case, we will
analyze the effect of filling by analyzing the band structure
and Berry curvature at the two points indicated by the black
square and red star in Fig. 5. For 0% strain, the value of the in-
trinsic AHC is −12.7 �−1 cm−1, which is in close agreement
with the experimentally measured value of −11.5 �−1 cm−1

[18]. As the strain changes from +1% to −1%, the sign of the
AHC switches from negative to positive. These results are in
agreement with recently reported experiments [15,18,19].

A common metric used to quantify the magnitude of
the AHC is the anomalous Hall angle (AHA). The strain
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FIG. 5. Anomalous Hall conductivity as a function of the Fermi
energy for different biaxial strains, as indicated in the legend. Nega-
tive (positive) values are for compressive (tensile) strain. The black
square is the experimental value for the AHC in a bulklike Cr2Te3

sample (24 u.c.) from Ref. [18]. The point at EF − EF,0 = 10 meV
indicated by the red star is discussed in the text.

dependent anomalous Hall angles for different strains are
shown in Table II. The AHA is determined by the relative
contribution of the anomalous Hall current with respect to

the normal current, expressed by �AH = σ AH
xy

σxx
. We obtained the

experimental ρxx values from [18] for a 3-unit-cell (u.c.) thick
film under compressive strain (0.493 m� cm) and a 24-u.c.-
thick film that was unstrained (0.296 m� cm). To calculate the
AHA, we use the average of these two values (0.394 m� cm)
for all values of strain to eliminate the effect of different film
thicknesses on ρxx. The calculated values of the AHA are
comparable to those of bulk Cr5Te8 [35] but are relatively low
among other magnetic materials such as Fe3GeTe2 [36].

Before analyzing how the Berry curvature changes with
filling and strain, it is useful to first understand the relationship
between the Berry curvature and the band structure of Cr2Te3

and determine which bands make significant contributions.
From Eq. (1), it is clear that �z

n(k) is antisymmetric in n and
n′. Therefore only pairs of occupied and unoccupied bands
contribute to the sum over n and n′ leading to �z. Furthermore,
due to the denominator in (2), two bands closely spaced in
energy on either side of the Fermi energy result in a strong

TABLE II. Calculated anomalous Hall angle. Experimental lon-
gitudinal resistivity ρxx is obtained from [18].

Strain –1% 0% 1%
∣∣σ AH

xy

∣∣ (�−1 cm−1) 14.7 12.7 39.2
�AH (%) 0.58 0.50 1.55

peak in the Berry curvature and a large contribution to �z.
The sensitivity of the Berry curvature to small changes in the
Fermi level further directs our attention to the bands near the
Fermi level.

The electronic band structure along the high-symmetry
lines and the Berry curvature calculated along the same lines
are shown in Fig. 6. One thousand k points are used for
each line segment between high-symmetry points to resolve
the sharp features in the Berry curvature. The shaded regions
delineate the boundaries where the Berry curvature changes
sign. These boundaries occur where a band crosses the Fermi
level such that an unoccupied band becomes occupied, or
vice versa. Since the integral over the entire Brillouin zone
of the Berry curvature gives the AHC, which is rather small,
the positive and negative regions of Berry curvature largely
cancel. Thus, relatively small changes in any one region
of the Brillouin zone can potentially cause a sign change
in the AHC.

Two-dimensional slices of the Fermi surface at kz = 0
(through �) and kz = b3/2 (the top of the Brillouin zone) are
shown in Figs. 6(c) and 6(d). Cross sections of the Fermi
surface over the top half of the Brillouin zone in steps of
�kz = b3/20 are shown in the Appendix C in Fig. 11. The
plots are created by calculating the electronic band structure
on a 400 × 400 kx − ky grid and plotting En(k) limited to the
range EF ± 2 meV. Note that the linewidths of these curves
are artifacts of the plotting software and have no physical
meaning. The Fermi surface throughout the Brillouin zone
consists of three bands. Of the 152 bands in the Wannier basis,
only bands 115–117 cross the Fermi energy somewhere in the
Brillouin zone. These three color-coded bands comprise the
Fermi surface. Each color, red, blue, and green, identifies a
single band and the corresponding band energies we desig-
nate as Er (k), Eb(k), and Eg(k), respectively. The bands are
ordered such that at each k, Er < Eb < Eg. For example, in
the k region of the blue band, the red band lies below EF

and the green band is above EF . When a band has multiple
nonconnected parts, it is a result of the band having multiple
valleys. At the top of the Brillouin zone [Fig. 6(d)], there are
two circular inner bands split by SOC. In the orbital projection
plots [Figs. 6(e) and 6(f)], these are the bands crossing the
Fermi level along the A-L and A-H lines. They are primarily
Cr d-orbital bands, although they do have some Te p-orbital
component. At kz = 0, the orbital weight of these two bands
becomes primarily px, py from the Te p-orbital bands. In the
orbital projection plots, these are the first two bands crossing
EF along the �-M and �-K lines. The third band near the
edge of the Brillouin zone in Fig. 6(d) retains a large d-orbital
component at kz = 0; however, the component changes from
dyz at the top of the Brillouin zone to primarily dz2 , pz at
kz = 0.

The two SOC split inner bands in Fig. 6(d) give rise to an
intense ring of Berry curvature. The splitting of the two bands
depends on the angle with respect to the kx axis with a 60◦ ro-
tational periodicity. The splitting is largest along the A-H line,
since the Fermi level lies just below the anticrossing within the
number-2 circle in Fig. 6(b). The splitting is smallest along the
A-L line where the two bands are split in energy by 3 meV,
where they cross the Fermi level within the number-3 circle
in Fig. 6(b). These closely split bands give rise to the large
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FIG. 6. (a) Berry curvature calculated along the high-symmetry lines corresponding to the (b) electronic dispersion. Cross sections of the
Fermi surface are shown in (c) for kz = 0 (through �) and (d) for kz = b3/2 (the top of the Brillouin zone). The three bands are color coded.
The numbered circled regions correspond to the same numbered circled regions in (b). (e) Cr d-orbital projections of the bands. (f) Te p-orbital
projections of the bands.

positive and negative narrow peaks in the Berry curvature
along the A-L and A-H lines, respectively, shown in Fig. 6(a).
In the two-dimensional Brillouin zone, these peaks form a
ring of intense Berry curvature that alternates in sign every
30◦. Another region of broad negative Berry curvature arises
from the filled local minimum of the third band enclosed in
the number-4 circle in Figs. 6(b) and 6(d). As kz decreases
from the top of the Brillouin zone to �, the two inner bands
diverge at the Fermi level in k space, and the third band has
multiple valleys with multiple crossings of the Fermi level.
There is one region of negative Berry curvature that lies in the
region of the filled second band and empty third band, shown
in the number-1 circles in Figs. 6(b) and 6(c). One other region
that contributes to both the filling and strain dependence is the
small valley between L and M enclosed in circle 5 in Fig. 6(b).
If it depopulates, as it does under tensile strain, its contribution
disappears. With this understanding of the basic features of
the band structure and Berry curvature, we now discuss the
changes with respect to filling and strain.

C. Evolution of the Berry curvature with filling

First, we analyze the effect of band filling on the Berry cur-
vature. We focus on the Berry curvature in the �-M-L-A plane

with 0% strain at EF = 0 and EF = 10 meV, corresponding
to the black square and red star in Fig. 5, respectively. The
Berry curvature plots are shown in Figs. 7(a) and 7(b), re-
spectively. Since the geometric structures and Brillouin zones
are identical in both cases, we can take the difference of the
Berry curvature plots for the two different Fermi energies and
plot it, as shown in Fig. 7(c). To analyze the “hot” regions in
the difference plot, we calculate the electronic band structure
along the paths in the Brillouin zone indicated by the black
solid lines in Figs. 7(a)–7(c). The band structure for the upper
line is shown in Fig. 7(e), and the band structure along the
lower line is shown in Fig. 7(f). The black line in the inset of
both figures shows the k-space path within the 3D Brillouin
zone. Slices of the Fermi surface at these same two kz values
are shown in Figs. 7(g) and 7(h).

We now analyze the regions of large difference in Fig. 7(c)
using the band structures calculated along the lines shown.
First, consider the lower line in Fig. 7(c). It intersects the red
difference regions at the circles labeled 1 and 2. These same
regions are shown in the band structure in Fig. 7(f) and the
Fermi surface in Fig. 7(h). The increase in the Berry curvature
arises from a filling of the local electronlike minimum at the
Fermi level. The filling of the states on either side of the
minimum, lying between the red-dashed and solid black lines,
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FIG. 7. (a), (b) Berry curvature contour plots in the two-dimensional �-A-L-M k plane for the equilibrium state (EF = 0) (a) and EF =
10 meV (b). (c) Difference of the Berry curvature plots (a) and (b), �z(k)[EF (10 meV)-EF (0 meV)]. (c) Electronic band structure along the
high-symmetry k paths for 0% strain. The red dashed line shows the Fermi level shifted upwards by 10 meV. The orange circle labeled 4,5
corresponds to the circles labeled 4 and 5 in (c). (e) Band structure calculated along the upper solid lines in (a)–(c) at kz = b3/3. The path in k
space is shown in the inset. (f) Band structure calculated along the lower lines in (a)–(c) at kz = b3/6. The path in k space is shown in the inset.
The x-axis labels in (e) and (f) are in units of the reciprocal lattice vectors. (g), (h) Two-dimensional slices of the Fermi surface at a fixed kz as
indicated by the labels on each plot. The labeled red circles in (g) and (h) correspond to the circles with the same labels in (e) and (f).

allows them to contribute to the sum in Eq. (2) as a filled
state with a matrix element to an empty state that is closely
spaced in energy. Next, consider the upper line in 7(c). It
intersects the red difference region at the circle labeled 3.
This same region is shown in the band structure in Fig. 7(e)
and the Fermi surface in Fig. 7(g). The increase in the Berry
curvature arises from the filling of the lower band near an
anticrossing, so that there is an unoccupied band very close
in energy. The final two circled regions 4 and 5 lie along the
M-L path shown in Fig. 7(d). These two regions also arise
from the filling of a local minimum that is close in energy
to an unoccupied band, so that the additional filled states on
either side of the minimum give rise to a large contribution to
the Berry curvature. We will see that this is the same band that
becomes unoccupied under tensile strain shown in Fig. 8(f).

D. Evolution of the Berry curvature with strain

Now, we consider the effect of strain on the Berry curvature
and the electronic band structure. Figure 8 shows the Berry
curvature and electronic band structures of bulk Cr2Te3 along
the high-symmetry k paths for compressive (−1%) and tensile
(+1%) strains. The vertical axes of the main plots in (a), (e)

have been truncated so that other features can be observed,
but the full plots are shown in the upper insets. As shown
in Figs. 8(a) and 8(e), the sharp, narrow peak in the Berry
curvature midway along the A-L line switches sign under
tensile strain. The sign of the peak along the A-H line remains
unchanged. Thus, the ring of intense Berry curvature along
the top of the Brillouin zone no longer alternates in sign under
tensile strain, but it is entirely negative. This sign change is
consistent with the sign change of the AHC with strain. The
bottom insets of Figs. 8(b) and 8(f) show a zoomed-in region
near the Fermi level that illustrates the underlying mechanism
for the change of sign. The change in strain causes the order
of the two bands to switch, as denoted by the red and blue
colors. We determine this by considering the inner product
of the eigenvectors of HW (k) corresponding to the two bands
near the Fermi energy under compressive and tensile strain.
There are four eigenvectors (|1, n〉, |2, n〉, |1, p〉, |2, p〉) where
the numbers 1 and 2 indicate the lower and upper band,
respectively, and the letters n and p indicate compressive and
tensile strain, respectively. We find that |〈1n|2p〉|2 = 0.57 and
|〈1n|1p〉|2 = 0.38. Thus the lower energy band under com-
pressive strain has a greater overlap with the upper energy
band under tensile strain. This indicates a switching of the
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FIG. 8. All of the results in the left panel are calculated under 1% compressive strain, and all of the results in the right panel are calculated
under 1% tensile strain. (a), (e) Berry curvature along high-symmetry lines of the Brillouin zone. The vertical axes are truncated for clarity.
The top insets in (a), (e) show the same plots over the full range of the Berry curvature. (b), (f) Electronic band structure plotted along the same
high-symmetry lines as the Berry curvature. The bottom insets in (b) and (f) show the zoomed-in area of highlighted rectangular regions in the
middle of the A-L k path. Berry curvature plotted in the two-dimensional planes defined by the high-symmetry lines (c), (g) �-A-L-M and (d),
(h) �-K-H-A. The two planes are illustrated in the inset of Fig. 7(f). The color bars show the signs and magnitudes of the Berry curvatures.
(i), (j) Zoom-in of the two inner rings in the cross sections of the Fermi surfaces under compressive and tensile strain taken at the top of the
Brillouin zone (kz = b3/2).

bands under strain. Since the numerator in the Berry curvature
expression in Eq. (1) is antisymmetric in the band index,
a reversal of the bands results in a change of sign of the
resulting Berry curvature. This effect can also be seen in
the cross sections of the Fermi surfaces under compressive
and tensile strain shown in Figs. 8(i) and 8(j), respectively.
Under compressive strain, the two bands in (i) never cross,
whereas under tensile strain, the bands in (j) cross at each
A-L line.

The peak in the Berry curvature along the A-H line is
caused by the band crossing in the circles labeled 2∓ in
Figs. 8(b), 8(f) and 8(i), 8(j). As the strain changes from
compressive to tensile, this band crossing moves closer to
the Fermi level, which increases the magnitude of the local
Berry curvature. The intrinsic AHC results from the integra-
tion of the Berry curvature over the entire Brillouin zone, and
while these peaks have large magnitude, they are also very
narrow. Therefore, we now consider the Berry curvature
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in two different two-dimensional slices of the Brillouin
zone.

The Berry curvature in the k-space planes bounded by the
high-symmetry lines �-M-L-A and �-K-H-A are shown in
Figs. 8(c), 8(d) 8(g), and 8(h). Strain changes the size of
the unit cell and thus the Brillouin zones. Therefore, we are
unable to take the difference of the two plots, as we did for
filling, and instead make several observations based on visual
comparison. Comparing the plots for compressive strain on
the left to the ones for tensile strain on the right, there are
two notable changes in the Berry curvature. There is a large
positive Berry curvature along the M-L line under compres-
sive strain that disappears under tensile strain, as shown in the
red circled areas in Figs. 8(c) and 8(g). This is a result of the
occupied band along M-L under compressive strain, shown in
the 1− circle in Fig. 8(b), becoming unoccupied under tensile
strain, shown in the 1+ circle in Fig. 8(f). Another contribution
to the change in sign of the AHC comes from the band cross-
ing, discussed above, circled in the 2∓ circles in Figs. 8(b)
and 8(f). Under compressive strain, the band crossing occurs
above the Fermi level, and under tensile strain, the crossing
occurs closer to the Fermi level. This results in a large negative
contribution to the Berry curvature near the A-H line, shown
in the region enclosed by 2+ circle in Figs. 8(d) and 8(h).
Thus, the change of sign of the AHC with strain is consistent
with the shifts of the bands near the Fermi level, which either
reduce the positive Berry curvature or create the regions of
negative Berry curvature.

IV. CONCLUSION

In bulk Cr2Te3, we conclude that the sensitivity of the
sign of the Berry curvature to strain and filling arises from
the three bands that cross the Fermi level. There are multiple
regions of positive and negative Berry curvature throughout
the Brillouin zone that mostly cancel, so that small changes
in the local Berry curvature can cause an overall sign change
in the total integrated value, which determines the AHC. The
intense ring of Berry curvature at the top of the Brillouin
zone associated with the two SOC split bands is most strik-
ing. In the absence of tensile strain, the sign of the Berry
curvature associated with the ring oscillates with each 30◦
rotation around the ring. Tensile strain causes a reversal of the
band order along the A-L line such that the Berry curvature
of the ring becomes uniformly negative. Other regions also
contribute, and one that we have particularly identified comes
from the local minimum along the M-L line at the face of the
Brillouin zone. Tensile strain causes it to depopulate, which
removes its positive contribution to the Berry curvature. The
analysis of band filling shows that the changes in the Berry
curvature, which drive the sign change in the AHC, occur
throughout the Brillouin zone and that the largest changes
in Berry curvature do not come from the ring. Filling (or
depopulating) of local minima close to the unoccupied bands,
or filling of bands near anticrossings, gives rise to the changes
in the local Berry curvature that drive the sign change of the
AHC with filling. In all cases, the contributions come from

the change in filling of bands in close energetic proximity to
unoccupied bands.

In thin films, termination with the Te layer gives the
most stable structures, although thin films terminated with
Cr are also stable. Terminating the surface at the partially
occupied Cr layer increases the in-plane lattice constant,
and it increases the spin polarization of the electrons at
the Fermi level. Only when both surfaces are terminated at
the partially occupied Cr layer do the thin films become
half metals in one- and two-layer films. The Cr termination
serves as a donor dopant moving the Fermi level into the
minority-spin gap, and it also increases the magnitude of the
minority-spin gap.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. Army Re-
search Laboratory (ARL) Research Associateship Program
(RAP), Cooperative Agreement (CA) W911NF-16-2-0008.
This work used STAMPEDE2 at TACC through alloca-
tion DMR130081 from the Advanced Cyberinfrastructure
Coordination Ecosystem: Services & Support (ACCESS)
program [37], which is supported by National Science Foun-
dation Grants No. 2138259, No. 2138286, No. 2138307, No.
2137603, and No. 2138296.

APPENDIX A: PHONON DISPERSION AND MOLECULAR
DYNAMICS CALCULATIONS

In order to confirm the structural stability of bulk and
thin films of Cr2Te3, we calculate the phonon dispersion. A
2 × 2 × 2 supercell with a k grid of 4 × 4 × 2 is used for the
bulk and a 2 × 2 × 1 supercell with a k grid of 6 × 6 × 1
is chosen for thin films. All thin-film unit cells contain a
15-Å-thick vacuum region. Figure 9(c) shows the phonon dis-
persion for bulk Cr2Te3, Figs. 9(a) and 9(b) show the phonon
dispersions for bilayer thin films, and Figs. 9(d)–9(f) show
the phonon dispersions for monolayer thin films. The phonon
dispersion of (d) CrTe2 was calculated by us previously, and
it requires a Hubbard parameter of U = 2 eV to obtain a dis-
persion with non-negative frequencies (see the Supplemental
Material of [34]). All of the other plots are calculated with
U = 0. The phonon dispersions of all of these other few-layer
structures show small regions of negative frequency near �,
which is not unusual for these types of calculations.

Therefore, to further verify the stability of the thin films,
especially with Cr termination, we perform AIMD calcula-
tions, as implemented in VASP. Using 2 × 2 × 1 supercell
and a temperature of 300 K, we perform AIMD calculations
with a 1-fs time step over a period of 1 ps. Figure 10 shows
temperature oscillations as a function of time at a constant
average temperature of 300 K for Cr/Te- and Cr/Cr- termi-
nated monolayer thin films. The insets of Fig. 10 show crystal
structures at the beginning and the end of calculations. The
final structures are slightly distorted; however, they maintain
the same crystal structure, and all of the bonds are intact.
These results indicate that both Cr4Te6 and Cr5Te6 thin films
are thermodynamically stable.
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FIG. 9. Phonon dispersions of (a) 2L Cr7Te12, (b) 2L Cr9Te12, (c) bulk Cr2Te3, (d) 1L CrTe2, (e) 1L Cr4Te6, and (f) 1L Cr5Te6.

FIG. 10. Constant-temperature AIMD calculations for Cr/Te-terminated Cr4Te6 (a) and Cr/Cr-terminated Cr5Te6 (b). Red curve represents
the temperature as a function of time. Insets show the crystal structures at 0 fs and 1 ps for each calculation.
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TABLE III. Convergence of the AHC as a function of the k grid.

k mesh Adaptive refinement AHC (�−1 cm−1)

40 × 40 × 40 – –9.53
40 × 40 × 40 3 × 3 × 3 –19.24
50 × 50 × 50 3 × 3 × 3 –12.65
80 × 80 × 80 – –12.67
100 × 100 × 100 – –12.7

APPENDIX B: METHOD DETAILS

Table III shows the results of the k-grid convergence test
for the calculation of the AHC. Table IV compares the exper-
imentally known values of the magnetic moment and AHC
with values calculated with U = 0 and U = 2 eV.

TABLE IV. Experimental values [18] and calculated average
magnetic moments and anomalous Hall conductivity for U = 0 and
U = 2 eV.

Experimental U = 0 eV U = 2 eV

Magnetic moment (μB) 2.84 2.85 3.1
AHC (�−1 cm−1) –11.5 –12.7 –120.95

APPENDIX C: SLICES OF THE FERMI
SURFACE AT FIXED kz

Figure 11 shows slices of the Fermi surface of the top half
of the Brillouin zone at fixed kz in steps of �kz = 0.1(b3/2).
The Brillouin zone projected onto the kx − ky plane is
outlined.

FIG. 11. Two-dimensional slices of the Fermi surface at different values of kz as shown.
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