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Electronic structure of ferromagnetic semiconductor CrGeTe; by angle-resolved
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As one of the rare ferromagnetic semiconductors, CrGeTe; has recently attracted a great deal of attention as
a potential candidate for next-generation high-performance nano-spintronic devices. In this study, by combining
density functional theory calculations and angle-resolved photoemission spectroscopy measurements, we explore
the electronic structure of CrGeTes directly. The low-lying valence bands are centered around the I" point and
mainly consist of Te 5p orbitals. The majority of the bands show almost no &, dispersion, consistent with its
layered crystalline structure. Due to the higher hopping integral along the out-of-plane direction, however, bands
comprised of p, orbitals exhibit significant k, dispersion. Furthermore, an indirect band gap of 0.38 eV is directly
measured by surface electron doping with potassium deposition.
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I. INTRODUCTION

Since the successful exfoliation of graphene [1], novel
and compelling phenomena in reduced dimensional systems
have attracted a great deal of attention not only for their
revelation about fundamental physics [2,3], but also because
they are promising candidates for next-generation electronic
devices. Unfortunately, the fact that graphene has no band
gap imposes large restrictions on its potential applications
[4]. Consequently, attention has been extended to quasi-
two-dimensional semiconductors, such as the monolayer of
hexagonal boron nitride (A-BN) [5,6] and transition-metal
dichalcogenides (TMDs) [7-10].

Recently, CrGeTe; and its analog CrSiTe; have attracted
attention as potential candidates for high-performance nano-
spintronics because they display an inherent ferromagnetic
property and a semiconductor characteristic simultaneously
[11-14]. From a theoretical standpoint, the phonon spectrum
and the electronic structure of CrSiTes have been studied by
density functional theory (DFT) calculations [15-17]. More-
over, their ferromagnetic phase transition has been predicted
through simulation calculations by adopting various models,
including the three-dimensional (3D) Ising model, the 3D
Heisenberg model, and tricritical mean-field theory [18-21].
To achieve a magnetic property in many nonmagnetic ma-
terials, subtle regulations are required by edge [22], strain
engineering [23], or electron-hole pair resonance [24]. How-
ever, an inherent ferromagnetism of CrGeTe; and CrSiTes
both in bulk form and monolayer form has been proposed to

“ynie@nju.edu.cn

2469-9950/2018/98(12)/125127(6)

125127-1

be a competing behavior where the ferromagnetism derives
from the superexchange interaction of Cr-Te-Cr structure
but mediated by the exchange interactions of f,, orbitals
of neighboring high-spin Cr*" ions [13,25-27]. Meanwhile,
from an experimental point of view, there have been studies on
the temperature-dependent magnetization and specific heat,
revealing a ferromagnetic phase transition for CrGeTe; and
CrSiTe; with a Curie temperature of 67 and 32 K, respec-
tively [13,16,17,20,25]. Direct observation of spin waves of
CrSiTe; has also been reported in a previous work [27],
and optical property measurements indicate a direct band
gap of 1.2 eV and an indirect gap of 0.4 eV for CrSiTes
[13,25]. However, investigations on the electronic property
of CrGeTe; have been comparatively limited, but in fact it
displays more promising properties for application due to
its higher Curie temperature and conductivity compared with
CrSiTes. A direct measurement on the electronic structure will
provide important information on the property of electrons
and will offer guidance regarding the design and fabrication
of related electronic devices.

In this work, by combining DFT calculations with angle-
resolved photoemission spectroscopy (ARPES) measure-
ments, we explore the electronic structure of CrGeTes di-
rectly. Our results show that the low-lying valence bands are
centered around the I' point and are mainly comprised of
Te 5p orbitals. Due to the various space orientations and
integral of p orbitals, two sets of electron bands dominated by
different p orbitals display different k, dispersions and effec-
tive mass, which is also confirmed by ARPES measurements.
By in situ K doping, we observe the bottom of the conduc-
tion band below the Fermi level, with an indirect band gap
of 0.38 eV.

©2018 American Physical Society
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II. EXPERIMENTAL DETAILS

High-quality CrGeTes single crystal is synthesized from
elemental Cr(99.99%), Ge(99.99%), and Te(>99.999%) ma-
terials with high purity (ordered from Alfa Aesar). A mix-
ture of materials with an optimized ratio of Cr:Ge:Te
equivalent to 10:13.5:76.5 is sealed in evacuated quartz
ampoules and heated at 1050°C for 1 day, followed by
slow cooling to 450°C for a period of 7 days. Mag-
netism measurements are performed on the SQUID-VSM
system.

As the Te Sp states and the majority spin of Cr 3d states
predominately contribute to the density of states near the
valence-band top and conduction-band bottom, for accurate
treatment with the localized 3d orbitals with strong cor-
relation, DFT calculations are performed under the frame-
work of the Heyd-Scuseria-Ernzerhof (HSE06) hybrid density
functional implemented in the Vienna ab initio simulation
package (VASP). In addition, van der Waals interactions have
a significant impact on the layered structure of CrGeTes and
CrSiTe;, and consequently affect the bulk band structure.
After comparing different van der Waals functions (Table I)
[28,29], we adopt the Grimme (DFT-D2) method to deal
with the van der Waals interactions. The lattice constants for
CrGeTes are optimized tobea = b = 6.924 A, ¢ = 20.381 A,
in agreement with the experimental value (@ = b = 6.820 A,
¢ = 20.371 A for CrGeTes).

For ARPES measurements, CrGeTe; and CrSiTes crystals
were cleaved in situ and under a vacuum base pressure better
than 6x10~!! Torr. To avoid the charging effect, CrGeTe;
and CrSiTe; were measured at 50 and 120 K, respectively.
Incident uv light is generated from the characteristic radiation
of He I« and He Tlv by a helium discharge lamp, with kinetic
energy of 21.2 and 40.8 eV, respectively. In situ low-energy
electron diffraction (LEED) measurements are conducted af-
ter ARPES measurements to confirm the surface condition
throughout the measurements.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The crystalline structure of CrGeTes is shown in Fig. 1(a).
As an emerging member of layered chalcogenide, CrGeTes
is comparatively rare in its germanium pairs forming
(Ge,Teg)® ethanelike groups. Located in the slightly dis-
torted octahedral structure, Cr>* ions and Ge-Ge pairs form
a Te-(Cr,Ge-Ge)-Te sandwich layer in the ratio of 2:1 with
triangular symmetry in-plane. Along the c axis, each unit cell
is comprised of three CrGeTe; layers stacked in the ABC
sequence. The fresh and flat surface of single crystal after
exfoliation is shown in Fig. 1(b). In Fig. 1(d), 20@-w x-ray
diffraction (XRD) scans along the (001) direction for CrGeTes
and CrSiTe; indicate high crystalline quality of the sample
with no sign of impurity phases. As shown in the insets of
Fig. 1(d), an azimuthal scan on the (116) peaks shows six
peaks separated by 60°. To confirm the quality of the sample
surface throughout our measurements, in situ LEED mea-
surements are performed after the ARPES measurements and
exhibit clear and sharp diffraction spots with low background
[Fig. 1(c)], which indicate the fresh and high-quality surface
with a minor amount of impurities or disorder. As is marked
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FIG. 1. (a) Schematic illustration of the crystalline structure of
CrGe(Si)Te; from the top view and the side view. A unit cell is
indicated by a black line. (b) Morphology of a fresh surface of
CrGeTe; after exfoliation. (c) In situ LEED patterns after ARPES
measurements to confirm the quality of the surface. The markers in-
dicate two sets of (11) diffraction pattern. (d) 20@-w x-ray diffraction
scan along the (001) direction. The insets show azimuthal & scans
of (116) diffraction peaks for CrGeTe; and CrSiTes;. (e) ZFC-FC
curves with 50 Oe external magnetic field parallel to the ¢ axis.
The inset shows the isothermal magnetization curves M (H) at 5 K.
The saturation field is 5.0 kOe with an external field parallel to the
ab plane (green line) and 2.4 kOe (orange line) parallel to the ¢ axis.
A zoom-in of the magnetization curve shows no significant coercive
force.
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TABLE I. Comparisons for different vdW corrections.

CrGeTes Experimental value (5 K) Original vdW of Dion optPBE optB88 optB88b
a 6.82 7.115 7.016 6.974 6.923

c 20.371 22.208 21.466 20.995 20.745
a% 0.00% 4.33% 2.87% 2.26% 1.51%
c% 0.00% 9.02% 5.38% 3.06% 1.84%
CrGeTes Experimental value (5 K) Grimme-D3 zero damping D3 BJ damping DF2 Grimme-D2
a 6.82 6.939 6.958 7.211 6.924

c 20.371 22.590 22713 22.068 20.381
a% 0.00% 1.74% 2.02% 5.73% 1.52%
c% 0.00% 10.89% 11.50% 8.33% 0.05%

in Fig. 1(c), the (11) diffraction patterns are comprised of
two sets of spots with an intensity ratio of 1.41:1, which
corresponds to its triangular symmetry in-plane (Space Group
No. 148, R-3) [17].

As shown in Fig. 1(e), zero-field-cooled (ZFC) and field-
cooled (FC) magnetization measurements show a ferromag-
netic phase transition at a critical point around 67.8 K, almost
twice as large as that of CrSiTes;, in agreement with previous
reports [17,20,30,31]. The ferromagnetism in both systems
originates from the near-90° Cr-Te-Cr superexchange interac-
tion but mediated by the direct t,¢-1,, interactions of high-spin
crit. Apart from direct simulation calculations [16,19,26],
the enhanced Curie temperature for CrGeTes can be explained
by the steric effect, where the much longer Ge, pairs in
CrGeTe; lead to (i) a comparatively larger bond length for
Cr-Cr (0.3942 nm for CrGeTe; and 0.3909 nm for CrSiTes),
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and (i) the Cr-Te-Cr bond angle closer to 90° (90.4° for
CrGeTes and 91.6° for CrSiTes) [17]. This structural effect
contributes to an enhanced Curie temperature for CrGeTes
compared with CrSiTes. The inset of Fig. 1(d) illustrates a
typical ferromagnetic behavior with no significant coercive
force, and magnetic saturation is achieved at 5 kOe (with
external magnetic field parallel to ab plane) and 2.4 kOe
(with external magnetic field along the ¢ axis). The anisotropy
suggests the crystallographic c-axis is comparatively easier to
be magnetized. Parallel to the ¢ axis, the effective moment
is 3.94up, corresponding well with the expected value of
3.87up that originated from the three unpaired spins of Cr**
ions.

The band structure along the path I'-M-K-I'"-A [as illus-
trated in Fig. 2(a)] and the density of states calculated by
the aforementioned DFT settings are shown in Fig. 2(b). The
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FIG. 2. (a) The Brillouin zone of CrGeTe; and the high-symmetry path. (b) Calculated band structures along the high-symmetry path and
total and projected density of states for spin-up and spin-down states. E is aligned with the valence-band top. (c) ARPES isoenergy mapping
in the first Brillouin zone with binding energy of 0.7 eV. The orange dashed lines are the corresponding energy contour for band set « and the
green dashed lines for band set 8. Calculated isoenergy surface for (d) band set o and (e) band set § with corresponding binding energy of
ARPES mapping. (The Brillouin zone has been expanded threefold along the k. axis for better illustration.)
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FIG. 3. ARPES spectra along the path of (0,0)-(1,0)-(0.67,0.67)-
(0,0) taken with (a) He I and (b) He Il photons. The calculated
band dispersion is superimposed. Schematic illustration of the high-
symmetry path in the first Brillouin zone is shown in the inset.

CrGeTe,

-0.5 0.0 0.5 -0.5 0.0 0.5
Momentum (1/A) Momentum (1/A)

—
a)
—

-0.5 0.0 0.5 -0.5 0.0 0.5

Momentum (1/A) Momentum (1/A)

valence-band top is centered around the I' point, and the
conduction-band bottom is lying between I'-K, showing an
indirect band gap of 0.53 eV. After projecting the density
of states on specific orbitals, Te 5p orbitals dominate the
states near the valence-band top and Cr 3d orbitals dominate
the conduction-band bottom. As is shown in Fig. 2(b), there
are multiple low-lying valence bands with similar binding
energy and they can be categorized into two sets of bands
(o and B) for the comparison with ARPES data. Band sets
o and B exhibit distinct dispersions along the k, direction.
The isoenergy surface with a binding energy of 0.7 eV for
band set B [in Fig. 2(e)] is cylindrical, corresponding to the
characteristic of two-dimensional materials, whereas for band
set « its isoenergy surface [in Fig. 2(d)] is strongly warped
cylindrical, indicating its significant k, dispersion. Consider-
ing the fact that band set « is predominantly comprised of
Te 5p, orbitals, such k, dispersion can be attributed to the
higher hopping integral along the out-of-plane direction. For
band set 8, however, Te 5p, and Te 5p, orbitals dominate,
s0 no apparent k, dispersion is observed and the electrons are
mainly confined in-plane.

The ARPES isoenergy mapping with a binding energy of
0.7 eV is shown in Fig. 2(c). The general characteristic is in
agreement with what DFT calculation predicts. Despite the
fact that spectral intensity is strongly affected by the matrix el-
ement effect, the sixfold symmetry of the electronic structure
of CrGeTej can still be observed. The holelike state centered
around the I" point can be decomposed into an outer set and
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FIG. 4. Detailed structure of valence bands along the path of (—1, 0)-(0, 0)-(1, 0) for CrGeTe; with (a) He Iov and (b) He 1l ARPES
spectra. Detailed structure of valence band along the path of (—0.67, —0.67)-(0, 0)-(0.67, 0.67) for (c) He 1 and (d) He Ilo ARPES spectra.
Parts (e)—(h) are the corresponding results for CrSiTe;. Crossings are the fitting points. Band set « is denoted by an orange dashed line and

band B by a green dashed line under parabola fitting.
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an inner set, which are contributed by band set o and band
set B, respectively. Two orange dashed lines in Fig. 2(c) are
the calculated isoenergy contour with corresponding binding
energy for band set «, and the green dashed lines are for band
set .

ARPES spectra along the high-symmetry path are shown
in Fig. 3. Due to the existence of a large number of bands,
ARPES spectra are intrinsically broad, but qualitatively agree
with DFT calculations. A slightly more clear and dispersive
feature can be seen for the states near the Fermi level. The
most distinct difference between the spectra taken by He I«
and He Tl photons is the extra band with a kinetic binding
energy of about 0.7 eV near the I' point only shown in He Il
spectra. By comparing experimental data with theoretical
results, we can roughly estimate the k, value of the spectra
taken by He I and He Tl to be 0 and 0.9 (in units of m/c),
respectively.

The detailed ARPES spectra of the band top along the
I'-centered path is shown in Fig. 4. Consistent with the
theoretical calculations, the tops of the valence bands are
comprised of two band sets («¢ and ), which are denoted by
an orange dashed line and a green dashed line, respectively.
ARPES spectra taken by He Io photons are estimated to be
at the k, value of 0, and the average effective mass for holes
in-plane are evaluated. Along the path of (0,0)-(0.5,0), the
average effective mass is fitted to be 0.98(40.05)m, for band
set  and 0.18(40.01)m, for band set 8. As for the direction
of (0,0)-(0.67,0.67), the effective mass is 0.86(£0.05)m, for
band set o and 0.22(£0.01)m, for band set 8, comparatively
smaller than DFT calculation results. For CrSiTes, the
average effective mass is fitted to be 1.09(£0.06)m, and
0.12(£0.01)m, along (0,0)-(0.5,0); and 0.96(£0.04)m,
and 0.15(£0.01)m, along (0,0)-(0.67,0.67) for band sets «
and B. By changing the incident photon from He I« to He e,
we observe a significant shift for band set o but no apparent
shift for band set 8 (similar results have also been observed
for CrSiTes), in good agreement with the different dispersion
behavior along I'-A in DFT calculation results [Fig. 2(b)].

By in situ K doping on the sample surface, the valence
bands shift to higher binding energy as deposited K atoms
donate electrons to the system. For CrGeTes, the bottom of the
conduction band appears along the path of (0,0)-(0.67,0.67),
consistent with DFT calculations. The band gap is 0.38 eV,
as estimated from the ARPES He la spectrum (k, =~ 0)
shown in Fig. 5(a). We also tried in situ potassium doping
for CrSiTes, but we could not observe the conduction band
within the doping limit. This is consistent with the theoretical
calculations, where the band gap for CrSiTes is 0.67 eV, larger
than CrGeTes; (0.53 eV).

0.0 % x

-0.4 0.0 04 0.8
Momentum (1/A)

FIG. 5. The conduction band along the path of (0,0)-(0.67,0.67);
band sets @ and B are denoted by an orange dashed line and a green
dashed line, respectively. The conduction band is denoted by a purple
dashed line.

IV. CONCLUSION

In conclusion, by combining DFT calculations and ARPES
measurements, we map out the electronic structure of the
ferromagnetic semiconductor CrGeTes directly. The valence-
band top is centered around the I' point, comprised of band
set o and band set 8 with distinct k, dispersion, which can be
attributed to different orbital characters and integrals between
layers. An indirect band gap of 0.38 eV is observed by K
surface doping.
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