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The a-GeTe is a typical ferroelectric Rashba semiconductor (FERSC) that has attracted a lot of attention in spintron-
ics. The Fe/a-GeTe grown on Si substrates has anisotropic Gilbert damping. However, the effect of Al,O3, as another
common substrate, remains unknown when a-GeTe is grown on it. Here, we fabricated a-GeTe thin films using Al,O3
substrates. The a-GeTe directly grown on Al,O3 exhibits an in-plane polycrystalline structure. A BipTez buffer layer
can make the o-GeTe exhibit a single-crystal feature. The anisotropic Gilbert damping of FM layers is present in Fe/oc-
GeTe/Bi; Te3/Al, O3 and vanished in Fe/o-GeTe/Al;O3. Our finding illustrates that a-GeTe growth on Al, O3 with a Biy Tes
buffer layer can serve as a suitable platform for anisotropic research. Our work paves the way for the application of the

Al;O3-based a-GeTe thin films in anisotropic electronics.
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1. Introduction

Germanium telluride (GeTe) is a typical ferroelectric
Rashba semiconductor (FERSC). Below the Curie temperature
of 700 K, a-GeTe exhibits the bulk Rashba effect arising from
the ferroelectric polarization caused by inversion symmetry
breaking within the bulk of the material.['3] Recent studies
found that GeTe has the largest Rashba parameter og.!>*]
Thus, o-GeTe has attracted a lot of attention in spintronics
for potential applications.”~!3] Besides the Rashba effect, the
cubic Dresselhaus effect plays an important role in a-GeTe,
which produces a three-fold symmetry out-of-plane spin com-
ponent and a six-fold symmetry warping of the Fermi surface

814151 The anisotropic band structure

in the band structure.!
means that @-GeTe is an alternative material for anisotropic
research. One of the crucial issues is anisotropic Gilbert
damping in spintronics, which has been observed in sev-
eral systems.['6-2>! In Fe/a-GeTe heterostructures, anisotropic
Gilbert damping can be induced by the spin pumping effect.
The spin current can transfer angular momentum from the Fe
layer to the -GeTe layer, further enhancing the Gilbert damp-

12,26-301 The spin current will suffer anisotropic

ing of the Fe.!
scattering intensity at the interface between Fe and a-GeTe,
which is related to the anisotropic band structure of the -
GeTe layer. 8311

The growth of heterostructures on Si substrates is a very
common choice.32! However, the Si substrate has some dis-

advantages. For example, its high electrical conductivity lim-
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its its application in electrical transport measurements. Com-
pared to Si, Al,O3 substrates have benefits such as low di-
electric loss, high thermal conductivity, high electrical resis-
tance, etc.[33-34] Al>Oj3 substrates have also been used to grow
GeTe thin films in different works.[”>) Among them, the
topological insulator BiyTes acted as a buffer layer to reduce
the mismatch between o-GeTe and Al,Os, which can opti-
mize the thermoelectric performance.[35] However, whether
the anisotropic feature still exists in &-GeTe when grown on
Al, O3 remains unknown.

Here, we fabricated o-GeTe thin films on Al,O3 sub-
strates and compared the growth conditions with and with-
out a BirTes buffer layer. Reflection high-energy electron
diffraction (RHEED) and x-ray diffraction (XRD) measure-
ments were performed to confirm the crystal orientation of
the thin films. The results reveal that the 30-nm «-GeTe thin
films grown directly on Al,O3 have a random in-plane ori-
entation. However, with a 2 quintuple layers (QLs) BiyTes
buffer layer, the a-GeTe thin films exhibit a single-crystal fea-
ture. In addition, the electronic structure was measured via
angle-resolved photoemission spectroscopy (ARPES), and the
temperature dependence of the resistivity py, was measured.
Both GeTe thin films with and without a buffer layer show
Rashba-split bands and have similar transport characteristics.
Furthermore, an FM Fe layer was grown on the two types of
GeTe thin films, and the Gilbert damping was measured via
ferromagnetic resonance (FMR) measurements. The Gilbert
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damping in the heterostructure without Bi, Tes is isotropic, but
anisotropic in the case with BiTes. Our findings illustrate that
a-GeTe growth on Al,O3 with a BiyTes buffer layer can act
as a platform for performing anisotropic research. Our work
paves the way for the application of Al,O3-based ¢¢-GeTe thin
films in anisotropic electronics.

2. Methods

The o-GeTe thin films were grown by molecular beam
epitaxy (MBE) on Al,O3 (0001) substrates. The base pres-
sure of the growth chamber is about 1.0x 10! mbar (1 bar
= 10° Pa). The substrates were wet-chemically cleaned and
annealed at 1150 °C in O, for 3 hours to produce a terrace-
step-like surface structure. The prepared substrates were trans-
ferred to the MBE chamber and heated at 800 °C to degas.
Thin BiyTes films were grown by evaporation of high-purity
Bi (99.999%) and Te (99.999%) from Knudsen cells onto
Al,O3 (0001). The temperatures of Bi, Te, and the substrate
were 420 °C, 300 °C, and 250 °C. The thickness of Bi,Tes is
determined via x-ray reflectivity (XRR). A Bi,Tes layer was
grown for 30 minutes, and the thickness was measured via
XRR, as shown in Fig. S3 in supporting information. The
thickness of the thin film is related to the period of oscilla-
tions in XRR measurements, and the period of oscillations
of the fitting line is consistent with the experimental data in
Fig. S3. The fitted thickness is 14.3 nm; thus, the growth
rate is 0.48 nm/min. The thickness of a 2 QL Bi,Tes is about
2.1 nm. Therefore, by controlling the growth time of BiyTes
to 4.4 min, a 2 QL BipTes can be fabricated. Then, the GeTe
was deposited on top of the Bi; Te; and Al,O3 (0001) directly.
a-GeTe films were also grown by coevaporating Ge (99.99%)
and Te. The temperatures of Ge, Te, and the substrate were
1150 °C, 300 °C, and 100 °C. The 10-nm Fe layers were
grown onto the a-GeTe, and a 2-nm Cu capping layer was
deposited on top to protect the Fe layers.

The electronic structures of the thin films were collected
by ARPES with a photon energy of 21.2 eV at room temper-
ature. The base pressure of the ARPES chamber was about
3.0 x 10~!" mbar. The energy and angle resolution of the Sci-
enta DA30L electron energy analyzer were better than 20 meV
and 0.01 A=, respectively.

FMR measurements were performed using a vector net-
work analyzer (VNA, model Agilent N5224A) to measure
the microwave transmission parameter S>;. The samples
were placed face down onto a homemade coplanar waveg-
uide (CPW). For the angular-dependent FMR measurements,
the in-plane magnetization direction was changed with an az-
imuthal angle ¢y. The measurement was conducted at room
temperature. The probing RF power was set at —10 dBm.

3. Results and discussion

The samples o-GeTe (30 nm) with and without a BiyTes
buffer layer were fabricated; the thickness of the Biy Tes buffer
layer is 2 QLs. More details are shown in Section 2. As
shown in Fig. 1(a), the ®/20 mode was adopted in XRD mea-
surements to detect the crystal orientation along the z axis,
and the RHEED measurements were conducted with the elec-
tron beam incident along different directions, which can dis-
tinguish the in-plane (xy plane) crystal orientation. The re-
sults of the sample ¢-GeTe (30 nm) without Bi, Te3 are shown
in Fig. 1(b); the XRD pattern shows the peak coming from
the Al,O3 substrate corresponding to (0001). In addition,
the peaks of a-GeTe (0003) and (0006) are observed, which
means the crystal orientation along the z axis is well aligned.
However, in Fig. 1(c), the RHEED patterns show that the elec-
tron beam was incident along different directions, but the pat-
terns include identical streaks, even when the incident direc-
tion is not a high-symmetry direction. The isotropic RHEED
patterns indicate the crystal orientation in the xy plane of a-
GeTe directly grown on Al,O3 substrate is random in differ-
ent crystalline grains. To further confirm the orientation of
GeTe, the intensity of the RHEED patterns in Figs. 1(f)-1(g)
was extracted, as shown in Fig. S1 in supporting information.
The peak positions were labeled with the red lines. When
the incident direction was changed in RHEED measurements,
the peak positions were identical and totally isotropic, even
when the incident direction is the non-high-symmetry direc-
tion, which illustrates the random orientation of GeTe directly
grown on Al,O3. For comparison, XRD and RHEED mea-
surements of a-GeTe (30 nm) with a Bip Tes buffer layer were
carried out, as shown in Fig. 1(d). In Fig. 2(e), the XRD pat-
tern shows the same peaks, including a-GeTe (0003), (0006),
Al,O3 (0001), and the peak (00015) of the Bi, Tes buffer layer,
indicating the crystal orientation along the z axis of the sample
is still well aligned. The RHEED patterns show many dif-
ferent features in Fig. 1(f). When the electron beam is inci-
dent along the [1120] and [1010] directions of a-GeTe, the
patterns show different features. The upper pattern shows five
streaks and the lower shows three, and the distance between
the streaks is different, due to the different lattice parameters.
This feature means the o-GeTe with a Biy Tes buffer layer has
a single crystal feature.3®) The RHEED pattern of the Bi,Te3
buffer layer is displayed in Fig. 1(g) to illustrate the epitaxial
growth of a-GeTe on BiyTes. Fig. S2 in supporting informa-
tion shows the crystal structure of GeTe/BiyTes/Al,O3, and
the in-plane orientation [101] of the three layers is parallel to
each other in epitaxial growth. The difference in the in-plane
crystal orientation of these two samples is caused by lattice
mismatch. The in-plane lattice parameters of GeTe, Bi,Tes,
and A,Oj3 are 4.1546 A, 4.38 A, and 4.758 A, respectively.
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Thus, the mismatch between GeTe and Al,O3 is about 12%
and the mismatch between GeTe and Biy Tes is 5%. Therefore,
the BipTes buffer layer can effectively decrease the mismatch
to 5% and eliminate the formation of twin structures, as the
previous work reported. 33

The band structure of a-GeTe grown on Al,O3 substrates
was measured via ARPES. The ARPES spectra of o-GeTe
grown on Al,O3 substrates without and with the buffer layer
are given in Figs. 2(c) and 2(b). The ARPES spectrum of
a-GeTe grown on an Si substrate is also given in Fig. 2(a)
for comparison. In Fig. 2(c), the ARPES spectrum exhibits
a bulk Rashba band. As discussed above, the crystal orienta-
tion along the z axis of a-GeTe grown on an Al,O3 substrate
is well aligned, which corresponds to the ferroelectric polar-
ization direction and ensures the Rashba splitting band exists
in the ARPES measurements. However, due to the in-plane
crystal orientation being random in different crystalline grains,
the spectrum in Fig. 2(c) is the sum of the spectra in different

cross directions, which results in the broadening of the spectra.
In Figs. 2(a) and 2(b), the spectra have the same characteris-
tics. Both ARPES spectra show distinguishable surface states
(SS) and bulk states (BS) in the cross direction A—Z-A, as in
previous works,># which means the GeTe grown on Al,03
substrates with the buffer layer still has the Rashba splitting
band. Meanwhile, the spectrum in Fig. 2(b) is clearer than that
in Fig. 2(c), led by the improvement of crystalline quality. To
further explore the effect of the buffer layer on the transport
properties, the temperature-dependent longitudinal resistivity
of the sample with and without Bi,Te; was measured. The re-
sult is displayed as the black and blue lines in Fig. 2(d). Both
longitudinal resistivities increase with temperature, suggesting
metallic behavior. For comparison, the temperature-dependent
longitudinal resistivity of GeTe/Al,O3 reported in Ref. [7] is
displayed in Fig. 2(d) as the red line. The same behavior il-
lustrates that the 2 QLs Biy Tes buffer layer does not affect the
transport feature of 30-nm a-GeTe.
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Fig. 1. (a) The schematic diagram of the sample a-GeTe grown on Al,O3. The GeTe is randomly oriented in the xy plane, and the orientation is well aligned
along the z axis. (b) The XRD pattern of a-GeTe/Al,O03. (c) The left two panels are the RHEED patterns of a-GeTe incident along the high-symmetry
directions, the upper panel is incident along [1 120] of Al,O3, and the lower panel is along [IOTO] of Al,O3. The right two panels are the RHEED patterns of
a-GeTe incident along the non-high-symmetry directions. The direction of the upper one is deviated 10° from [IOTO] , and deviated 20° from [IOTO} in the
lower one. (d) The schematic diagram of the RHEED and XRD measurements for sample a-GeTe grown on Al,O3 with a BiyTes buffer layer. The GeTe has
a single crystal feature. (e) The XRD pattern of o-GeTe/Bi, Te3/Al,O3. (f) The RHEED patterns of ¢-GeTe, the upper panel is incident along [1 120] , and the
lower panel is along [IOTO]. (g) The RHEED patterns of o.-GeTe (upper panel) and Bi;Tes (lower panel) along [1 120] , the red dash lines mean the epitaxy

growth between a-GeTe and Bip Tes.
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Fig. 2. (a)-(c) The ARPES spectra of GeTe/Si, GeTe/Bi,Te;/Al,03, and GeTe/Al, O3, respectively. (d) The temperature-dependent longitudinal

resistivity of GeTe/BiyTes/Al,O3 and GeTe/Al,O3.
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The Fe/a-GeTe grown on Si substrates exhibits aniso-
tropic Gilbert damping, which is related to the anisotropic
band structure. However, the a-GeTe grown on the Al,O3
has a random in-plane crystal orientation, which might af-
fect the anisotropic research. Therefore, a ferromagnetic Fe
layer was grown, and the angle-dependent Gilbert damping
was measured via the vector-network-analyzer ferromagnetic
resonance (VNA-FMR) technique.
schematic diagram of the angle-dependent magnetization dy-

Figure 3(a) shows the

namics measurement. The samples were placed face-down on
the coplanar waveguide; the applied magnetic field H, which
determines the magnetic direction of the Fe film, was aligned
along the azimuthal angle ¢y with respect to the Z-A direc-
tion. The magnetic resonance is detected in the microwave
frequency range from 5 GHz to 18 GHz. One of the S param-
eters of the VNA, S»1, was measured and the real part Re |S,; |
was extracted, as shown in Fig. 3(b). Figure 3(c) shows the
Re|S21] versus H spectrum at different frequencies f. The
H -dependent resonance spectra Re|Sy;| at a fixed frequency
f can be described using!®!

AH?
(H — Hyes)* + AH?

Re|521|(H) =a;+b x

0

poH (mT)

50 100 150 200 250 300

AH (H — Hiyes)
(H — Hes)* + AH?’

+ by X €))
where He is the resonance field and AH is the full width at
half maximum linewidth at resonance frequency f; b; and
b, are the symmetric and antisymmetric magnitudes, respec-
tively. By fitting Re|Sy;| using Eq. (1), the AH at differ-
ent frequencies f can be extracted. Figure 3(d) shows the
FMR linewidth AH versus resonance frequency f for the
Fe/o-GeTe/Bi; Tez/Al, O3 sample at different angular ¢. The
Gilbert damping can be fitted using!®37]

2na
UoAH = LyAHy + Tf, )

where 7 is the gyromagnetic ratio, HoAHy is the inhomoge-
neous broadening due to disorder, and « is the Gilbert damp-
ing. The red lines in Fig. 3(d) are the best-fitting lines. The
angle-dependent ¢ of the Fe/o-GeTe/Al,O3 sample was ex-
tracted and is displayed in Fig. 4(a). It shows only a uniaxial
anisotropy, which is caused by the oblique incidence when the
ferromagnetic layers were deposited on the GeTe.!3831 The
Gilbert damping does not have six-fold symmetry.
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=
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Fig. 3. (a) The schematic diagram of VNA-FMR measurement configuration. The y corresponding to the Z-A direction of GeTe. (b) The
Re|S,, | signal of VNA. (c) Re|S,, | versus magnetic field H at different frequencies. (c) Resonance linewidth uoAH versus frequency f along
the separate azimuthal direction with ¢y = 0°, 10°, 20°, 30°, 40°, 50°, 60°. The red lines are the linear fitting lines.

By contrast, the angle-dependent o of the sample Fe/a-
GeTe/Biy Tes/Al, O3 is shown in Fig. 4(b). As a result, the
Gilbert damping ¢ exhibits a sixfold symmetry. This result
is consistent with the previous report and illustrates that the
anisotropic Gilbert damping in Fe/a-GeTe is not affected by
the substrate.®! In addition, the & in both samples is about

0.015, much larger than that in a pure Fe thin film, which is
about 0.006. The enhancement means the existence of a spin
pumping effect.!®! The anisotropic Gilbert damping originates
from the anisotropic spin current injection at the interface be-
tween Fe and o-GeTe. When the injecting polarization direc-
tion of spin current is along the Z—A direction, the possibil-
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ity of scattering is stronger than that along the Z-U; thus, the
Gilbert damping along the Z-A direction is smaller.®] When
the a-GeTe is grown on Al, O3, the crystal orientation in dif-
ferent crystalline grains is random. Thus, when the spin cur-
rent is injected into the a-GeTe from Fe, the scattering inten-
sity suffered is the average of all directions, which is isotropic.
Therefore, the Gilbert damping is isotropic.
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3 0.006
0.010
0.014
0.018

0.022

0.022
0.018
0.014
0.010
S 0.006
0.010
0.014
0.018

0.022

270

Fig. 4. (a) The Gilbert damping factor o versus azimuthal ¢y in
Fe/GeTe/Al,03. (b) The Gilbert damping o versus azimuthal ¢y in
FC/GeTC/Bi2T63 /A1203 .

4. Conclusion

In conclusion, we fabricated the a-GeTe grown on Al,O3
substrates with and without a BiyTes buffer layer and inves-
tigated the crystal orientation of the samples. The a-GeTe
grown on Al,O3 substrates directly has a well-aligned crys-
tal orientation along the z axis, but the in-plane orientation is
random in different crystalline grains. The Bi,Tes buffer layer
can significantly improve this by decreasing the mismatch be-
tween a-GeTe and Al,O3z. The buffer layer makes o-GeTe
become a single crystal. Furthermore, both of these show a
Rashba splitting band and metallic behaviors, illustrating that
the Bi, Te; buffer layer does not affect the transport feature. In
addition, the anisotropic Gilbert damping was present in Fe/q-
GeTe/Bi, Tes/Al, O3 and disappeared in Fe/o-GeTe/Al, O3, in-
dicating the random orientation in ¢¢-GeTe is a disadvantage
for anisotropic research. Our method provides a method to
conduct anisotropic electrical transport based on GeTe, which
paves the way for the application of GeTe in anisotropic elec-
tronics.
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