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Magnetoconductance (MC) at low temperature was measured to investigate spin-related transport affected by
spin-orbit interaction (SOI) in III-VI compound n-type GaSe thin films. Results reveal that MC shows weak
antilocalization (WAL). Its temperature and gate voltage dependences reveal that the dominant spin relaxation
is governed by the D’yakonov-Perel” mechanism associated with the Rashba SOI. The estimated Rashba SOI
strength in GaSe is much stronger than that of III-V compound GaAs quantum wells, although the energy gap
and spin split-off band in GaSe closely resemble those in GaAs. The angle dependence of WAL amplitude in the
in-plane magnetic field direction is almost isotropic. This isotropy indicates that the strength of the Dresselhaus
SOI is negligible compared with the Rashba SOI strength. The SOI effect in n-GaSe thin films differs greatly
from those of III-V compound semiconductors and transition-metal dichalcogenides.
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After the discovery of graphene, great attention has been
devoted to transition-metal dichalcogenides (TMDs) for use
as next-generation electronic materials because they have a
band gap and intriguing graphenelike properties [1]. Recently,
layered III-VI compound semiconductors MX (M = Ga, In
and X =S, Se, Te) have emerged as promising candidates
for use as ultrathin field effect transistors (FETs) [2] with
high-mobility transport [3]. Transistor operation in single-
layer GaS and GaSe has been demonstrated [4]. Because of
the direct band gap, high performance of photodetectors has
been achieved using atomic layered GaSe [5,6]. Optical spin
dynamics in GaSe thin films were also investigated [7,8].
The quantum Hall effect and anomalous optical response
were observed in atomically thin InSe with high electron
mobility [3]. The band structure of layered III-VI compound
semiconductors differs from that of TMDs. An almost direct
band gap exists at the I" point, depending on the number
of layers [9]. The unusual distortion of the valence-band
maximum is predicted to create an indirect band gap and
singularity of density of states, which theoretically causes
tunable magnetism in the p-type monolayer GaSe [10].
Occurrence of a topological insulator in layered GaSe and GaS
is predicted by introducing tensile strain [11]. For these exotic
phenomena, spin-orbit interaction (SOI) plays a necessary role
in the topological phase transition and magnetic anisotropy.

The unit cell of a single GaSe layer and top view of GaSe
shown in Figs. 1(a) and 1(b) have mirror reflection (z — —z)
symmetries. The electrical dipole moments with threefold
rotational symmetry in the x-y plane presented in Fig. 1(c)
induce Dresselhaus SOI [12], as expressed by the following
equation with coefficient y [13]:

Hp = y(3k; — k})kyo-. ()

As presented in Fig. 1(d), the Dresselhaus effective SOI
field shows out-of-plane orientation with threefold rota-
tional symmetry because the effective SOI field is given as
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éeff X p x ljlwith electron momentum p and in-plane dipole
electric field E. The form of Dresselhaus SOI is universal for
all other bands, but with a different y coefficient [13]. This
Dresselhaus SOI-induced spin splitting in GaSe at the I point
differs from the Zeeman-type spin splitting appearing at K
points in TMDs [14]. It is noteworthy that the out-of-plane
orientation of the effective magnetic field in III-VI layered
semiconductors resembles the case of III-V GaAs [110]
quantum wells (QWs), for which long spin-relaxation times
have been observed [15]. In this case, weak antilocalization
(WAL) is suppressed and weak localization (WL) appears
in transport experiments because the acquired spin phases
are identical in time-reversal interference paths under the
unidirectional Beg condition.

In addition to the Dresselhaus SOI, the Rashba SOI [16] can
be expected if there is structural inversion asymmetry at the
interface between GaSe and substrate. The Rashba SOI field
B.sr is in-plane orientation with isotropic strength, as presented
in Fig. 1(e). The total SOI Hamiltonian for GaSe thin films is
expressed as shown below:

Hyou = alkeoy —kyoo) +y (3k; —k))kyoo.  (2)

However, the Rashba SOI effect in GaSe is not expected
to be sufficiently strong to cause WAL because the energy
gap Eg =2.0eV and spin split-off band Aso = 0.34eV in
GaSe [17] closely resemble Eg = 1.5 eV, Aso = 0.34¢eV in
GaAs [18]. The observation of WAL in two-dimensional (2D)
GaAs is limited to less than 1 K, where the phase coherence
length becomes greater than spin-relaxation length [19].

Although III-VI compound layer semiconductors have
been investigated extensively, experimental studies of spin-
related transport affected by SOI are very few. In this Rapid
Communication, magnetotransport properties in GaSe thin
films are investigated at low temperature. Surprisingly, the
WAL is observed at relatively high temperature 7 > 1 K in our
present GaSe thin films. This study was conducted to clarify
the effect of SOI on spin-related transport, which is crucially

©2017 American Physical Society


https://doi.org/10.1103/PhysRevB.96.161303

SHOICHI TAKASUNA et al.
(a) Se (b) o (c)
“ole® :’}":( k\(/&:kf/n.i»y SF
o KA
| yL I L 1 | .
o N Yttty v x se¥ Bse
L 8 o B B, B, @
(e)
AN ky
4l <k
" ~ 7

FIG. 1. (a) Perspective view of single-layer GaSe unit cell. (b)
Top view of GaSe. Orange and green spheres respectively correspond
to Se and Ga atoms. (¢) Ga and Se atoms form a threefold rotational net
in-plane electric dipole moment which is responsible for Dresselhaus
SOL. (d) Momentum-dependent effective magnetic field induced by
Dresselhaus SOI. Effective magnetic field points perpendicular to the
plane, irrespective of momentum direction. (e) Rashba-SOI-induced
effective magnetic field. The effective field direction is in-plane
and perpendicular to the momentum direction. The strength of the
effective field is isotropic.

important for magnetism and topological phase transition in
layered III-VI materials.

From a bulk GaSe sample grown by the Bridgman method,
GaSe thin films were exfoliated using the mechanical cleavage
method. These films were attached on cleaned p-doped
Si/Si0, (300 nm, thermal oxidation) substrates. This SiO,
oxide layer was used as a gate dielectric layer for a back-gate
electrode (p-doped Si). The layer thickness of GaSe thin
films was ascertained from color contrast in optical images
of GaSe layers. The relation between color contrast and GaSe
thickness was calibrated using atomic force microscopy and
Raman spectroscopy. The Raman spectra revealed that the
GaSe samples used in the experiment have an e-type layer
structure [20-22] (see Supplemental Material, Sec. 1). For
four-probe measurements and Hall effect measurements, Ag
electrodes serving as Ohmic contacts were defined on GaSe
flakes using electron-beam lithography, as presented in the
inset of Fig. 2.

The temperature dependence of carrier density N, and
mobility p for device no. 1 with 10-nm-thick GaSe film is
presented in Fig. 2. Carrier density Ny and mobility u were
estimated from longitudinal resistance p,, and Hall resistance
Pxy. We confirmed that the carriers in our present samples
are electrons from the sign of Hall voltage and gate voltage
dependence of p,,. Actually, electron mobility  decreases
concomitantly with decreasing temperature 7, although N;
remains almost constant. The temperature dependence of sheet
conductance closely resembles the temperature dependence
of w. A similar temperature dependence of Ny, and p was
observed for device no. 2 with 25-nm-thick GaSe. The decrease
in u at low temperature less than 100 K might be attributed to
ionized impurity scattering, as reported in MoS, monolayer
[23]. We consider that the high electron density and the
reduction of mobility at low temperatures are related to the
Se vacancy in our present samples.
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FIG. 2. Temperature dependence of electron mobility p and
carrier density N, for device no. 1. u and N are estimated from p,,
and p,,. The inset presents a photograph of the fabricated multilayered
GaSe device structure.

A quantum interference effect such as WL is sensitive to
phase coherence and spin relaxation. Actually, WL becomes
WAL when spin-relaxation length €5 is shorter than phase
coherence length £4. In III-V compound QWs, WAL analysis
has been used to estimate the SOI strength [24]. The WL and
WAL analyses were applied to TMDs 2D materials such as
MoS; [25], WSe; [14], and MoSe; [26] because £, is longer
than the thickness of their samples. In this work, we apply
2D WAL analysis to our GaSe thin films by treating GaSe thin
films as 2D conductors. Magnetoconductance (MC) for device
no. 1 was measured using a conventional lock-in method at low
temperature 7, as depicted in Fig. 3(a). MC data show strong
temperature dependence and a conductance peak around a zero
magnetic field with amplitude order of e?/h. These features
originate from WAL properties. It is noteworthy that no WAL
behaviors were observed in thin and monolayer n-type MoS;
[25,27], even if a strong SOl is expected. That is true probably
because the intravalley scattering effect is dominant [28] and
because the intra- and intervalley scatterings complicate the
analysis.

Two possible reasons exist for the WAL: the Elliot-Yafet
(EY) and D’yakonov-Perel’ (DP) spin-relaxation mechanisms
[29]. The EY spin-relaxation mechanism is associated with
admixture of spin-up and -down states where spin and
momentum are entangled by SOI. Therefore, momentum
scattering events cause the spin-flip process. The DP spin-
relaxation mechanism is fundamentally attributable to a
motion-narrowing effect of spin precession induced by an
effective magnetic field B.g, which appears in spin splitting
of a band with the lack of spatial inversion symmetry.
Therefore, spin-relaxation time tg¢ is inversely proportional to
momentum scattering time t;, for the DP mechanism, whereas
Tso 1s proportional to t;, for the EY mechanism.

Experimentally measured WAL data are well reproduced by
Tordanskii, Lyanda-Geller, and Pikus (ILP) theory [30] based
on the DP mechanism. In Fig. 3(a), black solid curves are
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FIG. 3. (a) Magnetoconductance (MC) data for device no. 1 observed at low temperature. The MC data are well reproduced by weak
antilocalization (WAL) analysis using ILP theory based on the DP spin-relaxation mechanism, as shown by solid curves. Dashed curves are
analyzed using HLN theory based on the EY spin-relaxation mechanism. The ILP theory provides better agreement with the experiment.
This result demonstrates that the DP mechanism is dominant over the EY mechanism. Theoretical fittings with ILP theory are used to extract
spin-relaxation length £5, and phase coherence length £,. (b) Temperature dependence of phase coherence time 7, and spin-relaxation time
Tso. Ty and Tso are extracted from £, and €5, with the assumption of m* = 0.25. The dotted line shows 7, & 7' dependence for comparison.
(c) Relation between spin-relaxation rate t5o~' and diffusion constant D for devices no. 1 and no. 2. Diffusion constant D is estimated from
the temperature dependence of the electron carrier density and mobility. The dotted line is a guide showing 5o ~! oc D.

obtained from analysis using the ILP theory. The ILP analysis
including only the Rashba term was used as described in
Ref. [24]. The Hikami, Larkin, and Nagaoka (HLN) theory
[31] with an assumption of the EY mechanism failed to
reproduce the WAL data, as shown by the dashed line in
Fig. 3(a). The temperature dependence of 74 and 75 extracted
from the ILP analysis is depicted in Fig. 3(b), showing
that 74 is almost inversely proportional to 7 in a higher
temperature region, but it saturates at lower temperatures.
The values of 7, and 750 are extracted from £, and £so
values with an assumption of m* = 0.25, as discussed below.
The 74 o« T~! dependence, which is attributable to electron-
electron scattering, has been reported in dirty 2D metals [32].
Temperature dependences of £4 and 5o values for devices 1
and 2 are presented in [33].

To extract t5p from £59 = +/Dtsp, one must ascertain
the value of effective mass m* and diffusion constant D
of GaSe layers. Recently, the effective mass of InSe thin
film was found to be m* = 0.14—0.17 from the temperature
dependence of Shubnikov—de Haas oscillation amplitude [3].
However, the data of effective mass in GaSe are extremely
limited. Therefore, m* = 0.25 is assumed by considering the
ratio of energy gap between InSe and GaSe [34]. Figure 3(c)

represents the relation between spin-relaxation rate 75o ! and
diffusion constant D for devices 1 and 2. The values of D
were estimated from the temperature dependence of Ny and p
with the assumption of m* = 0.25. The linear relation between
750~ ! and D among both samples with different thickness
indicates the same origin of SOI. Here, D is proportional
to 7,.. This result demonstrates that the DP spin-relaxation
mechanism is dominant in the present GaSe samples. The
experimentally observed WAL cannot be explained if only the
Dresselhaus SOI exists as given by Eq. (1). Therefore, we infer
that the Rashba SOI causes WAL, and that is attributable to the
origin of the DP spin-relaxation mechanism. The Rashba SOI
originates from structural inversion asymmetry. Therefore, the
results presented above indicate that the interface between
GaSe and the substrate plays an important role.

If the Rashba SOI plays a role in the present GaSe thin films,
one can expect gate control of the Rashba parameter. The back-
gate voltage Vp dependence of WAL for device no. 2 [35]
was measured at 7 = 2 K. The WAL data and their analysis
using the ILP theory shown by black curves are presented
in Fig. 4(a). The negative magnetoconductance region, which
characterizes the WAL strength shown by arrows, grows by
positively increasing Vps. The Vpe dependence of £y, £so
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FIG. 4. (a) Back-gate voltage Vs dependence of WAL measured at 7 = 2K for device no. 2. Arrows indicate magnetoconductance
minimum fields, corresponding to the strength of WAL. Solid curves show results of analysis using the ILP theory to extract Rashba SOI
parameter «. (b) Vg dependence of phase coherence length £, spin-relaxation length £5¢, and Rashba SOI strength .

and Rashba SOI « extracted from the ILP theory analysis
are portrayed in Fig. 4(b). The £, is increased slightly with
increasing Vg, although £g¢ is decreased. The reduction of
Lso = «/Dtso with increasing Vg cannot be explained by
the modulation of D because D increases with Vg and N;. The
result portrayed in Fig. 4(b) reports a gate-controlled Rashba
SOl strength o = oo (E), which is estimated by the following
relation:

ﬁ2
20,,m*

o =

3

Given the assumption of m* = 0.25, the Rashba SOI can be
estimated as & ~ 10 x 107'2eV m, which is the same order
of InGaAs QWs [36] and which is 1 order higher than that
of GaAs QWs [37]. The Rashba SOI strength of o ~ 2.5 x
10~'2 eV m is still high, even with an assumption of very large
effective mass of mx = 1.1, which is reported in chlorine-
doped n-GaSe [38]. In III-V compound semiconductors, the
Rashba coefficient ago depends not only on spin splitting in
the valence band but also on the energy gap, and it is shown
theoretically that the coefficient agp is enhanced considerably
with the decrease in the energy gap [39]. It is noteworthy that
the Rashba SOI strength of GaSe is rather high if one considers
the large band-gap energy of 1.2-2.0 eV in e-GaSe [17].

The modulation of Rashba SOI o = ago(E) by Vpg is
relatively small (~10%) even with large Vs application. It
is expected that the change in the electric field (E)—induced
potential profile of the GaSe channel is small because the

modulation of carrier density by the back-gate voltage is
limited to ~15% of total carrier density [40].

In the e-type GaSe, the dipole electric moments between
two adjacent monolayers are parallel [17]; therefore, the
Dresselhaus SOI is not cancelled out in multilayers. A final
question is whether the Dresselhaus SOI in the present system
is negligible or not. Additional analyses were conducted using
an in-plane magnetic field. When the total SOI field strength
in the system is anisotropic because of the coexistence of both
Rashba and Dresselhaus SOIs, we can expect the anisotropic
WAL as a function of the in-plane magnetic field direction.
This anisotropic WAL originates from spin-dependent addi-
tional dephasing caused by competition between the SOI field
and the Zeeman field [41]. The anisotropy is also expected
even if the Dresselhaus SOI effective field is oriented along
the z direction, such as [110] QWs in III-V compound
semiconductors. The WAL amplitude is maximal when the
in-plane field is parallel to the direction of the maximum total
SOl field [41].

MC for device no. 2 was measured at 7 = 2K and Vg =
OV under a constant in-plane magnetic field B,, = 1T as
presented in Fig. 5(a). The amplitude of the WAL Ao, is
suppressed by B,,, but WAL is still clearly observed. In our
GaSe thin films, strong reduction of £4 by an in-plane magnetic
field shows that the interlayer coupling is not negligible [42].
The same MC measurements were performed by rotating the
in-plane magnetic field direction with an angle step of 5 deg.
Figure 5(b) presents a color plot for the in-plane field angle
dependence of WAL. To clarify it, the polar plot for Aopeak
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is presented in Fig. 5(c). The polar plot appears to be nearly
isotropic. Anisotropic Aope amplitude becomes maximum
when the Zeeman field is comparable to the SO field. Because
the obtained Rashba SO coefficient is around 10~ eV m,
which corresponds to 10 T for the SO field, the in-plane mag-
netic field is too small to modulate the WAL amplitude drasti-
cally by additional spin-dependent dephasing. Recent ab initio
calculation [17] shows that the Dresselhaus SOI in the GaSe
conduction band is independent of the layer thickness and is
weaker than that of GaAs, which holds a few teslas for the SO
field. This experimentally obtained angle dependence indicates
that the Rashba SOI strength is dominant over the Dresselhaus
SOI, which is consistent with ab initio calculations.

In summary, the well-established WAL analysis used in
III-V compound semiconductors was applied to layered III-VI
compound GaSe films. The WAL, which is not expected
from the Dresselhaus SOI in GaSe, was observed at 7 > 1 K.
The WAL analysis reveals that the dominant spin-relaxation

mechanism is attributed to the DP mechanism associated with
the Rashba SOI. Surprisingly, the Rashba SOI strength is
greater than that in GaAs QWs. Dependence of the WAL
amplitude on the in-plane magnetic field direction is almost
isotropic, indicating that the strength of the Dresselhaus SOI
is negligible compared with the Rashba SOI strength. The SOI
effects in these GaSe thin films differ from those observed
in [II-V compound semiconductors and TMDs. These results
shed light on the SOI-effect-induced intriguing phenomena in
III-VI compound semiconductor thin films. Moreover, GaSe
thin films are expected to provide a fruitful playground of
spin orbitronics [43]. All-GaSe spin-field-effect transistors
are possible by combining gate-tunable magnetism [10] and
Rashba SOI in GaSe.
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