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Rashba spin-orbit interaction in a Mg, Zn;_, O/ZnO two-dimensional electron gas studied
by electrically detected electron spin resonance
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We report the experimental determination of Rashba spin-orbit interaction (SOI) strength in two-dimensional
electrons in a MgZnO/ZnO heterostructure using electrically detected electron spin resonance. The Rashba
parameter is determined to be 7.0 x 107'* eV m, which is the second smallest value among prevalent
semiconductor heterostructures, following Si/SiGe. A long transverse spin relaxation time was derived to show a
maximum value of 27 ns, owing to weak SOI. Our study demonstrates that the ZnO heterostructure is a promising

candidate for spintronic devices utilizing long spin coherence.
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I. INTRODUCTION

Extensive progress has recently been made in the field of
semiconductor spintronics, which primarily focuses on the
generation, manipulation, and detection of electron spins.'™
Transporting spin information is also a fundamental prereq-
uisite to bridge these three operations. In order to reconcile
these requirements, Rashba spin-orbit interaction (SOI) has
attracted much attention because it enables the former three
operations, and simultaneously, the strength is electrically
tunable.*”” Such tunability is preferable, as Rashba SOI is also
a source of spin dephasing, via the D’yakonov-Perel” (DP)
mechanism.® Since Rashba SOI is triggered by the internal
electric field transverse to the electron motion, (In,Ga)As-
based heterostructures with asymmetric potential profiles
have been extensively investigated for spin manipulation.’’
Although these studies demonstrated the high potential to
control Rashba SOI, the inherent high density (almost 100%)
of nuclear spins in the GaAs host material are found to
destruct the electron spin coherence, limiting the capability
of preserving spin information.!? Only recently have Si/SiGe
heterostructures been intensively investigated for quantum
information application due to the natural abundance as low
as 4% for Si isotopes having a 1/2 nuclear spin.'!

As this field is still developing, it is important to broaden
the range of host materials beyond well-developed semicon-
ductors such as GaAs and Si. In terms of long spin coherence
time, ZnO is another promising material, where only %7Zn,
which exist naturally as 4% among Zn isotopes, possesses a
5/2 nuclear spin, and extremely weak SOl is also theoretically
predicted.'” Another advantage of ZnO in designing practical
device structure is that the conduction band consists of single
parabolic band at the I" point in contrast to multivalley band
structure of Si. In addition, recent rapid advances in the growth
technique of ZnO heterostructures enhance the feasibility of
practical device fabrication. In the MgZnO/ZnO heterostruc-
tures, a two-dimensional electron gas (2DEG) is spontaneously
formed at the interface without remote doping of donors due
to the polarization mismatch of the buffer and capping layer.'?
State-of-the-art samples now show an electron mobility as high
as 700 000 cm? V~! s~! and a mean free path as long as 5 ym,
enabling the clear observation of multiple fractional quantum
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Hall states.'*!> Given such a platform, it is timely to examine
the feasibility of this system for quantum devices.'®!” In spite
of such promising properties, Rashba SOI or spin relaxation
in the MgZnO/ZnO 2DEG has never been investigated. In
fact, beating of Shubnikov—de Haas oscillations (SdH)’ or
weak antilocalization,'>!® which has been frequently used to
estimate the strength of SOI, has never been observed in ZnO,
probably because the weak SOI cannot give rise to sufficient
perturbation to steady-state transport properties.'?

Here we report on the study of electrically detected electron
spin resonance (ESR) in a MgZnO/ZnO heterostructure.
This technique detects the Zeeman splitting energy through
microwave (MW) irradiation under magnetic field and has
been utilized to detect extremely small Rashba SOI in Si/SiGe
heterostructures from a perturbation to the splitting energy'”
because of its high sensitivity and high accuracy of the
resonance energy.'? In this study we successfully observed
ESR signals in a MgZnO/ZnO heterostructure, which enabled
us to precisely determine the spin splitting energy and thus
to estimate the Rashba SOI strength. The obtained Rashba
parameter (c) is found to be as small as 7.0 x 107'% eV m,
which follows the smallest o value of 5.5 x 1071° eVm
in Si/SiGe heterostructures.'” The collective transverse spin
relaxation time (73°) was also estimated from the full width
at half maximum (FWHM) of the resonance peaks, which
shows a maximum value of 27 ns. Our results provide the
first experimental determination of the Rashba SOI strength
and spin relaxation time of the high-mobility 2DEG in a
MgZnO/ZnO heterostructure.

II. EXPERIMENT

The MgZnO/ZnO heterostructure was fabricated by molec-
ular beam epitaxy using high-purity 7 N Zn and 6 N Mg
metals together with distilled pure ozone as the oxygen
source.'> The film was patterned into Hall-bar geometry by
ion milling, followed by Ti evaporation for Ohmic electrodes.
With Al wire ultrasonically bonded, the sample was placed at
the end of a MW cavity, which was connected to a MW
source through a semirigid coaxial cable, and was cooled in
a *He cryostat equipped with 9 T superconducting magnet.

©2013 American Physical Society
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The resistance of the sample was measured by a conventional
lock-in technique with an excitation current of 100 nA
modulated at a frequency of 13 Hz. The ESR signal was
detected as a change in longitudinal resistance in response
to MW irradiation (AR, ) since the absorbed MW sensitively
affects the 2DEG resistance. Instead of directly measuring
AR, we employed a double lock-in technique under an MW
amplitude modulation with a frequency of ~1 kHz to enhance
the sensitivity as explained in Ref. 20. Below we show the
results at a fixed temperature of 0.25 K and a MW intensity
on the order of 0.1 mW. Although ESR signals are reduced
with increasing temperature or with decreasing MW intensity,
the resonance magnetic fields and the peak widths, which we
focus on, are found to be independent of these conditions.

III. RESULTS AND DISCUSSIONS

We first measured the magnetic field (B) dependence of
longitudinal resistance (R, ) and Hall resistance (R,,) without
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FIG. 1. (Color online) (a) Magnetic field dependence of longitu-
dinal resistance (R,,) and Hall resistance (R,,) for the MgZnO/ZnO
heterostructure measured at 0.25 K. (b) Temperature dependence of
Shubnikov—de Haas amplitude (A) divided by temperature for filling
factors of v = 7 and 9, which leads to an effective mass value of
m* = (0.456 £ 0.005)mg . The solid lines are the fits to the data for
estimating m*. The inset shows Shubnikov—de Haas oscillations at
several temperatures from 0.5 to 1.0 K.
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MW irradiation at 0.25 K as shown in Fig. 1(a), which
exhibits clear integer and fractional quantum Hall states.
Neither beating of SdH nor weak antilocalization is present,
evidencing negligibly small SOI. The carrier density (n) and
the mobility (u) of the sample are 2.1 x 10" cm™2 and
350000 cm? V™! s~! respectively. The effective mass was
also estimated as (0.456 £ 0.005)mg (m, is the free electron
mass) from the temperature dependence of SdH oscillations
as shown in the inset of Fig. 1(b). Here the oscillation
amplitude (A) was fitted with a mathematical expression of
A/Ry = 4xexp(—m/w.T,)/sinhy as in Fig. 1(b), where Ry is
the resistance at B = 0 T, x represents 2%k T /how, (kg is the
Boltzmann constant), w. = e B/m* is the cyclotron frequency,
and 7, is the quantum scattering time.”!

Upon the irradiation of MW, sharp peaks were observed in
AR, as shown in Fig. 2(a) at a resonant magnetic field (Byes)
corresponding to ESR condition of iw = g* 4 g Bres, Where i
is the Planck constant divided by 27, @ = 27 f is the angular
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FIG. 2. (Color online) (a) The magnetic field dependence of the
change in longitudinal resistance (AR,,) in response to microwave
irradiation with a variety of frequencies as indicated. AR,, is
measured by a double lock-in technique with microwave amplitude
modulation in addition to alternating current modulation. The ESR
signal was detected as a peak in AR,,. (b) Three examples of ESR
signal and the fitting using Eq. (1) to extract the resonance magnetic
field and the transverse spin relaxation time. The full widths at half
maximum from the fittings (A B) are also schematically shown.
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frequency of the MW (f is the MW frequency), g* is the
effective g factor, and pp is the Bohr magneton.”?>* We did
not find any hysteresis in AR,, upon magnetic field sweep,
which is observed in GaAs heterostructures as a result of
dynamic nuclear spin polarization.?’ It is also worth noting that
the residual magnetic field of the superconducting magnet is
negligibly small as the ESR peaks are observed at positive and
negative magnetic fields with the same absolute value. Then
in order to discuss g factor and spin relaxation time, the ESR
peaks are fitted by the Lorentzian function after subtracting
the background as

Ci

ARxx = T B 2~
(B - Bres) + C2

1)

where C; and C, are constants [Fig. 2(b)]. Although most of
the ESR peaks are fitted well as shown in the top and middle
curves in Fig. 2(b), a few showed an asymmetric resonance
shape as in the bottom curve, which complicates the following
analysis. However, this contribution to By is less than 1 mT
(corresponding energy of ~ 0.1 ueV), and is negligibly small
compared with the energy scale in the discussion.

In order to extract g*, we plot microwave energy (iw) as
a function of B in Fig. 3(a). A nearly linear relationship
results in an effective g factor (g* = hw/upBres) of 1.94 at
Bies = 1.56 T. This g* value reflects the band structure and
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FIG. 3. (Color online) (a) Microwave energy at the resonance
condition (w) as a function of resonance magnetic field (B.s) (black
circles). The data are fitted by a linear function (g*up B, blue curve)
and by a function including Rashba term [Eq. (2), red curve]. The
effective g factor (g* = hiw/ g Bres) and the g factor in the high-field
limit (g},) estimated by the fitting with Eq. (2) are also shown on the
right axis. (b) The errors between the experimental data and the two
kinds of fittings shown in (a) as a function of Bi.
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SOI of the 2DEG, and is free from an enhancement by electron
correlation®® as reported in previous tilted field transport
experiments.”’ In this respect, the g* value is almost consistent
with previous ESR and optical studies on (Mg)ZnO bulk
crystals and thin films.?®?° At lower B, however, g* shows
a small but nontrivial systematic deviation from the fitting,
which is evident by subtracting the resonant 7iw from the fitting
line with g* = 1.94 as shown in Fig. 3(b). Although a similar
magnetic field dependent g* has been reported for GaAs 2DEG
heterostructures as a signature of nonparabolicity in the band
structure, our result cannot be interpreted in this way. In this
scenario, g* is described by go + c¢(N + 1/2)B (go and c are
constants, and N is the Landau level index), and shows Landau
level dependent oscillations.’*3! However, such oscillations
are not observed in our MgZnO/ZnO heterostructure as shown
in Fig. 3(a). Instead, our result may be explained by including
Rashba SOI, where spin-split Landau levels are expressed as>”

1 1
Ey:i: =ho.,(N+=-+£ =
N+ w( +2 2)

1 " « pBY 48 ,eB N—i—l:tl
- W, — ol — =l
:F2 8octB 7 )

2

Here we use our evaluated m* = 0.456m in w, = eB/m*
and approximated N ofrnhin/eB. The fitting of hw by
|Eny+ — Ey—| results in much smaller fitting error than the
linear fitting as shown in Fig. 3(b), although small residual
error is still evident, the origin of which is currently not
clear. From the fitting we obtained « and g7, values of 7.0 x
107'* eVm and 1.94, respectively, and the corresponding
zero-field spin splitting (A E) of 2akr = 16 ueV (kp = v/2nn
is the Fermi wave number). In general, Dresselhaus SOI, which
originates from bulk inversion asymmetry, also contributes to
spin splitting. However, previous calculation for bulk ZnO
showed that Rashba effect is larger at low carrier density
regime (n < ~10' cm™2) as in the present case.’> Since
Rashba effect may be even larger at the heterointerface than in
bulk, we neglected Deresselhaus SOI in this analysis.

The obtained « follows the Si/SiGe (5.5 x 10~ eV m)
heterostructure as the second smallest in magnitude among
prevalent semiconductor heterostructures. In contrast, the o
value is smaller by a few orders of magnitude than those
of (In,Ga)As/(In,Al)As heterostructures with relatively strong
SOL>Y Therefore, a long T,' may be expected, given the
weak Rashba SOI as well as low nuclear spin density. 7.
was then estimated from the FWHM of the ESR peaks®>**
as Ty =2nh/g*upAB (AB =2,/C; is the FWHM of the
resonance peak) from the fitting shown in Fig. 2(a). As other
contributions such as longitudinal spin relaxation time (77)
could affect the resonance linewidth, we take T, as the
lower bound of the real transverse spin relaxation time (7>)
although 7| > T, is always fulfilled and 7, is usually the
most dominant for the broadening. As shown in Fig. 4, T is
plotted as a function of By, exhibiting a maximum 7 value
of 27 ns and an enhancement at several magnetic fields. Such
behavior is reminiscent of SAH oscillations as a function of
Bies (Refs. 35-37), however the enhancement does not exactly
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FIG. 4. (Color online) Transverse spin relaxation time as a
function of resonance magnetic field with error bars obtained from
the fitting results. The contribution of the Rashba effect estimated
from Eq. (3) is also shown by the green curve. The arrows indicate
the points shown in (a).

match the integer filling factors and is not discussed here in
detail.

In Fig. 4(b) the expected spin relaxation time from the DP
process is displayed as the solid line 7;(Rashba), which is
calculated by'®

1 _ k3T, 2
Tr(Rashba) 7?14 (0p — w)?t}’

3

where 7, =m* p/e is the momentum relaxation time, w;
(=w at the resonance) is the Larmor frequency. As shown
in Fig. 4(b), T>(Rashba) is roughly consistent with the
experimental 7., but noticeable deviations arise at higher
magnetic field, suggesting the presence of another dominating
component. Such mechanisms may include SOI via momen-
tum relaxation (Elliot-Yafet, EY), electron-hole interaction
(Bir-Aronov-Pikus), and the interaction with a small number
of nuclear spins. The EY contribution was calculated to small
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compared with DP,38 while electron-hole interaction is also not
relevant in our experiment because of the absence of holes.
Thus, the contribution of nuclear spin has to be considered.
In recent work, the spin relaxation was recently examined
in colloid ZnO nanoparticles, where SOI is absent, leading
to a T evaluation of about 25 ns in the presence 4% ®'Zn
(Ref. 39). A similar value has also been reported for ZnO thin
films and bulk crystals by time-resolved optical experiments.”3
Thus, nuclear spin may also be comparatively dominant in our
MgZnO/ZnO heterostructure when the Rashba contribution is
suppressed at high magnetic field.*®

IV. CONCLUSIONS

In conclusion, we have studied Rashba spin-orbit interac-
tion and spin relaxation time using electrically detected elec-
tron spin resonance. Our result provides the first experimental
determination of Rashba parameter of 7.0 x 10~!% eVm.
Among the widely studied currently available heterostructures,
this value is the second lowest, following the Si/SiGe system
(5.5 x 1075 eVm)." The spin relaxation time was also
evaluated as a maximum value of 27 ns. The spin relaxation
was found to be partly limited by the Rashba effect, but other
contributions such as nuclear spins may become dominant at
high magnetic field in particular. Nevertheless, the extremely
high electron mobility of the system may enable spin diffusion
lengths on the order of ~40 pm, providing a promising
platform for spintronic applications.
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