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Abstract

®

CrossMark

Magnetic transport of holes in Ge/Si core/shell nanowires (NWs) is investigated under the

control of dual electrical gating. The strength of the spin—orbit interaction (SOI) is analyzed from
the weak-antilocalization (WAL) of the magnetoconductance (MC) as a function of a

perpendicular magnetic field. By superimposing a small alternating signal on the voltage offset
of both gates the universal conductance fluctuations are largely removed from the averaged MC
traces, enabling a good fitting to WAL theory models. The tuning of both spin lifetime and the
SOI strength is observed in the NWs with dual gating while the carrier density is kept constant.

We observe an enhancement of spin lifetime with the mean free path due to the effect of
geometrical confinement. The measured SOI energy of 1-6 meV may arise from the dipole
coupled Rashba SOI, which is predicted to be one order of magnitude larger than the
conventional Rashba coefficient in the Ge/Si core/shell NW system. A clear electrostatic
modulation of SOI strength by a factor of up to three implies that Ge/Si NWs are a promising
platform for the study of helical states, Majorana fermions and spin—orbit qubits.
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Introduction

The effect of spin—orbit interaction (SOI) in materials without
inversion symmetry splits the energy bands. Even in the
absence of an external magnetic field, carriers coupled to the
so-called spin—orbit effective field experience a resonant spin
precession during ballistic travel [1, 2]. The SOI strength Egq
determines the speed of the spin rotation (or the spin—orbit
length over which the spin undergoes a coherent rotation of
m). Strong SOI is a key ingredient for the realization of
Majarona states in semiconductor materials hybridized with
s-wave superconductors [3—-6]. Moreover, spin—orbit coupling
enables spin manipulation by all electric means [7—10], which
eases the device architecture and operation of spin transistors
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or spin—orbit qubits. The SOI in crystals may arise from the
lattice inversion asymmetry known as Dresslhaus effect [11],
or Rashba type structural symmetry breaking by unbalanced
confinement potential or external electric field bias [12]. In
the latter case the SOI strength (or the Rashba coefficient ) is
proportional to the electrostatic field, opening a useful
external tunable parameter to control the spin states and
splitting energy.

Group IV Ge/Si core/shell NWs possess several unique
features. A large valance band (VB) offset ~0.5 eV between
Ge and Si naturally accumulates holes in the Ge core and
forms a strong confinement field at the interface with the Si
shell [13, 14]. Both Ge and Si are grown without dopants,
ensuring high mobility with mean free paths up to ~500 nm
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previously reported [13]. The quasi-1D Ge/Si NWs are easily
segmented into zero-dimensional (0D) QDs by local electrical
gates with energy level separations of a few meV [15, 16].
Kloeffel et al predicted a dipole coupled Rashba type SOI
(DRSOI) in Ge/Si NWs due to the coexistence of the quasi-
degeneracy of light and heavy holes close to the ground state
and strong spin—orbit coupling of the atomic hole levels [17].
The DRSOI exhibits the same form as the normal Rashba
SO, in that both are linearly proportional to the electric field
(E) across the nanowire. However, the underlying physics are
different. Briefly, the transverse E-field across the nanowires
will directly coupled to the spins when the hole wave func-
tions are altered through the electric—dipole coupling. Such
direct dipolar coupling SOI appears in the first order of the
multiband perturbation theory and scales linearly with the
radius (R) of the nanowires. The normal Rashba SOI for holes
is a third order effect for which the spin splitting energy
shrinks with increasing band gap (is inversely proportional to
R). The DRSOI is expected to be sensitive to an external
electrical field with a direct Rashba coefficient that is one or
two orders larger than the conventional Rashba constant by a
factor of ~R> nm~2, where R = 5-10 nm is the typical radius
of the Ge/Si core/shell NWs. The DRSOI may give rise to a
few meV spin splitting of the energy band under a moderate
electric field with normal electrical gating. In addition, the Ge
and Si both lack nuclear spin making the system attractive for
the realization of spin qubits. The absence of hyperfine
interaction prolongs the spin decoherence time, which is one
vital bottleneck to limit the practical applications of Group
M-V spin information quantum devices [7-10].

The SOI strength can be analyzed from the beat pattern
of Shubnikov—de Haas oscillations in 2D systems [18, 19] or
from the magnetic field dependent excited states spectroscopy
of the OD quantum dots [20-22]. A typical method to extract
the SOI strength in 1D extended NWs is through the mag-
netoconductance (MC) measurements. In the presence
(absence) of SOI, the quantum interference of the carrier
wave functions will lead to a destructive (constructive)
backscattering of the time-reversed trajectory pairs induced
by scattering from randomly located impurities. An increase
or decrease of conductance at zero magnetic field which is
suppressed with increasing field is known as weak-antiloca-
lization (WAL) and weak-localization (WL) respectively [23].
The strength of SOI in InAs and InSb wires has been
extracted from WAL and is found to be a few hundreds pueV
[24-28]. An electrostatic field control of the SOI strength has
been achieved with dual gating on InAs NWs, revealing a
tunable conventional Rashba effect [26, 27]. A couple of
recent works have estimated the strength of SOI (with results
comparable to reports for InSb NWs) in the Ge/Si NWs with
either statistical analysis of Coulomb peak distributions [29]
or WAL measurements [29, 30]. In these studies, the SOI was
investigated in devices where one global gate controlled the
carrier density and electric field across the NWs, simulta-
neously. The change of carrier density always alters the
electron relaxation rate and hence affects the WAL features
[26-28, 30]. To obtain an insight into the electric field
modulation of the SOI in Ge/Si NWs and extract the Rashba

coefficient, a dual gating configuration is necessary to main-
tain constant carrier density.

Here we present a study of magnetic transport in Ge/Si
core/shell NWs under the control of dual electrical gating.
The carrier density and electrical field inside the Ge/Si core/
shell NWs are independently controlled by a top (TG) and
back gate (BG) configuration. The SOI in the NWs is eval-
uated from fitting of the WAL observed in MC traces. The
electric field across the wire modulates both the mean free
path and the SOI strength. Larger mean free path is observed
when holes are confined close to the NW center and leads to
longer spin lifetime due to the cancellation of spin precession
in a confined geometry. We expect that the relaxation rate will
be dramatically suppressed in clean (or ballistic) devices,
enabling the coherent spin evolution for spintronic applica-
tions. We find that for a large range of carrier density the SOI
energy of Ge/Si NWs varies in a range of 1-6 meV, which is
almost one order larger than the reported values of InSb or
InAs NWs [24-28]. The SOI energy is tuned by a factor of up
to three with electrostatic field. The corresponding Rashba
coefficient is evaluated as ~5 nmz, much larger than the
conventional Rashba constant of ~0.4 nm> [17]. These results
support the theoretical prediction of the existence of a strong
DRSOI in Ge/Si core/shell NWs.

Results

Epitaxial Ge/Si core/shell NWs were synthesized by a two-
step vapor-liquid—solid method and subsequently transferred
onto target substrates using a home-made mechanical
manipulator with micrometer precision. The growth and
transfer of NWs have been described elsewhere (also see
Methods) [31-34]. Figure 1(a) shows a schematic illustrating
the architecture of the measured devices. The Ge/Si NW was
placed on predefined bottom gates comprised of a Ti/Au BG
for the transport channel and separated contact gates (CG). A
5 nm thin HfO; high-« dielectric layer grown by atomic layer
deposition (ALD) covered all the bottom gates. Electron beam
evaporated 4-terminal Ti/Pd leads were used to contact the
NW after a 3s buffered hydrofluoric (BHF) etch to strip
surface oxide and ensure good contact. An additional 5 nm
HfO, ALD top layer was then grown at 80 °C on the NW
followed with the deposition of a top gate (TG) covering the
transport channel segment of the NW. The ultrathin high-x
dielectric layer enables an efficient gate capacitive coupling to
tune the carrier density over a wide range. Moreover, the
geometrical capacitance (C,) of the thin high-x dielectric film
is comparable to the quantum capacitance (Cg) of the wire
allowing a portion of the voltage applied from the gates to
drop across the NW, which leads to a band bending (or built-
in electric field) inside the NWs.

Figure 1(b) shows a false color scanning electron
microscopic image of a typical Ge/Si core/shell NW device.
In the present study, electrical and magnetic transport was
studied in three devices with different channel length (L) of
1 pm, 2 yum and 5 pm, respectively. The magnetic (B) field
was applied perpendicular to the NW and substrate surface.
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Figure 1. (a) A schematic to illustrate the device architecture. (b) False color SEM image with circuit diagram. (c) Differential conductance G
of a 1 um long Ge/Si device as a function of the TG and BG DC voltage offset. Data was taken at the temperature of 1.5 K. Red and black
dots indicate the gate voltages where G is kept constant at 0.5¢’h and 0.25¢%h, respectively. The orange cross symbol indicates the intrinsic
threshold voltages (Vig, V}}g") where the mobility is highest. Double arrows indicate the small AC signals superimposed on the gates in the
magnetic transport. (d) G as a function of Vg pc corresponding to (c¢) with Vg pc varied from —4 to 4 V with 0.5 V steps. UCF is observed
on each G trace. The inset shows the gate dependence of the extracted mobility (black circles) and mean free path (blue circles), which are

largest when holes accumulate close to the center of the NW. The red solid line is the smooth to guide the eye.

All measurements are conducted at 1.5 K except where noted
otherwise. The diameter of the wires is confirmed through
atomic force microscopy to be in the range 18-22 nm. Con-
sidering the 2-3 nm thick Si shell [13, 14], the diameter of Ge
core (W) is around 15nm. Although the device structure
enables a 4-probe electrical measurement (applying and
measuring the current from the outer leads while probing the
voltage drop across inner leads as shown by the circuit dia-
gram in figure 1(b)), we did not observe any difference
between the resistances obtained by 2-probe and 4-probe
measurements in all devices. Most likely the doping or scat-
tering effect of the metal contacts interrupts the NW and the
inner leads cannot perform as noninvasive probes [35].
Therefore, the data present in the main text are all extracted
using the 2-probe electrical measurements.

We first investigated the electrical transport performance
with zero B-field using a standard lock-in technique with a
20 pV source-drain AC excitation and a frequency of 137 Hz.
The CG voltages were always kept negative to ensure the
electrically transparent contacts. Respective DC voltages
(denoted as Vg, pc and Vrg, pe, respectively) were applied
on TG and BG to independently modulate the carrier density
(ntg and npg) and the electrical conductance of the NW.
Upon electrical gating, the net carrier density is a result of the
sum of both gating effects, n = nyg + npg. The difference

between the two contributions breaks the structural inversion
symmetry, leading to a build-in electric field across the wire,
E = (ntg — npg)/WCy (for simplicity, we assume that the
voltage linearly drops through the wire). Figure 1(c) presents
the measured G of a 1 um long Ge/Si channel as a function of
Vga. pc and Vig, pc. The NW tends to pinch off when the
gate voltages increase, consistent with the p-type semi-
conductor nature expected from the ~0.5eV VB offset
between Ge and Si (see the energy level diagram in the inset
of figure 1(a)) [13]. The capacitive ratio of TG and BG (Ctg
and Csi) is evaluated as
Y= CTG/CBG = *AVB(}/AVTG ~ 55, where AVBG and
AVpg are gate voltage changes required to maintain a con-
stant conductance (as shown by dots in figure 1(c)). The TG
capacitance Crg ~ 730 aF (L = 1 um) is estimated from a
simple cylinder model with surrounding gates [36]. BG
capacitance Cgg = Crg/y ~ 130 aF is much smaller than
the value extracted from the cylinder-on-plane model [30],
implying that the screening of the top metal gate suppresses
the BG capacitive coupling. The conductance traces as a
function of Vyg are plotted in figure 1(d). The device can be
completely pinched off with sufficiently positive gate voltage.
By increasing Vg the conductance trace trend is shifted to
more negative Vg, indicating the variation of threshold
voltage of the measured device. The hole mobilities of the
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device were calculated from the slope of the sub-threshold
region with Drude’s model [14, 30]:

G dG L2

’u:;:dexa’ (D

where o is the mobility and e is the single hole charge. The
mobility exhibits a non-monotonic relation to the back gate
voltage (and a similar dependence on the TG voltage). The
mobility  first increases from 200cm’V 's™'  to
500cm’ V~!s™! with Vee.pe tuned from —4 to —0.5 'V, and
then drops back to around 200 em’ Vs ag Veepe is
further increased to 4 V. This result indicates that the carriers
are scattered in the transport by the interfacial impurities or
defects when pushed/pulled closer to the upper/lower Ge/Si
interfaces. The mean free path [, = vp7. = m*vpp/e is
evaluated in the range 10-20 nm, where m* = 0.28m, is the
effective mass of heavy holes in Ge/Si NW, m, is the free
electron mass, vg is the Fermi velocity and 7. is the elastic
scattering time. Evaluated /. and p as a function of Vg pc is
plotted in the inset of figure 1(d). The mean free path
le ~ W<« L indicates a quasi one-dimensional diffusive
transport regime in the NW. The cross symbol in figure 1(c)
indicates the intrinsic threshold voltages
(VRO yi0y = (—0.5V, —0.08 V) obtained from the con-
ductance trace with the highest mobility where the interfacial
dipole gating is minimized by the external electrical field and
the holes were dominantly located in the center of the wire.
The gate dependence of the net carrier density can be
expressed as:

n = nrg + npg = G (Vigpc — Vi)
+ G (Vag,pc — VD). @)

Equation 2) will reduce to
n = 2Crc(Vigpc — Vi) or 2Cag (Vegpe — Vi)~ when
the built-in electric field is zero (where nrg = ngg). It is
worthwhile pointing out that on each conductance trace we
observe notable fluctuations, which may originate from the
so-called universal conductance fluctuation (UCF). The
phenomenon is indicative of the quantum interference of
electron wavefunction induced by scattering events and is
always amplified in coherent transport device [37].

The presence of the UCF may mask the features of MC
induced by the quantum correlations of the weak-(anti)loca-
lization complicating the analysis [23, 24, 27, 28]. To recover
a WL (or WAL) signal from the UCF perturbation we aver-
aged the MC at each DC voltage offset and magnetic field by
consistently superimposing small AC signals on both TG and
BG. The modulations on both gates are produced using a
digital-analog convertor (DAC). As shown in figure 2(a), the
red and blue curves are the respective triangle voltage
waveforms of TG and BG (Vrg, ac With frg = 10 Hz and
Via. ac with fgg = 1 Hz) in a 2's time span. The black plot
shows the corresponding real time source-drain differential
conductance recorded from the lock-in amplifier using a
digitizer. The periodic fluctuations of G reflect the variations
of the gate voltages. The averaged conductance over the time
span, which is an integer multiple of the period of the TG and
BG modulations, is recorded for each data point. The average

is equivalent to the mean conductance value over a small TG
and BG voltage window as indicated by the double arrows in
figure 1(c). Figure 2(b) presents the comparison of the MC of
a 1 ym long device with different AC gate voltage amplitude
in a B-field range of £9 T at G(0) ~ 0.3 e2 ™!, where G(0) is
the conductance at zero B. With sufficient AC amplitude
(usually <10% of the whole DC scan range) the UCF is
largely suppressed, which enables a good fitting with the
theory models in the data analysis. The magnetoresistance
(MR) plots of three devices with L = 1 um, 2 yum and 5 pm
are compared in figure 2(c). The amplitude of MR relates
linearly to the channel length while the lineshapes are similar
for all threes device with a sharp valley at low B and a
steadily increasing resistance at large B. The negative MR at
low B implies the presence of WAL and spin relaxation in the
Ge/Si NWs. The slow increase of MR at large magnetic field
may be a result of classical magnetoresistance (CMR) due to
the hole trajectory bending, proportional to (uB)? [38]. Giant
linear magnetic resistance is observed in the topological
insulators and narrow gap semiconductors due to fluctuations
of mobility, but the case does not apply for our devices
[38—41]. The relative changes of MC,
AG/G(0) = (G(B) — G(0))/G(0), are presented in
figure 2(d), where G(B) is the conductance at a given B-field.
Each trace of the three devices appears as a positive peak with
different amplitudes and widths. The contrast of the MC in
different devices implies discrepancies of the microscopic
scattering pattern and the physical characteristic lengths.

Discussion

To interpret the microscopic magnetic transport mechanism,
we investigated the evolution of MC on the dependence of the
carrier density and the electric field. Measurements on the
three devices with different lengths are similar; hence we
focus on the results of the 1pum long Ge/Si device.
Figure 3(a) shows the MC traces (black circles) in the B-field
range +9 T with variation of Vrgpc from —1.5V to 0.5V
while Vpgpc is maintained at —4 V. The measured con-
ductance is in the range Gy = 0.15 ~ 0.6 e> !, corresp-
onding to a carrier density n = 0.7 ~ 7 x 10°m~!". The
Fermi wavelength \p = 272W?2/3n)'/3 ~ 9 ~ 12 nm, indi-
cating M = 4W /g ~ 6 ~ 8 subband modes [29]. Each MC
trace displays a peak at zero B-field which is in some cases
accompanied by two weak side shoulders at moderate B. This
result indicates the existence of the WAL effect on the hole
transport over a wide range of carrier density. WAL quantum
correction to the classical diffusive conductance was quanti-
tatively analyzed by a one-dimensional model in a ‘pure’
regime taking into account the flux cancellation induced by
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Figure 2. (a) Real time signals of TG (red), BG (blue) AC voltages and measured differential conductance G (black) in a 2 s span. The
recorded G is the average of all signal collected in 2 s. (b) Comparison of G as a function of magnetic field with different Vi ac and Vg ac-
UCF is dramatically suppressed by averaging the MC with sufficient AC gate voltages. (C) MR and (d) relative MC of three devices with
channel lengths of 1 um (blue), 2 pm (red) and 5 pm (black), respectively.

the boundary scattering [24, 28-30, 42]:

1
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Here, G, is the classical conductance without quantum cor-
rection. [y, is the phase decoherence length, and [ is the spin
scattering  length. The magnetic dephasing length
12 = Gl.1} /W3 + C,1212 /W? is obtained according to the
Beenakker and van Houten model [42], where [,, = (h/eB)!/?
and constants C; = 9.5(4w) and C, = 4.8 (3) are geometrical
coefficients for the case of specular (diffusive) boundary
scattering [42]. The characteristic lengths are also related to
the  corresponding  times: lpzh’s’ p = DTpnp,  Where
D = l.vg/2 is the diffusive coefficient. 7, 7; and 75 are the
phase decoherence, spin life and magnetic dephasing time,

respectively. We note that we were unable to obtain physical
values by fitting with a ‘dirty’ regime model [24, 26].

To obtain least square fitting on the measured MC over
the whole magnetic field range, a parabolic background from
CMR controlled by the mobility (~(uB)?) is added to
equation (3). Figure 3(b) shows a comparison of the simula-
tion results of WAL correction to conductance with (open
dots) and without (solid lines) the CMR correction. Values of
lon and [, used for the simulation are close to the typical values
evaluated from similar NW devices [28-30] and the mobility
is 200 cm? V! s~!. Without CMR the MC exhibits an upturn
at moderate B, which is often seen where the WAL is lifted
due to the magnetic flux as 73 < 7y (indicating crossover to
the WL regime). Upon adding CMR the features of the
crossover between WAL and WL are weakened [38, 43]. The
simulation captures the main features of the measured data in
figure 3(a). Each MC trace can be fitted well with the
‘WAL 4 CMR’ model as shown by the red solid lines. Fixed
parameters /. and u, which vary with the gate voltages, are
extracted from the field-effect transport curves and are eval-
uated with values shown in the inset of figure 1(d). G, Ipn
and [ are free fitting parameters. The fitting residuals (dif-
ferences between fits and data) of each curve fall in a range
+0.003 e2 !, which is smaller than 5% of the measured
quantum correction to the conductance. In figure 3(c) we plot
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Figure 3. (a) MC traces for a 1 zm channel with Vi pc varied from 0.5 to —1.5 V with 0.2 V steps and Vg pc fixed at —4 V. Black circles
represent the experimental data, red solid lines are the fits using the input parameters /. and p extracted at each set of gate voltage conditions
from the field-effect transport curves in figure 1. (b) Simulation comparison of the WAL correction to the conductance with (circles) and
without (solid line) the classical magnetoresistance background. (c) Extracted phase decoherence length [, (circles) and spin scattering

length /s (open squares) with different fitting parameters /.. Blue symbols are the fitting results using the evaluated /. and p. Red symbols
show fitting results using three times larger /. and p for comparison. (d) Evolution of MC at different temperature (7) from 1.5 K to 40 K at
Veg,pc = —4 V and Vi pc = —1 V. The red solid lines indicate the fitting. (e) /,, (red) and /; (blue) as a function of T in a log-log plot. The

black dash-line indicates a 7-'/3 power law.

Iph and [ as a function of Vyg pe (blue symbols). Both [, and
Iy first increase and subsequently decrease with increasing
Vro.pe. This observation is in contrast to previous reports on
InAs and InSb NWs [25-28], where the [, always decreases
with reducing carrier density because of the enhanced elec-
tron—electron inelastic scattering rate [28, 44]. The non-
monotonic behavior of [, and /; in the present device implies
a complicated microscopic scattering mechanism, which
perhaps varies with a combined effect of the carrier density,
mean free path and the electric field. To clarify the flux
cancellation effect by the boundary scattering (where [, > W)
as described by the model of Beenakker and van Houten [42],
we obtained a comparative set of /, and /s (red symbols) on
the same experimental data by assuming the input parameter
l. three times larger than the extracted mean free path. The
apparent (or fitted out) /;, and [ increase with the input
parameter /. roughly following a function of ~ /[, consistent
with the definition of 113 in equation (3). The results indicate
that the thin diameters of NWs or large mean free path will
hinder the magnetic field induced dephasing of carriers. As a
crosscheck, we also extracted [, ~ 100 nm from the auto-
correlation analysis of the UCF in the MC curves without AC
gate modulation, in good agreement with the WAL fittings.

Figure 3(d) shows MC traces for different temperature (7) and
n =6 x 10°m~". Here fitting is performed using /. and p
evaluated at 7 = 1.5 K. The amplitudes of the MC become
smaller with a broadened peak as T is increased. The char-
acteristic lengths as a function of T are plotted in figure 4(e).
The evaluated /,;, decays as ~T~!/3 when T is above 5K,
indicating that the charge decoherence is dominated by the
Nyquist process in the one-dimensional system, where hole—
hole inelastic scattering occurs with small energy exchange
[30, 41, 45].

Spin relaxation in diffusive systems can occur via Elliott-
Yafet (EY) effect [46] or D’yakonov—Perel (DP) mechanism
[47]. The EY model attributes the spin randomization due to
scattering at spin—orbit coupled (SOC) impurities and the spin

. 3 Egy (Eg+ Aso)BEG +2A50)
relaxation length l = ,/>==
& sEY 8 Ep © As0(2EG + Aso)

~ 500 — 1000 nm, with Ge direct band gap E; = 0.9 eV,
spin—orbit gap Ago =0.29eV [17], Fermi energy
Er < 80 meV and /. in the range 10-20 nm depending on the
applied gate voltages. Spin relaxation length estimated with
the EY model (/; gy) is negligible compared with the eval-
uated /; in our WAL measurement. The spin distorted
between the random scattering events as described by the DP
mechanism was considered to dominate the spin lifetime 7y
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Figure 4. Evolution of the MC curves when TG and BG are simultaneously tuned to maintain a constant G(0) of (a) 0.4 e2h !, and (b)
0.13 e h™". The relationship linking values of TG and BG voltage is AVyg = —~AVrg. Red solid lines are the fits using the input
parameters /. and . of each gate voltages according to the inset of figure 1(d). Extracted (c) spin scattering length [, (d) spin lifetime, (e) spin
precession length /g, and (f) Rashba coefficient a as a function of the asymmetric gating. In figure 4(f) the tuned electrical field across the
nanowire is plotted on the inset top axis.
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(or I) [47]. Both bulk Si and Ge are inversion symmetric
[17, 48], such that the Dresselhaus effect is absent in the Ge/
Si core/shell NWs. Rashba spin-orbit interaction (RSOI)
from the structural inversion asymmetry will lead to the spin
splitting of the band and determine the resonant spin pre-
cession length /z. The DP mechanism holds well for two and
three-dimensional diffusive transport systems without geo-
metrical confinement where 75 o 7, !. As discussed above the
diffusion coefficient D = l,vr /2 o 7, indicating that I is
independent of /. (or 7) in the systems without geometrical
confinement. However, the measured /5 in Ge/Si NWs exhi-
bits a clear dependence on the gate voltages and therefore /.
(figure 3(c)). To interpret the deviation between the experi-
ments and the theory, the suppression of spin relaxation due
to the dimensional confinement must be taken into account.
The enhancement of the spin lifetime has been observed in
the InAs NWs and narrow strips of etched InGaAs quantum
wells [25, 49]. The model developed by Kettemann describes
the relationship of 7y (or ;) with Ig, [, and W, considering the
cancellation of both spin precession and magnetic flux due to
boundary scattering [50]:
3
L_ 1w @)

127 Dpn Gl

with geometrical constant C; = 130. /z denotes the spin pre-
cession length over which the spins will flip in a material with
a spin—orbit coupled band structure. /; marks the characteristic
length over which the spins experience relaxations. As dis-
cussed above, in the Ge/Si NWs we attribute the spin
relaxation to the DP mechanism with the existence of Rashba
type SOC. The spin relaxation length /5 can be determined by
Iz once the scattering patterns and the dimensions are given.
Using equation (4) and [y in figure 3(c) we calculate
lg = 4-10 nm, corresponding to a Rashba SOI coefficient
a=h/mly=3 ~ 6 x 10"""eVm, and spin splitting
energy Egrsor = h2/2m*I3 = 1.5 ~ 3 meV with i = h/2%
where & is the Plank constant [17, 28]. The SOI energy is
almost one order larger than previously reported values in
InAs, InSb and GeSi core/shell NWs [25-30].

We further investigated the electric field control of the
SOI strength in our Ge/Si NW devices. TG and BG voltages
were  tuned  simultaneously  with  the  relation
AVpg ~ —vyAVyg (as indicated by the dots in figure 1(c)) in
order to keep the conductance constant but vary the electric
field across the wire that induces the DRSOI. As discussed
above the built-in electrostatic field is proportional to the
carrier distribution asymmetry, E « (ntg — ngg). At each n,
values of Vrg pc and Vg pc required to balance the carrier
distribution (to minimize E) are determined by equation (2).
Figures 4(a) and (b) show MC traces and fittings when
asymmetric voltage gating is applied with G(0) fixed at
0.4 ¢’ h ! and 0.13 e h~l. Only the value of Vgg, pc is indi-
cated in the legend but note that Vrg pc is also varied. The
lineshapes of the MC traces show variations as the gate
voltages are altered. Figure 4(c) shows the fitted results for
spin relaxation length [ as a function of Vg pc at different
carrier densities. A broad peak-like feature in [ is always
observed with 2-3 times change and the Vg pc position of

the maximum /[ shifts with n. The spin lifetime 7y, = 152 /D
exhibits a 2—10 fold variation (figure 4(d)), which is a com-
bined result of the variations of /. and Iz according to the
Kettemann model [50]. By improving the lithography pro-
cesses to fabricate cleaner devices, we expect the spin lifetime
7, will be prolonged by one or two more orders (/. up to
500 nm have been reported [13]). Equations (3) and (4) are
only valid for the WAL analysis in the diffusive transport
system with sufficient scattering events. In the ballistic
transport regime of quantum dots or short channels with the
absence of scattering, the coherent spin precession always
persists and the spin relaxation from the D’yakonov—Perel
mechanism is completely suppressed, implying an infinite 7
according to the WAL theory. In reality under such circum-
stances the spin decoherence caused by the charge noise
surrounding the device through the SOI or the paramagnetic
impurities in the leads should be taken into account. With
equation (4) the Rashba spin precession length I that
removes the cancellation effects of the flux and spin preces-
sion is evaluated and plotted as a function of gate voltages
and carrier densities in figure 4(e). A 20%—-50% change of I
is achieved through modulation by the gating. The maximum
value always appears around the positions where the system is
most balanced npg = npg. Correspondingly, the Rashba SOI
coefficient « is smallest when E inside the NWs is minimized
as shown in figure 4(f). For simplicity, we assume a parallel-
plate model and that the band bending induced built-in
electrical field linearly drops across the NW. The asymmetric
gating induced electrical field is estimated as
E = (nBG - I’lTG)/WCQ with CQ = €8n(EF)/(9EF and the
one-dimensional carrier density
n(Ep) = (W2/127) @2m*Er /h?)?/2. In figure 4(f) the Rashba
SOI coefficient « as a function of E is also plotted using the
inset X-axis. £ = 0 here indicates that the built-in field is
minimal considering the asymmetric gating. The calculation
yields a field variation inside the NW of up to ~4Vum™!
with the carrier density of n ~ 7 x 10° m~!, according to the
change of o~ 2 x 107''eVm. The Rashba constant is
evaluated as oy = a/eE ~ 5 nm?, which is one order larger
than the conventional bulk Rashba constant ~0.4 nm?
implying the existence of the large dipole coupled SOI in the
Ge/Si NWs as the DRSOI theory predicts [17]. With lower
carrier density the E variation becomes larger as the screening
ability of the NW drops. For lower density we did not
observed a larger change of «, implying that o, becomes
smaller when the NW is pinched off.

We did not observe I decreasing to zero when the dual
gate controlled carrier distribution is most balanced, implying
that electrical gating symmetry can be improved or that other
sources of spin relaxation exist in the Ge/Si NWs. Similar
results were reported on the electric field tuned InAs NWs by
Scheriibl et al [27] where they attributed the lack of
quenching of I, to the presence of the finite Dresselhaus SOI,
asymmetry confinement potential, or scatterings by spin—orbit
coupled impurities. In the case of the Ge/Si NW the Dres-
selhaus effect is neglected but the geometrical asymmetry
between TG and BG needs to be taken into account, as the
built-in electric field induced by the dual gating may never be
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Figure 5. The BG voltage (blue dots) corresponding to the balanced
gating condition (npg = npg) varies with carrier density in a linear
relation ~1/2Cgg as equation (2). The blue error bars indicate the
voltage range where the characteristic lengths change by less than
10% in figure 4. SOI energy (red squares) shows a weak dependence
on the carrier density. The red error bars calculated from the Rashba
coefficient of figure 4 indicates the energy distribution modulated by
the asymmetric gating.

completely cancelled. For clarity values of Vg pc at which
we evaluate the largest /; (where ntg = npg) are plotted as a
function of n in the figure 5. Values display a linear
dependence on n with a slope of ~1/2Cgg consistent with the
prediction of equation (2). The averaged direct Rashba spin—
orbit energy of Ersor = 2-4 meV is calculated as indicated
by the red squares in figure 5, and exhibits no clear
dependence on n. The red error bars indicate the distribution
of Egsor controlled by dual gating with different carrier
densities. The maximal change of Erso; can be up to ~3
times.

Conclusion

The carrier density and electrical field inside the Ge/Si core/
shell nanowires are controlled by an independent top and
back gating configuration. Under an external magnetic field
the SOI of the nanowires is analyzed from the weak-antilo-
calization feature in the MC. With constant carrier density the
electrical field across the nanowire from the asymmetric
gating modulates both the mean free path and the strength of
SOIL Larger mean free path is observed when holes are
confined close to the wire center, leading to longer spin
lifetime due to the cancellation of spin precession in a con-
fined geometry. With a variable carrier density in the nano-
wire the spin—orbit energy is evaluated in the range 1-6 meV,
which is almost one order larger than that reported for InSb or
InAs nanowires. The spin—orbit energy is tuned by a factor of
up to ~3 with electrostatic field, and the corresponding
Rashba coefficient is ~5nm?® The strong and tunable SOI
provides evidence for the theoretically predicted DRSOI in
the Ge/Si core/shell nanowire system. These results indicate
that the Ge/Si core/shell nanowires are a promising system
for spin-related quantum information processing.

Methods

Transfer of Ge/Si NWs

The NWs are precisely positioned onto predefined bottom
gates using a Polyvinyl alcohol/Poly(methylmethacrylate)
(PVA/PMMA) polymer bilayer technique, which is com-
monly used for the transfer of the layered 2D materials [33]
and other NWs [34]. Briefly, a 6% PVA aqueous solution is
firstly spun onto a Si wafer at 1000 rmp for 60 s and baked on
a hotplate at 75 °C for three minutes. The PMMA (Micro-
chem, 950 K A6) is cast on the PVA surface at 1000 rmp for
60 s and baked at 75 °C for ten minutes. A batch of Ge/Si
NWs are picked up from the growth substrate and transferred
to the PMMA surface with a tungsten probe coated with a
lump of Polydimethylsiloxane. The PMMA film is then
attached on a glass frame carrier using adhesive tape (Nitto
BTK-180E-BLK) and peeled off from the PVA surface with
the silicon wafer placed on a hotplate at 75 °C. The carrier
frame with the polymer film is then mounted on a home-made
micromanipulator with a precision of 1 um. A target Ge/Si
NW is relocated under an optical microscope with a dark field
objective. The PMMA film with NW are brought into contact
with the sample surface. After the PMMA has adhered to the
surface the substrate is heated up to 150 °C and the frame
carrier is gradually lifted to break the PMMA film. The
PMMA with NWs are finally left on the target chip and the
PMMA is removed using acetone.

Fabrication and measurement of Ge/Si NW FETs

The devices are fabricated with standard electron beam
lithography and electron beam deposition. Three 5/25 nm Ti/
Au bottom gates, separated into two contact and one channel
gate, are firstly deposited on a highly-doped Si chip capped
with a 300 nm SiO; insulating layer. A 5 nm thick HfO, high-
k dielectric layer grown at 80°C by ALD covers all the
bottom gates. After NWs are transferred onto the bottom gates
4-terminal 1/70nm thick Ti/Pd leads are patterned and
deposition after a 3 s BHF etching. An additional 5 nm HfO,
ALD top layer was then grown at 80 °C followed with the
deposition of a 5/50 nm Ti/Au TG on the transport channel
segment. The conductance of the devices is measured using a
lock-in technique with an AC voltage excitation of 20 1V and
a frequency of 137 Hz. In the electrical transport only DC
voltages are applied on the top and bottom gates. In the
magnetic transport small AC signals (Vrgac Wwith
Jrc = 10Hz and Vg, ac With fgg = 1 Hz) are superimposed
on each gate to average out the UCF. The persistent gate
modulations (triangle waveforms) adding on both gates are
produced using a DAC. The real time differential conductance
from the lock-in is then collected by a digitizer over a time
span which is an integer multiple of the periods of both TG
and BG modulations. The conductance sequence is averaged
and recorded as a data point at each gate voltage offset and
magnetic field.
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