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Zero-field spin splitting and high-field g-factor of an asymmetrical
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Abstract: This paper investigated the magnetotransport properties of the two-dimensional electron system in an a-
symmetrical In, -, Ga, ,; As/In, s, Al ;s As quantum well, in which the expected beatings in the Shubinikov-de Haas
oscillations of the longitudinal magnetoresistance R . were not observed. Zero-field spin splitting was extracted by
measuring the weak anti-localization effect and the high field effective g-factor, g* , was extracted by fitting the tilt
angle @-dependent spacing of spin-splitted R, peaks. The Dingle plot is shown to be nonlinear, which can be attrib-

uted to the long-range scattering potential from the doping Be atoms near the substrate.
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electron system (2DES) gives rise to magnetic

tions in physical quantities such as resistivity >

tance””’ | and tunnelling conductivity'*' due to
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Spin splitting plays an important role in determining
the electronic properties of semicondutor materials and in
enabling the implementation of spintronics'". Tt is well
known that the Landau quantization of a two-dimensional
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tions in the density of states. The involvement of spin
splitting will further modulate such oscillations. For ex-
ample, in the presence of finite zero-field spin splitting,
the Shubinikov-de Haas(SdH) oscillations of magnetore-

WS HER.2014 - 11 - 01, f&[E AP 2015 - 09 - 25

Foundation items : Supported by Special Funds for Major State Basic Research under Project (2012CB619203, 2013CB922301 ), National Natural Science
Foundation of China (11174306, 61290304 ) , Innovation Program of Shanghai Institute of Technical Physics of the Chinese Academy of Sciences ( Q-ZY-76)
Biography : XU Yong-Gang (1988-) , male, Xiaogan China, Ph. D. Research field focus on the electron transport properties of semiconductors. E-mail ; xyg88

@ mail. uste. edu. cn

* Corresponding author ; E-mail ; yug@ mail. sitp. ac. cn



XU Yong-Gang et al:Zero-field spin splitting and high-field g-factor of an asymmetrical

6 1]

In, s, Ga, ,; As/In, 5, Al ;s As quantum well

689

sistivity will show a beating pattern due to the difference
in carrier concentrations between the spin-up and spin-
down subbands'®!. In high magnetic field where Zeeman
splitting is large enough to eliminate the overlapping of
spin-up and spin-down levels due to broadening of Lan-
dau levels (LLs) , the single peak of oscillating magne-
toresistivity will split to double peaks.

Among various materials and structures, InGaAs/
InAlAs heterostructures or quantum wells (QWs) are of
great importance, not only because they are the first pro-
totypical platform for realizing spin field effect transistor
(spin-FET)'°! | but also for that they own a large Rashba
spin-orbit interaction ( SOI) ") strength, which can be ef-
fectively tuned by applying external electric field via gate
voltages'®. The large Rashba SOI gives rise to zero-field
spin splitting of the two-dimensional electron system
(2DES) and thus leads to previously mentioned SdH
beating effect as well as the weak anti-localization effect
(WAL)"). However, these two effects do not always
appear together as experimentally demonstrated here.

In this work, we investigated the magneto-transport
properties of an asymmetrical InGaAs/InAlAs QW, in
which the anticipated SdH beating effect due to zero-field
spin splitting was absent. This sheds doubts on the pre-
vailing explanation of this kind of origins of SdH beating
effect ™. The possible reasons are discussed below. We
also looked into the effective g-factor in high magnetic
field and obtained a strongly enhanced value by exchange
interaction.

1 Experiment details

Our sample is an In, 5;Ga, ,; As/In, 5, Al 44 As quan-
tum well grown by molecular beam epitaxy (MBE) on a
semi-insulating InP(001) substrate. At first, a very thin
buffer layer of Be-doped In, s, Al, 45 As was grown directly
on the InP substrate. The doping density of Be was 5 x
10" em ~*, which was designed to pin the Fermi level of
the structure slightly above the valence band maximum of
undoped In, s, Al, 4 As. Next, a sequence of In, 5, Al
As bottom barrier (350 nm), In,,, Ga,,; As well (15
nm), Si §-doped In, s, Alj 45 As upper barrier (30 nm)
and a cap layer of In, ; Ga, ,; As (15 nm) were grown
successively. The Si §-doped layer with a concentration
of 1 x10"™ ¢m ~ inside the upper barrier has a width of 6
nm and is 4 nm above the well. The sample was pat-
terned to a 400 pm X200 pwm Hall bar by photolithogra-
phy and wet etching. Indium was thermally burned onto
the electrode pads to form Ohmic contacts. Magneto-
transport experiments were done utilizing ac lock-in tech-
nique with 1 A current and 13.333 Hz frequency under
Oxiford Helium4 superconducting system with a base
temperature of 1.4 K. The sample stage is able to rotate
so as to form a tilt angle between the normal of the sam-
ple surface and the direction of the magnetic field.

2 Results and discussion

The SdH oscillation of the longitudinal resistance
R, , together with the transverse resistance R, showing
quantum Hall plateaus, is shown in Fig. 1. Fitting with
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low field data gives the electron concentration n,, =

1. 14 x 10" ¢cm ~* and mobility & =3.07 x 10* ecm®/(V -
s), which are typical for 2DESs lying in InGaAs QWs.
The zero resistance of R, in high magnetic field indicates
a negligible parallel conductance. It is weird that small
dips emerge near the turning points where R, leaves the
plateaus for the slope and that a small disturbance corre-
sponding to the one at the highest plateau also appears.
This phenomenon doesn’ t always occur for every meas-
urement and is probably caused by the disfunction of the
ac lockin amplifiers, e. g. , due to phase jitters. Wheth-
er there exist any subtle mechanisms to account for this,
it is beyond our concern here.

T=141K 6=0°

Fig.1 SdH oscillations and the QHE of the sample. The
measurements were taken in perpendicular magnetic field
(#=0°) at temperature =1.41 K

Bl 1 FEA Y SAH §R3% g T /R AU . TEIE R
(0=0°) AL T=1.41 K (554 Nl 2155

A distinet feature of our sample can be seen from
the behavior of R : the absence of SdH beating effect,
which is amazingly unexpected since previous magneto-
transport experiments of similar InGaAs/InAlAs QWs
have always reported the existence of SAdH beating effect
whenever the zero-field spin splitting is finite'”*"").

The absence of beating obliterates the possibility of
extracting zero-field spin splitting via analyzing the beat-
ing nodes. Then we have to turn to the WAL effect.
SOIs, which raise zero-field spin splittings, lead to spin
relaxations that destroy the coherent backscattering of e-
lectrons moving along time-reversal-symmetrical paths,
resulting in an excessive reduction of the weak localiza-
tion(WL) " | i.e., WAL. WAL usually manifests it-
self as the quantum correction to the classical Drude con-
ductivity, Ac(B) =a(B) —o,/(1 +u’B*), where B
is the magnetic field, u is the electron mobility and o, is
the zero-field conductivity. We measured and ploted the
conductivity correction of our sample in Fig. 2. Assum-
ing that Rashba SOI dominates' "' | we fitted the curve
with Golub’ s model'™*’ | which is quite suitable for high
mobility samples'"™""*

Ao =o,(B,r,/7,,40,) +0,(B,7,/7,,0r1,)
, (1)
where o, and o, represent contributions from backscat-
tering and non-backscattering, respectively, 7, and 7,
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are the transport scattering time and electron dephasing
time, respectively, and (2 is the angular frequency of the
Larmore precession caused by the SOI induced effective
magnetic field. The two parameters involved in the fitting
procedure are 7, and (2, while 7, can be extracted from
the mobility u, =er,/m” with an effective mass m” =
0. 051m, (m, is the electron rest mass) ', Since the ze-
ro-field spin splitting A, is related to 2 by A, =2h2 (h
is the reduced Planck constant) , we obtained the Rashba
splitting of our sample, A, =1.97 meV, which is com-
parable with that of similar InGaAs/InAlAs QWs'* 8/
As is demonstrated here, a finite zero-field spin
splitting doesn’ t guarantee the appearance of SdH beat-
ings, implying a more subtle mechanism for its explana-
tion. However, this is not the first time for the failure of
observing SdH beatings. Although it is natural for sym-
metical QWs that no beatings should be observed due to
lack of SIA ( thus vanishing zero-field spin split-
tlng) [17-18]
zero-field spin splitting is not zero . Koga et al. [
pointed out their failure of observing SdH beatings in
their InGaAs/InAlAs QW samples and attributed it to the
invisibility of SdH oscillations below B =2 T, caused by
the huge difference between the single-particle relaxation
time 7, and the transport scattering time 7,, since the
last beating node would occur below B=1.5 T. Gilbert-
son et al.'™ reported the absence of SdH beatings in
their InSb/InAlSb asymmetric QWs and demonstrated
that it was the large LL broadening that served as the
cause. They also analysed the influence of spin-depend-
ent scattering on SAH beatings and found that it leads to
spin-dependent LL broadening and results in non-zero
beating node amplitude, which may also hinder the ob-
servation of SdH beatings. Both of the above explanations
may account for our case. Spirito et al. '*'! investigated
the transport properties of AlGaN/GaN heterostructures
and showed that beatings dissappeared for an ungated
sample but did appear for another gated sample, the rea-
son for which was not determined in their paper. We also

, absence of SdH beatings does occur when
[1921] 19]
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Fig. 2  Quantum correction to magnetoconductivity of the

sample at 7=1.41 K and # =0°. The solid curve is a fitting
to the experimetal data using Golub’ s model

B2 FERAE T=1.41 K10 =0°M %M F IR0 &
TIEIE . HA S e Golub FEAUFLLE Y4,

tested a gated sample cut from the same wafer, but we
were still unable to observe the SdH beatings. Besides,
Averkiev et al. ') discussed theorectically the effects of
the competing between Dresselhaus and Rashba SOls on
the beatings. They showed that beatings occur with either
of the two SOIs dominating, but are strongly suppressed
when the strength of them are close to each other. It is
obvious that their theory doesn’ t suit our case since
Rashba SOI dominates in our sample. It is also worth no-
ting that beatings were not observed in some InAs/AlISb
QWs but could be introduced by creating inhomogeneous
carrier distributions via illuminating the samples'”’
However, the effect of inhomogeneities doesn’ t guaran-
tee the rising of beatings'*' and has less to do with our
case.

In order to disdinguish the possible mechnism for
the absence of SdH beatings, we check the Dingle
plot' ™! that is shown in Fig. 3. Since the amplitude of
SdH oscillations is given by >

) ) X

AR, = 4R, exp(- . , (2)
w7,  siny

where AR is the SdH amplitude, R, is the zero-field re-
sistance, w, is the cyclotron angular frequency, 7, is the

quantum scattering time, and y =27 k,T/hw, with k,
being the Boltzman constant and T the temperature, the
Dingle plot is expected to be linear. Howerver, it is ob-
vious that the “curve” deviates from a linear line type as
the magnetic field B increases. Similar high-field ben-
ding in the Dingle plot has already been observed and at-
tributed to either an inhomogeneous carrier distribution or
a Gaussian line shape of the LLs"*"*/. We believe the
former contributes less than the latter because our sample
is of high quality. For a Gaussian line shape, the expo-
nent part of the right hand in Eq. 2 should be replaced
by exp[ —:;(;) 1, where w, =er,/m" is the quantum
q

mobility'**!. This results in a quadratic dependence on
B~" and is well verified by a parabolic fitting of the high
field data as shown in Fig. 3. In Raikh and Shahbazy-
an’ s theorectical work'””! | the LL broadening is con-
firmed to be Gaussian for high LL index when long-range
scattering potential dominates. Considering our detailed
sample structure, the long-range scattering potential can
mainly come from the doping Be atoms whose effects are
originally unintended. This may give a clue to the ab-
sence of SdH beatings.

It is interesting to look at the low field region of the
Dingle plot. Although less convincing due to lack of e-
nough data points, a slope change appears at about B =
2.6 T, indicating more than one conducting channel.
This is in consistence with the previously confirmed finite
zero-field spin splitting: the two conducting channels
come from the two spin-splitted subbands. Spirito et
al. "' has used the slope change position to extract the
zero-field spin splitting. Following their way and using
m” =0. 051 m,, we obtained a zero-field spin splitting of
2.95 meV, which is not far from the previous value ob-
tained by WAL.

Next, we turn to the high field spin splitting of our
sample. Fig. 4 shows the evolution of R in tilted mag-
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netic fields. As can be seen, the last two R peaks at
the filling factor v =5 and v =7 tend to split as the tilt
angle @ increases, indicating a growing Zeeman splitting
with #. It must be pointed out that no obvious alterna-
tions between R, peaks and valleys are observed except
at v =5, due to limitations of our experimental condi-
tions. Even at v =5, the emerging valley doesn’t com-
plete itself, since it is expected to reach the “ground”
where R vanishes. Therefore, the widely used coinci-
dence method" ! of extracting the effect g-factor, g* (or
the spin susceptibility m* g~ ) can not be applied to our
sample.

In[A R/(4R,y/sinh )]

0.1 0.2 0.3 0.4 0.5
1/B/T"!

Fig.3 Dingle plot of the sample. The solid line is a guide
for the eyes and the solid curve is a parabolic fitting to the
high field data. The arrow indicates the slope change posi-
tion

/3 BERHHY Dingle plot [, F{ra: FZE W AR HE R
2, S 2R X = B LS A R SRR R R
AR

In spite of the above restriction, we can still extract
g" in high magnetic field. The splitting of R, peak at v
=5 signals that the Fermi level E, consecutively passes
by the spin-resolved LL, thus, by noting that the peak
splitting starts at v =7 and becoming prominent only at v
=5, which means that the total spin splitting is much

less than the energy interval between adjacent LLs, there
- [29]
is

By= (N + ghoy + 18" | pB)

(N4 0hos =g LBy ()
where N is the LL index, w, =eB; cos§/m” (i=1,2) is

the cyclotron angular frequency, w, is the Bohr magne-

ton, B;(i=1,2) is the total magnetic field at which the

splitted R, peaks appear. The above equation can be re-

written for our purpose(N =2 for v =5) as
B-B _Im'a lp | "
B, +B,, She cosf ’

where B |, =B, cosf(i=1,2) is the perpendicular com-

ponent of the total magnetic field B;. Instead of extrac-

ting Im”g” | at a single tilt angle, and by assuming that
Im”g" | has no dependence on #, we linearly fitted the

Filling factor v

6 5)

BcosO/T

Fig. 4
fields versus the perpendicular component of the total magnetic
field B, =B cosf at T =1.41 K. All the curves are vertically
shifted for clarity. The tilt angles for curves from uppermost to
the bottom are 0°, 3.7°, 7.5°, 17.0°, 23.5°, 28.3°, 32.2°,
35.4°, 38.0°, 40.5°, 42.6°, 44.5°, 46.2°, 47.8°, 49.2°,
54.0°, 59.0°, 62.7°, 67.6°, 69.5°. The vertical dash( dot-
ted) lines indicate the position of even(odd) filling factors. The
two solid lines near v =5 are guides for the eyes and indicate the
evolution of peak positions with increasing tilt angle 0

B4 FERVTE T=1.41 K FUBURRE S PR AR [ RERH R ARG
e { T B, =B cosf MFEIR. BT A A 39 B RS LA
FEVE IS o AR R RYBURH AR 0, 3.7°, 7.5°, 17.0°,
23.5°, 28.3°, 32.2°, 35.4°, 38.0°, 40.5°, 42.6°, 44.5°,
46.2°, 47.8°, 49.2°, 54.0°, 59.0°, 62.7°, 67.6°, 69.5°,
SHErb B A 6 [ PR AR (TR BRA 2R 418 7 A K (23 50 B SE A
To TE v =5 B IT Y P A 04 B 2 418 I W 1) o7 ' i 0 A0} 1 2 0
1

Longitudinal magnetoresistance R, in tilted magnetic

above equation, as shown in Fig. 5, and obtained Im”
g  1=(0.471 £0.001 ) m,.

The fitting is nearly perfect, which corroborates our
assumption. This differs completely from Savel’ev et al.’
s results for a 2DES at the InGaAs/InP interface,
which indicate a §-dependent g*. While they attributed
it to the effects of the broadening and overlapping of spin-
split LLs caused by disorder in their non-ideal 2DES, it
seems that our sample doesn’t suffer from this problem.

By dividing with the previously used effective mass,
m* =0.051m,, the value of |g* | is calculated to be
9.24 + 0. 02. However, the effective mass used here
may not be the accurate one for our sample, since it dif-
fers in a variety of samples due to variations in detailed
band profiles, sample structures and electron concentra-
tions. While the bulk In, ; Ga, ,; As has an effective
mass of 0. 043m, extracted by cyclotron resonace ™’ | the
one for 2DESs in In, 53 Gay 4 As/Ing 5, Al ;s As QWs or
heterojuctions is usually larger due to quantum confine-
ment and nonparabolicity. Nitta e al. '*' reported an en-
ergy-dependent m * ranging from 0. 049m, to 0. 052m, for
a 20 nm QW for an electron concentration from 1.6 x
10" em’ t0 2.4 x 107 em®. However, to our knowledge,
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the lowest and highest m* are reported to be 0. 041m,""’

and 0.057 6m,"”"" | respectively. Thus, for m" ranging
from 0. 041m, and 0.0576m,, |g* | ranges from 8. 18 to
11.49. This value of ‘g* | is much larger than the bulk
In, ;Ga, ,;As g” =3, as well as the low-field value of

|g " | ranging from 2. 62" 10 3.8 extracted by other
methods. However, it is well in the range of high-field
|g" | extracted by coincidence method in the report of
Nicholas et al'®'. As in their report, such high-field

|g” | is well enhanced by exchange interaction and de-
[29,3334]

pends on the total spin polarization

(B1>-B1)/(B B 1)

1/cos6
B, ,-B
B

extracted from the positions of spin-splitted R, peaks around v

Fig.5 Plot of L against 1/cosd. The data points are

2 t+B,

=5(see Fig. 4). The inset illustrates the Fermi level E, con-

secutively passing by the spin-splitted LLs
B ,-B

5 S 1/cosg MM . FUBUR SR FE v =5 Bt
B, +B,,

TN RES SR R, W7 EAT BB (ULIET 4) o Horp i ]

TR PORRE E, S U A e 720 T RELL

‘g*‘,U,BZ ‘go‘/*‘LBB-l_ng ny _nl‘ s (5)
where g, is the bare g-factor excluding the effect of ex-
change interaction, E}, is the exchange constant and n
—n | is the difference between the electon concentrations
of the spin-up and spin-down subbands. If we adopt
lgol = 2.9 and |g"| = 8. 18 ~ 11. 49, and
‘nT -n, |=D(D = eB  /2nh is the spin-splitted LL
degenaracy) for v =5 and § =0°, there is E° = (12.6 ~
20.6) x 10" meV - em’, which is a little larger than
that of AlGaAs/GaAs heterojunctions'*’.

3 Conclusion

In summary, we investigated the magnetotransport
properties of an asymmetrical Ing 53 Gay 4, As/Ing 5, Al 45
As quantum well. The longitudinal magnetoresistance R,

shows no beating pattern while zero-field spin splitting is
confirmed to be non-zero by WAL. By fitting the #-de-
pendence of the spacing of spin-splitted R peaks, we
obtained the high-field effetive g-factor, |g* | =8.18 ~

11.49, which is strongly enhanced by exchange interac-
tion and has no dependence on 6. A nonlinear Dingle
plot is analysed to further evidence the finite zero-field
spin splitting and to emphasize the effect of long-range
scattering potential from the doping Be atoms near the
subtrate.
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