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We use electron spin resonance in the far infrared to probe the Landau-level spin splitting in symmetric and
asymmetric InSb quantum wells. The asymmetric wells exhibit a strong deviation in behavior from the sym-
metric wells at low magnetic fields with apparenfactors far in excess of the butik factor of InSb. These
asymmetry-induced shifts in the spin resonance depend on Landau-level index as predicted by the Bychkov-
Rashba model. We analyze the shifts to extract values for the Rashba parameter.
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The study of electron spin phenomena in semiconductoplaced near the surface to limit surface depletion. Thus,
heterostructures has intensified dramatically in recent yearsve expect the shape and symmetry of the wells to be deter-
The field, “spintronics” has emerged with the purpose ofmined only by the well/barrier mismataisymmetric in all
developing devices combining the charge and spin degrees ghmples and the mismatch in doping layers. In this work,
freedom. In particular, spin splitting caused by bulk inver-seven symmetric and four asymmetric samples were studied.
sion asymmetry and structural inversion asymmé8iA—  The electron concentrations in the welig) are in the range
often called Rashba splittindhas attracted much attention. (9.95-3.6x 10! cm2, where only the ground-state sub-
Understanding the spin-orbit interaction caused by SIAyang js occupied. The mobilities of the samples studied
which is predicted to lead to spin splitting even without anrange from 70 000 cA#Vs to 150 000 crVs. The energy-

o i B g disconinuis 25 wel a5 the band ofsésare we
' » EXP characterized in this strained-layer system.

Eglggngcmemo i'g?ﬁi?ggnﬁoeliﬁgonozgztﬁg?iseztmzs of It has been shown theoretically that a lack of in_\/ergion
Shubnikov-de HaagSdH) oscillationg* that is presumed to  SYMMmetry and a small energy gap can make electric-dipole
arise from different populations of electron spin orientations.
This beating has been interpreted in a number of
heterostructurés'® to deduce the Rashba parameter
which is expected to depend on materials parameters and th
electric field. The zero-field spin splitting has also been in-
ferred from Raman-scattering speéfrin GaAs and weak
anti-localization measurements in InGaAs quantum Wells

In this paper, we report on electron spin resonaiiteR)
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experiments on 2DESs in InSb quantum wells. By observinge| 805 B(T) 6.20 v=6
transitions between states with the same Landau level inde:5 v=7

but opposite spin orientations, we directly measure the sping V=3 l l
splitting as a function of applied magnetic fi@dIn addition

ARxx (a

/ n . Sample & v=9
to the B=0 spin splitting, the Rashba modedredicts con-

siderable modification of the Landau-level energy structure
at nonzero B for asymmetric heterostructures, which has no
been previously confirmed. Because of the large effedive
factor and large predicted Rashba efféttie spin splitting in
InSb-based 2DESs should occur at far infrared frequencies
for B<10 T. Our experiments demonstrate that the Rashbe
effect is relatively strong in InSb quantum wells and that
ESR is a powerful technique for studying the Rashba effect. —

Our samples are InSb single quantum wells of widths 00 05 1.0 1.5 20
30 and 20 nm with Adodng¢:Sb barrier layers that aré

doped with Si. The Sié layers are located either singly  FiG. 1. Change in resistance due to FIR illumination as a func-
on one side of the quantum welhsymmetric sampl@sor  {ion of applied magnetic field for Sample fasymmetrig and
equidistant on both sides of the quantum wgymmetric  sample B(symmetrig. Features attributed to cyclotron resonance
sampleg The -doped layers within the barrier layers are (CR) and electron spin resonan@&SR) are labeled. The number of
typically located 70 nm from the well center. The barrierfilled spin-split Landau levels is indicated for some B values
layers on the substrate and surface sides of the wells akgherev is an integer. Inset: ESR in Sample C as measured in the
3 um and 160 nm thick, respectively. Silicon dopants areamount of FIR radiation transmitted B)/T(0) and in ARy

Sample B
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TABLE |. The list of the samples studied in this work to probe the electron spin resonance in a wide range of magnetic fields and
wavelengths. The symbols a and s are for asymmetric and symmetric confinement potentials, respectively.

w A Tilt ng(x 10tY) B
Sample Symmetry (nm) (pum) (degreey (cm™) (M
S285 a 30 184 50 1.9 3.5
S285 a 30 184 30 1.9 3.1
S285 a 30 432 30 1.9 1.15
S360 a 30 119 45 2.5 5.9
S360 a 30 458 30 2.7 1.05
S360 a 30 458 45 2.2 0.9
S356 a 20 96.5 30 15 5.56
S356 a 20 163 45 1.6 35
S356 a 20 184 50 1.2 3.1
S356 a 20 418 45 11 1.0
S356 a 20 432 45 1.3 0.85
S707 a 20 184 30 2.3 3.2
S707 a 20 432 30 2.3 0.6
S644 s 30 184 30 2.2 3.35
S377 s 30 119 45 2.6 6.1
S377 s 30 418 50 2.8 1.9
S499 s 30 458 45 2.1 1.35
S716 s 30 96.5 30 14 5.67
S716 S 30 163 50 1.4 3.95
S710 S 30 119 30 0.9 4.35
S372 S 30 184 50 3.7 4.05
S704 S 20 184 50 1.1 3.35
S704 S 20 119 30 1.2 4.1
S704 S 20 96.5 30 1.2 5.58

spin resonance possitA&?? In narrow gap semiconductors quantization(and thus the SdH oscillations and cyclotron
with large spin-orbit coupling, the strong interaction betweernresonancedepends only on the component of B along the
the conduction and valence bands leads to mixing of theample normal.
electronic energy states. The wave functiongh a nominal Figure 1 shows the observed spin and cyclotron resonance
spin polarity and a Landau quantum numbgicontain both  minima for Sample Aa 20 nm-wide asymmetric sample at a
spin orientations as well as Landau indicesmi@ndn+1.2122  tilt angle of =45° and with\=432 um incident radiation
This situation allows for the occurrence of electric-dipoleand Sample B(a 30 nm-wide symmetric sample with
transitions between states of nominally different spin polar-6=45° and\ =458 um). AR, is the difference between the
ity. Electric-dipole-excited electron spin resonance was obresistance with and without incident FIR radiation. The po-
served in Hg_,Cd,Te (Ref. 23 and later in bulk InSb by sitions of the other minima seen in this figure are indepen-
McCombe and Wagner in the far infrardIR) spectral dent of A and are therefore nonresonant. Bolometric effects
range?* are responsible for at least some of these nonresonant
We detect ESR at 4.2 K either in magneto-transmission ofeatures’® The data show that the ESR feature for Sample A
FIR radiation or by observing the laser-induced change inis at a lower magnetic field than for Sample B. If only the
magnetotranspoff:?6 In previous experiments on InSb in- Zeeman effect were important, we would expect the opposite
version layerg/ a very small ESR signal was observed whento be true because the FIR frequency is higher and the well
the sample was normal with respect to the magnetic fieldvidth is smaller for Sample A.
axis, which also coincides with the direction of the incoming This discrepancy implies that there is an additional
laser radiation. Their ESR signal was increased with tiltmechanism for spin splitting that is stronger in Sample A.
angle up to an order of magnitude at a 45° tilt angle. In ourThe inset to Figure 1 compares the ESR signal observed in
experiment, the ESR signal was only above the detectiotransmission with that observed in modulated magnetotrans-
limit when the tilt angle was between 30° and 50°. We varyport for Sample C, a symmetric sample with-45° and
the tilt angle to extend the range of magnetic fields where tha =119 um. The resonance is very narrow in both cases, on
ESR is observable for a given electron density. In this casehe order of 40 mT, similar to ESR in GaA%.By using
the spingand ESR respond to the total B but the 2D Landau samples with different electron densities, fixed wedges with
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FIG. 2. Spin splitting and apparegtfactors for symmetric and asymmetric samples. Pag@gland(b) are for 20 nm wells angc) and
(d) for 30 nm wells. The solid curves are a single-parameter fit to the data for symmetric samples, calculated using a modified Pidgeon and
Brown model that does not include Rashba splitting. The curves are labeled with their Landau level indices. The solid and open circles
represent the measured ESR data for the asymmetric and symmetric samples, respectively. Dashed lines connect data points to curves with
the same Landau level index.

different tilt (30°, 45°, and 505 and seven laser lines At B=0 there is a reduction in the model In$pfactor
(N=458, 432, 418, 184, 163, 119, and 9a.&) producing a from -51 to —48 due in nearly equal parts to the change in
sufficient signal-to-noise ratio, we are able to follow the ESRenergy gap from both the strain present in the InSb quantum
over a wide range of B and. Table | summarizes the expe- Well and from the subband quantization. The band edge ef-
rimetal parameters of all the samples studied. fective mass is 0.01#, wheremy is the free electron mass.
The observed spin splitting\s(B) for the symmetric _Since we me_asu_red the electron density for _each sample_ us-
samples is plotted in Fig.(8), for wells that are 20 nm wide, "9 SdH oscillations, we can deduce the highest occupied

and Fig. 2c), for wells that are 30 nm wide. Also plotted in Landau level for each ESR data point. For the symmetric

these figures is thAs(B) expected in the absence of Rashba'samplesn for each point is the same as for the solid line that

splitting from a modified bulk band structdfehat takes into intersects it. We conclude therefore that our symmetric

oy samples behave entirely as expected for wells with no
account the extreme nonparabolicity of the InSb band StrUChashba splitting and that the resultigdactors are the bare

ture. In this model, the bulk energy gap is replaced by the, ¢, 165 hased on one-electron energy levels. Similar results
effective energy gap in the 2D band structure, i.e., by th§ 46 peen reported for GaAs quantum wéii&

energy spacing between the ground state valence- and The asymmetric samples show quite different behavior,
conduction-band subban#This effective energy gap de- egpecially at low magnetic fields, as can be seen in Fig. 2.
pends on well width as does the momentum matrix elementor the asymmetric samples, a dashed line connects each
which we use as the lone fitting parametaiithin its ac-  data point to the solid line that indicates the highest occupied
cepted range of valugy. All the other band parameters are Landau level. The spin splitting is observed to deviate from
fixed at their accepted values. The small Hartree potentiahose values expected for a symmetric well to values even
results in a negligibly small effect of symmetry on the effec-beyond those calculated using the band-eddactor, —48.

tive mass(m*) and theg factor (g*). These deviations are more dramatic if we extract an apparent

155322-3



KHODAPARAST et al. PHYSICAL REVIEW B 70, 155322(2004)

L]

) ) ) I 1 1 1 1 100

Asyrmmetric, 20nm
Symmetric, 20nm
Asyrmetric, 30nm
Symmetric, 30nm

f

L
408

R.(Q)

B(T)

[ FIG. 4. Shubnikov de Haas oscillations in magnetoresistance
0 5 10 versus applied magnetic field for an asymmetric sample. Several
n+1/2 spin-split Landau level filling factorév) are indicated.

FIG. 3. Asymmetry induced spin splitting as a function of Lan-
dau level index. Values fo are deduced by subtracting the results Bmin = 320(m* mya)?/[eh®(2my—m*g*)?],  (3)

of the model calculation from the measured spin splitting. Two lines

of best fit through the origin are drawn for the asymmetric sampledvheree is the electron charge. With values found below
with well widths of 20 and 30 nm. and using the band-edge values mf and g*, we find

Bmin~0.01 T. Thus we expect the B-independent expression
(2) to be valid if we neglect nonparabolicity.

We determine experimentd values from Figs. @) and
2(c) by taking the difference between the measuks(B) in

: . a given sample and th&s(B) value predicted for a symmet-
factor and thglower) values predicted by the nonparabolic ric sample at the same B andThese differences are plotted

Iculation (If th i litti B h . . g
calculation (If the measured spin splittings(B) approaches for the asymmetric and the symmetric samples in Fig. 3

a nonzero value at B=0, as appears to be the case in Figs. _. .
2(a) and 2¢), then the apparerd factor diverges as B ap- against(n+1/2). The symmetric samples havevalues clus-

proaches zerp.Of course, our use of an appareptactor tered about zero showing again how well they are fit by the

only serves to emphasize the departure from the spin Splifldlgeon-:BrO\tNgfmot?]el. i lls i ith |
ting for the symmetric samples. n contrast,s for the asymmetric wells increases with in-

For the asymmetric samples the spin splitting is deter_creasingn. Sincea for the asymmetric samples is expected

; e to depend on several factors including electron density and
mined by the applied fiel¢the Zeeman terinplus an effec- : o o :
tive fieldyfrom 51% Rasht?; effect. The empolation of thewe" width, it is not surprising that all the data do not lie on
single line. We fit two lines through these data since the

measured spin spliting to zero magnetic field probes thé S . ;
predicted sp?ittingpof tr?e spin-up(+) gand spin—dol?lvr(—) points for the 20 nm wells appear to be systematically higher
subband energy dispersion than the points for 30 nm wells. We do not detect any sys-

tematic density dependence, but more data points are re-
E.(K) =E; % ak, (1)  quired to unambiguously determine whether such a depen-
] ] o dence exists. The error bars account for several sources of
where Ei(k) is the subband dispersion in the absence Ofyror, including the ESR line width and a very weak depen-
Rashba splitting« is the Rashba spin-splitting parameter, gence ofAs(B) on tilt angle?’
andk is the magnitude of the wavevector in the 2D layer. \e calculate the effect of nonparabolicity by examining
The zero-field spin splitting is then given Ws(0)=2ake,  the multipler of a®(n+1/2) in Eq. (2). Although the calcu-
where k is Fermi wave vector. o lated values ofg* and m* depend on the Fermi level, the
In addition to the zero-field spin splitting discussed abOVemultipIier is not so sensitive, for a given well width. For
Bychkov and RashBaalso predicted a shift in the energy example,g* =-28.4, m* =0.0190n,, and the multiplier is
levels at B>0 in asymmetric quantum wells. From this o o59y,/42 for the 30 nm well with the highest Fermi level.
Landau-level dependent shift, the magnitude of the asymmerne 30 nm well with the lowest Fermi level hgé =-40.6,
try induced component of the spin splitting is easily ShOW”m*=O.0176T1O, and the multiplier is 0.058,/#2. For the
for B> By to be®3* 20 nm wells, the multiplier ranges from 0.06J/42 to
5 :
S=8m* 2(n + 12T HA(2Mme — m* a* 2 0.07Imy/%< for our sample parameters. This suggests that
8m* mya”(n+ 1/2)/[A"(2mo = m* g*)] @ nonparabolicity introduces only a small deviation from lin-
Herem* is the effective mass anuh, the free electron mass. earity with (n+1/2) in the parabolic Eq(2).3° Therefore, we
All our spin resonance observations occur at fields well inuse Eq.(2) to estimate values far from the experimentally
excess of By, given by determined linear slopes shown in Fig. 3. With a multiplier

g factor,|g* | = A4(B)/ ugB. Figures 2b) and 2d) show that,
as the magnetic field decreases, this appagefdactor far
exceeds the magnitude of the bulk value of thegative g
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value 0.066n/%2 for 20 nm wells( 0.058ny/A2 for 30 nm  restricts the range for observing beatingto 05 B<1.2 T.
wells), we deduce am value of 1.4<10°° eV cm for 20 nm  The low electron densities result in only5 oscillations
wells (1.3x 10" eV cm for 30 nm wellg within this range. Thus, if beating were present it would be
_ At first glance, it seems surprising that we can use thejificult to detect. Figure 4 shows the absence of beating in
tilted B field to extract the Rashba splitting. Bychkeval. o, st asymmetric structure. A strength of the ESR tech-
predicted that the effect of spin-orbit interaction is reduced 'rhique that we employ is its ability to detect spin-split levels

a ftilted magnetic field® The work of Pfeffer and . ) ) )
Zawadzki® in contrast, predicts that the component of B in even in systems with a low electron density and a relatively
’ i low mobility.

the plane of the sample is ineffective in quenching the ) )
Rashba splitting compared to the field component perpen- Our experimental observations were recently compared
dicular to the Samp|e p|ane_ Furthermore, the Rashba Sp||by Pfeffer and Zawadzki with the results of their three-level
ting [Eq. (2)] depends on the field only indirectly through the P-p model of InSb/A} odng 9;Sb quantum-well structure.
observedn. From our experimental data, we cannot infer They calculated spin splitting due to both Zeeman and
whether or not the Rashba effect depends strongly on tilRashba effects, assuming spin-dependent boundary condi-
angle. In order to extract a quantitative measure of theions at the interfaces. The agreement between their calcula-
Rashba parameter, we assume that the Rashba effect is unéén and our experimental data provides confirmation of the
fected by a parallel magnetic field, as the calculations of RefBychkov-Rashba picture of spin-orbit coupling in our hetero-
37 predict. structures.

Under the assumption of identical electrical forces caus- |n conclusion, we have demonstrated that ESR is a useful
ing the 2D spin-orbit coupling, the predictédatios of @ technique for studying spin splitting in InSb quantum wells.
values for GaAs, InAs, and InSb quantum wells sy asymmetric structures at low magnetic fields, we observed
4.4:110:500. Recentff, « values ranging from 210°° to spin splitting that was significantly larger than predicted for

4x10°eVcm have been observed with gated INASthe zeeman effect. The additional splitting can be attributed
samples. This suggests thatvalues even larger than those g 5 strong Rashba effect.

reported here are achievable for InSb wells.
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