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Rashba splitting in n-type modulation-doped HgTe quantum wells with an inverted band structure

X. C. Zhang,* A. Pfeuffer-Jeschke, K. Ortner, V. Hock, H. Buhmann, C. R. Becker, and G. Landwehr
Physikalisches Institut der Universita¨t Würzburg, Am Hubland, 97074 Wu¨rzburg, Germany

~Received 16 January 2001; published 29 May 2001!

Rashba spin splitting has been observed in the first conduction subband ofn-type modulation-doped HgTe
quantum wells~QW’s! with an inverted band structure via an investigation of Shubnikov–de Haas oscillations
in gated Hall bars. In accordance with calculations, no spin splitting was observed in the second conduction
subband (E2), but an obvious Rashba splitting is present in the first heavy-hole-like conduction subband (H1)
that displays a large dependence on gate voltage. Self-consistent Hartree calculations of the band structure
based on an 838k•p model are compared with experiment, which enables us to understand and quantitatively
describe the experimental results. It has been shown that the heavy-hole nature of theH1 conduction subband
greatly influences the spatial distribution of electrons in the QW and also enhances the Rashba spin splitting at
large electron densities. These are unique features of type III heterostructures in the inverted band regime. The
bki

3 dispersion predicted by an analytical model is a good approximation of the self-consistent Hartree calcu-
lations for small values of the in-plane wave-vectorki and has consequently been employed to describe the
spin splitting of theH1 conduction subband rather than the commonly usedaki dispersion for the conduction
subband in type I heterojunctions. The relative magnitude of Rashba splitting in theH1 andE2 subbands as
well as the splitting of theH1 subband for different well widths are also presented.

DOI: 10.1103/PhysRevB.63.2453XX PACS number~s!: 73.21.Fg, 73.61.Ga, 71.70.Ej, 71.20.Nr
r
nt

a
rg
f
c
th
d
a
n-
e
it
n
ed

ym
a

e
th
m
n
-

he
a-
en

the
he

e

on-
to
im-
on-

x-
in

lrab

ic

a
rier
that

for

Te

l to

ped

-
the

ga-
has
e

I. INTRODUCTION

Spin effects in semiconductor heterostructures have
cently aroused much interest, not only from the fundame
point of view but also due to increasing interest in
transistor-like device that is based not on the electron cha
but on its spin.1 It has long been known that the lack o
inversion symmetry of the crystal lattice in bulk semicondu
tors can lift the spin degeneracy of electrons even in
absence of a magnetic field.2 In structures with a reduce
dimensionality, such as inversion layers or asymmetric qu
tum wells ~QW’s! with an asymmetrical confinement pote
tial, lifting of the spin degeneracy at finite values of th
in-plane wave vector is also expected, resulting in a fin
spin splitting at the Fermi level in the absence of an exter
magnetic field. This splitting has historically been call
Rashba spin splitting.3,4 It was first observed in
Shubnikov–de Haas~SdH! measurements forp-type
GaAs/AlxGa12xAs heterojunctions by Sto¨rmer et al.5 For
narrow gap heterojunctions, it can be shown that the as
metry of the macroscopic potential produces the domin
contribution to zero field spin splitting.6,7 This splitting can
be particularly large, for example, inn-type InxGa12xAs het-
erojunctions or QW’s.8–11 However even at the present, th
Rashba effect still remains somewhat controversial. In
first theoretical investigation of a two dimensional syste
Ohkawa and Uemura12 concluded that, in a heterojunctio
with an asymmetric potentialV(z), the Rashba term is pro
portional to^E&521/e^](Ec1V)/]z&, whereEc stands for
the conduction band-edge profile andV for the space charge
or applied electrostatic potential energy. However Da¨rr,
Kotthaus, and Ando13 argued that the average value of t
electric field^E& of the bound states in the first approxim
tion is negligibly small. On the other hand, it has be
pointed out by Lassnig,14 and Winkler and Ro¨ssler15 that this
0163-1829/2001/63~24!/245305~8!/$20.00 63 2453
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conclusion is not correct because the spin splitting of
conduction band is determined by the electric field in t
valence band,̂E&521/e^](Ev1V)/]z&, based on a multi-
band Hamiltonian model, whereEv is the valence band-edg
profile. Both de Andrada e Silvaet al.,16 and Pfeffer and
Zawadzki17 have shown that spin-dependent boundary c
ditions, as well as the penetration of the wave function in
the barriers and its asymmetry at the interfaces, play an
portant role in Rashba spin splitting. This has been dem
strated in a recent experiment on InxGa12xAs QW’s with
both front and back gates.18

Compared to the relatively large number of previous e
perimental investigations of heterojunctions and QW’s
III-V semiconductors,8,11,10 narrow gap II-VI two-
dimensional systems have been rarely investigated. Wol
et al.19 studied an inversion layer inp-type bulk
Hg12xCdxTe. Rashba spin splitting in a gated, intrins
HgTe/CdTe~112!B QW with a well widthdw of 11 nm was
investigated by Schultzet al.20 They calculated the Rashb
parametera and ascertained a linear dependence on car
concentration based on a two-band model that presumes
spin splitting is linearly dependent onki . Furthermore, they
demonstrated thata can be as large as 4.531029 eV•cm,
which is almost three times larger than values reported
InxGa12xAs heterojunctions.10 However, it will be demon-
strated below that the first conduction subband for a Hg
QW with an inverted band structure, i.e.,dw.6 nm, has
heavy-hole character and the spin splitting is proportiona
ki

3 instead ofki .
Recently, magnetotransport studies of modulation do

HgTe/Hg0.32Cd0.68Te(001) single quantum wells~SQW’s!
have been carried out.21,22 The results can be readily ex
plained by means of band-structure calculations based on
envelope function method. HgTe is a semimetal with a ne
tive band gap of about 300 meV at low temperatures. It
a so-called inverted band structure, which means that thJz
©2001 The American Physical Society05-1
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561/2 branches of theG8 band ~which is called the light
hole valence band in type I systems! act as conduction bands
and theG6 andG7 bands, and theJz563/2 branches of the
G8 band ~the latter is called the heavy-hole band in type
systems! are valence bands. The light-hole conduction ba
and the heavy-hole valence band are degenerate atk50 and
the thermal energy gap is zero. When a HgTe layer is s
rounded by Hg12xCdxTe barriers with a gap on the order o
1 eV, electric subbands arise due to boundary quantiza
For HgTe/Hg0.32Cd0.68Te SQW’s with a well thickness o
less than 6 nm, the regular band sequence of a semicond
occurs. However, for larger thicknesses, an inverted subb
structure arises with energy spacings on the order of 10 m
which means that theE1 subband falls below theH1 sub-
band and becomes a valence subband, whereas theH1 sub-
band becomes the first conduction subband.23 The specific
band alignment of HgTe QW’s leads to a series of interes
phenomena, such as the formation of interface states.24 In
addition, Landau levels originating from the conduction su
bands can cross those of the valence subbands.25 The pecu-
liar properties of the band structure of HgTe/Hg0.32Cd0.68Te
quantum well structures have been confirmed by magn
optical experiments.26

In the following, we shall present magnetoresistance
Hall measurements onn-type modulation-doped QW’s
whose band structures are in the inverted regime.
samples were symmetrically doped but it was possible
introduce an asymmetry in the QW potential by means o
top electric gate, i.e., the carrier concentrations could
changed substantially by applying a gate voltage. Fou
analysis of the SdH oscillations demonstrates the presenc
Rashba spin splitting. The data are quantitatively explai
via detailed self-consistent band calculations based on
envelope function method.

II. EXPERIMENTAL AND THEORETICAL DETAILS

HgTe SQW’s were grown by molecular beam epitaxy
Cd0.96Zn0.04Te(001) substrates at a temperature of 180
growth details can be found in Ref. 21. The QW’s we
modulation doped symmetrically, on both sides of the Hg
QW in sample Q1605 with a well width of 21 nm, or asym
metrically, only on the substrate side of the HgTe QW
sample Q1651, with a well width of 12 nm, using CdI2 as a
doping material. The Hg0.32Cd0.68Te barriers are compose
of a 8-nm-thick spacer and a 9-nm-thick doped layer.
Hg0.32Cd0.68Te cap layer of 5.5 nm thickness was subs
quently grown, followed by an additional 40-nm-thick CdT
cap layer. The HgTe width was determined via a dynam
simulation of the~002! and ~004! Bragg reflections.27 The
other thicknesses were estimated from the correspon
growth rates. After growth, a standard Hall bar was fab
cated by means of a wet chemical etch, then a 200-nm-t
TiO2 film, which serves as an insulating layer, was depos
by electron beam evaporation. Finally, Al was evaporated
form a gate electrode. Ohmic indium contacts were fab
cated by thermal bonding. The samples were measured
He4 cryostat with standard lock-in techniques using a curr
of 1 mA at a temperature of 1.6 K and magnetic fields up
24530
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14 T. The mobilities at zero gate voltage and 1.6 K are
3105 and 3.53105 cm2/(Vs) for the two specimens, with
well widths of 12 and 21 nm, respectively.

In order to interpret the experiments, self-consistent H
tree calculations based on an 838k•p band-structure mode
including all second-order terms in the conduction a
valence-band blocks of the 838 Hamiltonian have been car
ried out.22,28 The inherent inversion asymmetry of HgTe an
Hg12xCdxTe has been neglected, because this effect
been shown to be very small in narrow gap systems.6,7 The
envelope function approximation was used to calculate
subbands of the QW’s and the influence of the induced f
carriers has been included in a self-consistent Hartree ca
lation. The valence-band offset between HgTe and CdTe
taken to be 570 meV based on recent experiments27 and it
was taken to vary linearly with barrier composition.29 The
band-structure parameters of HgTe and CdTe at 0 K em-
ployed in this investigation are listed in Table I and the e
ergy gap of Hg12xCdxTe is given by the empirical formula
reported by Laurentiet al.30

III. RESULTS

As expected from its high electron mobility, the sym
metrically modulation-doped sample Q1605 with a w
width of 21 nm displays very pronounced SdH oscillations
magnetic fields between 0.7 and 14 T at a temperature of
K. In Fig. 1~a!, the data up to 4 T have been plotted f
various gate voltages, between22.0 and 1.6 V. Fourier
analysis of the complex SdH oscillations shows that at hig
gate voltages three subbands are occupied. The results o
analysis are shown in Fig. 1~b!. At a gate voltageVg of 0.2
V, only two frequencies are resolved, which correspond
the H1 andE2 subbands, as will be explained below. N
splitting of theH1 subband can be observed when the Q
potential is symmetrical, i.e.,Vg'0 V. For either more posi-
tive or more negative gate voltages, a splitting of theH1
subband is apparent. Besides the main peaks labeled byE2,
H11, andH12, there are other peaks at higher frequenci
which are due to the sums of theE2 and H1 peaks. The
corresponding Hall resistance data in units ofh/e2 have been
plotted in Fig. 2 as a function of the magnetic fieldB up to
14 T for various gate voltages, whereh is Planck’s constant
and e is the electron charge. Well-developed quantum H
plateaus can be seen, indicating the excellent quality of
sample. The largest Hall mobility was 63105 cm2/Vs at a
gate voltage of 2.0 V; to our knowledge, this is the high
value that has been observed for HgTe QW’s.

The results of self-consistent band-structure calculati
for sample Q1605 are shown in Fig. 3. The energy of diff

TABLE I. Band structure parameters employed in the calcu
tions for HgTe and CdTe atT50 K in the 838k•p Kane model.

Eg

~eV!
D

~eV!
Ep

~eV!
F g1 g2 g3 k e

HgTe 20.303 1.08 18.8 0 4.1 0.5 1.320.4 21
CdTe 1.606 0.91 18.820.09 1.47 20.28 0.03 21.31 10.4
5-2
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ent subbands has been plotted as a function of the in-p
wave-vectorki for a symmetric and an asymmetric potent
as dashed and solid lines, respectively. The correspon
gate voltages are 0.2 and22.0 V, respectively. Using the

FIG. 1. SdH oscillations inrxx(B) ~a! and the corresponding
fast Fourier transformations~FFT! ~b! for a n-type symmetrically
modulation doped HgTe QW~Q1605! measured at 1.6 K and vari
ous gate voltages. In~a! the two uppermost curves have been m
tiplied by a factor of 6 and 4. In~b! the up and down arrows
represent the two spin states of theH1 subband. The circles repre
sent the results of theoretical calculations for the population ofH1
andE2 subbands. It should be noted that these values were ca
lated using different depletion charge densities in the do
layer on the substrate sidends as discussed in the text. Fo
Vg.0.2 V,nds50.55nsym; for Vg,0.2 V,nds50.45nsym; and
for Vg50.2 V,nds50.5 nsym.

FIG. 2. Quantum Hall plateaus inrxy(B) for a n-type symmetri-
cally modulation doped HgTe QW~Q1605! measured at 1.6 K and
various gate voltages. From left to right, the curves correspon
the gate voltages of22.4, 22.0, 21.6, 21.2, 20.8, 20.6,
20.2, 0.2, 0.6, 0.8, 1.2, and 1.6 V. The Landau level filling fact
n are also indicated.
24530
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usual subband notation,22 the conduction band has tw
branches,H1 andE2, and the valence band is theH2 sub-
band. This is a consequence of the inverted band structur
QW’s with a large well width in which theE1 subband is far
below theH1 subband and is consequently not shown in F
3. No splitting of theH1 andE2 subbands for the symmetri
case is visible. However in the asymmetric case, a small s
splitting of theE2 subband at finiteki is predicted, as well as
a substantially larger splitting of theH1 subband. It should
be mentioned here that the two spin split branches of theH1
subband cannot be designated as spin up and spin down
cause their eigenstates are not linearly polarized and do
carry a net magnetic moment.31,32 TheH1 andE2 subbands
that are a mixture of states with different symmetries cont
equal contribution of up and down spinor components
finite ki . The degeneracy of theH2 valence subband is als
removed and one spin component has a larger maximum
finite ki , i.e., here we are dealing with an indirect band-g
semiconductor.

The corresponding band-edge potentials have been plo
for the symmetric and asymmetric cases in Fig. 4~a! and
4~b!, respectively. Also shown are the electron probabil
distribution for both cases together with the Fermi ene
EF . The asymmetry of the charge distribution can clearly
seen as well as the penetration of the wave function into
barrier. Due to the heavy-hole character of theH1 subband,
the maximum of the envelope function is shifted to the rig
side in Fig. 4~a!, as will be discussed subsequently.

In Fig. 5, the total electron concentration versus gate v
age has been plotted as well as the carrier concentration
theE2 subband and the spin splitH11 andH12 subbands.
The total electron concentration was determined from
Hall coefficient at low magnetic fieldsnHall and from the
Fourier spectra of the SdH oscillationsnSdH. Both values
agree very well over the entire gate voltage range. When
gate voltage is changed from22.0 to 1.6 V, the electron
density increases from 4.9131011 to 1.3331012 cm22 with-

u-
d

to

s

FIG. 3. The self-consistently calculated subband dispers
E(k) of the HgTe QW Q1605 at two different gate voltages,Vg

522.0 V ~solid curve! andVg50.2 V ~dashed curve!. The former
represents the asymmetric case and the latter the symmetric c
5-3
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X. C. ZHANG et al. PHYSICAL REVIEW B 63 245305
out any indication of a leakage current.nSdH5e/h(F11

1F1212F2), where F12 and F11 are the corresponding
frequencies of theH1 subband in Fig. 1~b! andF2 that of the
E2 subband. Winkleret al.33 have argued that the above r
lations can only be applied when the anisotropic terms in
Hamiltonian can be neglected. This is the case here, theE2
andH1 subbands are nearly isotropic, as has been confir
by our band-structure calculations. The slope of then versus
Vg plot changes abruptly at a gate voltage of21.5 V. This is
caused by the onset of the depopulation of theE2 subband.
Because of the low electron concentration in this subb
whenVg is between21.0 and21.5 V, no peaks could be
reliably identified in the Fourier analysis and consequen
no data points are shown fornE2 over this voltage range in
Fig. 5. In order to estimate the total carrier concentrat
nSdH5nH111nH121nE2 between21.0 and21.5 V, the

FIG. 4. TheG6 ~solid! andG8 ~dashed! band-edge profiles and
the electron probability of theH1 subband~thick solid curve! for
Vg522.0 V in ~a! andVg50.2 V in ~b!.

FIG. 5. Gate voltage dependence of carrier densities as ded
from the Hall coefficient,nHall ~triangles!, and from the Fourier
transform spectra of the SdH oscillations,nSdH ~circles!, for sample
Q1605. The carrier densities for theE2 subband,nE2 ~asterisks!,
and the two spin components of theH1 subband,nH11 ~squares!
andnH12 ~crosses! are also shown. The dashed circle indicates
region in which the onset of depopulation of theE2 subband oc-
curs.
24530
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electron concentrationnE2 for this range was obtained b
extrapolation of the data points at higher gate voltages
should be noted here that one is dealing with a multi
carrier system and the determination of the electron conc
tration from the Hall coefficient is not straightforward, ne
ertheless, the good agreement between the SdH and Hall
indicates that the approach chosen here is reasonable; i
be shown for a two carrier model,34 that the Hall coefficient
RH'1/(n11n2) if the mobilities of the two carriers are larg
enough,m1B@1 andm2B@1. Hence,RH is indeed related
to the total carrier concentration.

Using the calculated band structure, the carrier densi
in the H11, H12, andE2 subbands have been calculat
at various gate voltages. The results for selected gate v
ages are shown in Fig. 1~b! as frequencies by empty circle
and are in good agreement with the experimental data.
experimental population differences between the two s
states of theH1 subband for all gate voltages are shown
Fig. 6 as circles and the theoretical differences as lines.

IV. DISCUSSION

Our data clearly demonstrate that spin splitting is cau
by an asymmetrical potential in single HgTe quantum we
Our results and the subsequent analysis show that one
extract information about Rashba spin splitting from expe
ments at relatively high magnetic fields. Because only o
H1 peak is resolved for the symmetric case, i.e.,Vg
'0.2 V, Zeeman spin splitting can be excluded. This is c
roborated by the fact that the peak frequencies in the Fou
spectra of the SdH oscillations remain the same irrespec
of the maximum magnetic fieldBmax used in the transforma

ed

e

FIG. 6. Experimental~circles! and calculated~lines! population
differencesDnH1 in the two spin states of theH1 subband as a
function of the total charge-carrier density,nSdH. The nds param-
eter is the depleted charge density in the doped layer on the
strate side.nsym is the carrier density when the QW potential
symmetric. This corresponds to the point whenDnH150. The the-
oretical results for differentnds are shown as lines. The inset show
the spin-orbit interaction constantb at various carrier densities
which are controlled by the gate voltage.
5-4
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RASHBA SPLITTING IN n-TYPE MODULATION-DOPED . . . PHYSICAL REVIEW B63 245305
tion process, for example,Bmax53, 5, and 10 T yield the
same result. Furthermore, experiments in tilted magn
fields allow us to distinguish between Zeeman and Ras
splitting. In a two dimensional electron gas, Zeeman splitt
depends on the total magnetic field. SdH experiments car
out in tilted magnetic fields have shown that the peaks in
Fourier transform spectra depend only on the normal co
ponent of the magnetic field, thus excluding Zeeman sp
ting. Previously, Rashba splitting has been demonstra
through the analysis of beating patterns in the SdH osc
tions at relatively low magnetic fields, where the Zeem
spin splitting was unresolved. We do not expect a clear b
ing pattern in the SdH oscillations for the asymmetric case
the low-field range because of destructive interference
fects due to the presence of three subbands. At gate volt
when only the two spin states of theH1 subband are occu
pied, beating effects are visible in the first derivative of t
magnetoresistance with respect toB.

In Fig. 6, the experimental values and the theoretical c
culations of the difference in populationDnH1 between the
two spin states of theH1 subband are plotted versus the to
carrier concentrationnSdH. Here, the total carrier densit
nSdH has been employed rather than the carrier density
only theH1 subbandnH1 because the electric field̂E& is, to
a good approximation, proportional tonSdH. The calculated
carrier densities in both theH1 andE2 subbands at variou
gate voltages agree with the experimental values for a w
width dw of 2162 nm. A simulation of the x-ray diffraction
results gives a value of 2262 nm, in agreement with the
above value. It should be emphasized that the occupatio
theE2 subband depends mainly on the well width and not
the details of the self-consistently calculated Hartree po
tial. Furthermore, the well width, and hence, the calcula
carrier densities for two additional QW’s, an asymmetric a
a symmetric QW have been corroborated by simulations
the corresponding x-ray diffraction results. The asymme
sample had no gate, so that the carrier concentration is
stant. The observed Rashba spin splitting for an electron c
centration of 1.3431012 cm22 agrees very well with the
band-structure calculations.35

For nSdH51.0531012 cm22, i.e., Vg50.2 V and DnH1
50, which corresponds to the symmetric case, the resul
band-edge profile and the electron probabilities are show
Fig. 4~b!. The gate voltage ofVg'0.2 V required to produce
a symmetric QW structure was determined by comparing
experimental values of the carrier densities in theH1 andE2
subbands with theoretical calculations. This is obvious fr
the similar sizes of the experimental spin splitting in theH1
subband at gate voltages of 1.0 V and20.5 V shown in Fig.
1~b!. If Vg differs appreciably from this value, the symmet
of V(z) decreases, see Fig. 4~a!, which results in a nonzero
spin splitting at finiteki .

A very distinctive feature of the distribution of the env
lope function in theH1 subband should be noted here. A
can be seen in Fig. 4~a!, the maximum of the envelope func
tion is not located near the minimum of the confineme
potential for the asymmetrical case as is true in type I h
erojunctions, but is shifted significantly to the opposite s
of the QW. This is due to the fact that in a type III HgTe Q
24530
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with an inverted band structure, theH1 conduction band is
principally a heavy-hole state as far as the Bloch compone
of the envelope function are concerned. Atki50, the H1
subband is a pure heavy-hole state, namelyuG8 ,63/2&. Even
for a wave vector at the Fermi surface,kF50.25 nm21 ~cor-
responding to a carrier density of 1012 cm22), 60% of the
H1 subband states areuG8 ,63/2&. The heavy-hole nature o
the H1 conduction band shifts the peak position ofuc(z)u2
away from the higher doped side of the QW. This is
unique feature of type III inverted semiconducting QW
Moreover the larger spin-orbit interaction in the heavy-ho
subband also explains the large Rashba spin splitting in
H1 subband of about 17 meV at the Fermi wave vector
shown in Fig. 7 forVg522.0 V.

The gate voltage has been introduced as a variable in
numerical simulation by employing the sheet carrier dens
inside the QW as an input parameter. We assume that the
gate voltage does not influence the status of the doped l
on the substrate side; this implies that the depleted cha
density on the substrate side, denoted bynds , remains con-
stant and is exactly one half of the carrier densitynsym over
the entire gate voltage range.nsym is the carrier density when
the potential of the QW is symmetric, i.e., whenVg50.2 V.
Using this assumption, the theoretical results shown by
solid lines in Fig. 6 are slightly larger than the experimen
values, however, if the uncertainties in both the experime
values and the material parameters employed in theore
calculations are taken into consideration, the agreement
tween theory and experiment is reasonable. This is also
for the carrier densities in separate subbands, i.e., in theE2
subband and the spin-split states of theH1 subband, as
shown by the empty circles in Fig. 1~b!.

However, the depleted charge density on the subst
side nds is unknown and can therefore be regarded as
adjustable parameter. Obviously a slight change in the as
metry of the confinement potential can significantly influen
the Rashba spin splitting. For example, if we employ valu

FIG. 7. The calculated spin splitting energy of theH1 andE2
subbands~solid curves!, DEH1 and DEE2, versus in-plane wave-
vector ki for sample Q1605 atVg522.0 V. The position of the
Fermi wave-vectorkF is denoted by the dotted-dashed line. The tw
dashed lines demonstrate thatDEH1 andDEE2 are proportional to
ki

3 andki , respectively, at smallki .
5-5
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of 0.45nsym and 0.55nsym for the negative and positive gat
voltage ranges, respectively,DnH1 shows better agreemen
with experiment, as indicated by the dot-dashed and das
curves in Fig. 6. It should be noted here that ifnds is as-
sumed to be smaller than 0.5nsym for a negative gate voltage
then it is physically meaningful to assume thatnds is larger
for a positive voltage. WhenVg is positive, the potential in
the QW is lowered and additional electrons can come fr
the substrate side resulting in ands larger than 0.5nsym, even
though most of the electrons still originate from the top si
whenVg is negative, the converse is true, i.e., some electr
can escape from the QW to the doped barrier on the subs
side resulting in ands smaller than 0.5nsym. This also re-
flects the fact that the electric field along the growth dire
tion plays an important role in the spin splitting.17,11 As
pointed out by Pfeffer and Zawadzki36 and Hu et al.,11 a
detailed distribution of the electric field in the QW is alwa
unknown and it is not clear to what extent one can rely
the field distribution obtained by fitting the measured to
electron concentration based on self-consistent subb
structure calculations, as has been done here. Neverthele
is obvious that our experimental results can be satisfacto
reproduced by means of multiband Hamiltonian calculatio

Spin splitting in the conduction subband of type I hete
structures has been described using a one-band m
E6(ki)5E01\2ki

2/2m* 6aki with the Rashba spin-orbi
interaction constanta. Some authors have attempted to i
clude nonparabolicity to some extent in their analysis
using a modified two-band model.11,19,20Both models result
in a splitting with a linear dependence onki . But it is well
known that these models are not applicable for narrow-
heterostructures. Self-consistent calculations15,32 as well as
analytical model calculations16 for type I narrow gap system
have shown that the spin splitting is linear only for smallki
but tends to be constant for largerki due to band nonpara
bolicity effects. We have found similar spin splitting predi
tions from self-consistent calculations for asymmet
HgTe/Hg0.32Cd0.68Te type III heterostructures with we
widths less than 6 nm. These structures have a normal s
conducting band structure, in which theE1 subband is the
first conduction subband. In this case, the spin splitting
linear for smallki and approaches a constant value for lar
ki . Furthermore, spin splitting in the first and second co
duction subband is of the same order of magnitude, wh
depends very much on the details of the heterostructure.
HgTe QW’s with larger well widths and consequently
inverted band structure, as is the case here, the situatio
more complicated. Fig. 7 displays the spin splitting energ
of the H1 andE2 subbands,DEH1 andDEE2, as a function
of ki for the calculated band structure shown in Fig. 3, i.
the asymmetric case forVg522.0 V. TheDEH1 versuski
plot starts with a nearly zero slope atki50, increases non
linearly, and then finally begins to decrease for increasingki
due to band mixing, i.e., nonparabolicity effects. Spin sp
ting reaches a maximum value slightly above the Fermi w
vector. This is another unique feature of the inverted ba
structure and one more consequence of the heavy-hole c
acter of the envelope function for the first conduction su
24530
ed

;
s
te

-

n
l
d-

s, it
ly
s.
-
del

y

p

i-

s
r
-
h
or

is
s

.,

-
e
d
ar-
-

band.DEH1 can be described very well at small values ofki
by aki

3 dispersion,32 as indicated by the upper dashed line
Fig. 7. On the other hand, the spin splitting of theE2 sub-
band displays a linear behavior at small values ofki , as
shown by the lower-dashed line in Fig. 7.

Consistent with the above discussion, Winkler32 has
shown that spin splitting should be proportional toki

3 for the

heavy-holelike stateuG8 ,63/2&, but for the electronlike state
uG6 ,61/2& and the light-holelike stateuG8 ,61/2&, spin split-
ting should be a linear function ofki . This is in good agree-
ment with the self-consistently calculatedDEH1 and DEE2
versuski behavior shown in Fig. 7; theH1 conduction sub-
band in a type III HgTe QW with an inverted band structu
is principally a heavy-hole state, and theE2 subband is an
admixture of the light hole and electron state. As sugges
in Ref. 32, the spin split heavy-hole subband dispersion
be expressed as

E6~ki!5
\2ki

2

2m*
6bki

3 , ~1!

whereb is the spin-orbit coupling constant37 between theG8
andG6 bands. ThenH16 densities in the spin splitH1 sub-
bands can be expressed by32

nH165
nH1

2
6

A2m* bnH1

\2X
ApnH1~624/X!, ~2!

where

X511A124pnH1~2m* b/\2!2. ~3!

From Eqs.~2! and ~3! one can easily show that

b5
\2

2m*
AX~22X!

4pnH1
, ~4!

and

X5
2~21A12a2!

a213
, ~5!

wherea5DnH1 /nH1. Making use of Eqs.~4! and~5! results
in the spin-orbit interaction parameterb, which is shown as
a function ofnSdH in the inset of Fig. 6. Because of a lack o
experimental values for the effective massm* , theoretical
band edge values ofm* at various gate voltages have be
employed, for example, a typical value atVg50.2 V is
0.034m0. Analogous toa for a linear dependence,b can
only correctly describe the spin splitting at small values
ki . At larger values, for example, only a rough estimate
the spin splitting can be expected at the Fermi wave ve
for a given gate voltage and obviouslyb cannot describe the
spin splitting for allki .

A few comments on the relative magnitude of the sp
splitting in E2 and H1 subbands are appropriate. De A
5-6
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drada e Silvaet al.16 as well as others10,17 have shown that
the main contribution to the spin splitting is not due to t
mean electric field but due to the asymmetry of the envel
function at the interfaces. Their theories are not directly
plicable for type III heterostructures with an inverted ba
structure because of the significant influence of the hea
hole states. Nevertheless, due to the lack of an analy
model for type III heterostructures, we shall qualitatively d
cuss our numerical results in terms of these theories in
following. By means of self-consistent calculations utilizin
Schrödinger’s and Poisson’s equations, we have calcula
the density distributionuc(z)u2 for both theE2 andH1 sub-
bands. Figure 8 depicts the resulting band-edge profile
the normalized electron probability along thez direction for
both subbands. The electron probability for theH1 subband
has a more asymmetric distribution along thez direction, as
can be obviously seen near the two interfaces of the Q
The maximum of the electron probability of theH1 subband
is shifted away from the minimum of the confinement pote
tial rather than towards it as is the case for type I heteroju
tions. This is once again a consequence of the heavy-
nature of theH1 subband in type III QW’s with an inverte
band structure, as discussed above. We have also calcu
the expectation value of the electric field weight
by the electron probability densitieŝE&5*dz@df(z)/
dz#•uC2(z)u for both subbands according to Ref. 10, whe
f(z) is the Hartree potential. The expectation value of
electric field is 11% larger in theH1 than in theE2 subband.
This small difference cannot be the reason for the m
smaller spin splitting in theE2 subband compared to theH1
subband predicted by the numerical calculations. Theref
the main contribution to spin splitting is apparently due
the asymmetry of the electron probability density at bo
interfaces as is also the case for type I heterostructures.

FIG. 8. G6 ~thick solid line! and G8 ~thick dashed line! band-
edge profiles and the spatial electron density probabilities for
H1 subband~thin solid line! and theE2 subband~thin dotted line!,
at Vg51.6 V for sample Q1605.
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in contrast to type I structures, where spin splitting in t
first and second subband is comparable,11,15,16spin splitting
in theE2 subband has not been observed in this investiga
over the entire range of gate voltages. Furthermore, theo
ical calculations predict a much smaller splitting for theE2
subband compared to theH1 subband. Hence, the heav
hole nature of theH1 subband increases the spin splittin
compared to theE2 subband as a consequence of the asy
metry of the envelope functions. This unique feature of ty
III heterostructures with an inverted band structure is c
roborated by the excellent agreement between the exp
mental and numerical results.

In Fig. 9, experimental values and theoretical calculatio
of the relative population difference between the two s
states of theH1 subband are plotted versus the effecti
carrier densityne f f for a 12-nm-wide asymmetrically dope
QW. ne f f5nSdH2nsym is defined as the effective net charg
density and roughly describes the degree of potential as
metry of the QW. The electron concentrationnsym for this
sample is 1.1631012 cm22. In this specimenEH1 , EE2 and
EE22H1 are larger in comparison with the 21 nm sample a
only the first conduction subbandH1 is occupied. It can be
seen that the theoretical calculations are in good agreem
with the experimental results.

V. CONCLUSIONS

In conclusion, we have investigated Rashba spin splitt
in HgTe SQW’s with an inverted band structure by means
gate controlled Hall devices. Spin splitting of theH1 sub-
band shows a large gate voltage dependence. In cont
spin splitting of theE2 subband is experimentally unre
solved. Band structure calculations based on the 838k•p
Kane model were performed, which are in very good agr

e

FIG. 9. Experimental values of the relative population diffe
ence between the two spin states of theH1 subbandDnH1 /nSdH

versus the effective carrier densityne f f5ns2nsym for a 1262 nm
~Q1651, filled circles! thick QW. The corresponding theoretical ca
culations for a well width of 13 nm~solid line! is also shown. In
these calculations,nds50.5nsym has been used.
5-7
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ment with experiment. It has been shown that the heavy-h
character of theH1 conduction subband determines t
electron-density distribution in the QW and enhances
Rashba spin splitting at large electron densities. These
unique properties of the first conduction subband of type
inverted heterostructures. An analytical model withbki

3 dis-
persion has been employed to describe the spin splitting
the H1 conduction subband at small values of the in-pla
wave-vectorki , rather than theaki model commonly used
for type I QW’s. In addition, the relative magnitude o
Rashba spin splitting in theH1 andE2 subbands has als
been shown to be a consequence of the heavy hole char
of the H1 subband and the light particle nature of theE2
v

y

24530
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subband, which is an admixture of the light hole and elect
states.
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