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Rashba splitting in n-type modulation-doped HgTe quantum wells with an inverted band structure
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Rashba spin splitting has been observed in the first conduction subbartypmd modulation-doped HgTe
guantum wellfQW'’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 sulbhbnd (
that displays a large dependence on gate voltage. Self-consistent Hartree calculations of the band structure
based on an 8 8k- 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 naturél @f ¢tbaduction 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 Il heterostructures in the inverted band regime. The
Bkﬁ 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-veckprand has consequently been employed to describe the
spin splitting of theH1 conduction subband rather than the commonly ugeddispersion for the conduction
subband in type | heterojunctions. The relative magnitude of Rashba splitting khlttendE2 subbands as
well as the splitting of théd1 subband for different well widths are also presented.
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I. INTRODUCTION conclusion is not correct because the spin splitting of the
conduction band is determined by the electric field in the
Spin effects in semiconductor heterostructures have revalence band(E)= —1/e(d(E,+V)/dz), based on a multi-
cently aroused much interest, not only from the fundamentapand Hamiltonian model, wheig, is the valence band-edge
point of view but also due to increasing interest in aprofile. Both de Andrada e Silvat al,*® and Pfeffer and
transistor-like device that is based not on the electron charg&awadzki’ have shown that spin-dependent boundary con-
but on its spirt It has long been known that the lack of ditions, as well as the penetration of the wave function into
inversion symmetry of the crystal lattice in bulk semiconduc-the barriers and its asymmetry at the interfaces, play an im-
tors can lift the spin degeneracy of electrons even in thortant role in Rashba spin splitting. This has been demon-
absence of a magnetic fildin structures with a reduced Stratéd in a recent experiment on@g ,As QW's with
dimensionality, such as inversion layers or asymmetric quan2©th front and back gates.

tum wells (QW's) with an asymmetrical confinement poten- C_:ompare_d to the rglatlvely large _numt_)er of preV|ou§ ex-
tial, lifting of the spin degeneracy at finite values of the perimental investigations of heterojunctions and QW's in

-V semiconductor$*® narrow gap 1I-VI two-

m-lplane_ wave vector is 'also ex pected, resulting in a finite imensional systems have been rarely investigated. Wollrab
spin splitting at the Fermi level in the absence of an externa] tal’® studied an inversion layer inp-type bulk

magnetic field. This splitting has historically been Ca”engl,XCdee. Rashba spin splitting in a gated, intrinsic

Rashba  spin splitting” It was first observed in HgTe/CdT€112B QW with a well widthd,, of 11 nm was
Shubnikov—de Haas(SdH measurements for%-type investigated by Schultet al?® They calculated the Rashba
GaAs/ALGa As heterojunctions by Stmer etal® For  parameterr and ascertained a linear dependence on carrier
narrow gap heterojunctions, it can be shown that the asymgoncentration based on a two-band model that presumes that
metry of the macroscopic potential produces the dominangpin splitting is linearly dependent dq. Furthermore, they
contribution to zero field spin splittin’ This splitting can demonstrated that can be as large as 430 ° eV-cm,

be particularly large, for example, mtype InGa ,As het-  which is almost three times larger than values reported for
erojunctions or QW'$- ' However even at the present, the |n,.Ga,_,As heterojunctiond® However, it will be demon-
Rashba effect still remains somewhat controversial. In th&trated below that the first conduction subband for a HgTe
first theoretical investigation of a two dimensional system,QwW with an inverted band structure, i.el,,>6 nm, has
Ohkawa and Uemut4 concluded that, in a heterojunction heavy-hole character and the spin splitting is proportional to
with an asymmetric potentiaf(z), the Rashba term is pro- kﬁ instead ofk; .

portional to(E)= — 1/e(d(E.+V)/dz), whereE, stands for Recently, magnetotransport studies of modulation doped
the conduction band-edge profile avidor the space charge HgTe/Hg, ;L Cd gsT€(001) single quantum well$§SQW's)

or applied electrostatic potential energy. HoweverrrDa have been carried o@t?? The results can be readily ex-
Kotthaus, and Andd argued that the average value of the plained by means of band-structure calculations based on the
electric field(E) of the bound states in the first approxima- envelope function method. HgTe is a semimetal with a nega-
tion is negligibly small. On the other hand, it has beentive band gap of about 300 meV at low temperatures. It has
pointed out by Lassni¢ft and Winkler and Rsslef® that this  a so-called inverted band structure, which means thafthe
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=+1/2 branches of thé&'g band (which is called the light TABLE I. Band structure parameters employed in the calcula-
hole valence band in type | systenast as conduction bands, tions for HgTe and CdTe at=0 K in the 8x8k-p Kane model.
and thel'g andT"; bands, and thd,= *+ 3/2 branches of the
I's band (the latter is called the heavy-hole band in type | Eg A B F v 7 vs Kk €
systems are valence bands. The light-hole conduction band ev) (eV) (eV)

and the heavy-hole valeqce band are degenerdte atar)d HgTe —0.303 1.08 188 0 41 05 1.3-04 21
the thermal energy gap is zero. When a HgTe layer is SUfegre 1606 0.91 18.8-0.09 1.47 ~0.28 0.03 ~1.31 10.4
rounded by Hg ,Cd, Te barriers with a gap on the order of
1 eV, electric subbands arise due to boundary quantization.

For HgTe/Hg 3, CdyesTe SQW’s with a well thickness of 14 T. The mobilities at zero gate voltage and 1.6 K are 1.3
less than 6 nm, the regular band sequence of a semiconduct@ri > and 3.5< 10° cn?/(Vs) for the two specimens, with
occurs. However, for larger thicknesses, an inverted subbange|| widths of 12 and 21 nm, respectively.
structure arises with energy spacings on the order of 10 meV, |n order to interpret the experiments, self-consistent Har-
which means that th&1 subband falls below thell sub-  tree calculations based on ax8k-p band-structure model
band and becomes a valence subband, whereadIheub- including all second-order terms in the conduction and
band becomes the first conduction subb&h@he specific  valence-band blocks of thex88 Hamiltonian have been car-
band alignment of HgTe QW's leads to a series of interestingjed out?>?® The inherent inversion asymmetry of HgTe and
phe_n_omena, such as the f-Orm-atlon of interface Sfﬁtdﬂ; Hgl_XCdee has been neg|ected, because this effect has
addition, Landau levels originating from the conduction sub-heen shown to be very small in narrow gap systéfishe
bands can cross those of the valence subb#h@ise pecu-  envelope function approximation was used to calculate the
liar properties of the band structure of HgTefdgCdygsT€  subbands of the QW's and the influence of the induced free
quantum well structures have been confirmed by magnetcarriers has been included in a self-consistent Hartree calcu-
optical expenm_ent%. _ lation. The valence-band offset between HgTe and CdTe was
In the following, we shall present magnetoresistance anggken to be 570 meV based on recent experintértsd it
Hall measurements om-type modulation-doped QW'S, was taken to vary linearly with barrier compositihThe
whose band structures are in the inverted regime. Th@and-structure parameters of HgTe and CdTd® &K em-
samples were symmetrically doped but it was possible tgjoyed in this investigation are listed in Table | and the en-

introduce an asymmetry in the QW potential by means of &gy gap of Hg_,Cd,Te is given by the empirical formula
top electric gate, i.e., the carrier concentrations could beeported by Laurentet al=°

changed substantially by applying a gate voltage. Fourier
analysis of the SdH oscillations demonstrates the presence of
Rashba spin splitting. The data are quantitatively explained
via detailed self-consistent band calculations based on the As expected from its high electron mobility, the sym-
envelope function method. metrically modulation-doped sample Q1605 with a well
width of 21 nm displays very pronounced SdH oscillations in
magnetic fields between 0.7 and 14 T at a temperature of 1.6
K. In Fig. 1(a), the data up to 4 T have been plotted for
HgTe SQW'’s were grown by molecular beam epitaxy onvarious gate voltages, between2.0 and 1.6 V. Fourier
Cdy 06ZNo.04T€(001) substrates at a temperature of 180 °Canalysis of the complex SdH oscillations shows that at higher
growth details can be found in Ref. 21. The QW’'s weregate voltages three subbands are occupied. The results of the
modulation doped symmetrically, on both sides of the HgTeanalysis are shown in Fig(l). At a gate voltagé/, of 0.2
QW in sample Q1605 with a well width of 21 nm, or asym- V, only two frequencies are resolved, which correspond to
metrically, only on the substrate side of the HgTe QW inthe H1 andE2 subbands, as will be explained below. No
sample Q1651, with a well width of 12 nm, using Gals a  splitting of theH1 subband can be observed when the QW
doping material. The HgCdygsTe barriers are composed potential is symmetrical, i.eVg=~0 V. For either more posi-
of a 8-nm-thick spacer and a 9-nm-thick doped layer. Ative or more negative gate voltages, a splitting of thé&
Hgp 3Ly gsTe cap layer of 5.5 nm thickness was subse-subband is apparent. Besides the main peaks label&R by
quently grown, followed by an additional 40-nm-thick CdTe H1+, andH1—, there are other peaks at higher frequencies,
cap layer. The HgTe width was determined via a dynamiavhich are due to the sums of tie2 andH1 peaks. The
simulation of the(002 and (004) Bragg reflectiond! The  corresponding Hall resistance data in unithitd? have been
other thicknesses were estimated from the correspondinglotted in Fig. 2 as a function of the magnetic fi@dup to
growth rates. After growth, a standard Hall bar was fabri-14 T for various gate voltages, whehnes Planck’s constant
cated by means of a wet chemical etch, then a 200-nm-thicknd e is the electron charge. Well-developed quantum Hall
TiO, film, which serves as an insulating layer, was depositeglateaus can be seen, indicating the excellent quality of the
by electron beam evaporation. Finally, Al was evaporated t@ample. The largest Hall mobility wasx6L0° cn?/Vs at a
form a gate electrode. Ohmic indium contacts were fabri-gate voltage of 2.0 V; to our knowledge, this is the highest
cated by thermal bonding. The samples were measured in\alue that has been observed for HgTe QW's.
He* cryostat with standard lock-in techniques using a current  The results of self-consistent band-structure calculations
of 1 wA at a temperature of 1.6 K and magnetic fields up tofor sample Q1605 are shown in Fig. 3. The energy of differ-

Ill. RESULTS

Il. EXPERIMENTAL AND THEORETICAL DETAILS
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FIG. 1. SdH oscillations irp,,(B) (a) and the corresponding
fast Fourier transformationd=FT) (b) for a n-type symmetrically
modulation doped HgTe QWQ1605 measured at 1.6 K and vari-
ous gate voltages. I(a) the two uppermost curves have been mul-

tiplied by a factor of 6 and 4. Inb) the up and down arrows .
represent the two spin states of tH& subband. The circles repre- branchesH1 andE2, and the valence band is th&2 sub-

sent the results of theoretical calculations for the populatiodbf ~ Pand. This is a consequence of the inverted band structure of
andE2 subbands. It should be noted that these values were calc®@VV'S With a large well width in which th&1 subband is far
lated using different depletion charge densities in the doped€low theH1 subband and is consequently not shown in Fig.
layer on the substrate sideys as discussed in the text. For 3. No splitting of theH1 andE2 subbands for the symmetric
Vg>0.2 V,ng=0.55ngyy,; for Vy<0.2 V,ng=0.45ng,,; and case is visible. However in the asymmetric case, a small spin
for V4g=0.2 V,ngs=0.5 ngy . splitting of theE2 subband at finit& is predicted, as well as

a substantially larger splitting of thd1 subband. It should
ent subbands has been plotted as a function of the in-plaree mentioned here that the two spin split branches ofthe
wave-vectork; for a symmetric and an asymmetric potential Subband cannot be designated as spin up and spin down be-
as dashed and solid lines, respectively. The correspondingause their eigenstates are not linearly polarized and do not

gate voltages are 0.2 and2.0 V, respectively. Using the carry a net magnetic momett* TheH1 andE2 subbands
that are a mixture of states with different symmetries contain

0.5 e T T equal contribution of up and down spinor components at
[ T=1.6K B i finite k. The degeneracy of thd2 valence subband is also
i 1 removed and one spin component has a larger maximum at
04 ] finite k|, i.e., here we are dealing with an indirect band-gap
1 semiconductor.
L v =3 ] The corresponding band-edge potentials have been plotted
031 ] for the symmetric and asymmetric cases in Fi¢g) Zand
1 4(b), respectively. Also shown are the electron probability
distribution for both cases together with the Fermi energy
Er. The asymmetry of the charge distribution can clearly be
seen as well as the penetration of the wave function into the
01L 0 ] barrier. Due to the heavy-hole character of thé subband,
C 412 ] the maximum of the envelope function is shifted to the right
i 20 ] side in Fig. 4a), as will be discussed subsequently.
00l b b b v b b In Fig. 5, the total electron concentration versus gate volt-
6 2 4 6 8 10 12 14 age has been plotted as well as the carrier concentrations in
B (T) the E2 subband and the spin sphitl + andH1— subbands.
FIG. 2. Quantum Hall plateaus jn,,(B) for an-type symmetri- The total electron concentration was determined from the

cally modulation doped HgTe QWQ1605 measured at 1.6 K and Hall coefficient at low magnetic fields,,;, and from the
various gate voltages. From left to right, the curves correspond tg-ourier spectra of the SdH oscillatioms . Both values

the gate voltages of-2.4, —2.0, —1.6, —1.2, —0.8, —0.6, agree very well over the entire gate voltage range. When the
—-0.2,0.2,0.6, 0.8, 1.2, and 1.6 V. The Landau level filling factorsgate voltage is changed from2.0 to 1.6 V, the electron

v are also indicated. density increases from 4.8110' to 1.33x 10'2 cm™? with-

usual subband notatidd, the conduction band has two
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FIG. 4. Thel'g (solid) andT'g (dashed band-edge profiles and » .SdH. " s
the electron probability of thél1l subbandthick solid curve for 0’00 2 4 6 8 10 12 14
Vg=—2.0Vin(a andVy=0.2 Vin (b). nggm (10" em™)
out any indication of a leakage currenigy,=e/h(Fq, FIG. 6. Experimentalcircles and calculatedlines) population

+F,_+2F,), whereF;_ and Fy, are the corresponding differencesAny;, in the two spin states of thell subband as a
frequencies of thél1 subband in Fig. (b) andF, that of the ~ function of the total charge-carrier densitysq,. The ngs param-

E2 subband. Winkleet al3® have argued that the above re- eter is the depleted charge density in the doped layer on the sub-
lations can only be applied when the anisotropic terms in thérate sidensyy is the carrier density when the QW potential is
Hamiltonian can be neglected. This is the case hereEthe SYMMeic. This corresponds to the point whieny,,=0. The the-
andH1 subbands are nearly isotropic. as has been confirme(ﬁetical results for differemyg are shown as lines. The inset shows
by our band-structure calcu>llations pTHe slope ofrihersus the spin-orbit interaction constarg at various carrier densities

Vg plot changes abruptly at a gate voltage-0f.5 V. This is which are controlied by the gate voltage.

caused by the onset of the depopulation of B# subband. ) ] )

Because of the low electron concentration in this subban@'etc"or: gonce?t{ﬁtlog"ﬁz fOY_WtIIS rtaﬂgeh was f[)btalr:ted by )
whenV, is between-1.0 and-—15 V, no peaks could be extrapolation of the data points at higher gate voltages.
reliably identified in the Fourier analysis and consequentlys"ould be noted here that one Is dealing with a mufliple
no data points are shown for, over this voltage range in Carrier system and the determination of the electron concen-
Fig. 5. In order to estimate the total carrier concentratioriration from the Hall coefficient is not straightforward, nev-
Nggn=NH14+ T Np1_ t N between—1.0 and —1.5V, the ertheless, the good agreement between the SdH and Hall data
indicates that the approach chosen here is reasonable; it can
be shown for a two carrier mod&l that the Hall coefficient

BTy
A gy ok ] Ry~1/(n,+n,) if the mobilities of the two carriers are large
12 F O Psan=nmat g J enough,uB>1 andu,B>1. Hence,R, is indeed related
: 'i' P ] to the total carrier concentration.
0F, Zg' . Using the calculated band structure, the carrier densities
 F i intheH1+, H1—, andE2 subbands have been calculated
g sk - at various gate voltages. The results for selected gate volt-
= C . ] ages are shown in Fig.(ld) as frequencies by empty circles
% 6F (A i~ E2 depopulation - and are in good agreement with the experimental data. The
e f f& gllt ] experimental population differences between the two spin
4r s * ¥ D states of theH1 subband for all gate voltages are shown in
: ] Fig. 6 as circles and the theoretical differences as lines.
2 - -
0 L s T T T ._- IV. DISCUSSION
2 1 0 1 2 3

Our data clearly demonstrate that spin splitting is caused
by an asymmetrical potential in single HgTe quantum wells.

FIG. 5. Gate voltage dependence of carrier densities as deducéaur res_ults and_ the subsequent ana_lly5|s_show that one can
from the Hall coefficient,n,,, (triangles, and from the Fourier ~©€X{ract information about Rashba spin splitting from experi-
transform spectra of the SdH oscillatioms,, (circles, for sample ~ MeNts at relatively high magnetic fields. Because only one
Q1605. The carrier densities for 2 subbandng, (asterisks ~ H1 peak is resolved for the symmetric case, i¥,
and the two spin components of thel subbandn,,;. (squares ~0.2 V, Zeeman spin splitting can be excluded. This is cor-
andny;_ (crossepare also shown. The dashed circle indicates theroborated by the fact that the peak frequencies in the Fourier
region in which the onset of depopulation of t@ subband oc- spectra of the SdH oscillations remain the same irrespective
curs. of the maximum magnetic fielB ., used in the transforma-

v, (V)

245305-4



RASHBA SPLITTING IN n-TYPE MODULATION-DOPED.. .. PHYSICAL REVIEW B63 245305

tion process, for exampléB,,,=3, 5, and 10 T yield the L 3' ]
same result. Furthermore, experiments in tilted magnetic s AE o Ky
fields allow us to distinguish between Zeeman and Rashba i
splitting. In a two dimensional electron gas, Zeeman splitting
depends on the total magnetic field. SdH experiments carried
out in tilted magnetic fields have shown that the peaks in the
Fourier transform spectra depend only on the normal com-
ponent of the magnetic field, thus excluding Zeeman split-
ting. Previously, Rashba splitting has been demonstrated
through the analysis of beating patterns in the SdH oscilla-
tions at relatively low magnetic fields, where the Zeeman
spin splitting was unresolved. We do not expect a clear beat-
ing pattern in the SdH oscillations for the asymmetric case in 00_0 005 o1 0.15 02 0.5
the low-field range because of destructive interference ef- © a1
fects due to the presence of three subbands. At gate voltages om0
when only the two spin states of tiél subband are occu- 15 7. The calculated spin splitting energy of tHd andE2
pied, beating effects are visible in the first derivative of theg,phandgsolid curves, AE,; and AEe,, versus in-plane wave-
magnetoresistance with respectBo vector k; for sample Q1605 a¥,=—2.0 V. The position of the

In Fig. 6, the experimental values and the theoretical calgermj wave-vectokg is denoted by the dotted-dashed line. The two
culations of the difference in populatiain,; between the dashed lines demonstrate theE,;, and AEg, are proportional to
two spin states of thel1 subband are plotted versus the totalk} andk;, respectively, at smak;.
carrier concentratiomgyy. Here, the total carrier density
Nsqn has been employed rather than the carrier density invith an inverted band structure, tth&€l conduction band is
only theH1 subbandhy; because the electric fielE) is, to  principally a heavy-hole state as far as the Bloch components
a good approximation, proportional teyyy. The calculated of the envelope function are concerned. ¥t=0, the H1
carrier densities in both thd1 andE2 subbands at various subband is a pure heavy-hole state, namE}y; = 3/2). Even
gate voltages agree with the experimental values for a wellor a wave vector at the Fermi surfadg,=0.25 nm* (cor-
width d,, of 21+2 nm. A simulation of the x-ray diffraction responding to a carrier density of ¥@&m2), 60% of the
results gives a value of 222 nm, in agreement with the H1 subband states ajEg, + 3/2). The heavy-hole nature of
above value. It should be emphasized that the occupation ahe H1 conduction band shifts the peak position| ¢{z)|?
theE2 subband depends mainly on the well width and not oraway from the higher doped side of the QW. This is an
the details of the self-consistently calculated Hartree potenanique feature of type Ill inverted semiconducting QW's.
tial. Furthermore, the well width, and hence, the calculatedMoreover the larger spin-orbit interaction in the heavy-hole
carrier densities for two additional QW’s, an asymmetric andsubband also explains the large Rashba spin splitting in the
a symmetric QW have been corroborated by simulations oH1 subband of about 17 meV at the Fermi wave vector as
the corresponding x-ray diffraction results. The asymmetricshown in Fig. 7 forVy=—2.0 V.
sample had no gate, so that the carrier concentration is con- The gate voltage has been introduced as a variable in the
stant. The observed Rashba spin splitting for an electron comumerical simulation by employing the sheet carrier density
centration of 1.3%10" cm 2 agrees very well with the inside the QW as an input parameter. We assume that the top
band-structure calculatioris. gate voltage does not influence the status of the doped layer

For ngqu=1.05<10"*cm 2, i.e, Vy=0.2V andAny;  on the substrate side; this implies that the depleted charge
=0, which corresponds to the symmetric case, the resultindensity on the substrate side, denotednQy, remains con-
band-edge profile and the electron probabilities are shown istant and is exactly one half of the carrier densigy,,, over
Fig. 4b). The gate voltage d¥;~0.2 V required to produce the entire gate voltage rang®, nis the carrier density when
a symmetric QW structure was determined by comparing théhe potential of the QW is symmetric, i.e., wheg=0.2 V.
experimental values of the carrier densities inlthke andE2 Using this assumption, the theoretical results shown by the
subbands with theoretical calculations. This is obvious fromsolid lines in Fig. 6 are slightly larger than the experimental
the similar sizes of the experimental spin splitting in Bh&  values, however, if the uncertainties in both the experimental
subband at gate voltages of 1.0 V an@.5 V shown in Fig.  values and the material parameters employed in theoretical
1(b). If V differs appreciably from this value, the symmetry calculations are taken into consideration, the agreement be-
of V(z) decreases, see Fig(a# which results in a nonzero tween theory and experiment is reasonable. This is also true
spin splitting at finitek; . for the carrier densities in separate subbands, i.e., ifcthe

A very distinctive feature of the distribution of the enve- subband and the spin-split states of tHd subband, as
lope function in theH1 subband should be noted here. Asshown by the empty circles in Fig(d).
can be seen in Fig.(d), the maximum of the envelope func- However, the depleted charge density on the substrate
tion is not located near the minimum of the confinementside nys is unknown and can therefore be regarded as an
potential for the asymmetrical case as is true in type | hetadjustable parameter. Obviously a slight change in the asym-
erojunctions, but is shifted significantly to the opposite sidemetry of the confinement potential can significantly influence
of the QW. This is due to the fact that in a type Il HgTe QW the Rashba spin splitting. For example, if we employ values

AEH]! AEEZ (meV)

245305-5



X. C. ZHANG et al. PHYSICAL REVIEW B 63 245305

of 0.45gy,, and 0.5%,, for the negative and positive gate band.AE; can be described very well at small valueskpf
voltage ranges, respectivelyn,; shows better agreement by akﬁ dispersiort? as indicated by the upper dashed line in
with experiment, as indicated by the dot-dashed and dashdelg. 7. On the other hand, the spin splitting of tB2 sub-
curves in Fig. 6. It should be noted here thanjfs is as- band displays a linear behavior at small valueskpf as
sumed to be smaller than 0.5, for a negative gate voltage, shown by the lower-dashed line in Fig. 7.

then it is physically meaningful to assume timat, is larger Consistent with the above discussion, Winkfehas

for a positive voltage. WheN/ is positive, the potential in Shown that spin splitting should be proportionakfbfor the

the QW is lowered and additional electrons can come fronheavy-holelike statfl'g, = 3/2), but for the electronlike state
the substrate side resulting imgs larger than 0.65,,, even  [T's,+1/2) and the light-holelike statd’s, = 1/2), spin split-
though most of the electrons still originate from the top sideting should be a linear function ¢ . This is in good agree-
whenV is negative, the converse is true, i.e., some electrongient with the self-consistently calculatexE,;; and AEg,

can escape from the QW to the doped barrier on the substrawgrsusk behavior shown in Fig. 7; thel1 conduction sub-
side resulting in anys smaller than 0.8y, This also re- band in a type Il HgTe QW with an inverted band structure
flects the fact that the electric field along the growth direc-iS principally a heavy-hole state, and t&@ subband is an
tion plays an important role in the spin splittihg!* As f'idmlxture of the I_|ght h_ole and electron state. As suggested
pointed out by Pfeffer and Zawad3Riand Huet al.’ta i Ref. 32, the spin split heavy-hole subband dispersion can
detailed distribution of the electric field in the QW is always P& expressed as

unknown and it is not clear to what extent one can rely on 2K

the field distribution obtained by fitting the measured total E- (k)= I+ gi3 1)
electron concentration based on self-consistent subband- -

structure calculations, as has been done here. Nevertheless, 'ft1 . . . . Y
is obvious that our experimental results can be satisfactorily. erefs is the spin-orbit coupling constanbetween thd s
%ndFG bands. Theny,. densities in the spin spl1 sub-

reproduced by means of multiband Hamiltonian calculationsban ds can be expressed®d
Spin splitting in the conduction subband of type | hetero- P y

structures has been described using a one-band model n J2m* An

E* (k) =Eo+%2kf/2m* = ak| with the Rashba spin-orbit Nype=—m e O oy (6—4IX), )

interaction constankr. Some authors have attempted to in- 2 h2X

clude nonparabolicity to some extent in their analysis bywhere

using a modified two-band modEt1®2°Both models result

in a splitting with a linear dependence &p. But it is well X=1+1—4mng,,(2m* I#2)2. 3)

known that these models are not applicable for narrow-gap

heterostructures. Self-consistent calculatidfi$as well as  From Egs.(2) and(3) one can easily show that

analytical model calculatioh$for type | narrow gap systems

have shown that the spin splitting is linear only for sniall

but tends to be constant for larger due to band nonpara- R IX(2-X) @
47TnH1 '

bolicity effects. We have found similar spin splitting predic- B om*

tions from self-consistent calculations for asymmetric

HgTe/Hg, 3CdyesTe type |l heterostructures with well and

widths less than 6 nm. These structures have a normal semi-

conducting band structure, in which tl&l subband is the

first conduction subband. In this case, the spin splitting is v 2(2+1-a% 5)
linear for smallk; and approaches a constant value for larger - a2+3 '

k;. Furthermore, spin splitting in the first and second con-

duction subband is of the same order of magnitude, which

depends very much on the details of the heterostructure. Favherea=Any, /ny;. Making use of Eqs(4) and(5) results
HgTe QW's with larger well widths and consequently anin the spin-orbit interaction parametgr which is shown as
inverted band structure, as is the case here, the situation &function ofngqy in the inset of Fig. 6. Because of a lack of
more complicated. Fig. 7 displays the spin splitting energiegxperimental values for the effective masg, theoretical

of theH1 andE2 subbandsAEy; andAEg,, as a function band edge values oh* at various gate voltages have been
of k; for the calculated band structure shown in Fig. 3, i.e..employed, for example, a typical value &;=0.2V is
the asymmetric case fofg=—2.0 V. The AEy; versusk 0.034m,. Analogous toa for a linear dependenced can
plot starts with a nearly zero slope lgt=0, increases non- only correctly describe the spin splitting at small values of
linearly, and then finally begins to decrease for increaking k;. At larger values, for example, only a rough estimate of
due to band mixing, i.e., nonparabolicity effects. Spin split-the spin splitting can be expected at the Fermi wave vector
ting reaches a maximum value slightly above the Fermi wavdor a given gate voltage and obviougbycannot describe the
vector. This is another unique feature of the inverted bandpin splitting for allk; .

structure and one more consequence of the heavy-hole char- A few comments on the relative magnitude of the spin
acter of the envelope function for the first conduction sub-splitting in E2 andH1 subbands are appropriate. De An-
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Z (nm) FIG. 9. Experimental values of the relative population differ-

. - . . ence between the two spin states of thé subbandAny;/nggy
FIG. 8. I'g (thick solid ling andT'g (thick dashed lingband- versus the effective carrier density;=ng—ng,mfor a 12+ 2 nm

edge profiles and the spatial electron density probabilities for th?QlGSl filled circlesthick QW. The corresponding theoretical cal-
H1 subbandthin solid ling and theE2 subbandthin dotted ling, culation,s for a well width of 1.3 nngsolid IiFr)le) is glso shown. In

atVg=1.6 V for sample Q1605. these calculations)ys=0.5ng,, has been used.

drada e Silveet al1® as well as othefd” have shown that in contrast to type | structures, where spin splitting in the
the main contribution to the spin splitting is not due to thefirst and second subband is compardbt€;*°spin splitting
mean electric field but due to the asymmetry of the envelopé theE2 subband has not been observed in this investigation
function at the interfaces. Their theories are not directly apover the entire range of gate voltages. Furthermore, theoret-
plicable for type Ill heterostructures with an inverted bandical calculations predict a much smaller splitting for 2
structure because of the significant influence of the heavysubband compared to thé1l subband. Hence, the heavy-
hole states. Nevertheless, due to the lack of an analyticdlole nature of theHd1 subband increases the spin splitting
model for type Il heterostructures, we shall qualitatively dis-compared to th&2 subband as a consequence of the asym-
cuss our numerical results in terms of these theories in thenetry of the envelope functions. This unique feature of type
following. By means of self-consistent calculations utilizing Il heterostructures with an inverted band structure is cor-
Schralinger's and Poisson’s equations, we have calculatedoborated by the excellent agreement between the experi-
the density distributiohy(z)|? for both theE2 andH1 sub-  mental and numerical results.

bands. Figure 8 depicts the resulting band-edge profile and In Fig. 9, experimental values and theoretical calculations
the normalized electron probability along thelirection for  of the relative population difference between the two spin
both subbands. The electron probability for tHé subband states of theH1 subband are plotted versus the effective
has a more asymmetric distribution along thdirection, as  carrier densityn.¢; for a 12-nm-wide asymmetrically doped
can be obviously seen near the two interfaces of the QWQW. ne¢¢=ngqy—Nsymis defined as the effective net charge
The maximum of the electron probability of thEl subband density and roughly describes the degree of potential asym-
is shifted away from the minimum of the confinement poten-metry of the QW. The electron concentratiag, ,, for this

tial rather than towards it as is the case for type | heterojuncsample is 1.18 10*> cm™2. In this specimerEy,, Eg, and
tions. This is once again a consequence of the heavy-holeg,_; are larger in comparison with the 21 nm sample and
nature of theH1 subband in type Il QW'’s with an inverted only the first conduction subbardl is occupied. It can be
band structure, as discussed above. We have also calculategen that the theoretical calculations are in good agreement
the expectation value of the electric field weightedwith the experimental results.

by the electron probability densitiesE)=[dZ d¢(z)/
dz]-|¥?(z)| for both subbands according to Ref. 10, where
¢(2) is the Hartree potential. The expectation value of the
electric field is 11% larger in thel 1 than in theE2 subband. In conclusion, we have investigated Rashba spin splitting
This small difference cannot be the reason for the muclin HgTe SQW's with an inverted band structure by means of
smaller spin splitting in th&2 subband compared to th&l gate controlled Hall devices. Spin splitting of thEl sub-
subband predicted by the numerical calculations. Therefordgand shows a large gate voltage dependence. In contrast,
the main contribution to spin splitting is apparently due tospin splitting of theE2 subband is experimentally unre-
the asymmetry of the electron probability density at bothsolved. Band structure calculations based on theSB-p
interfaces as is also the case for type | heterostructures. B#tane model were performed, which are in very good agree-

V. CONCLUSIONS
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ment with experiment. It has been shown that the heavy-holsubband, which is an admixture of the light hole and electron
character of theH1 conduction subband determines thestates.

electron-density distribution in the QW and enhances the

Rashba spin splitting at large electron densities. These are

unique properties of the first conduction subband of type Il ACKNOWLEDGMENTS
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