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Effective g factor of n-type HgTe/Hg,_,Cd, Te single quantum wells
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The effectiveg factor of modulation doped-type HgTe single quantum wells, SQW'’s, has been determined
by the coincidence method in tilted magnetic fields to lie between 15 and 35. For symmetrically doped samples
the effectiveg factor has been found to be constant for different filling factors; however, for asymmetric
SQW'’s, a large increase with increasing filling factor has been observed. This can be ascribed to a combination
of Zeeman spin splitting and Rashba spin-orbit splitting. Reasonable agreement has been achieved between
theoretical calculations based on th& 8k-p method and experimental results.
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[. INTRODUCTION tors based on a metal-oxide-semiconductor strucfliree-
man spin splitting is expressed g5ugB, whereg* is the
HgTe based type Il heterostructures have aroused mucéffectiveg factor, ug the Bohr magneton, ar8 the external
interest due to their unique band structbrmitially, most ~ magnetic field. Most of the previous experimental work has
magnetotransport studies on these type Il heterostructurdseen devoted to study of the exchange enhancemegt of
have concentrated on either unintentionally or modulatiordue to different occupancies of two spin states of a Landau
doped HgTe/CdTe superlattices which have always showtevel, which was predicted by Ando and Uemtfand has
mixed conduction behavior due to more than two carriebeen observed in different two-dimensional systems, such as
specie$™ resulting in net electron concentrations up tosilicon inversion layers® as well as GaAs/AlGaAgRefs.
3x10”cm 3 and a maximum mobility of about 16,17 and GalnAs based heterostructuféRecently the ef-
1.1x10* cm?/Vs. The quantum Hall effect, QHE, has been fective g factor has received considerable attention; calcula-
observed in HgTe/Hg ,Cd,Te superlattice3® but the Hall  tions have predicted different values for the transverse and
plateaus were not well developed amg, did not go to zero longitudinal components aj* in a QW due to size quanti-
in the QHE regime due to either parallel conduction or inho-zation effect® and intensive experimental activities have
mogeneous carrier distribution along the growth direction. been devoted to the study of the anisotropy of the
Recently the availability of a high mobility two- factor?®?!
dimensional2D) electron gas, 2DEG, in HgTe SQWRef. In contrast to numerous investigations on Ill-V systems,
7) has made it possible to systematically study Zeeman spimeasurements of the effectigefactor in HgTe based QW's
splitting as well as other aspects of their transport behaviohave, to our knowledge, not been reported. In this investiga-
As a result of their small effective mass, these samples shotion g* has been deduced from measurements of the SdH
pronounced Shubnikov-de Haas, SdH, oscillations whose oreffect in a tilted magnetic field, i.e., the coincidence method,
set occurs near 1 T. Spin splitting has been resolved at abouthich is based on the fact that Landau level, LL, splitting is
2-3 T, and the corresponding filling factorscan be unam- proportional to the component of the magnetic field perpen-
biguously assigned to well developed quantum Hall plateauglicular to the 2DEG plane, whereas spin splitting depends on
Pfeuffer-Jeschket al® have reported values of the effective the total magnetic field. In this article we demonstrate that
massm* and its dependence on charge-carrier concentratiog™ is large and constant for quantum wells with a symmetric
for a series of quantum wellQW'’s) with a well width of 9  potential; however, it is enhanced for asymmetric quantum
nm. m* increases from 0.016n, at 1x10" cm 2 to  wells. This difference in magnetic-field dependence ofghe
0.035 m, at 1x10* cm™2. Very pronounced Rashba spin- factor can be ascribed to a combination of the Rashba effect
orbit, SO, splittind has recently been reported in the conduc-and Zeeman spin splitting, as has been confirmed by band-
tion subband ofn-type modulation doped HgTe quantum structure calculations based on th& 8k-p method.
wells with an inverted band structuté!! Due to their
inverted_ band structure, the heavy-hole character of the fir_st Il EXPERIMENTAL AND THEORETICAL DETAILS
conduction subband leads to a very large Rashba SO split-
ting. By means of a gate voltage the asymmetry of the QW HgTe single quantum well§SQW’S) were grown by
was varied and the resulting Rashba splitting was deduceaholecular-beam epitaxy, MBE, on ggZny 94T€(001) sub-
from the Fourier transformation of SdH oscillations. The strates after an approximately 60 nm thick CdTe buffer was
data has been quantitatively explained by means of selfdeposited. All samples were modulation doped in one or both
consistent Hartree calculations based on aw8&-p  of the Hg 3 Cdy,Te barriers with iodine as has been de-
model'**? Moreover, the observed Rashba SO splitting wasscribed elsewheréThis doped layer is separated from the
larger than Zeeman spin splitting even at moderately highHgTe layer by an 8 nm thick HgCd, ;/Te spacer. Finally a
magnetic fields. 20 nm thick CdTe cap layer was grown. The total thickness
Zeeman spin splitting in a 2DEG was first observed inof these heterostructures is less than 120 nm and conse-
measurements of SdH oscillations in Si field effect transisquently they are fully strained. The HgTe width was deter-
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TABLE |. Sample parameters. 10F
Q1651 : asym. v=3| 0.3
Sample d,, Doping ng m m* 075 L A “

nm mode 18ecm? 100 cn?/Vs  my g :[E*HBB 5 022
o qY%e =
Q1651 11 Asymmetric 3.45 8.14 0.026 — 05r 7 N
Q1283 9  Symmetric 6.59 7.35 0.030 & 1 1 log ©

Q1424 45 Asymmetric 18.5 2.82 0.048 025 * ’
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0 1 2 3 4 5

mined by simulations of the(002 and (004 Bragg
reflectionst!?2

Two SQW'’s with similar well widthsd,, and an inverted FIG. 1. SdH oscillations and the QHE for the asymmetric
band structure, i.ed,,>6 nm, were grown and analyzed as sample Q1651. The arrows at the minima of SdH oscillations show
described below. The band structure of these two QW's aréhe positions that correspond to the indicated odd filling factors. The
nearly equivalent because the band structure in the invertgdset illustrates the fact that the Zeeman spin splittiyfg:gB is
regime depends only weakly on the well width. One of thesdarger than half of the LL splittingfi o .
SQW'’s was symmetrically modulation doped whereas the

other was asymmetrically modulation doped. The ba”ier%olved in Fig. 2 forB=2 T is obscured in Fig. 1 due to

were modulation doped with an equal amount of iodin€cqincigental degeneracy of the Zeeman and Landau split lev-
which resulted in a 2DEG concentration which was twice ays. The spin splitting behavior of these two QW's is quite
Iarﬁj_ehlndt.?fe symmetric QW‘. field d d fal different. In Fig. 1, the minima ip,, at low magnetic fields

e difference in magnetic-field dependence otdriac- always correspond to odd filling factors in the asymmetric

tors in symmetric and asymmetric QW's is attributed in aQW as indicated by arrows. In contrast the minima for the
following section to the Rashba SO splitting present in the_,

; S . symmetric sample Q1283 always correspond to even filling
asymmetric QW's. For comparison purposes an asymmetrig .o« This indicates that Zeeman spin splitting is larger
cally modulation doped SQW W'th a T‘Orma' band SUUCWUreynan half of the Landau-level splitting, the cyclotron energy
.dw<6 nm, was al_so cha,racu_enzed. Since the Rashba Eﬁectﬁ w¢, in the asymmetric sample, but smaller for the symmet-
is much smaller in QW's with a normal band structure ajc one This is schematically shown in the insets in Figs. 1
larger 2DEG concentration was chosen. . and 2. This behavior is reproducible for the series of samples

The magnitude of the energy gafui-e1, IS 55 jyyestigated. Furthermore the measurements in a tilted mag-

*10 meV for all samples wheres,; g, is negative foran - pavic field, which will be presented below, confirm the above
inverted band structuredd and E refer to heavy hole and conclusion

electron subbands, respectively. In all samples, only the first By means of self-consistent Hartree calculationthe

conduction subband was occupied and the second conductigfhsppa spin-orbit splitting has been calculated to be 3.8 and
subband was at least 100 meV above the Fermi energy. Thes oy for the asymmetric QW's Q1651 and Q1424, re-
sample parameters are summarized in Table I. spectively, and 0.0 meV for the symmetric QW Q1283. An

After growth, samples with Hall geometry were pattemedg, nerimental value of 8 meV has been determined for Q1424
by wet chemical etching and Ohmic contacts were made by, the occupancies of the spin split conduction subband

indium thermal bpnding. Magnetotransport measurementgy ¢aqt Fourier transformation of the SdH oscillations. The
were performed with standard ac lock-in techniques in Magatfective massn® has been deduced from the temperature

netic fields up to 14 T at a temperature of 1.6 K. The sample
current was kept sufficiently low in order to avoid electrical

heating. For measurement in a tilted magnetic field, the Rl By T 0.2
samples were mounted on a revolving holder and rotated 04l Pt v=8
about their long axis, always in the same direction in order to ' ’E_ 0.15
minimize any mechanical errors in the goniometer. Sl — o

Spin splitting energies were calculated in the framework =3 1210 I
of an 8x8 k-p model with the incorporation of a perpen- 402 k 19 &
dicular magnetic field. A detailed description of the theory < } 1005
and the band-structure parameters employed in the calcula- 0F '
tions can be found elsewhete!?23

0.0 L ' ' 0.0
o 1 2 3 5
B (M

I1l. RESULTS AND DISCUSSION
A. SdH oscillations and QHE

FIG. 2. SdH oscillations and the QHE for the symmetric sample
Q1283. The arrows at the minima of SdH oscillations show the

Typical experimental plots of SdH oscillations and the positions that correspond to the indicated even filling factors. The
QHE are shown in Figs. 1 and 2 for the asymmetric Q165Jinset illustrates the fact that the Zeeman spin splitiiig:gB is
and symmetric Q1283, respectively. The spin splitting re-smaller than half of the LL splitting} w, .
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FIG. 3. The Hall coefficienRy versus the apparent tilt anglg FIG. 4. p,(B,) traces for various tilt angles for sample Q1651

for sample Q165X circles. The solid curve is a cod) fit to the where different coincidence conditions,are fulfilled. A parabolic

experimental data. The two insets show the measurement configipackground has been subtracted for clarity. From top to bottom the

ration and the principle of the coincidence method. curves correspond to the tilt angles of 3.7°, 36.3°, 56.3°, 62.3°,
66.3°, 68.3°, 70.3°, 72.3°, 74.3°, 75.3°, 77.3°, 78.3°, 79.3°,

dependence of the amplitudes of SdH oscillatidrte be ~ 80.3°, 81.3°, and 82.3%.=gugB/h w..

m*=0.026 and 0.030m, for Q1651 and Q1283, in good

agreement with the theoretical values mf =0.0265 and more accurate fit9 has been measured over a wide range of

0.0303 my, respectively. 0°-120°. It is noteworthy thaRy displays the expected
cosf behavior for all samples. This demonstrates that the
B. g* from the coincidence method carrier densityng is nearly constant over the range of tilt

angles investigated, in contrast to the investigation of Brosig
et al?* on InAs/AISb QW's in whichn, decreased by 5%
when a large parallel magnetic field was applied. The authors
attribute this decrease to magnetic freeze out of electrons in
the well into some localized states due to a strong diamag-
netic shift of the QW state. The absence of this decrease in
ng reflects the absence of this freeze out phenomenon in our
samples.
) Crossing of Landau levels from the first two conduction
fined as the angle between the sample surface normal and tgphands could make an interpretation of the results difficult,
magnetic field orientation. By simultaneously increasing an owever, this is not possible for all of the investigated QW's
tilting the magnetic field, B, and consequently LL splitting peacqse the second conduction subband is at least 130 meV
can be held constant. For a particular value of the LL split-gpoye the first and at least 100 meV above the Fermi energy.
t'”Q; the ratio of spin splitting to LL splitting,r | 53044y levels from the conduction and valence subbands do
=9" ugB/hwc, can be changed continuously. This is showngross in the inverted reginf however, this occurs at mag-
schematically in the inset of Fig. 3. The effectyéactor can  gic fields which exceed approximately 10 T and our mea-
then be obtained from the coincidence conditibn: surements were carried out significantly below this value.
In Figs. 4 and 5p,, traces are plotted versis, for a
number of tilt angles for samples Q1651 and Q1283, respec-
*_ (@) tively. All curves have been shifted vertically and multiplied
gr=2r cosé,, (1) . i .
* by a scaling factor for ease of comparispn, is on the order
of 200(). It can be seen that the ratiocan be varied from
its initial value of slightly larger than 1/2 up to 2 for sample
in which 6 is the critical coincidence angle at which the Q1651, and from an initial value of less than 1/2 up to 3/2
ratior=1/2,1,3/2,2 ... . for sample Q1283. The behavior of spin and LL splitting in a
A precise determination of the tilt angtgis crucial to the  tilted magnetic field can be understood in terms of the con-
coincidence method. He@was determined, independent of cept shown in the inset in Fig. 3. Since spin splitting is
the SdH oscillations under consideration, from the £de-  smaller in Q1283 compared to Q1651, it can be easily dem-
pendence of the Hall coefficieRy in the linear regimeRy onstrated that the initial value ofis less than 1/2 for sample
has been plotted in Fig. 3 as a function of the apparent angl©1283 and larger than 1/2 for sample Q1651 wifen0°.
04, i.e., the readout value of the goniometer and subse- Some authors have used the magnetic-field positions of
quently a co® function has been used to fit this curve in the p,, minima in order to determing.® This method relies
order to determine the initial value @k. The real value of on the assumption that the band structure and hence the pe-
the tilt angle is obtained fron#,— 6,. In order to obtain a riod of the SdH oscillations are insensitive to the parallel

The coincidence methdtihas been used to study in
many 2D systems, such as silicon inversion lay2iss well
as GalnAs-AlAs (Ref. 18 and GaAs-GaAlAs
heterojunction$® The basic concept is that LL splitting
hw.=heB, /Im*c depends only on the perpendicular com-
ponent of the magnetic fiel@, =B cosé. Thus LL splitting
can be varied with respect to the Zeeman spin splitting
g* ugB, which depends on the total field strengthis de-
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FIG. 5. py(B,) traces for various tilt angles for sample Q1283 123 45 1234586
where different coincidence conditions,are fulfilled. From top to 1/cos(6)

Zzﬁoom ig.ercurg/zs%ocogg.s,?eong;?o thggf;lto al;%l%i 02:'770' 73:770 FIG. 6. Values of the minimdleft side and maxima inp,y
78.7°, 79.7° ’and 86.7°. ' ' ' ' ' '(right side for several filling factors for sample Q1651 as a func-
' ’ tion of 1/cosp) nearr=1, whered is the tilt angle. The arrows
indicate the values used to calculajé. With increasing filling
magnetic field, Bj. But when the magnetic length factor the extrema occur at lower values of 1/é&s(hich suggest
=(hle B“)U? is comparable to or less than the well widtf, thatg* increases with increasing filling factor.
magnetic quantum confinement may result, and the SdH os-
cillations may become irregular. Thus, for example, thisand Q1424, but remains essentially constant versus filling
method require8 to be less than about 8.1 T when the well factor for the symmetric sample Q1283.
width is 9 nm. This means thd must be less than 35.6° if Many-body effects are known to result in an oscillatory
the total magnetic field is 10 T. This requirement can not bebehavior ing* for electrons with filling factory, which is
fulfilled for a 9 nm thick quantum well such as Q1283. Con-related to the different occupancy of the two spin states of
sequentially another method is employed in this investigatio®ne Landau level? These effects should be larger for
which is less sensitive to irregularities in the period of thesmaller filling factors, however, in this investigatigii was
SdH oscillations, as described below. The same argumengietermined for relatively large filling factors, i.e., 2@
concerning the influence of the in-plane magnetic field carm4- Furthermoreg* is so large that exchange effects are
be applied to the coincidence method. This will also be dis€XPected to be unimportant. .
cussed later. The nonparabolicity of the band structure can not explain
In order to determine a precise value of the coincidencdhe difference in magnetic-field dependence behaviag’of
position, the absolute magnitudes of the resistivity extrema
shown, for example, in Figs. 4 and 5 have been plotted as a ()
function of 1/cos@) nearr =1. Typical results are shown for PR R PR
Q1651 and Q1283 in Figs. 6 and 7, respectively, for the
minima and maxima op,, for different integer filling fac- \ 1509 12
tors. These curves have also been shifted vertically and mul- : =9 ‘ .
tiplied by a scaling factor for ease of comparison.The mag- {

nitude of the resistivity extrema which are plotted as a

Pzz MiNiMa P2z Maxima

function of 1/cosf) pass through an obvious maximum or

i 1‘ |
minimum. \J 14

The coincidence position obviously depends on the filling 1 {
factor for sample Q1651 but not for Q1283; this is evident : v /"“\‘ .

from the position of the arrows in Figs. 6 and 7 which occur 15

le‘
p:‘ﬂl‘

at progressively smaller angles as the filling factor increases
for Q1651, but remains constant within experimental uncer- — . .
tainty for sample Q1283. In order to determigk it is nec- 12345 123456

essary to know the effective mass. We have employed the 1/cos(6)

value of m* deduced from the temperature dependence of £ 7. values of the minimaleft sid® and maxima inp,,

SdH oscillations? see Table I. The resulting* factors are (right side for several filling factors for sample Q1283 as a func-
shown in Fig. 8g* lies in the range of 15-35, These valuestion of 1/cos) nearr=1, whered is the tilt angle. The arrows
are relatively large compared to other 2D systems as eXndicate the values used to calculate. The 1/cosg) values of the
pected for narrow gap systems. It is obvious that in-  extrema are nearly constant, which suggestsdhais independent
creases with filling factor for the asymmetric samples Q165Xf the filling factor.

Q1283 : sym.
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FIG. 8. The effectivey factor vs filling factor of the symmetric < |
sample Q1283 and the asymmetric specimens Q1424 and Q1651. & ol L 1 L
The symbols are experimental values determined by the coinci- 0 1 2 3 4
dence method. The dashed curves are merely guides to the eye.
shown in Fig. 8. The theory of Kacman and ZawadZke-
lates the effectivey factor to the effective mass through the
following relationship:
o A
gF=2/1+|1- , 2
m* (k) / 3e’(k)+2A

wheree’ (k) =e(k) —#2k?/2mq, (k) is measured from the
conductlon-_band edge anti is the spin-orbit splitting en- FIG. 9. Experimental values of the spin splitting energatvs
ergy. For this narrow gap system, Hg) can be reduced to magnetic field for samples Q1424, Q1651, and Q126Bpty
circles, and theoretical values of zero-field spin splitting energies
Mg Mo (filled circles. Theoretical calculations vs magnetic fie{dolid

* R o
g ~3 m* m*’ ) lines) are also shown for comparison.

sinceA>E, andmg/m*>1. m* increases with increasing fields of 1 and 3 T. Only two data points are slightly lower
magnetic field, in particular with increasing in-plane compo-than the other five points. However these two points corre-
nent,B; .?" Consequentlg* decreases in value with increas- spond to the broader peaks in the right panel of Fig. 7 and
ing magnetic field and vice versa with filling factor. consequently have a larger experimental uncertainty as indi-
Magneto-optical measurements in a perpendicular magnetigated in Fig. 8. As can be seeg* for sample Q1283 is

field on a similar sample with a well width of 9 nm and constant within experimental error over the investigated
carrier density of 6.45 10'* cm™? demonstrated thah* in-  magnetic-field range.

creases only a small amount from 0.026, at O T to
0.029 m, at 5 T?® Even if the influence oB; on m* is
larger, it can not account for the different experimental be-
havior in asymmetric and symmetric samples, i.e., the large The spin splitting energ)AE=g* ugB has been plotted
and sharp increase gi* with filling factor as opposed to the as a function of the normal component of the magnetic field
constant value, respectively, shown in Fig. 8. Rashba S@or a symmetric and two asymmetric samples in Fig. 9. The
splitting in asymmetric QW’'s may depend on the in-planecalculated zero-field spin splitting energy at the Fermi level
magnetic field. An increase in the Rashba effect with increasis also indicated in Fig. 9. An extrapolation of the data to
ing By could explain the observed behaviorgsf with filling B=0 for the symmetric Q1283 indicates the absence of
factor. Rashba splitting; however, for the asymmetric samples there
The influence of band nonparabolicity on the valuggbf is a finite intercept at zero magnetic field. Because of this
determined from SdH oscillations is assumed to be constantinite experimental zero-field spin splitting in the asymmetric
i.e., independent 0B, as has been argued in Appendix B of samples it is obvious that the behavior of the magnetic-field
Ref. 29. Smithet al3® have measured thg factor of elec- dependence of the spin splitting cannot be explained by the
trons in an InAs/GaSb SQW by means of a tilted magneticZeeman spin splitting alone. It is essential to take both
field experiment and found* to be constant within experi- Rashba and Zeeman spin splitting into account.
mental error, i.e., 8:20.5, whenB was increased from 5 to Theoretical calculations based on th& 8k-p method in
10 T. This is also true for our symmetric sample Q1283. Thea perpendicular magnetic field have been performed and are
g factor of this sample is almost constant between magneticompared with the experimental data in Fig. 9. A detailed

C. Spin splitting behavior in a magnetic field
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description of the theoretical model and band-structure pafactors. Therefor; would have a larger influence on spin
rameters employed in the calculation can be foundsplitting measurements by the coincidence method at higher
elsewheré>?The solid lines in Fig. 9 have been calculatedfields. First of all,By could influence Rashba SO splitting.
for zero temperature. This introduces steps in the curveBfeffer and ZawadzRt have calculated spin splitting in
whenever the Fermi level jumps to a higher Landau leveh parallel magnetic field for InGaAs/InAlAs QW'’s and found
with increasing magnetic field. At low magnetic fields the that it increases withs) .

calculated spin splitting energy for the asymmetric QW's de- Even though this system is quite different from HgTe
creases with increasing and at an intermediate field this based QWss, their calculated relative dependenceBpris
energy reaches a minimum before increasing at higher fieldsimilar to the experimental values for the asymmetric sample
This behavior is very similar to that calculated for asymmet-shown in Fig. 9. Second, a distortion of the Fermi-surface
ric InGaAs/InAlAs QW’s by Pfeffer and ZawadzRt. The  contour under the influence 8 will manifest itself through
basic tendency oA E versusB, is qualitatively described by an increase in the electron effective mass. %aret al>*

the theoretical calculations, although the agreement is not dsave demonstrated that this increase in the effective mass is
good as one would like, particularly at high magnetic fieldsonly 5% for an in-plane component & up to 5 T for a

for the asymmetric QW's. This could be due to the neglect 0iGaAs/AlGaAs heterojunction. The influence of the in-plane
the effect ofB) in the analysis employed in the coincidence component of the magnetic field on Rashba SO splitting and
method. the effective mass in HgTe QW'’s is unknown. In order to

Recently, spin-resonance experiments on symmetric anguantitatively describe the experimental data, calculations
asymmetric InSb_quantum wells have been reported byvhich includeB are required.

Khodaparastet al3? Photoconductivity was measured as a
function of magnetic field when the samples were illumi-
nated with monochromatic infrared radiation. In order to ob-
serve spin resonance, the Fermi energy had to be located In conclusion, the effectivey factor for three different
between the spin-up and spin-down levels of a particulan-type modulation doped HgTe SQW's have been deter-
Landau state. In order to achieve this, the samples wermined by the coincidence method in a tilted magnetic field to
tilted. As in our experiments, it was demonstrated thatghe be between 15 and 35. The experimentally determined de-
factor was independent @& for samples with a symmetric pendence ofi* on magnetic field is quite different for sym-
potential; however, in asymmetric specimens the spin splitmetrically and asymmetrically doped samples. In the former
ting energy was substantially enhanced at lower magneticaseg* =|20 =5 independent of LL filling factor, but in the
fields. The asymmetry induced shifts of the spin splittinglatter case, a large dependence wiis observed. This has
increased linearly with the Landau index, as expected for &een ascribed to a combination of Zeeman spin splitting and
semiconductor with a regular band sequence. Their resul®ashba SO splitting. The data can be qualitatively explained
for the spin splitting in symmetric QW's agreed well with the by means of calculations involving the<® k- p method and
results of ak-p calculation based on the Pidgeon-Brown the perpendicular component of the magnetic field.

model®? It is significant that their results were obtained by a
method not based on the beating of Shubnikov de-Haas os-
cillations.

It should be noted that in our calculations, the influence of We are grateful to G. Remenyi for his expert assistance
the parallel magnetic field has not been taken into accountvith measurements in the Grenoble High Magnetic Field
It can be seen from the data in Fig. 6 for the asymmetrid_aboratory, HMFL. One of the authors, X. C. Zhang, was
sample Q1651 at small filling factors, that the coincidencesupported by the Volkswagen Foundation, and the support of
position occurs at a largef. This means that the parallel the Deutsche Forschungsgemeinschaft, Grant No. SFB 410,
magnetic field Bj=B,tan@ is larger for small filling is also gratefully acknowledged.
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