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Using the Hartree approximation, thex® Kane Hamiltonian, and the envelope-function scheme the elec-
tronic structure of electrons bound within an inversion layerpeinAs in a Mosfet geometry is computed
self-consistently and studied as a function of the two-dimensional electron dBisityd the doping concen-
trationNA-Np . The subband spin splitting; at an in-plane wave vectérvaries almost linearly witiNg, and
for the same electron density amdt is larger in the lower subbands. Likewise, tkalependent subband
Rashba parametet;, at a givenk shows an analogous behavior. Varying the doping concentration in the
interval 1.8<10°-1.8x 10 cm™3, in subbandv the spin-splittings, at the Fermi level is computed fdig
in the range 18—-4.8<10% cm™2, where it is found to be an increasing functionMy; moreover, it is largest
in the ground subband. At the Fermi level, the corresponding Rashba parametealso computed as a
function of Ng in both the ground and first excited subbands wiNlg-Np, is varied from 0.43% 10" to
1.8x 10" cm3. In this range, whereas,; simply shows a decreasing trend as a functiolNgf «, exhibits
new and counterintuitivélg dependencies ds,-Np is varied. Moreoverg, can either be larger or smaller
thaneag, even when tunneling into the barrier is completely neglected. In addition, the role of the first excited
subband on the overaNg dependence od turns out to be crucial.
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[. INTRODUCTION of nonparabolicity, and gives evidence ferin the first ex-
cited subband which is actually found to be larger than its

Following the seminal proposal of the spin-polarized tran-counterpart in the ground subband, and while the latter is
sistor by Datta and Daver ten years ago, the spin proper- nearly constant the former instead decreaseNass in-
ties of semiconductor heterostructures have in recent yearseased. In this regard, it should, however, be emphasized
become the subject of intense theorefichlas well as that no explanations for these behaviors were given; more-
experimentd™’ investigations. In this newly suggested de- over, on intituitive grounds one expects weaker average elec-
vice, spin modulation of the source-drai@D) current relies tric fields in higher subbands. Hence, wersimply propor-
crucially on a spin-orbit coupling constaat known as the tional to the electric field, a smaller value in the first excited
Rashba parametét. Furthermore, successful operation of subband would have been obtained as compared to the
this field-effect transisto(FET) is tributary to the extent to ground subband and an increasing trend Wtwould have
which this coefficient is tunable by the gate voltégég. been expected.

Now, while it has customarily been thought thats sim- In contrast to the above, using an InGaAs/InAlAs hetero-
ply proportionat'!® to the average electric-field strength structure with a different stoichiometry than that of Ref. 9,
(E) felt by an electron within the quasi-two-dimensional more recently Satet all’ in fact found an increasing trend
(2D) electron gas, careful magnetoresistance measuremerftsr . Furthermore, work by Matsuyane al® on ap-InAs
by different groups on different materials and systems cannanetal-oxide semiconductor field-effect transissftOSFET)
be reconciled with this simple pictuPe!? For instance, also concluded that the Rashba parameter should be an in-
Shubnikov—de Haa¢SdH) measurements by Heidat al'*  creasing function oV, although in Ref. 5 different conclu-
on an InAs/AISb asymmetric gated quantum well led to asions are drawn as regards this experiment.
constant Rashba parameter regardles¥ pf which means In the interpretation of all the experimental work cited
that no tuning occurs. This surprising result remained unexabove, the authors seem, however, to underestimate the im-
plained, and the authors of this work simply speculated ormportance of subband population. In this regard, one should
the origin of the constancy. In addition, previous work by stress that a¥, varies, or equivalently aSg changeg? both
Nitta et al® on an InGaAs/InAlAs heterostructure led to a the average electnc field as well as the Fermi level, and
decreasing behavior far asVy was increased, in agreement hence the corresponding Fermi wave vectors, at which
with the experimental results of Sqhexs etall® on an  indeed measured by transport experiments, also change. As a
InGaAs/InP asymmetric gated quantum well. Furthermorematter of fact, in a recent theoretical work by the present
close analysis of the more recent data of étual’? on an  authoP on the inversion layer op-InAs in a MOSFET ge-
InGaAs/InAlAs gated asymmetric quantum well reveals thatometry, it was shown numerically that subband population
a in the ground subband actually decreases for low 2D elecplays a crucial role. In fact that investigation clearly showed
tron densityNg then becomes roughly constant starting verythat the behavior o at the Fermi level is actually dictated
nearly at densities around which the first excited subbantby the competition of two processes) an increase due to
populates. This wor explicitly recognizes the importance electric field andii) a decrease due to subband population.
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In addition, despite obvious differences in device geom- A !
etry, e.g., quantum well vs MOSFET, and the active material, 700} InAs Mosfet
e.g., InAs vs InGaAs, analogous behaviors dowere found
for different systems:*?In addition to the appealing physical
aspects of the MOSFET, one also expects, on physical 600
grounds, that the insight gained from its study can be used in
the investigation of gated asymmetric quantum wells. This
fact motivated us into extending our most recent work on
this subject by focusing on another aspect not treated as yet
in the existing literature, namely, the impact of the doping
concentration on the electronic structure with special empha- wi-400

—1.8x1017cm-3

sis put on the zero-field spin splitting and particularly onthe /247 777 0.99x10%7 cm-3

Ns dependence of. - 4.33x1016 cm-3
The paper is organized as follows: In Sec. Il we discuss 300757 e 1.8x1016 cm-3 1

the electronic structure and its dependence on doping. Then / - 4,8%1015 cm-3

in Secs. Il and IV we present, respectively, the dependence , ) ) L

of the spin splitting and Rashba parameter on the two- 0 1 2 3 4 5

dimensional2D) electron densit\Ng. In Sec. V we exhibit Ns (1012 cm2)

numerical simulations of SdH spectra and provide an analy- . ) . .
sis of the magnetoresistance measurements of Ref. 13, and FIG. 1. Fermi energy as a function of the two-dimensional elec-

finally in Sec. VI we conclude the paper and summarize thdron densityNg. The different curves are for various doping con-
salient findings of this work centrations shown in the legend. Circles and triangles mark, respec-

tively, the points where the first and second excited subbands start

to be populated.
Il. ELECTRONIC STRUCTURE

We computed self-consistently the electronic structure opand energyg,, vs Ng for different values of the doping
electrons bound within the inversion layer prAnAs in a  concentrationNA-Np . Note that the graphs are restricted
MOSFET geometry using our previous modeln our  only to Ng values where both subbands, i.e.and»’, are
present computations, the variables are the 2D electron depopulated. ForNa-Np=4.33<10'° cm 3, only two sub-
sity Ng and the volume density of ionized impuritibs-N, ~ bands are occupied because the high electric fields resulting
which we sweep, respectively, in the intervalslot'—4.8  from the high-doping concentrations produce large intersub-
X102 cm~2 and 1.8<10—1.8x 10" cm™3 with the mate- band spacings which prevent higher subbands from being
rial parameters being those of Ref. 5. We denote the dispepopulated. One should also notice ti&}>E;, for all val-
sion of each one the energy spin_sp“t branchesgﬁ&k), ues OfNS, in addition bOthE01 and E,,are increasing func-
wherer=0,1,..., ando= * stand for the subband and spin tions of bothNx-Np andNs; note also that the dependence
indices, respectively, whild is the in-plane wave vector.
Note that since the bulk contribution to spin splitting is
smalf! for narrow gap semiconductors such as InAs, we
limit ourselves only to the Rashba contribution. B&0 K, 150 s
the system is characterized by a Fermi enekgy which | 4.33x1016cm3
depends both oNg andN,-Np . For a given subbang, the - 1.8x10% omr?
relation £9(k;) =Eg defines the fermi wave vectolg:™ 8107 om?
from which the subband occupatioms,, are straightfor-
wardly computed. In addition, it is also useful for our dis-
cussion to define the intersubband splittindatO between
subbandv andv’ askE,,,=¢,/(0)—¢,(0); note that we do ey
not specifyo because the two spin states are degenerate at _____
the Brillouin zone center. »’”ﬁ;

Figure 1 shows the Fermi ener@t as a function ofNg S0r e T
for different values of the doping concentratidf-Np in T
the range 1.810" cm 3-1.8x10Y cm 3. The 2D elec- ! -
tron densities at which the firstv&1) and second =2) 0 2 12 a2
excited subbands start to populate are also marked, by circles Ns (1012 cm2)
(Q) and triangles{A), respe_ctivgly. As expected, e.g., froma gFg 2 Intersubband spacing,, =¢,/(0)—,(0) between
triangular potential approximatiofi,one notes tha is an  supbandsy’ and » at the zone center as a function of the two-
increasing function of botiNs and Na-Np; moreover, as  dimensional electron densitys. The different curves are for vari-
higher subbands start to populate the sldfg /dNsdimin-  ous doping concentrationE,, is between the ground and first ex-
ishes somewhat and is always discontinuous at the onset eited subbands, whil&;, is between the first and second excited
population of a new subband. In Fig. 2 we plot the intersub-ones.

InAs Mosfet

AE( meV )
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FIG. 3. Spin-split subband occupatidh,, as a function of the
electron densit\Ng in the inversion layer, the various curves within 3
each figure are for the different doping concentrations shown in the i
legend, andv indicates the subband indeta) and (b) are for the
spin “up” and “down” branches, respectively.

0 1 2 3 4 5
on the latter is almost linear, and with this being slightly Ns (1012 cm -2)
more so at higher values &f5-Np .

Figures 3a) and 3b) exhibit the occupancies of the spin- FI_G. 4, Spin splittingsd, and &, at_ the Fermi Iev_el in the ground
split subbands fow=0---2 as functions olNg at different and first e_xcned su_bbands, res_pectlvely, as ft_Jnctlons of the 2D elec-
values ofN,-Np : note that both figures are drawn on the tron densityNg at different _doplng goncentratlons. The gree_k letter
same scale to allow for comparison. For a given doping con? Stands for the subband index, with-0 (1) for the ground(first
centration, one notes that for &g the occupation numbers excited subband.

N,, and N,_ are different from each other, although by
small amounts. In experimeftg* this small difference usu-
ally leads to beatings in the SdH traces, although some e
ceptions to this rule have been pointed b The depen-
dence ofN,, on Ng in Fig. 3 is nearly piecewise linear,
nevertheless the slopek\,./dNs before and after a new
subband is occupied are different. For a fiXég, the occu-
pation numberNg, in the ground subband increases as

ready defined. Since the differen6& — 6" is usually small,

and is not expected to have any experimental relevance, we
tnstead use the average spin splitting at the Fermi level for
subbandy, given by §,=3 (5% + 6”). Figure 4 showss, as

a function of Ng for different doping concentrations in the
range 0.43%10'-1.8<10 cm 2 where one first notes
that 5,> 6, for all Ng. Moreover, bothd, and 8, are in-
creasing functions of electron density; note, however, that

Na-Np Increases contrary to the c_orr_espondlng occupationy,;q dependence is not a linear one. In the ground subband, in
numberN,, in higher subbands which is actually a decreas'addition to its increase witiNg, &, is also an increasing

ing function ofNAo-Np . This property is easily understood |f_ function of the doping concentratidt,-Np . This can easily

we recall that as the doping concentration increases the IMe understood if we remember thatMg-Np, gets larger, the
. . . . D y
tersubband spacing risésee Fig. 2thus making the ground electric field gets stronger and the Fermi wave vectors also

and excited subbands accommodate more and fewer eleﬁét larger because of the larger intersubband spacing which

trons, respectively. pushes the population of the first excited subband to higher
Ns. Both effects thus combine constructively to yield a
ll. ZERO FIELD SPIN SPLITTING larger spin splitting at the Fermi level. For the first excited
subband, the dependence MR-Np is slightly more compli-
cated. In this regard, one should start first noting that the
densityNé at which the first excited subband populates de-
pends quite sensitively on the doping concentration and var-

_ _ ies roughly from 1.X10%?cm 2 to 1.97x10%cm ? as
over, at a fixed electron densilys, and for the same wave Nao-Np  increases from 0.4331017cm ™3 to 1.8

vectork, the spin splittingdy in the ground subband is al- 1017 cm~3. This means that in higher subbands the Fermi
ways larger than its counterpa#f in the first excited sub- \ave vectors at which the spin splitting is computext
band. Furthermore, within the same subband and for a givefeasureflare smaller the larger the doping concentration is.
Ns, the spin splittingsy is usually an increasing functih  Now one should not overlook that in contrastkb® for »

For k>0, in subbandv the zero-field spin splitting at
wave vectork is 5§=s;(k)—sj(k). This choice assures a
positive & . In our work, our calculations show that for a
fixed k, 50, and 6 increase almost linearly witNg. More-

of k. _ N . o =1, the average electric field for electrons in the first excited
The spin splitting at the Fermi level is given by.  subband in fact increases witi,-Np and since the spin
= 6y, Wherekf stands for the Fermi wave vectokg™ al-  splitting roughly increases, albeit in a complicated fashion,
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with bothk and electric field it turns out that the outcome is
not that obvious to predict fdXg close toNé but as we get
away from the regioNg~N3, both the electric field and
Fermi wave vectors in the first excited subband increase
enough to overcome the decrease in spin splitting that re-
sulted from the smaller Fermi wave vectors nédy This
explains why at higheNg the behavior of§; vs Ng as a
function of No-Np becomes similar to that o, in the
ground subband discussed above.

[2)

N

ocko (1011 eV m)

IV. RASHBA PARAMETER

The Rashba mod®for spin splitting describes spin-orbit
effects in quasi-2D systems using an effective Hamiltonian
Hso given by 1.5t

HSOZa(kXﬁ)-O', (1)

wherek, %, and o have their usual meanirgThe Rashba
spin-orbit parameterr measures the strength of the spin-
orbit interaction due to the electric field present within the
inversion layer. As such, in Eq1l) « depends orNg and
Na-Np only through the electric field. It was, however, 0.5
shown thate was not dependent simply on the electric field Y
but also depends on wave vectorThis k dependence could Ns (1012¢cm 2)

be either explicit or implicit through the energy and wave

functions of the eigenstate under investigation. Therefore, we FIG. 5. The subband Rashba parameter at wave véces a

generalize Eq(1) by letting @ acquire ak dependence and function of electron densitis. (a) and(b) are for the ground and
define the new parametex’ by first excited subbands, respectively, and the doping concentration

Na-Np is 1.775< 10" cm™3. The legend inb) gives the values of
the wave vectok in units of 1 m™%, and is the same fa).

1.0}

ol (1011 eVm)

ag==r. (2

tions:  1.8<10Ycm 3, 1.775<10Ycm 3, 0.99

X 10 cm™3, and 0.43% 10" cm™ 3, respectively. The first
one was already discussed in Ref. 5 and included here only
for completeness. On the other hand, for the second egse

With this prescriptiongy, is positive and depends both on
k and subband index. In Fig. 5 we plot this»- and
k-dependent Rashba parameter as a functiddgdbr a dop-

ing concentratioN,-Np=1.775< 10" cm™ 3. From this il- 20
lustration one very cIe?rIy sees the foIIOW|_r(Q: Fo_r_ a given k InAs Mosfet
k,_ the dependenc(;e oiii on Ng is almost linear(ii) For a 1 . 1.800x107 cm
givenk, we havea, > ay for all Ng; note, however, that this 1.8 \ --on- 177521017 cmd
is no longer true if we compare the same parameters at dif- By o 0.880x10%om

: : ; B M o 0.585x1017 cmd
ferent values ok even if Ng is the same(iii) At a given B M e 04390107 o

-
(-]

electron densitNg, botha{ andaj decrease asincreases.
As in Sec. Il we also define the subband Rashba param-

AN -

o (10-1eVm)

eter at the Fermi level by ™
— (VO + /L vo - ) A’AA \@OOOOOOOOOOZZZ

o Ee ) e, (ke) 3 Bay, STt aess

av_ 2kV(r ( ) 121 o oooggggﬁg\\ |

F . 00000 o:eae@@ e

and introduce the average,=(a, +«a,)/2 which depends [ e
only onv. With N5-Np as a parameter, the dependence pf 1.00 1 2 3 4 5
on Ng in both the ground and first excited subbands are de- 12 pet -2

picted, respectively, in Figs. 6 and 7 both of which show that Ns (102 cm 2)

the Rashba parameter is g linear, nor is it even nearly FIG. 6. The Rashba parameteg at the Fermi level for elec-
s0. One should also note that in Fig. 6 the Rashba parametggns in the ground subband as a function of electron deméity

a at the Fermi level shows a variety of new and intuitively The various curves are for different values of the doping concentra-
unexpected behaviors aés is swept across. For instance, tion as shown in the legend. The dashed curves NgrNp

one easily distinguishes four different dependenciedNgn =0.433x 10" cm ™3 andN,-Np=1.775x< 10" cm 2 correspond to
which in our case occur for the following doping concentra-a fake situation where only one subband is occupied foNall
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| EIDO000000000000000 | Ns(1012 cm-2)
0.9 -— é :'3 "‘ 5 FIG. 8. Comparison between the Rashba paramegein the
1 ground subban{filled squaresanda; in the first excited onéopen
Ns(1012 cm-2) circles for a doping concentration of 1810t cm™3, as a function

FIG. 7. Same as Fig. 6 but for electrons in the first excited®f the 2D electron densitiXs. The arrow points to where the two

subband. curves cross each other lt=3.93x 102 cm™2.

first decreases as previously but starting hf=1.95 Wwhich in this case is roughly equal to 2:780'* cm™2. For
% 10'2 cm™2 the curve levels off and, becomes constant to the other values of the doping concentration we always have

better than 0.9% in a rather wide interval of the 2D electron®o> @1 regardless oNs.
density. This reminds one of the surprising result of Heida 10 understand the behavior of the Rashba parameter as a

et all* already mentioned. For the third case, first de-  function of Ns, we consider the mechanisms which have a

creases up tdNg=1.55x 102 cm 2 then starts increasing direct link with «,. To this end, for Nao-Np=1.775
again. Finally for the fourth case, keeps a nearly constant X 10"/ cm™® we plot in Fig. 9 thes- and k-dependent
value of 1.0&10 evm up to Ng=1.1xX10 cm 2, Rashba parameter, as a function ok at different values of
where it then starts increasing. In passing, note also that for a
givenNg, «g increases witiN,-Np, moreover for a given
doping concentration the point where the curvg vs Ng
changes its trend with a concomitant discontinuity in the

T T T T T T M T M T T T
I~Na-Nd = 1.775x1017 cm-3 ] | Na-Nd = 1.775x1017 cm-3 |

(b) v=1

derivativeda,/dNg always coincides with the onset of fill- 3G o P 13
ing in the first excited subband. These results are consisten_ |7~ "\ yzo | | o 4.0x1012 cm-2

with the experimental data of Het al'? on quantum wells £ - 3.2x1012 o2
already alluded to in Sec. I. 3 ) | e 1,

Figure 7 shows thé&ls dependence of; in the first ex- 7 i

cited subband, which is found to be a decreasing function of>

electron density for the values &f,-Np shown in the leg- Ca

end. For a doping concentration of 0.4380'" cm™3 an al- 1 ] 14

most constant value is found as compared to higher concen
trations. We should also mention that, as &gy, for a fixed , . .
Ng a4 also increases withl-Np . o 2 4 6
Next, to resolve the question of how the Rashba param- K108 m-) K(@0tm)

eter in the ground and first gxcn_ed subbands compare to one FIG. 9. Line graphs: Subband Rashba paramefeas a func-
another, f(7)r cl?glty we plot in Fig. 8 separately fi-No i of wave vectok at different values of the 2D electron density
=1.8x10" cm?, and O,n the same frame batly anda, to Ns. Filled circles: Rashba parameter at the Fermi level as a func-
allow for easy comparison. We very clearly see from thatjon of the average Fermi wave vector; the frant@sand (b) are,
plot the existence of a densiti2=3.93x10'>cm 2 for  respectively, for the groundv=0) and first excited ¢=1) sub-
which ay=a;. Moreover, for N3>Ng we have ap>a; bands, and in each cabskdenotes the number of occupied subbands

~0 . for the relevant group of curves. The doping concentration is
whereas foNg<Ng we haveay< «, instead. To the best of N,-Np=1.775< 10 cm-2. The legend in(b) gives the electron

‘?Uf knowled_ge this crossing is predicted here7 for}?e f'rshensityNS for each curve, and is the same for the corresponding
time. In addition note that foN,-Np=1.775x 10t ¢m “a  cyrves in(a). Moreover, in panela), the lower embraced curves
basically analogous behaxlor is found, the only differencgapeled withN=1 correspond to low electron densitibg where
being the electron densitpdg where the crossing occurs, only one subband is occupied.
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T cited subband are smaller than their homologues in the
Py — A ground subband. This argument is also behind the crossing
shown on Fig. 8 folNA-Np=1.8x 10" cm 2.

Finally, for NA-Np=1.775<10cm ® and 0.433
X 10" cm~2 we show on Fig. 6 as dashed curves the influ-
ence of the first excited subband ag. For this purpose, in
addition to our calculations already discussed in the text, in
both cases we also compute the electronic structure assuming
a fake situation where for aMg only one subband is occu-
pied, ay is then deduced under this constraint. One can easily
. notice that in this artificial scenariey is simply a decreas-
ing and smooth function of densityg with no discontinui-
ties in its derivative with respect tdg anywhere. Note also
that for the same electron densltl;, because occupation of
_ the first excited subband in the real situation reduces the
. ; . Fermi wave vectors in the ground subbdbécause the first

2 4 6 8 excited subband competes with, ithis fact alone yields
B(T) larger values fory, than if the ground subband were the only

FIG. 10. Comparison between the experimental SdH trace oP"€ 7°CClﬂg'ed' As a consequence, fbiy-Np=1.775
Ref. 13 and our own theoretical simulation in the present work. In 107" €m"* aq stops decreasing and becomes nearly con-
the legendB,.q.Stands forB, the value of the magnetic field where Stant for Ns=1.95<10'*cm™2, on the other hand for
the node of the beating pattern occurs while ef1 and ef2 are our beda-Np=0.433< 10'" cm™3 occupation of the first excited
fit values for the Fermi energy, as measured from the bottom of théubband leads to an increasing trend &gy for Ng=1.1
subband, for magnetic fields smaller and larger thaB, respec- X 10*? cm 2,
tively.

0 _N_m'.‘-',\“/,\.’/'\\ /n\ /’_/ \

B 08276 T
m=0.03397 m
ef1=109.9182 meV
ef2=104.8451 meV
8F=9A928 meV
1=0,022 ps
Na-Nd=1.8x1017 cro3
Ns=1.67x1012 cm2

( arb. units )

pXX
[
-

T

2t

Ns. Moreover, to examine the relationship that exists be- V. SIMULATION AND ANALYSIS OF EXPERIMENTAL
tween ay and a; and how it arises, plots for=0 and v SdH SPECTRA

=1 are drawn on the same scale. In Figgal@nd 1@b) the To bridge the gap between experiment and our present
k-dependent Rashba parametefsand ey are plotted as line  theoretical work, in this section we simulate the SdH spectra
graphs, whileay and «; are represented by symbols. One using the very recent theory of Tarasenko and Averkiev
obviously notices that in both subband$ is maximal atk  which has the merit of simplicity. In addition within the pre-
=0 but ask increases this parameter decreases very stronglynises of the model adopted by these authors we also analyze
Furthermore, at a fixed wave veclgre, increases wittNg,  the experimental data of Ref. 13 where we should recall that
and if we comparery, in the ground and first excited subband only one beating node was observed. Furthermore, as com-
we clearly see that for the sankeand N this parameter is pared to other similar experimerfts;****%%in Ref. 13 the
higher in the ground subband. Note, however, that if wemagnetic field strengths at which this unique node was seen
compare these parameters for the sagébut at differentk  are rather moderate despite the smaller effective mass of
values in both subbands, this is no longer true and dependir§As. This could hint to the lower quality for transport which
on the values of these wave vectors we may have all thre@ay be inherent to the MOSFET geometry. This may be due
possible cases. The data shown in figgalt particular the ~ to interface imperfections, for instance, as well as impurity
Ns dependence ofr, deserve a few comments. Indeed we Scattering because of the high doping concentration and the
see that as we increadk; two aspects appeafi) the whole ~ random bulk distribution of dopants in the sample as op-
curve representingfk’ shifts upward(this simply means that posed t'o the much better interface quality and modulation
ay increases for alk) and (i) the Fermi wave vector at doping in quantum wells. -

which aq is computed increases, i.e., the symbols represent- 1he€ theory of Ref. 25 gives the position of thié order

ing the data points shift to the right. While procépstends node as

to increasex, processii), on the other hand, tends to de-

crease it. The overall trend afy as a function ofNg there- 2 5m*

fore depends on the delicate balance of these two processes. B=—%——, 4)
When processi) is dominant we have an increasing trend, (21+1)eh

on the contrary if proceséi) is dominant we will have a

decreasing trend, finally if both are equal they cancel eaciwvheresandm* are the zero-field spin splitting and effective
other and a constant value far, obtains. FOrNAo-Np  mass at the Fermi level while=0,1,..., is a non-negative
=1.775< 10" cm™ 3 comparison between Figs(@and 9b)  integer. In our analysis we use our theoretical values of Sec.
shows that although we always hau€> a& for the same 1l for &. In addition we read the node position graphically
Ns, at the Fermi level we may hawe,<a; for Ng<2.75 from the reported experimental tracésNext using Eq.(4)

X 102 cm™ 2 because the Fermi wave vectors in the first ex-we infer m* which we compare with the experimental cy-
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clotron mass and our own zero-field density of st@E©9 L L
mass. Furthermore we deduce the values of the Fermi energy ]
using the relation 0.036 .
Ef= he 5 0.034
F Ty’ 5 :
whereTyg is the period of SdH oscillations when plotted as a 0.032 _

function of 1B while Ef. is the Fermi energy in the presence °

of the magnetic field measured from the bottom of the E
subband?® After the appropriate modifications related to the T 0.030
origin of the energy scale are made, the values obtained for

Er are compared to our zero-field Fermi energies discussed 0.028
in Sec. Il. Finally the number of observed nodes as well as

the heights of the various maxima are used to choose the

—1.775x1017cm-3

adequate scattering time In this regard, it should be men- 0.026-:/ / [i/ / [ 0.99x1017 cm3 ]
tioned thatr is a measure of the Dingle temperatdig and L - 0.585x10%7em-3)
is different from the transport relaxation tii@moreover, it 0.024 i L 043ax10Temss
basically has no influence on the position of the node or the T7715 20 25 3.0 35 40 45

period of oscillations.

For our fit we choose to reproduce the uppermost curve
corresponding td/,=30 V in Fig. 1 of Ref. 13 because its FIG. 11. Effective mass* (as would be measured by an SdH
node is more easily identified compared to lower gate voltexperimentas a function of the zeroth order node magnetic figjd
ages. Its fast Fourier transform shown on pafi@lof the  for two 2D electron densitieNs and several doping concentrations
same figure yields straightforwardly the occupation number&!a-No -

N. which are found to be 0.93510' and 0.74

x 102 cm~2 while our zero-field theory predicts 0.8800 CR experiment were not given by the authors in Ref. 13, and
X 10* and 0.794 102 cm 2, respectively, i.e., an accuracy we know that nonparabolicity makes the cyclotron mass
better than~6%. Considering the high magnetic fields usedmagnetic field, Landau index, and electron density depen-
in experiment and the limitatioAs of the SdH method to dent, strict quantitative comparison here is therefore not pos-
predictN.. we consider the agreement to be very good. Thesible. We should, however, point out that our results are con-
contributionsN, and N_ of the two branches add up to sistent with older SdH and CR experiments on electrons in
Ng=1.674x10"2cm 2 in excellent agreement with the the inversion layer of the SiMOSFET where SdH masses are
value 1.60X 102 cm 2 obtained from the experimental found to be slightly larger than CR massésurthermore, it
SdH oscillations’ period. would be desirable if the temperature dependence of the SdH

In Fig. 10 we compare the experimental SdH oscillationsspectrum be investigated experimentally by the authors of
of Matsuyamaet al 13 with our own simulation using for the Ref. 13 in order to deduce the effective mass of the electrons
conductivity tensor Eq95) and (6) of Ref. 25. Note that in  at the Fermi level and see how it would compare to their own
Fig. 10 our theoretical curve is slightly shifted upward oncyclotron mass. Next, using* from our fit we further find
purpose for clarity. Note also that only the Oth node is re-Ef=109.92 meV forB<B, and 103.26 meV foB>By in
solved and is located &,=5.828 T. Using the theoretical contrast toE.=113.22 meV obtained from our zero-field
value 6=9.93 meV, the value dB, above, and Eq4) with  theory. The agreement is therefore excellent, and we should
=0 yield m*=0.034m,. For comparison for the same emphasize that these values are consistent with the argument
electron density, our zero field DOS mass is Orfidavhile  given above regarding the lowering of the Fermi energy.
estimatior® of the experimental cyclotron mass would give Subsequently, using=2.2x10 *s we reproduce very
0.029n,. It is clear that the value ah* obtained in our best properly all the features displayed by the experimental SdH
fit is smaller than the theoretical DOS mass and larger thatrace. The rather small value ofcan be attributed to the
the cyclotron mass. This can easily be understood if we reincrease of scattering chances duéiidhe high doping con-
call that theB field lowers the Fermi energy due to the large centration of ionized impurities an@) interface roughness
degeneracy of the Landau levels. Since the mass is energyhose effect is expected to be felt more strongly when dop-
dependent due to nonparabolicity one expects a smalléng is higher because the electrons are more tightly bound to
mas$® than in theB=0 case, which is confirmed here. To the interface and therefore feel the latter much more. More-
explain the slightly smaller cyclotron mass, we should haveover, we should stress in this regard that scattering by acous-
in mind that SdH oscillations are magnetotransport propertic phonons also should not be overlooked since the experi-
ties and as such should only involve levels around the Fermment of Ref. 13 was carried @t=2 K as opposed to 0.4 K in
energy whereas the cyclotron resonance process coupl&efs. 9 and 12, 0.3 K in Ref. 8, and 0.05 K in Ref. 10.
Landau levels that differ from each other by a finite quantum Using the theoretical values of the spin-splittidgs pre-
that is equal to the laser photon enetgy. Unfortunately, dicted here, we display in Fig. 11 the position of the Oth node
the resonant magnetic field and the photon energy used in thes a function of the effective mass® taken as an unknown

B,(T)
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which is also true for the Rashba parameter at a given wave
vector k, at the Fermi level we show that at high doping
concentrations and foNg in a given interval the Rashba
parameter in the first excited subband actually exceeds its
counterpart in the ground subband because the latter is evalu-
ated at much larger Fermi wave vectors. Mg is increased,
both become equal and then this coefficient becomes larger
in the ground subband. For low-doping concentrations how-
4775107 cme ever, we always have smaller Rashba parameters in higher
______ 0.99x1077 e subbands. These behaviors are naturally explained in the text
—mmene .585%1017 cm3 as arising from the stronk dependence o, .
--------- 0.433x107 cm3 We expect the dependencies found in our work to also be
: . present in asymmetric/symmetric gated and/or doped quan-
0 1 2 tum wells and could in principle be observable for wide
Ns (1012 cm-2) wells where the low-lying eigenstates are expected to behave
FIG. 12. Fermi energfef (measured from the bottom of the as in our case. In Ref. 3 the authors find that the dependence

InAs Mosfet

150 -

100 -

E'F (meV)

50

ground subband for several doping concentratioé,-Np, as a  of the spin splittings;, on subband index is tied to the
function of the 2D electron densitys. shape of the confining potential. However, only two types of
potential wells were considered there. For instance, these au-
) ] thors did not consider a square well with a gate which when
parameter to be determined by further experimental workihe \ell is wide and the electric field is strong enough would
Moreover Eq.(5) above coupled with Fig. 11 should allow 4, physical grounds be expected to behave as a heterojunc-
for the determination ofg which must have as an upper jon because the probability for an electron to reach the in-
bound our zero-field value of the same parameter which wWegrface farthest from the gate is negligible. Furthermore, in
plot separately in Fig. 12 for completeness. The only remaingef, 12 the authors suggest that the Rashba parameter in the
ing parameter depends on the quality of the sample and carfirst excited subband could be larger or smaller than that in
be deduced phenomenologically by trial and error using thgnhe ground subband. This statement is, however, true only for
experimental SdH traces to be reproduced. the Rashba parameter measured by transport experiments at
the Fermi level. In addition, our present work stresses the
VI. CONCLUSIONS importance of th& dependence aof, which turns out to be
f paramount importance. In our opinion, at present we be-
eve that more theoretical work is still needed to assess more
quantitatively the relative roles of the confining potential,
tunneling into the barriers, and nonparabolicity in order to
feach a unified picture.
Furthermore, we hope that the present theoretical study
Will stimulate more experimental investigations both on
OSFET’s and wider quantum wells as suggested above

physical quantities of interest such as the spin split subban sing SdH techniques as well as other alternative means such

occupancies, the spin splitting at the Fermi level, the RashbgS Raman scatterifgelectron-spin resonané®far-infrared

spin-orbit parameter, and investigated in detail the depe%agneto-optical absorptidh, and interband tunneling

dence of these on the 2D electron density and doping Congpectroscopi? to gain a thorough understanding of this ex-

centration. e )
. . o citing subject.
By varying the doping concentration in the range 0.433 1ing sub)

X 10'-1.8x 10" cm™3, at the Fermi level, for the Rashba
parameter we discover neMg dependencies. Moreover for
InAs MOSFETs, we infer from our calculations that for  The author is very much indebted to Professor Us$ter
Na-Np>1.775< 10" cm™2 the ground subband Rashba pa-and his group, as well as to Dr. R. Winkler for the kind
rametera, should be a decreasing function N§, whereas hospitality extended to him at UniversitRegensburg and
for Na-Np<<0.433< 10'" cm™2 it should be increasing with Universita Erlangen-Nunberg, respectively. He is very
Ng instead. thankful to both institutions for generously making their fa-

Furthermore, although the spin splitting in the groundcilities available to him, and also thanks the Algerian minis-
subband is always larger than in the first excited subbandry of higher education for a research grant.

To summarize, using the envelope function scheme an
the 8x8 Kanek-p Hamiltoniarf* we studied theoretically
within the self-consistent Hartree approximation the influ-
ence of the doping concentration on the electronic structur
and particularly on the zero-field spin splitting and corre-
sponding Rashba parameter of electrons bound within th
inversion layer orp-InAs in a MOSFET. We computed many
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