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Coexistence of a two- and three-dimensional Landau states in a wide parabolic quantum well
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Shubnikov—de Haas oscillations are measured in wide parabolic quantum wells with five to eight subbands
in a tilted magnetic field. We find two types of oscillations. The oscillations at low magnetic fields are shifted
toward higher field with the tilt angle increasing and can be attributed to two-dimensional Landau states. The
position of the oscillations of the second type does not change with increasing the tilt angle which points to a
three-dimensional character of these Landau states. We calculate the level broadening due to the elastic
scattering ratd"=#/27, where 7 is the quantum time, and the energy separation between two-dimensional
subbandsA;;=E;—E;, in a parabolic well. For all levels we obtali~Aj;, which means that the levels
overlap, supporting the observation of three-dimensional Landau states. Surprisingly, we find that the lowest
subband, which has a smaller energy separation from the higher level, does not overlap with these subbands
and forms a two-dimensional state.
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[. INTRODUCTION Experimentally, a quasi-three-dimensional system can be
obtained by the growth of epitaxial layers of heavily doped
The existence of an energy gap in the electron spectrursemiconductors with a thickness of the order of
of two-dimensional electron gas in a strong magnetic field isSl000-2000 A. Very recently the quantization of the Hall
a crucial point for an explanation of the quantum Hall effectresistance and the appearance of minima in the diagonal re-
(QHE)." It demonstrates why the QHE is a property of thesistance have been observed in a three-dimensional disor-
two-dimensional(2D) system and is not observed in the gered GaAs filnf. Because of strong disorder, the samples
three-dimensional case, where the electron spectrum is CORgmonstrated a three-dimensional behavior of the
tinuous. However, the evolution of states of a quasi-two-ghypnikov—de HaaéSdH) oscillations. It has been assumed
dimensional system toward a three-dimensional system hafat the Coulomb gap due to electron-electron interactions
not been studied yet. It is expected that for a wide quantungccyrs at a high magnetic field and leads to deep minima in
well the energy spectrum consists of a Landau level belongme |ongitudinal and quantization of the diagonal conductiv-
ing to different electric subbands. In a real system the energiy components. However, further experimental and theoret-
levels have finite widths because of the disorder; thereforgca| works are necessary to clarify the effect of the electron-
when the corresponding electric subbands and their Landagiectron interaction on single-electron gaps in the wide
levels overlap, the electronic system has a 3D energy Speguantum well. Another remarkable example of the quasi-
trum, and the QHE should disappear. For a square well thg,ree-dimensional system is a parabolic quantum well

energy spectruni; is given by (PQW).2 The basic idea behind these structures is to create a
conduction band profile in the growth direction of GaAs/
i2(h/w,)? AIGa_lAs heterostrgctu_res_, by properly \_/arying the Al molg
Ei:T’ (1)  fraction such that it mimics the parabolic potential of a uni-
e formly distributed slab of positive charge. It allows one to

form a wide layer of highly mobile carriers with uniform
where m, is the effective electron mass,is the subband density. Considerably larger mobility in comparison with
index, andw, is the well width. We see that the energy heavily doped GaAs epitaxial layers has been achieved by
separation increases for higher levels with subband numberemoving the dopant atoms from the quantum well. Many
Therefore, it is expected that the lower 2D levels would beexperimental results in the case of two occupied subbands
the first to overlap when the quantum well width increases.have been obtained in such structutds. samples with a
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2000 A well width a quasi-two-dimensional system with substrate there is a 1000-nm GaAs buffer layer with 20 pe-
four occupied subbands has been realizédw-field SdH  riods of AIAs(5 ML)GaAg10 ML) superlattice, followed by
oscillations demonstrated the existence of several subband®0 nm ALGa, _,As with x varying from 0.07 to 0.27, 10
with different densities. Although tilted magnetic field mea- nm Al, ,Ga, -As with §-Si doping, A} Ga,-As undoped
surements have not been performed, the behavior of the Sdidyer (space), and the wide parabolic well. The well is char-
oscillations points to a 2D character of the spectrum.  acterized by three parameters: the height of the parabgla
Realllzanon of a dilute high-mobility 3!3_e|ectron 9as in @ the width of the parabol&V, and the height of the AlGaAs
parabolic quantum well would be promising for the SearChbarrierAz.
for — electronic-correlated phases predicted in  three- Two structures have been studied, labeled for convenience

dggirg?lli?n%fr?ﬁéalrsegig astit;(:]n%fmaagiggitllc fﬁ%ﬁzwi\éeer(’)ér;GSDA and B. The main difference between these structures is that
b y y 9 the parabolic well A hatV=2000 A, A;=150 meV, and

system in a realistic parabolic well may be questioned. As—AZZ120 meV, and sample B hasV—=4000 A, A,

suming that the quantum mobility is of the order of 100~ = .
X10° cm?/V's, we obtain that the elastic level broadening =240 meV, and\;=10 meV. Itleads to a small difference

I'=#/2r~0.08 meV. It becomes comparable to the distance” the electron density for a full well: sample A has concen-
between the highest levels only for a 10000 A parabolicration ng=3.9x 10t em 2'_%”‘1 for sample B the concen-
well, which is difficult to grow. In samples with lower mo- tration is ng=3.5x 10" cm™2 The parabolic well is full
bility correlated phases are destroyed by impurities. Therewhen the electron density in the wel} is sufficient to com-
fore in a parabolic well with a high mobility and a width Ppletely screen the fictitious positive charte’: ng=N"W
smaller than 10000 A we expect to find the coexistence of= (2A1¢)/(e*7W), wheres=12.87 is the static dielectric
the 2D state belonging to théghest subbandnd 3D states. constant. However, the effective bulk dendity = N, and

However, in a parabolic well it is possible to create aFermi energyEg for these two samples were different:
reverse situation—the coexistence of the 2D state belongingample A hasNp,,=2.1X 10 cm 3, Er=3.6 meV, and
to 'ghe lowest su_bbandand 3D states. This situation is less sample B has\,,=8.8x 10" cm 3, Er=2.05 meV (for
trivial, because it allows one to compare the transport propthe electron effective masa=0.075m,).

energy under the same experimental conditions. As is argugdg|| par. Four-terminal resistance and Hall measurements
in Ref. 7, the dominant scattering mechanism in a wide parazere made down to 30 mK in a magnetic field up to 17 T.
bolic well is the scattering on background ionized impurities.-l-he distance between the voltage probes was 25@; the
Remo';e Impurity scattering does not appear to have a StrOr\%idth of the bar was 10Qum. The measurements Wére per-
effect in a wide well, because the distance between the do%rmed With an ac current ndt exceeding FOA. Resistance

ant layer and the edges of the electron layer500 A for was measured for different angles between the field and sub-

partially full parabolic wells. : o VST .
In the present work we study 2000 A and 4000 A para-Strate plane in the magnetic field usingiarsitu rotation of

bolic wells with a narrow (100 A) spacer and five to eight the sample.

ied subbands. O | filled dt For a full parabolic well the sample layer width is close to
occupied subbands. LUr samples are overfiiied, an ht%e geometrical width of the well; therefore, the energy spec-
width of the electron slab is almost coincident with the geo-

metrical width. Therefore, it is expected that in the sampleg:éms%gg;ﬁngag?b; Igcq\lgvaerllezc\?vr;ﬁ)zi:/%ungfg;/ a&:g:;m\)/(\l/renztlig >

mtz ger::?;g); Zgiﬁiréfz@:;éi'mggﬁi? Soiiﬁirggg%ﬂg \ﬁf’iz:‘terform numerical self-consistent calculations for the para-
y olic well with a width of 2000 A, which yields five elec-

occupy the higher levels, because the peaks of the wave_ - . o .
function are located close to the impurities. The peaks of th onic subbands occupied. The mobility of the electron gas in

. e well is 65< 10° cn?/V s. Self-consistent calculations for
wave function for the lowest subband are removed from the . . :
offective edae and impurities bv-200—300 A which is a parabolic well with a width of 4000 A show that there are
larger than ?or the hi Eer IevelsyThus the m,obilit of theelght occupied subbands. The mobility of the electron gas in
9 . 19 ‘ Y Ol N€his sample is 218 16° cm?/V s for a full well.
electrons in parabolic wells strongly depends on the index _. .
X . Figure 1 shows the low-field dependence of the SdH os-
number and is greater in the lower subband. Therefore we., .. . -
. cillations for different angles between the magnetic field and
can expect that the lowest subband does not lose its 2D strug- o
. . : e normal to the substrate surfade The oscillations are
ture even in a wide quantum well. In order to characterize the ~. " . .
eriodic in 1B and have only one frequency. The positions

wide parabolic well and determine the subband structure ng the oscillations are shifted, as expected for a 2D electron

measure the SdH oscillations in a tilted magnetic field. The as. when the maanetic field is tilted from the normal to the
oscillations contain two frequencies: one depends on the t”gub’strate For a 4%OO-A arabolic quantum Wi, 1(b)]
angle, and the other does not. We observe 2D states belong/— X P 4 ’

ing to the lowest subband, which has smaller energy separ € _alsc_J observe a suppression of the amplitude of the SdH
. . ; oscillations. The magnetoresistance is very well described by
tion from the higher level for quantum well widthv

the conventional formula for the envelope function of the

<4000 A. SdH oscillations in the 2D cage:
Il. EXPERIMENTAL RESULTS R— Ry . A od - - o EF(2D) -
The samples used are the GaAsB& _,As PQW grown Ro sinhAr WeT hwe T
by molecular-beam epitaxy. On the top of the semi-insulating 2
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0-15 OSOT 0.25 030 FIG. 2. (a) Low-field magnetoresistance oscillations as a func-
(M) tion of the magnetic field af =50 mK, W=2000 A. Solid lines,

FIG. 1. Low-field part of the magnetoresistance oscillations as £*Perimental curves; dashed lines, £2). (b) Three-dimensional
function of the magnetic field, for different angl@sbetween the ~Shubnikov—de HaaeSdH oscillations obtained by subtraction of

applied magnetic field and the normal to the substfite50 mk,  the 2D SdH oscillationga) from the experimental curvéFig. 3) in
(a) 2000-A and(b) 4000-A parabolic wells. a perpendicular magnetic field a=50 mK. Dashed lines, E@3).

field we do not see any contribution from the second sub-

whereAr= (27%kgT)/(hw.), w.=(eB)/(mc) is the cyclo-  band, although the electron density in this subband, for ex-
tron frequencym is the electron effective mass; is the  ample, is only 20% smaller than the density of the first level.
single-particle relaxation timéor quantum timg Er,py i In our attempt to fit theory to the experimental curves, we
the Fermi energy for the 2D levels, am} represents the assume that the single-particle relaxation timef the elec-
classical resistance in zero magnetic field. trons from the second subband is smaller than that of the first

Figure 4a) showsR,, versusB for sample A measured in subband. However, even for the times ratid 7,=5 we do
a perpendicular magnetic field and calculated from expresaot obtain any agreement with experiment at higher mag-
sion (2). SinceR,, varies only slightly with magnetic field, netic fields. AtB>0.5 T we observe new SdH oscillations
we perform a polynomial fit tdR,,(B). We can see that the which cannot be described by the conventional expression
position of the peak is not perfectly described by the theofor 2D electron gas.
retical expression, and the electron concentration varies with Figure 3 shows the experimental dependeriRgéB) for
magnetic field. We attribute such behavior to the influence 0P000-A and 4000-A parabolic wells extended to magnetic
the higher subbands. The numerical calculations of the erfields up to 3 T. We can see four oscillations indicated by
ergy spectrum of a wide parabolic well in a strong magnetiovertical lines. The position of these oscillations does not de-
field® demonstrated that the Hartree term and the exchang@end on the tilt angle. We attribute such behavior to the
correlation terms should be included in the bare well potenformation of three-dimensional Landau states. In a real sys-
tial. These terms lead to oscillations at the bottom of the weltem the energy levels will have finite width because of the
and change the potential height in magnetic field. Thereforglisorder; therefore, corresponding electric subbands can
the electron-electron interaction terms in such a system areverlap. Naively, it may be expected that the lowest sub-
as important as external potentials in the Sdimmger equa-  bands will overlap first, when the width of the well increases,
tion. Depopulation of the Landau levels of the highest subbecause the distance between the levAls=E;—E;, in-
bands induces a change in the potential well shape and @eases as the square of the index number. However, if the
redistribution of the carriers between subbands. From combroadening of the level§'; increases faster tha;;, the
parison of the experimental SdH oscillations and expressiosituation is reversed, and the highest electric subbands merge
(2) we extract the carrier density;;=1.4<10" ¢cm 2 for  into a bulk Landau state before the lowest. Therefore, the
sample A anthg; =0.6x 10" cm™? for sample B, which is  specific feature of the investigated wide parabolic quantum
coincident with the 2D electron density obtained from thewell is the coexistence of 3D and 2D electron states in the
calculation for the lowest subband in 2000-A and 4000-Awell. In a tilted field the 2D SdH oscillations are shifted to
parabolic wells. From the Hall effect at low field we obtain higher magnetic fieldsee, for example, peak A in Figs(&3
ng=3.9x10" cm? for sample A and ne=3.4 and 3b)], and can cross the 3D SdH peaks, which do not
x 10"t cm~2 for sample B. Surprisingly, at this magnetic depend on the tilt angle.
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6 1 2 FIG. 4. Electron density profile as a function of position in the
B (T) well for top subbandssolid line) and bottom subban@iashe (a)

2000-A and(b) 4000-A parabolic wells. The thin solid line, total
FIG. 3. The magnetoresistance oscillations as a function of thélensity profile.
magnetic field up to 3 T for different angleésbetween the applied
magnetic field and the normal to the substrafes50 mK, ()  density profile of the lowest subband is sharply peaffgd.
2000-A and(b) 4000-A parabolic wells. Vertical lines, position of 4). The width of the self-consistent electron density profiles
the 3D Landau levels. Line A — position of one 2D Landau levelcan be defined as
which intersects a 3D Landau level in tilted magnetic field.

12w/ W\2
We subtract the magnetoresistance oscillations of the first (AZ)ZZH—f0 (Z— 5) n(z)dz, (4)
subband from ther,,(B) curve at perpendicular magnetic S

field for a 2000-A parabolic well. Figure(®) shows the \heren(z) is the electron density profile in the well. It can
results of such subtraction for sample A. The theoretical expg expressed as(z)=3n;|¢;(2)|?, wheren; is the sheet

pression for the SdH oscillations in the 3D case is Sligh“)’density in theith subband, ang; is the envelope function of

different from the 2D case: the electrons in theth subband. The sheet density of the
AR.. 2/ he. \Y2 A electrons in the four higher subbands for sample Ajs

XX:—( c T =ng—Ng=2.5x10" cm 2. We obtain the self-consistent

Ro  512Eg@p)/ sinhA; valueAz* =1200 A and find the bulk density for the quasi-

- 2w Epapy W three-dimensional subband, N*=n%/Az*=2.05

XEX% - )COS(T— Z)’ (3)  x10% cm™3, which is slightly larger than the bulk density
¢ determined from the measurements of the 3D SdH oscilla-

whereEg 3p) is the Fermi energy of the 3D state. Figu®@?2 tions.
also shows the plot of the longitudinal resistance veiBus It is worth noting that the positions of the last two peaks
calculated from Eq(3). We can see that the last peak doesof the bulk SdH oscillations remain the same in a parallel
not fit very well with the experimental curve. We assume thatmagnetic field. The magneto-oscillations in the presence of
this peak is a spin-down split peak of the last 3D Landauhe in-plane magnetic field are usually called diamagnetic
level. In this case we attribute this deviation fronBJgeri-  SdH oscillations’ At low parallel magnetic field each elec-
odicity to the formation of two-dimensional electron Landautron level in the quantum well is the hybrid electric-Landau
levels from the last spin-up split 3D level in the quantumsubband. Low-field levels do not follow theBLlaw because
Hall effect regime. For sample A, the fits of E@) to the  of the influence of the electric field quantization. However, at
experimental curve with 3D SdH oscillations give a value ofstrong magnetic field, when the magnetic length becomes
the Fermi energy oEg(3py=3.24 meV. From this value we smaller than the well width, the electric quantization can be
find the bulk concentration for the higher subbanbl, ignored, and the hybrid levels transform into the conven-
=1.7x10' cm 3. The density profile for the four higher tional Landau bulk states. From Fig. 2 we can see that the
subbands is not a constant and has a deep minimum in thao low-field bulk SdH oscillations for the 2000-A parabolic
center as we can see in Fig. 4; therefore, the sheet densityell are smeared out in a tilted field, which can be attributed
cannot be recalculated from the equatiny=w.N35. The  to the hybridization of the electric and magnetic subbands.

W T
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where term €?Bf(z%))/(2m) is the diamagnetic shift in en-
1.00 ergy, for the corresponding quantum mechanical expectation
(z%) of the subband with energg,, a*(B))>0 for k,>0,

anda (B)) <0 for k,<0. The termai(BH)kx leads to ad-
ditional local minima at finite Fermi vector on the dispersion
curve E(k)."

Generally the diamagnetic shift may lead to a redistribu-
tion of subband densities and increase of the electron con-
centration of the lowest subbaftl.Because the term
0.90+ v aI(B”)kX has a sign opposite to the diamagnetic shift, it is
natural to assume that it may lead to a decrease in the sheet
density of the lowest subband. In contrast to the narrow para-
bolic well, in a wide well this mechanism can be domin&ht,
and we can see it in our experiment. It is worth noting that
the periodicity of the bulk SdH oscillations is not changed
- - - with angle; therefore, the densify* is constant. Because

0.0 0.1 0.2 the bulk density in the wellN(3p), is not changed either and
B, (T) N@zpy=N; +N, we assume thats=[[z|$1(2)|?]N; de-
creases due to the shrinking of the spatial extent of the low-

FIG. 5. Electron density of the lowest subband normalized to theest subband wave function in a parallel magnetic field. Fur-
density in the absence of the parallel magnetic figlas a function  ther self-consistent calculations of the parabolic well in a
of Bj atT=50 mK, W=2000 A. parallel magnetic field will be necessary to clarify this ques-

. . . S tion.
For a wider 4000-A parabolic well low-field oscillations sur- Because of the low electron density, the last peak of the

vive in the whole tilt-angle range. This effect can also be — |
responsible for the redistribution of the electron charge bepu”( SdH oscillations should be observe 2T. For 2D

tween the subbands in the tilted magnetic field. As was men@lectron gas the_ quantum_ limit should be_: al_so obser_ved at
tioned before, the 2D SdH oscillations are sensitive only tof =4 T. Surprisingly we find several oscillations at higher
the normal component of the magnetic fi@d . Figure 1a)  feld and quantum Hall effect plateaus with corresponding
shows the magnetic field dependence of the SdH oscillationdeep minima inR,, at B=8.2 and 16.4 T. The magnetore-
at different tilt angles for sample A. In accordance with Eq.Sistance and the Hall effect data in magnetic fiBlg¢t2 T

(2) the SdH oscillations are periodic inB/, with a fre- and the Landau fan chart for the 3D and 2D subbands for
quency proportional to the density in the 2D subband. Theresample A are shown in Fig. 6. We can see six minima after
fore by analyzing theB, position of each minimum in the the last 3D SdH peak. We attribute such behavior to the
magnetoresistance in a tilted field we can determine the sulsecovery of the 2D Landau levels at higher fields. At strong
band density as a function of the in-plane magnetic field. Inmagnetic field the broadening of the levels beconies
the case of two occupied subbands, the density of the lowegtependent? The Landau level spacing increases faster with
subband increases with parallel magnetic field. Such deviaB in comparison with the level broadening ¢ B*?). There-

tion from 2D behavior has been observed in parabolic welfore, the last spin-down 3D level is split into four two-
with two electronic subband$,and has been attributed to dimensional Landau levels, as shown in Figa)g which

the carrier redistribution between subbands due to the dideads to the recovery of the 2D Landau levels at strong field
magnetic shift and magnetic-field-dependent effectiveand, finally, to the formation of the quantum Hall effect in a
masstC Figure 5 shows the density of the 2D lowest subbanddarabolic quantum welP® The Landau fan chart shows that
as a function of the in-plane magnetic field in our wide para-one should observe exactly six minima after the last spin-up
bolic quantum well, sample A . Surprisingly, the carrier den-3D level, and the last minima correspond to the gap between
sity decreases with parallel field in contrast to the resultshe lowest and second subbands at zero magnetic'figtis
obtained for a narrow well with two electronic subbaf@s. worth noting that the positions of the minima and maxima in
This reflects the fact that the system is truly self-consistenta strong magnetic field do not reflect the separation of the
and the changes in the electron density function profile havéevels but their degeneracytherefore, the positions of the

a noticeable effect on the potential well size and shape. Thgaps in the Landau fan chart do not correspond to positions
parallel magnetic field leads to a shifting of the electronof the minima inR,, shown in Fig. b). Observation of the
wave function from the center of the well and, consequentlyguantum Hall effect in a strong magnetic field clearly dem-
to a bending of the well bottom at the edge of the well.onstrates that the 2D electron system and the 3D electron gas
Taking into account the first-order correction to the energyare not spatially separated, and 3D SdH oscillations cannot
we can obtain the following expression for the energy ofbe explained by the hidden disordered electron layer, as has

=0)
o
&

nS1 / nS1 (B//

vv

0.85} wvvV

each subband in the symmetric square quantum ell: been found in the AllnAs/InGaAs systeih.
1 2 o2 2022 In the following section, we evaluate the broadening of
k h ky € BH<Z ) the levels in a wide parabolic well due to the elastic scatter-

— X_ = )
Elkeky)= 2m ¢ (Bt 2m * 2m +En, ing. All subbands overlap and therefore no 2D states should

(5) be observed in our system. We assume that other effects
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[ 12K2 iﬁ]—l
G={E— 5+ , ®)

2m 27

wherek is a wave vector and is the single-particle relax-
ation time. The thermodynamic density of states with scat-
tering is therefore given by

hl2T
(E—E")2+(hi27)?

2
P(E)=;f dE'po(E’)

Temperature broadening is very smat-.004 meV),
and we can neglect it in our calculations. It is reasonable to
assume that if the elastic broadenifige is much larger
than the energy separations between subbakHsthe den-
sity of states becomes three dimensional. To evaluate the
broadening in our system we calculate the single-particle re-
laxation time and the transport relaxation time due to the
remote impurity doping and background impurities. It is
worth noting that the single-particle relaxation time, or quan-
tum time, describes the decay time of one-particle excitations
and gives rise to the renormalization of the density of states
The filling factors for the corresponding minima in longitudinal In Comra.s.t to the transport relaxation time, which describes
resistance are indicated. Dotted lines correspond to the spin-dovme mobility Of, electron gas.' Th? transport and quantum
levels of the 2D and 3D subbands. The spin-up 3D Landau bandMmes are obtained by numerical integration of the squared

splits into two 2D Landau levels. Dashed line, the Fermi energy afnalrix elements over the allowed scattering vector using a
zero magnetic field(b) Longitudinal (solid) and Hall (dashetire-  Self-consistently calculated wave functibtScreening of the

sistance as a function of perpendicular magnetic fieldTat IMpurity scattering potential in the presence of the 2D elec-
=50 mK. Filling factors for corresponding minima in longitudinal tron gas(2DEG), is included within the Thomas-Fermi ap-
resistance are indicated. Vertical line, position of the last 3D SdHProximation. A detailed calculation of the quantum and trans-
peak atB=1.9 T (see text port times should include different scattering mechanisms
such as interface roughness scattering and alloy disorder
(probably screeningecan be responsible for the separation ofscattering. However, our samples are overfilled and have
the lowest level from the highest subbands. only a 100-A-wide spacer layer which is smaller than in the
samples studied in Refs. 3—5 and therefore the remote impu-
rity scattering should be the major scattering mechanism in
lll. CALCULATION OF THE SCATTERING TIME AND this case. In addition, it is very likely that our samples have
DISCUSSION enhanced background impurity concentration in the para-

As we already mentioned above, the three-dimensiondpolic well due to a greater reactivity of Al with oxygen. Thus
limit may be reached by continuously increasing the width ofve consider only two major scattering mechanisms—remote

the parabolic quantum well. The density of states of a twoand background impurity scattering.
dimensional system is It is worth noting that in the multisubband systems the

intersubband scattering begins to play a very important role.
For a system witlN subbands occupied the quantum time is
given by

FIG. 6. (a) Energy diagram for a 2000-A-wide quantum well.

po(E)=Int{E¢ /(R mw?2mwZ)]*?, (6)

where “Int” denotes the integer part of a number. The den- N

sity of states has a step structure, which arises from the dis- i_ E p(0) (10

crete energy-level spectrum. The approach of the 3D limit in T _]-:1 ij oo

the presence of the scattering is not well known. It is reason-

able to suggest that the smoothing out of the steplike struowhere Pi(jo) is the transition rate for an incident electron in

tures due to the broadening of the electron states is respothe i into j subband averaged over the allowed scattering

sible for the 2D-3D transition. Elastic impurity scattering vector. However, for the transport time Eq0) is not valid.

leads to the following expression for the density of stafes: The transport lifetimer, has a more complicated form and
can be obtained from the Boltzmann equation, which dives

2
p(E)=—— 2 IM[G(kE+i0)], () N
kmi=;l (K)j 7k (1D
where G(q,E) is the one-electron Green’s function, which
can be expressed as where the scattering matrix;; is defined as
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TABLE I. Subband separatiof;; = E;—E;, transport f;) and TABLE Il. Subband separatiof;; =E; - E;, transport ) and
quantum ) mobilities, and quantum level broadenithg=#A/27 quantum ) mobilities, and quantum level broadenitg=#/27
for different subbands in a parabolic quantum well with width of for different subbands in a parabolic quantum well with width of

2000 A. 4000 A.
Subband Density Energy Aj; i n r Subband Density Energy Aj Mt ) r
i (10" cm™?) (meV) (meV) (10° cm?/Vs) (meV) i (10" cm™?) (meV) (meV) (10° cn?/Vs) (meV)
1 1.15 012 — 88 21 040 1 0.64 0.03 — 475 170  0.05
2 1.03 050 038 72 19 046 2 0.62 011 0.08 203 85  0.09
3 0.85 115 065 52 15 056 3 0.57 025 0.14 210 56  0.14
4 0.60 2.06 091 46 13 067 4 0.51 0.44 019 119 40  0.20
5 0.27 324 118 18 8 1.06 5 0.43 0.70 0.25 143 34 0.22
6 0.33 1.01 031 76 26 0.30
7 0.22 1.38 037 89 26 0.30
N
8 0.08 1.82 044 13 17 047
Kij= 2, P{Pa;—P{. (12)

The Coefﬁciempi(.l) is the first component of the Fourier sults of the single-particle and transport relaxation time
] . . .

transform of this transition rate(®. In our case we have Simulations for 2000-A and 4000-A parabolic wells.
five (eight subbands occupied; therefolé, is the 5x5 (8 We can see that the transport and quantum lifetimes de-
% 8) matrix. The intersubband scattering terms appear botR€ase with subband index for both structures. It is expected
in the diagonal and off-diagonal matrix elements. However{hat the lifetime for the highest subbands can be smaller than
our system is symmetric and the intersubband scattering bdat of the first, because the impurity scattering rate de-
tween subbands of different parities vanishes. We invert th&reases very fast with momentum transfets we have al-
matrix bf K numerically, and obtain the transport lifetime for 'éady mentioned above, from the fit of E@) to the SdH

electrons in each subband. The effective average mobility igScillations[Fig. 1(a)] we extract the quantum time, and
given by obtain the broadening of the bottom levél;=0.15 meV,

which is still smaller than the broadening calculated using
N the modified theory®?! The measured quantum time for the
= Ni i , (13) 3D electron gas in sample[#ig. 2(b)] leads to a broadening
i=1 Ng of the bulk states]'*=0.4 meV. The average calculated
quantum time for the four highest subbands is about 50%
where ui = (e/m) 7y . smaller than the measured one. It is reasonable to assume
We fit the calculated mobility to the measured one anchat the broadenin@’;=7/27; should be less than half the
obtain the background impurity concentratidd,, =3  distance between leveld,;/2, due to the 2D confinement
X 10" cm™2 for sample A. This value is higher than the effect observable. Therefore, the second-level broadening for
expected carbon impurity contamination level in the well. sample A,I',, should be less tha;,/2=0.2 meV for the
For this sample, the remote impurity scattering time is caltwo-dimensional bottom subband. For this sample, the calcu-
culated forN;,,,=2x 10" cm™2. This value corresponds to lated line broadening is 0.46 meV. One can argue that the
the electron density in the welh~2N;,,, because Si do- higher values of the experimental quantum lifetimes can be
nors from both sides of the well provide electrons to theunderstood assuming a lower background impurity concen-
well. For sample B we obtaifl,,=1x 10" cm™3, which  tration. However, in this case the level broadening for the
is in the limit of the expected carbon impurity contamination highest subbands decreases too, and the 2D confinement ef-
level in the well. Such a difference between samples A and Bect will be observable for all subbands.
can be explained by the difference in the growth conditions. We assume that our calculations overestimate the scatter-
We use these values to calculate the quantum lifetime. ling time only for the lowest levels. As has been mentioned in
should be emphasized that the quantum lifetime calculateRef. 20, in a well with several occupied subbands the influ-
following the formalism given by And8 and Gold®is much  ence of the intersubband coupling on the screening may be
smaller than that measured from the amplitude of the SdHery pronounced. This effect may increase the quantum mo-
oscillations. From the fit of Eq2) to SdH oscillationgFig. bility of the lowest subbands. For example, as shown in Ref.
1(a)] we extract the quantum time for sample A,=2.2 20 in the 5-doped 200-A-wide AlGaAs/GaAs quantum well
x 10712 s, which is 10 times larger than that calculated fromthe quantum time in the first and second subbands was en-
the conventional theory for scattering in 2DEG. This discrep-hanced by 50% due to the occupation of the third level.
ancy was found in GaAs/AlGaAs heterostructdfemd was  Therefore, it is reasonable to attribute the reduction of the
explained by a correlation correction, which suppresses themall wave vector scattering to the influence of the intersub-
small-angle scattering. We calculate the transport and quarand coupling on the screening effects. We have to note that
tum lifetimes using modified theory for scattering in 2DEG the transport scattering time is not sensitive to this effect and
with correlation correctiong Tables | and Il show the re- is not modified by the intersubband coupling. Calculation of
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the screening effects in the case of more than two subbandystems in an intense applied magnetic ffeiks mentioned
is a very complicated problem. We did not attempt to simu-above, the first step toward the realization of a quasi-3D free
late the effect of the influence of the intersubband scatteringlectron system has been reported in several wbrkand
on the screening. The qualitative behavior of the quantunthe existence of a high-quality quasi-2D electron system with
and transport times is sufficient to explain the coexistence ofeveral 2D subbands has been demonstrated. In the present
the 2D and 3D electron gas. Assuming a 2 times enhancevork we realize the system with 2D and quasi-3D electron
ment of the quantum lifetime for the first and second levelsgases coexisting in the same quantum well. We use standard
due to the intersubband coupling described above, we obta@nalysis of SdH oscillations in the tilted magnetic field and
for both sample$’,~ A ;,/2, which results in the 2D confine- explore the fact that 2D Landau levels are sensitive to the
ment effect for the first subband. For the highest subbandgerpendicular magnetic field. We evaluate the broadening of
the screening effect is less important, and the level broaderthe levels due to remote impurity scattering in the presence
ing I'; is still larger tham;;/2; therefore, the density of states of the intersubband scattering and demonstrate that the
in these levels loses its 2D structure. broadening increases with subband index. The measured
We have to complete this work by calculations of thequantum lifetimes are qualitatively reproduced in the calcu-
level broadening for a wider parabolic quantum well. As hadations. We find that the bottom subband does not overlap
been mentioned above, the remote impurity scattering bewith the highest subbands. Therefore we realize a system
comes less effective in a wide quantum well. From our cal-containing 2D and 3D electron gases with almost the same
culations we find that the quantum mobility grows almostFermi energy. It is well known that some of the properties of
linearly for remote impurity scattering and remains constanD and 3D systems, such as localization in a random poten-
for the background impurity scattering mechanism. We keefial, for example, are radically different. We believe that our
the impurity concentratiol,,,=1x 10 c¢cm 3 for all well ~ system can be used for the comparison of such effects in the
widths. Because the energy separation between subbands @ and 3D cases. We also demonstrate that the quasi-three-
creases with width aAij~W‘2, we find that lowest sub- dimensional electron gas in quantum well with the width
band will overlap with the second for a parabolic well width W=4000 A is formed from four to seven highest two-
W=~7000 A. We assume here that the screening effect isimensional subbands and has a nonuniform density profile
still responsible for the 2 times overestimation of the scatterin the z direction, in contrast to the uniform jellium systems
ing time for the first and second levels. However, we have taecessary for the observation of collective phenomena. Ob-
note that the criterid’j~A;;/2 is not well defined theoreti- viously, a similar low-disordered structure with wider wells
cally, and further theoretical works are necessary to clariffand more uniform total electron density profile is desirable
question why the lowest subband is clearly separated in for a better approximation of a 3D free-electron system.
wide parabolic well.
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