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Magnetotransport of a quasi-three-dimensional electron gas in the lowest Landau level
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We have observed features in the magnetoresistance of a wide parabolic quantum well in the presence of the
in-plane magnetic field at field three times larger than fundamental field corresponding to the depopulation of
the last Landau level. The magnetoresistance structures shift with a specific sample parameter, such as potential
width. We suggested the formation of correlated states of a three-dimensional electron gas at Landau filling
factor 1/3, in analogy with a two-dimensional fractional quantum Hall effect.

DOI: 10.1103/PhysRevB.65.205316 PACS nuni®er72.20.My, 71.45-d, 73.21.Fg

I. INTRODUCTION in the presence of the in-plane magnetic fi@ldWe have
observed new structures in the magnetoresistance in the
Two-dimensional electron gas in high magnetic field ex-quantum limit atBy;=3B;, when B, corresponds to the
hibits several novel electronic correlated phas&se most  depopulation of thev=1 Landau levelLL). Dependent on
remarkable example is the electronic states of the fractiona{ﬂe direction of the currerti.e., parallel or perpendicular to
quantum Hall effectFQHE).2 Many-body effects in low- the magnetic field the magnetoresistance shows either a
density three-dimensional electron g&DEG) in the pres- peak or a smooth step. The magnetotransport features may be

f A tic field h tvet b dentifi indicative of a new correlated electronic state, which is
ence of a strong magnetic ield have not yet been 1dentili®g, ey jn the extreme quantum limit Bt ;= 3B;. The ori-

unambigously. It_has been shown that at sufficiently low teM+in of this state remains unclear. More recent thedfigsat
peratures the uniform 3DEG should be unstable with respeghe pure 3DEG in the Hartree-Fock approximation in the
to the formation of a spin density wa¥8DW) (Ref. 3 or  extreme quantum limit. A complicated phase diagram has
charge-density wavéCDW) (Ref. 4 in strong magnetic pheen predicted for the transition region from the uniform gas
field. The reasons for the possible formation of SD®DW)  state to the Wigner crystal as the magnetic field is
are the one-dimensional character of the electron motion in mcreased® however, no discontinuity in the ground-state
strong magnetic field and electron-electron interaction. Thenergy neaB,,;=3B; was found. The situation resembles
spin(charge density wave is pinned in the crystal due to thethat of two-dimensional systems, where the FQHE has been
interaction with an arbitrarily small density of impuritiés.  discovered at Landau filling factor 1/3 demonstrating the
The best candidate for the study of three-dimensionafailure of the Hartree-Fock theory. It is only recently that a
(3D) many-body effects in a strong magnetic field is a re-new, correlated, stripe phase has been observed in the higher
motely doped wide parabolic quantum wéWPQW), be-  LL in samples with exceptionally high mobilitied which is
cause it allows to form a wide layer of dilute high mobility consistent with the theoretical suggestion of charge-density
carriers with a uniform densifyIn Ref. 7 a realistic WPQW Wave states at the levels with>1. The properties of the 3D
has been considered and the parameters of the system as wR{ptems in the extreme quantum limit are also, probably, be-
as the temperature and magnetic-field ranges necessary f§Pnd the Hartree-Fock approximation. The transport mea-

the observation of the new electronic correlated phases hayirements discussed in our paper may offer the way to de-

been calculated. Theoretical calculations support the possi?rmme the ground state in 3D system in the strong magnetic

bility of the observation of these effects in realistic structure, ield.
however, the spin-density wave instability is very sensitive to
the choice of parameters. This probably explains why neither
SDW nor CDW have been observed so far in experiments on
magnetotransport in wide parabolic quantum wefis!!

In this paper we report magnetotransport measurements in The modulation doped quasi-three-dimensional structures
the wide slab of electrons in AIGaAs parabolic quantum wellwere suggested by Gossard and Halpesnd were grown

Il. ELECTRON STATES OF A WIDE PARABOLIC WELL
IN THE PRESENCE OF THE PERPENDICULAR
AND IN-PLANE MAGNETIC FIELD
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FIG. 1. Calculated total potential, electron density, and energy In-plane field (T)

levels in 4000-A parabolic quantum well for sheet density, ) )

=2.3x10" cm 2. Inset shows schematic illustration of the  FIG. 2. Energy levels of the wide parabolic quantum well as a

conduction-band edge in an empty parabolic well. function of the in-plane magnetic field. Dots represents the bulk

Landau levels. The position of the Fermi level at zero magnetic

by Sundaramet al® and by Shayegaet al® It has been field is shown by the dashed line.

demonstrated that the electrons in the well occupy several ] )

(up to foup electric subband&!®1! self-consistent calcula- Smaller than the width of our well, and electron system in

tions for a partially full 4000-A parabolic well with the elec- Such field is essentially three dimensional.

tronic slab widthW,=3000 A and the sheet density 2.3 !N @ magnetic field directed alongaxis each subband

X 10 cm~2 , which are shown in Fig. 1, reveals six sub- represents a staircase of LL associated with the subband en-

bands occupied. The number of the occupied electric su2"Y Ei (i is the subband indgxThe energy spectrum of the

bands and the effective width can be increased by increasirfgfectron states is given by

of the electron sheet density. We may conclude here, that the E, =E +hw(n+1/2). &)

system in zero magnetic field is neither two dimensional

(2D) nor three dimensionaBD). In the presence of the in-  Clearly, this energy spectrum is different from the energy

plane magnetic field, however, evolution of 2D-3D energyof the 3D LL subbands in the presence of the in-plane mag-

spectrum is expected. The energy of the electrons in a pargretic field described by Eq2). It is shown schematically in

bolic quantum well with the potential=(az)” in the pres-  Fig. 3 again for the energy levels B=0 determined from

ence %f an in-plane magnetic field oriented alongxis is  self-consistent calculations. The three-dimensional limit in
given by

En=(h22m)(K;+ yk) +ho(n+1/2)  (n=0,1,...),

(N
where 0=(wotw)*? w,=a(2m)? w.=eB/m,
y=(wo/w)? , andm is effective mass. For wide parabolic
wells in strong magnetic field,<w., and we have

En~hwc(n+1/2)+42K2/2m, 2

which is the energy of the 3D LL subbands, wherés the

LL number. For the square quantum well this problem cannot
be solved analytically. However, one can expect that the re-
sults for both approximations in strong magnetic field would
not be different. The energy spectrum in parallel magnetic
field is schematically shown in Fig. 2, where the energy lev-
els atB=0 are taken from our self-consistent calculations.
Also dots represent the bulk Landau level. We can see that

then=2 andn=1 bulk LL's are almost coincident with FIG. 3. Energy of the wide parabolic quantum well as a function
subband energies in strong field. Therefore, it is expectegs the strong(a) and low (b) perpendicular magnetic field. The
that the physics of the wide parabolic well and 3D systems irposition of the Fermi level at zero magnetic field is shown by the
this case should be similar. It follows from the fact that in 1 dashed line. The cyclotron and subband energies are indicated. Five
T the magnetic length is equal to 250 A, which is 15 timesLandau levels are shown. Spin splitting is neglected.

Perpendicular field (T)
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TABLE |. The sample parameters.

Sample x y d w n ) Ng )
A A (Dark) (Dark)  (After illumination) (After illumination)
(10" cm™2) (cn?/Vs) (10 cm ?) (cm?/Vs)

2236 0.275 0.275 150 2000 1.1 67000 2.8 66000
2237 0.275 0.275 150 2000 1.4 85000 3.4 61000
2262 0.200 0.310 200 1000 1 71000 5.8 108000
2263 0.270 0.310 150 1500 1.5 83000 5.6 79000
2264 0.270 0.310 150 2000 2 81000 4.5 73000
2265 0.270 0.310 150 2500 2 71000 3.8 65000
2266 0.270 0.310 150 3000 2.4 82000 4.8 61000
AG662 0.270 0.310 100 4000 1.5 120000 3.5 240000

this geometry may be reached by continuously increasing thgox 10° cn?/Vs for 1000—3000 A parabolic wells to 210
width of the parabolic well, when the distance between lev-x 103 c¢m?/Vs for a 4000-A well. It should be noted, that the
elsAE;;—0. In a real system the energy levels have a finitemobility in a WPQW is usually smaller than in the conven-
width due to the disordel’, therefore, the electron system tional AIGaAs structures due to such scattering mechanisms
has a 3D energy spectrum when the electron subbands aagd background impurity and alloy disorder scattering. The
their LL overlap,I'~AE;; . We can also see clear difference mobility due to the remote and background impurity scatter-
between these two geometries: when the parallel magnetigg in our structures has been calculated in paper Ref. 15. We
field is applied, 2D-3D transition occurs in the strong enoughfound that the remote impurity scattering has no a strong
magnetic field, in contrast to perpendicular field geometryeffect in a wide well, since the distance between the impuri-
when magnetic field cannot change the dimensionality of theéies and the edge of the electron slab is larger than the spacer
system. Based on these arguments, further we present thgdth. On the other hand, the role of the background impu-
results of the measurements of the wide parabolic well in theities increases dramatically in comparison with conventional
presence of the strong in-plane magnetic field, when the erGaAs/AlGaAs heterostructures. For homogeneous back-
ergy spectrum is identical to the spectrum of the bulk sysground doping the scattering timeis given by®

tems.

1l 7= (2EENgW/ng)H (k), (4)

Ill. CHARACTERIZATION OF THE SAMPLES AND

EXPERIMENTAL DETAILS where E¢ is the Fermi energyNg is background doping

density, andH (kg) is the screening function that depends on

The samples were made from ,&a _,As parabolic the Fermi vectokg. In Ref. 17 it was argued that in hetero-
qguantum well grown by molecular-beam epitaxy. It includedstructures with high mobility the major scattering mechanism
a 4000 A-wide parabolic AGa,_;As well with x varying is due to the background doping. For heterostructures the Eq.
between 0 and 0.29, bounded by undopedGd,_;As  (4) can be rewritten in the form/r=ErNg/nkg . This ex-
spacer layers witl#-Si doping on two sides. The thickneds pression gives the mobility in 2D electron gasp=5
of the undoped layer was 100-200 A. The well is charac-x1®® cn?/Vs for ng=3x10" cm 2 and Ng=1.1
terized by three parameters shown in the inset to Fig. 1. The<10** cm™2, which is close to the limit of the expected
height of the parabold ;=750 meV, the width of the pa- carbon impurity contamination in the wéll Therefore, from
rabolaW, and the height of the AlGaAs barridr,=750(y  the comparison of the mobility in the wide well,.;; and in
—X) meV. The parabolic variations mimic the potential of a heterostructuregw,p we obtain wye=2u,p /(Wk:)~180
uniform positive three-dimensional chargé, which is pro- X 10° cn?/Vs, which is close to the experimental value of
portional to the curvature of the grown parabolic potential.the mobility for our 4000-A parabolic well with the same
The parabolic well is full, when the electron sheet density inelectron sheet density. Thus, we may conclude here that the
the well ng is sufficient to completely screen the fictitious quality of our best samples is comparable with the GaAs/
positive chargen™: n=n"W=2Ae/(e?7W), where ¢  AlGaAs heterostructures containing 2D electron gas with
=12.87 is the static dielectric constant. The sample paranmobility u,p>5x10° cn?/Vs,
eters are given in the Table I. Initially all our parabolic wells  The test samples were Hall bars with the distance between
are only partially occupied by electrons. We varied the electhe voltage probes =200 um and the width of the bad
tron sheet density by illumination with a red light-emitting =100 wm. Four-terminal resistance and Hall measurements
diode. In order to increase the full well sheet density withwere made down to 50 mK in a magnetic field up to 15 T.
respect to the previously studied WPQOW we increased The sample was immersed in a mixing chamber of a top-
the height of the parabola for several structursse Table)l loading dilution refrigerator. The measurements were per-
The mobility of the electron gas in our samples varies fromformed with an ac current not exceeding 70A. Resistance
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toresistance reveals oscillations, sometimes called diamag-
netic Shubnikov de-HaasSdH) oscillations, which result
from the combined effect of the electric and magnetic
fields!® In quantum well with several subbands occupied,
such oscillations can be interpreted as magnetic depopulation
of the 2D levels. However, as we also discussed above, the
energies of the=1 andi=0 subbands in magnetic field are
coincident with the energy of the=1 andn=0 bulk Lan-

dau levels, therefore, last oscillations correspond to the de-
population of the bulk LL. To distinguish between these two
cases we should consider characteristic energy of the quan-
tum well Eq= (2)242%/(8mW?) and cyclotron energf o,

s in-plane field () _10 which for the last magnetoresistance minima is equal to

R_* (arb.units)

— 15 N Fermi energy. For full parabolic well we have
%) 10 \\
E } o Er=42(3m°N_ )23 (2mW*"), (5)
LsE e, (D)
w L *_2_/ _ 2 -2 —4/3
" T D whereN, =n,W-. SinceE;~W™ ¢ andE-~W™** we may
01000 5000 — 4000 estimate critical widthW.~100 A, when Eq~Eg. For
W(A) wider parabolic wellsEqg<Eg, and the energy of the=0

bulk LL level is coincident with the energy of=0 subband.
FIG. 4. (Top Sketch of the experimental geometry for the mea- Figure 4b) shows the Fermi energy determined from the
surements of the transverse magnetoresistaige () R}, as a  position of the last minimum of the magnetoresistance and fit
function of the in-plane magnetic field for wells with different geo- of the Eq.(5) without adjustable parameters. It is worth to
show the position of the fundamental magnetic figidcorrespond-  G5As/AIGaAs structures, we cannot change the bulk Fermi
ing to the depopulation of the last Landau levbl. Fermi energy of  onarqy in parabolic well by increasing the electron sheet den-
the quasi-three-dimensional electron gas as a function of the sampgqty through illumination. It results from the fact that the
wi_dt_h extracted from the position of the last magnetoresistanc%vidth of the electron slabV, increases witm,, so that the
minima. Dashes represent data of &5). bulk densityn,=ns/W, and the Fermi energy remain es-

was measured for different angles between the field, su sentially constant. Indeed we cannot fill up the parabolic well

state plane, and curent in magret feid usingrsi 7 ST, Sice he seeons n e vide wel
rotation of the sample. The current was directed along thgveakl connected two—din?ensional S stemg Therefore, the
Hall bar (y axis). We measured the longitudinal magnetore- y . : ystems. '
. ) - . . only way to vary Fermi energy is the variation of the geo-
sistanceR,, with magnetic field directed along axis, and . . . . .
Yy . . . metrical width of the parabolic well. It introduces some lim-
the transverse magnetoresistaRgg with B oriented perpen-

dicul h . 4 el h its for the investigation of the 3D properties in such systems.
'Cllf aézto the currentx axis) and parallel to the quantum o oyample, it would be better to increase the width of the
well. Ry,

I. Ry denotes transverse magnetoresistance when magye|| to improve 3D approximation, specially for perpendicu-
netic field is directed parallel to the normal of the quantumg, magnetic field. However, as we can see in Figp) Athe
well plane ¢ axis. We rotate the samplén situ, so that  Fermi energy decreases rapidly and all magnetic energy
magnetic field could be tilted with respect to the samplegcqjes shift to the lower fields. Because of these natural limi-
(x-y) plane inx or iny directions. We denote the angle tations, we believe that the 4000 A parabolic wells are, prob-
betweenB and the sample plane by. We used the Hall  gp)y optimal systems for investigation of correlation effects
voltage for the measurements of the tilt angle with precision, 3p gas. Figure 5 gives additional support for this assump-
of 0.02°. We investigated 1-3 samples with similar paramjon_ |t represents the low-field part of the magnetoresistance
eters for each grown structure indicated in the Table I. They the 4000-A well at low temperatuiB=50 mK. We can
concentration was determined from the low-field Hall mea-gee magnetoresistance oscillations at low field and the fit of
surements. In addition to the Hall bar we performed meane theoretical expression for 3D SdRef. 20 to the ex-
surements in the van der Paw structures. perimental curve assuming paramet&is=2.04 meV and

the single-particle relaxation time~10 12 s. One may see

that the periodicity of the first oscillation deviates fronB1/

IV. EXPERIMENTAL RESULTS behavior, which results from the combined effect of the elec-
tric and magnetic fields. The resistivity minimum in 3D case
produced by the depopulation of tmth LL occurs at the
inverse magnetic field given BY

Figure 4a) shows the transverse resistafig as a func-
tion of in-plane magnetic field for parabolic wells with dif-
ferent geometric widths at=1.5 K. As we already mention
in the Sec. Il, in parabolic quantum well the subband energy .
is determined by Eq(1) (see also Fig. 2 and the magne- B, =P(n+1/8+p), (6)
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FIG. 5. Transverse magnetoresistaf®g as a function of the

low in-plane magnetic field for parabolic well with geometrical
width W=4000 A, T=50 mK. Thin line represents SdH oscilla-
tions in 3D case calculated from theoretical expressgee, for

0 2 4
in-plane field (T)

FIG. 6. (Top Sketch of the experimental geometry for the mea-

example, Ref. 2 ;
P 0 surements of the transverse magnetoresist&jce (a) Sample 1;

R}, as a function of the in-plane magnetic field for two different
values of the densityng: 1.5x 10 cm 2 (curve 1 and 3.5
. X10" cm™? (curve 2, T=50 mK. (b) Sample 2 (=3.3
=1.1 T corresponds to the depopulation of thel Landau w10t ¢m2), R¥, as a function of the in-plane magnetic field at
level, and at higher fields only the lowest LL is occupied. T=50 mk.

Now we turn to the experimental results in the quantum
limits in the strong in-plane magnetic field. Figure 6 ShOWS[See F|g Ga)] Figure 8 shows a summary of the positions of
the transverse resistang, as a function of in-plane mag- the minima inR%, and 1/3 feature. Solid lines are linear
netic field for different electron sheet densities for 4000-Adependences A/ on the in_p|ane f|e|d, which are drawn
parabolic well. Surprisingly, aB=3.7T~3B; (LL number throughn=1 minima.
n=1/3), we observe a peak in the transverse magnetoresis- Naively, one would expect to see a spin splitting of the
tance, as can be seen in Fig. 6. This peak becomes sharpgfiH oscillations, which would lead to the last resistivity
with the increase of the electron densjfig. 6@)]. Figure  minimum atB~2.2—-2.4 T, corresponding to the depopula-
6(b) shows the data for the second sample, when after illution of one spin-split sublevel of the last 122.However,
mination we approach a slightly higher Fermi energy. We cafihe effective mass and the effectigefactor in GaAs are
see that both the last Landau minimum and the peak afuch that the Zeeman splitting is roughly 1/60 of the LL

The feature at three times the fundamental depopulation field

is comparable with the SdH oscillations, and it seems to be
strong. Its precise position in magnetic field should depend
on the Fermi energy and sample design.

In order to observed the feature shift with a specific
sample parameter we study the samples with smaller widths.
Figure 7 shows the experimental tracesRyf, from four
samples taken at different temperatures. We can see that the
data from all samples show the peakBaj;=3B;. As tem-
perature is raised above 0.5-1 K the 1/3 feature is gradually
vanishing. The feature depends on the mobility and is weaker
in samples with lower mobilities. Because samples with
widths 2000—-3000 A have similar mobilities, it seems that
the feature becomes weaker for lower magnetic fields. This FiG. 7. Transverse magnetoresistafg as a function of the
data, probably, explains why samples with similar design inin-plane magnetic field for parabolic wells with various widths for
vestigated in Ref. 19 did not reveal structures observed igifferent temperatures: dashes represent 1.0 K, thick line represent
our work, the mobility of the sample was 8A0° cn?/Vs, 50 mK. Inset to(c) represents derivative 6t%, as a function of the
which is marginal for the observation of the 1/3 structuresin-plane magnetic field af=50 mK.

where for the spherical modél=(2e/%)(37%np) 23,3
=0.5. From Eq.(6) we find that the last minimum &8,

n=1/3

L (c)

W=3000A

n=1

" (Ohm)

RI

a s In-plane ﬂagi m
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FIG. 8. Plot of the in-plane field position of the minima in 0 5 1I0 15
transverse magnetoresistari®g corresponding to the depopulation In-plane field (T)

of the nth Landau level and maxima at 1/3 feature versus fbf

parabolic wells with different geometrical widths: squares represent FIG. 9. Transverse magnetoresistafg as a function of the
W=4000 A, circles representv=3000 A, diamonds represent in-plane magnetic field for a parabolic well with geometrical width
W=2500 A, and triangles represewt=2000 A. W=1500 An,=3.5x10" cm 2, T=50 mK.

from g=—0.44 atx=0 (GaA9 to g~ +0.5 atx=0.35 van-  fractional features at higher magnetic field was found. It is
ishing atx=0.13%! It leads to the averagg factor in our  not very surprising, since the mobility in our samples is low,
4000-A parabolic well of 0.14 and corresponding Zeemarin comparison with 2D electron gas. As has been demon-
energyAE;=0.02 meV atB=2.4 T. It is worth mention- strated in Ref. 22, the samples with 2D mobility smaller than
ing that the possibility of the observation of spin-split instead500x 10° cn?/Vs reveal transition to the insulating states
of single peaks depends not only on their separation andfter 1/3 minimum without development of the 1/5 and other
temperature, but also on the level broadening. Collapse dfigh-order fractional features.
the spin splitting can be interpreted as a result of the over- Figure 9 shows the transverse resistaR§gas a function
lapping of LL subbands, when level broadenifigs larger  of in-plane magnetic field for 1500-A parabolic well. Since
than the Zeeman energy. The width of the LL is determinedhe last minimum occurs @&,~4 T, we expected that the
by the single-particle relaxation time;, which is usually  1/3 features will appear @&,,3~12 T. However, no feature
smaller than the transport time obtained from the conductivat this field was found. It is not very surprising too, and we
ity at B=0. As we indicated above, from the comparison ofmay argue here that the stronger magnetic field kills the 1/3
the SdH oscillations with the conventional expression for 3Dfeature due to competitions between one-dimensional local-
SdH effectd® we obtained the single-particle relaxation time ization and correlation effect€.The transition to the insulat-
7¢~10"12 s, which corresponds to the Landau level broad-ing state in 2D sample€, mentioned above supports this
eningl'=#/7~0.6 me\>AE;, supporting the arguments idea. Higher mobility samples are necessary to check the
about the absence of spin splitting in our parabolic wellsinfluence of the strong magnetic-field localization on the cor-
Therefore, it can be expected that the last LL remains unporelation effects.
larized in magnetic fields up t&50 T, whenl'=AE;. In- We also measured magnetoresistance in 1000-A parabolic
deed, in the trueB—o limit the Zeeman splitting would well, when 1/3 feature is expected to be close to 18 T. Since
maximally polarize the system, however, no resistivityour measurements are limited to 15 T, we looked for 2/3 or
minima should be observed in this case. In two-dimensionabther fractional features at lower fields. These features were
systemsg factor is strongly enhanced due to the electron-nor observed in our samples.
electron correlation effects, therefore, in 2DEG it is easy to To finish the part of work concerning the measurements in
approach extreme quantum limit, when only the lower spina parallel magnetic field, we have to mention another experi-
state of the lowest Landau levels are occupied. mental geometry. We have also measured the longitudinal
Indeed we extended our measurements to higher fields ugsistivity Ry, (the current in parallel wittB) as a function
to 15 T in order to look for the occurrence of similar phe- of the in-plane magnetic field. For comparison we show the
nomena at other fractional fillings like 1/5. We found that in data for both configurations in Fig. 10. Surprisingly, the mag-
the quantum limitR}, exhibits linear dependence on the netoresistance exhibits anisotropic behavior; we see the peak
magnetic field with a larger slope for the transverse magnein R}, accompanied by the changes in the slop&gpf (step
toresistance and a weak temperature dependence in theughly centered at=1/3. At T=1.5 K the curves exhibit
liguid-helium range(1-4.2 K). At low temperatures magne- only a monotonic increase with magnetic field, as can be
toresistance demonstrates a stronger magnetic-field depeseen in Fig. 11. In Fig. 10 we can see that the SdH oscilla-
dence aB>7 T, which may be indicative of the beginning tions in the longitudinal magnetoresistance have a smaller
of the magnetic freeze-out, however, no indication for otheramplitude and are shifted to lower field. For the transverse
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FIG. 12. (Top Van der Paw geometry for the measurements of
the longitudinal and transverse magnetoresistance; arrows show the
direction of the currentR,, (1) andRy, (2) as a function of the

FIG. 10. (Top Sketch of the experimental geometry for the . S . . i .
ts of the t R d lonaitudinalR in-plane magnetic field for a parabolic well with geometrical width
measurements of the transveiRg and longitudinalR,, magne- W=2000 A atT=50 mKn.=2.1x 10 cm 2.

toresistanceR}, (1) and Ryy (2) as a function of in-plane magnetic

field for a parabolic well with geometrical widtW=4000 A, n

=3.5x10" ¢cm 2, andT=50 mK. parabolic quantum wetf In the quantum limitR, and Ryy
both exhibit linear dependence on the magnetic field with a

SdH oscillations the theory predicts the amplitude, a facto}f‘rger slope for the transverse magnetoresistanceT at
2.5 times larger than that fdR,,, which is roughly consis- 1.5 K. We have to note that anisotropic behavior of mag-

tent with our measurements. However, the shift of the peakgetoresistance in the quantum limit for ionized impurity case

remains unclear. It should be noted that a similar shift forVithout correlation effects has been predicted and observed

diamagnetic SdH oscillations has been observed in narroll & Number of 3D systeni$or review see Ref. 23 Here we
report on the anisotropy close to the magnetic flg. We

emphasize that not onlg,,>Ry,, but 1/3 features have a
1 i— different shape for these geometries.
A In 2D electron gas it has been shown that the influence of
‘t_ anisotropy in transport can be dramatically enhanced by use

In-plane field (T)

b of a van der Paw geometf§We also measured longitudinal
Lx A B and transverse magnetoresistances in the parallel magnetic
field for this geometry, shown in Fig. 12. Indeed 1/3 features

are observed in van der Paw sample, whefg reveals the
peak atB,;3=3B; and increases &>B,. Behavior of the
longitudinal magnetoresistance was found to be different
from the dependence &, on the parallel magnetic field in
Hall bar geometryR,, decreases at high field and changes
the slope neaB,;=3B;. We have to note that the nonuni-
form current distribution in van der Paw geometry leads to
mixture between different components of the resistance, and
such measurements will be very difficult to analyze, how-
ever, in this work we do not attempt to describe how mag-
netoresistance behaves in Hall bar and in van der Paw geom-
etry.

As we already mention in Sec. |, energy spectrum shown

FIG. 11. (Top) Sketch of the experimental geometry for the mea-IN Fig. 3 transforms to the spectrum in Fig. 2, when magnetic
surements of the longitudinal magnetoresistaftg. R,, as a  field is filted away from the normal to the sample plane.
function of the in-plane magnetic field for a parabolic well with Evolution of the energy levels in the tilted field in parabolic
geometrical widthw=4000 A for different temperatures: dashes quantum well has been studied in Ref. 9 for 1000-A para-
represenfT=1.5 K, thick line represenT=50 mK, andn,=1.5  bolic well. As has been argued in Ref. 9, the states in tilted
X 10" cm™2. field, so called oblique states, transform into plane waves

(4]

00

(Ohm)

yy

R

In-plane field (T)
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along the field in the bulk Landau states, since their localizaand q are integer numbergy(is odd, have a minimum en-
tion lengthW, grows asW, /tan® , when field is tilted in the  ergy. For noninteracting systems the last 3D Landau level
x direction. We also measured the resistance at differerttas a filling factorv=2n"#?12/ke=1 (neglecting spih
angles® between the field and the parabolic well plane,and k: decreases witlB. For interacting system the=1
rotating our sample in situ. Since the degeneracy of the obstate is not necessarily the minimum energy state, because of
liqgue states is given bye®/h)sin®, as for 2D levels, in the competition between the kinetic and Coulomb energy.
titled field we observe SdH oscillations shifted, as expecte®dne may speculate that=1/3 andkg(By,3) =Kkg(0) state
with the angle, similar to results, observed in Ref. 9. Previ-has a minimum energy and is a kind of the charge-density
ous experiments in parabolic well with the width of the elec-wave. This new state can be pinned by impurities. We cannot
tron slabW,~1000 A and four occupied subbands demon-explain the anisotropy of the magnetoresistance structure,
strated a 2D character of the spectrum in perpendiculahowever, since the energy, which is necessary to move
magnetic field*! Our samples are wider, but it is not wide pinned charged electronic rods in the direction along the rods
enough for the 2D-3D transition &=0, and the density of or in perpendicular direction is different, it certainly should
states in a perpendicular magnetic field does not lose its 2kad to anisotropy of the transport coefficients. Our observa-
structure'® Due to this, then=1/3 structure disappears at tion is perhaps the indication that correlation phenomena in
0>20°, and we observe only 2D SdH oscillations in tilted 3D systems in strong magnetic field are quite similar to those

and perpendicular magnetic fieldBt>1.2 T. in the lowest 2D Landau level.
V. POSSIBLE STATES FOR THREE-DIMENSIONAL VI. CONCLUSIONS
ELECTRON GAS IN THE QUANTUM LIMIT ) .
IN THE STRONG MAGNETIC EIELD We have measured transport properties of the parabolic

quantum wells with different widths subjected to in-plane

There is no satisfactory explanation for the observed magmagnetic field at temperatures down to 50 mK. In spite of
netoresistance features nd&yj;;=3B;. It cannot be a spin-  the fact that this system is neither 2D nor 3D at zero mag-
splitting effect because of a small value of thdactor and  netic field, when the strong parallel magnetic field is applied,
inconsistency with the behavior of conventional spin-splitthe spectrum becomes identical to that of a 3D electron gas.
oscillations. Since the samples have a high electron mobilitgince the mobility in parabolic well is much higher than in
we can suggest, in analogy with a 2D FQHE, a formation ofthe heavily doped semiconductors, such system is very
correlated electronic state. The Hartree-Fock apprOXimatiOBromising for Studying the electron correlation effect in the
predicts several electronic phases in a strong magnetic fielsirong magnetic field. Another advantage is isotropic Fermi
in the extreme quantum limit. First, it has been shown that syrface and single carrier type, in contrast to semimetal, like
a homogeneous 3DEG should be transformed into a twographite and bismuth, when highly anisotropic Fermi surface
dimensional hexagonal lattice of charged rods parallel to th@nd coexistence of the electrons and holes does not allow us
magnetic field with the diameter@, wherel} is the mag-  to unambigously interpretate magnetoresistance data in the
netic length(Kaplan-Glasser phase® Each charged rod be- strong magnetic field. In all our samples with widtié
haves as a one-dimensional electron gas with a variation of 1500 A we observed unexpected structure at magnetic
the charge described by the wave ve€r= 2k along each  field three times larger than the fundamental field. These
rod, wherek is the Fermi vector of the electrons. In our structures are observed only in high mobility samples and at
parabolic well the dimensionless interelectron spaciRg |ow temperaturef<1 K. Several theoretical models indeed
=(4mn*/3) *ag’, whereag is the effective Bohr radius, support the idea that the correlation effects in pure 3D sys-
is around 3. According to Ref. 13, in such a situation 1Dtem become very important in the quantum limit and may
charged rods evolve continuously into a Wigner crystal asirive the system to the strongly correlated state. However,
the field is increased, and transition to the Kaplan-Glassesuch models are based on the Hatree-Fock approximation,
phase does not occur. Using the results of the calculdflonsthat is failed for 2D system and does not predict fractional
we can estimate the values of the magnetic field, when thquantum Hall effect. Therefore, we suggested that the corre-
different phase transition should occur for our 4000-A parajated state may occur in 3D system at filling factor 1/3, in
bolic well. The ground state changes from uniform-densityanalogy with FQHE. Indeed this idea demands further theo-
states to a CDW state with wave vector parallel to the field atetical and experimental confirmation.
B.~1.8 T, to an uniform-density stateBt~5 T, and then
to a Wigner crystal with the holes and electrons Bat
~5.1 T and 9 T consequently. We may see that all these
critical fields disagree with magnetic fieRl,;~3.7 T, when We thank Z. D. Kvon and E. B. Olshanetskii for discus-
the structures in magnetoresistance are observed. The discaions, C. S. Sergio and A. A. Bykov for assistance with the
ery of the FQHE demonstrates that the ground state may beample preparation, D. K. Maude for help with dilution re-
different from the states predicted by the Hartree-Fock apfrigerator. Support of this work by FAPESP, CNHyazilian
proximation. In 2D systems the fractional states correspondagencies USP-COFECUB, and RFRIContract No. 01-02-
ing to the Landau filling factow=ng27l%=q/p, wherep ~ 16892 is acknowledged.
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