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Orbital effect, subband depopulation, and conductance fluctuations in ballistic quantum dots
under a tilted magnetic field
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Using two-dimensional electron gas@DEGS confined to wide and narrow quantum wells, we study the
magnetoconductance of ballistic quantum dots as a function of the well width and the tilt angle of the magnetic
field B with respect to the 2DEG. Both the wide and narrow quantum well dots feature magnetoconductance
fluctuations(MCFs) at intermediate tilt angles, due to the finite thickness of the electron layer and the field-
induced orbital effect. AB approaches a strictly parallel configuration, a saturation of the MCFs’ spectral
distribution is observed, combined with the persistence of a limited number of frequency components in the
case of the narrow quantum well dot. It is found that the onset of saturation strongly depends on the width of
the confining well. Using the results of self-consistent Poisson-Schrddinger simulations, the magnetoconduc-
tance is rescaled as a function of the Fermi level in the 2DEG. We perform a power spectrum analysis of the
parallel field-induced MCFs in the energy space and find a good agreement with theoretical predictions.
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I. INTRODUCTION 2DEGs at low temperatures and in the presence of a high

tron gaseg2DEGS are now commonly used as an experi- netotransport is potentially interesting as it might shed light
mental tool for the investigation of a particular regime of on the(dis-)similarities between the phase spaces probed by
quantum transport where the electron dynamics is both bakither a perpendicular or parallel field and on the role played
listic and coherent. In particular, the magnetoconductancey the finite thickness of the 2DE&:2°

fluctuations(MCFs) observed in ballistic quantum dots have  Here, we have investigated two ballistic quantum dots
been the subject of intensive resedréiin the last few years. patterned on top of 2DEGs confined to a narrow and a wide

The fluctuations arise from the complex quantum imerfer'%uantum well, respectively. We have studied their magneto-

ences occurring between electron trajectories that bouncg, .\ tance as a function of the well width and the tilt angle
multiple times against the dot walls before escaping throug of the maanetic field with respect to the normal to the
its leads. Unlike disordered systems where transport is essez-DEG Th 9 | £ th pd h . its of
tially chaotic, the underlying classical dynamics in open - The plan of the paper and the main results of our

quantum dots is characterized by a mixetaotic and regu- work are as follows. In_ Sec. I, we present our ma_\gnetotrans-
lar) phase spaéewith quantum-mechanical tunneling of the POrt results. After a brief description of the experimental de-
electrons through Kolmogorov-Arnol'd-Moser(KAM)  tails, the measurements related to the narrow quantum well
islands® Central to quantum interference phenomena is théNQW) dot are described in Sec. Il A and are followed by
presence of a magnetic field that breaks the time-reversdeir counterparts in the case of the wide quantum well
symmetry and changes the phase experienced by electrons(?QW) dot in Sec. Il B. In both NQW and WQW dots a rich
the dot’ spectrum of MCFs is present whé&nis brought to a strictly
Until recently, the magnetic fiel was usually applied parallel configuratior{f¢=90°), due to the finite thickness of
perpendicular to the 2DEG in order to maximize the mag-the electron layer and the orbital effect it induces. In Sec. lll,
netic flux enclosed by electron trajectories. Seminal experiwe analyze the MCFs’ power spectrum in tilted magnetic
ments and theoretical work¥have shown that the presence fields and extract an effective tilt angle, which is a useful
of a component of the field parallel to the 2DEG can stronglyparameter to analyze the dependence on the well width of the
affect the MCFs’ statistics, mainly due to the spin-orbit cou-MCFs’ fingerprint. Section IV is devoted to self-consistent
pling, which is non-negligible in GaAs quantum defs: Poisson-Schrodinger calculations of the two-dimensional
Other authors have focused their attentfof? on the  gjectronic states under a parallel fiél2in both narrow and
complementary role that the orbital effect could play in par-4e Qws, Particular emphasis is put on the influence of the

allel B-induced transport through quantum dots when the fix, o effect on the energy dispersion relations, Fermi level

nEEI;Q;!f)“ﬂ?gi\g;ﬂgﬁgfﬁ;f,\tﬂa(l:(ﬁg Icrz]atg %(zjceoeu dngénoﬁsrgﬁzr%ontours, and electron concentrations in the occupied sub-
P ' ands. Our data analysis is presented in Sec. V. We introduce

for ballistic quantum dots under a strictly paral&lA care- . . : X
ful analysis of their variance confirmed that the MCFs arise? '€Mapping O.B into a self-consistently calculated eﬁecﬂve
from the orbital effect Fermi energy in the QWs. The frequency analysis of the

The use of tilted fields has already proved successful if/CFS in thggnegjsy spacés in good agreement with theo-
the study of various quantum Hall states displayed by th&etical predictions? We draw our conclusions in Sec. VI.
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FIG. 1. Schematic of the experimental setup witlsitu tilting > 16
of the sample. The tilt angl® is determined by monitoring the 1.4+ 89.9°, 80"
2DEG transverse magnetoresistance in the Hall bar located next to « ,," B
the dot. Upper inset: Schematic diagram of the dot. Dark regions 121~ < Tea 7 ™
represent etched areas of the 2DEG. The dot is connected to 2D 10k ./. \
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II. EXPERIMENT B(M
Two identical dots with an area of @m? have been FIG. 3. (@ Magnetoconductancey of the NQW dot at

fabricated using electron beam lithography and wet etchind =0.3 K under a strictly perpendicul&: (b) Magnetoconductance

from two 2DEGs(see Fig. 1 The first 2DEG is confined ©of the NQW dot for tilt angles close to 94¥=89°, 89.3°, 89.6°,

to a 15-nm-thick quantum wellNQW), located 100 nm 89.9°, and 90° from the upper to the lower cuyrv€he traces are

below the surface. This NQW sample has a mobiIityShmed for clarity in steps of 0e¢/h with respect to the#=90°

u~5x10° cm?/V s. The second 2DEG is confined to a 45 Curve- Inset: Transverse resistapce of the parent .2DEG at indicated

-nm-thick quantum well. This WQW is located 150 nm be- filt angles, measured on the adjacent Hall e Fig. 1

low the surface and its mobility ig.~ 1.6 10° cn?/V s.

Because of the difference in thickness between the two QWggeservoirs. Rough estimates of the mean free path based on

one and two transversal subbands are populated by electrotfte mobilities and subband densities in our san®lgive

at B=0 in the NQW and WQW, respectively, as confirmed values of 4um in the NQW, 9 and 12um for the upper and

by standard Shubnikov—-de Haas measurem€fits 2). A lower subbands in the WQW, respectively—larger than the

Cr/Au electrostatic gate, deposited on top of both the dotateral dimensions of the dots. The two dots were character-

and its measuring voltage leads, is used as a means to contiaéd in a He-3 cryostat with a base temperatiire0.3 K

the width of the dot opening&ig. 1). Throughout the mea- after having been cooled down in the dark. A standard,

surements, a constant gate voltageof —0.25 and 0.65 V is  4-contact low-frequency lock-in technique was used to mea-

applied for the NQW and WQW dots, respectively. The den-sure their conductance with a current of 1 nA.

sities of the 2DEGs are,=2.2x 10" cm? (NQW) and The samples are mounted on a sample holder that can be

ne=3.2x 10 cm™ (WQW). The positive potential applied tilted in situ with respect to the magnetic field. The tilt angle

for the WQW dot was required in order to have at least onds precisely controlled by monitoring the transverse magne-

transmission mode in each of the two quantum point contacttoresistancdr, (6, B) of the 2DEG on a Hall bar located on

connecting the otherwise closed dot\Vgt=0 to the electron the same wafer, 30@m away from the dotFig. 1). The
value of the tilt anglef is extracted from the ratio of the

50 slopes ofR,(#,B) andR,,(0,B) with respect taB. The pre-
Naw 20 WaW cision improves with increasing and reaches a value of
40 22 0.01° in the configuration whei® is parallel to the 2DEG.
3 30
= A. Narrow quantum well
o 20 1.2 Figure 3a) shows the results of a typical magnetoconduc-
10 tance measurement performedTat0.3 K on the NQW dot
under a perpendicular magnetic field only. Reproducible
00 i 2 3 4 50 1 2 3 4 5 MCFs with no clear periodic pattern are superimposed upon
n, (10"'cm?) ng (10"'cm?) a slowly varying background. The investigatBdrange is

limited to 0.15 T in order to avoid the coexistence of both
FIG. 2. Fast Fourier transfornfFFT) of Shubnikov—de Haas interference-induced fluctuations and Shubnikov-de Haas
oscillations for the NQW and WQW. The positions of the FFT oscillations that appear at higher magnetic fields when the
peaks correspond to the subband densities. cyclotron radius becomes commensurate with the dot size.
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As a next step, the magnetic field was tilted away from its 0.7 @ ——p
perpendicular configuration and the magnetoconductance 0.5 W
was measured at variods as shown in Fig. &). We point =03 MWWWWW
out that the curves are presented as a function oftdbed NQ 0.1

magnetic field. Fop=89°, the conductance fluctuations first 201
shift to lower frequencie$=89.3 and 89.6 as expected

L NQwW

for perpendiculaB-induced MCFs, but saturate £89.9°. 'g': 6=09 | | i |
Wh_llglthe 6#=89.9° and 90° traces are not |d_ent|ca_1l, they 015 010 -005 000 005 0410 045
definitively share common features, like their major fre- 0.5
quency components. The inset to FigbBshows the trans- (b) 28K

) X 0.4
verse resistance measured on the adjacent Hall bar at these
two tilt angles. A strictly paralleB corresponds to a symmet- 0.3

ric, quasiparaboli® dependence of the resistariédhe dif-
ference between th€=89.9° and 90° curves demonstrates
the precision achieved with the experimental setup and con- & 0.1
firms that the MCFs ap=90° cannot be attributed to a re- 2 0.0
sidual perpendicular component of the field. However, one
needs to confirm that the low-frequency oscillations ob-
served under a paralld8 cannot be linked to a ballistic 0.2
effecE*2° across the open dot but, instead, are generated by
interference effects between electron trajectories.

To achieve this goal, we investigated thelependence of B(M
the magnetoconductance fluctuations. The strength of the
fluctuations as a function of temperature is indeed a good FIG. 4. (a) T dependence of the NQW dot magnetoconductance
indication of their origin. The electron mean free path, theunder a strictlyperpendicular B The temperatures are 2.1, 1.1, and
key player in electron focusiri§;?” is much less sensitive to 0.3 K from top to bottom(b) The temperature dependence of the
temperature than the phase relaxation length that limits th¥QW dot magnetoconductance under a stripéyallel B. The tem-
MCFs’ amplitude?® Figure 4a) shows the temperature de- peratures are 2.8, 1.5_, 0:8, and 0.3 K from top '_[o bottom, respec-
pendence of the fluctuations amplitudg(B)=g(B)-g*(B) tively. The gray area |nq|cates t@ range for which the MCES’
in the NQW dot under a perpendiculBronly. Hereg*(B) is peak-to-peak amplltude is d_etermlnezbe the tg)}t The traces in
the average, slowly varying, low-frequency backgroundpanels(a) and(b) are shifted in steps of Ged/h with respect to the

. . T=0.3 K curves.

magnetoconductance that remains at high temperature
(T=2.5 K). Upon inspection of Fig. @), it is clear that o o ]
59(B) rapidly decreases with temperature. This behaviofmon electron cqherence origin to these S|rr_1llar reductions of
points toward interference effects as the source of the flucn'® MCFs’amplitude under both a perpendicular and parallel
tuations. More quantitatively, the MCFs’ amplitude, ex- -

pressed for the NQW sample in terms of its standard devia- We close this section with a discussion of the dephasing
tion o(g), is reduced from 0.0%/h at T=0.3K to time 7, in the perpendicular magnetic field configuration.

0.0022/h at T=2.1 K [Fig. 5a), ¢]and follows aT-°5 law, Using an expressidf valid for interference-induced MCFs,

The T dependence of fluctuations generated by a strictly par#’ (iant_be extr_act?rclj from th? vz(ajrlfance IOf the conductance
allel magnetic field in the NQW dot is presented in Fi¢h)4 uctuations using the generalized formuia

Clearly visible atT=0.3 K are the relatively low frequency, var(g) = (59°) — (59)? = d2(g)

almost periodic fluctuations superimposed upon a slowly o

varying background. As the temperature is increased, the :f f f'(E)f'(E')C(E,E')dE dE (1)
fluctuations start to disappear, leaving only the slowly vary- 0 Jo ’ '

ing background magnetoconductanceTat2.8 K. Because ) i o S

of the small number of fluctuation periods observed atwvheref’ is the first derivative of the Ferm|.d|str|but|on. Here
#=90° and their limited frequency distribution compared toC(E’E,):<9>2/[(N+N¢)2+47TEE_E,)2/A2] is the condu*c—
their perpendiculaB-generated counterparts, it is impossible tance correlatorA=27%%/Am’ the mean level spacingn

to extract the standard deviation of the fluctuations. Therethe electron effective masg) is the average conductance,
fore, the discussion must be limited to a simple analysis ofhe dot area, antl,=277i/(7,A) andN are the number of
the amplitude reduction of a few oscillations on a sele@ed dephasing channels and of transmission modes in the dot
range[Fig. 4(b), gray ared where the peak-to-peak ampli- openings, respectively. A thermal average was explicitly in-
tude decreases from 0.12 to 0Bth betweenT=0.3 and cluded as the mean level spacing is not negligible with re-
2.8 K. The four data points are illustrated in Figap(l).  spect to the thermal enerd/(kT)=0.1 atT=0.3 K]. The
The best power law fit gives & %8 temperature dependence, value of 7, calculated from Eq(1) and shown in Fig. &)
close to the T%6 law observed for the perpendicular follows a T2 power law, consistent with results from the
B-induced MCFs. Even though this comparison is not fullyliterature3®31 The corresponding number of dephasing chan-
conclusive, it nevertheless seems reasonable to give a comels N, increases from 5 to 20 in the same temperature
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FIG. 5. () MCFs amplitude vsTI at #=0° (standard deviation, B(M)
¢) and #=90° (peak to peakM) in the NQW. The dashed curves
are two-parameter power law fits to data poirtls. T dependence FIG. 6. (&) Low-temperature magnetoconductance of the WQW
of the dephasing time,, extracted from Eq(1) for the MCFs at  dot under a strictly perpendicul&: (b) Magnetoconductance of the
6=0° in the NQW. WQW dot at indicated tilt angles. The traces are shifted in steps of

0.5¢?/h with respect to the#=90° magnetoconductance curve. In-

range. At basd, N, is thus close to the number of transmis- set: Transverse magnetoresistance of the 2DEG measured on the
. » Ng

sion modes in the dot openinéN =3 for (0= 1.5¢2/h). adjacent Hall bafsee Fig. 1 Note the parabolic-like variation of
P g (@ ) AR already present for the NQW dot on the transverse magnetore-

i sistance of Fig. @) and the step around 4.2 T.
B. Wide quantum well

We now focus our attention on the WQW sample. FigureMCFs have a much richer frequency spectrum, i.e., higher
6(a) shows the magnetoconductance of the WQW dot undefrequency components are present in the WQW dot. Second,
a strictly perpendiculaB at T=0.3 K. The average conduc- this frequency distribution of the MCFs is not significantly
tance(g) across the dot is 5¢2/h. Apart from the difference modified as the sample is slightly tilted away from the 90°
in the shape of the background magnetoconductance, thgosition. If the MCFs had their origin in the perpendicular
MCFs’ fingerprint is similar to the fluctuations observed atcomponent of the field, one would expect a progressive shift
6=0° in the NQW dot[Fig. 3@]. The MCFs’ variance is of the fluctuations toward lower frequencies with increasing
constant over the investigated range [var(g)=3.4 tilt angle. Although this shift occurs for the NQW dot in Fig.
X 1073 e*/h?] andN,=27. As stated earlier in the text,, in 3, this is not the case with the WQW dot. This observation
the fictitious voltage probe mod&ldepends only upon the Suggests that the finite width of the QW plays a significant
dephasing timer, and the mean-level spaciny, which is role for the paralleB-induced MCFs and it reveals the im-
constant in the NQW and WQW dots because of their idenportance of tilted magnetic field magnetotransport studies.
tical shape and area. The largéy observed for the WQW The third difference_concerns the magnetoconductance at
dot is thus caused by an increased dephasing that can hafe 90°. We observe in the WQW dot a sudden drop(dh
several origins®34a higher electron-electron scattering ratethat occurs around=4.2 T. In contrast, the magnetocon-
and Nyquist dephasing. However, in the WQW dot, weductance in the NQW dot fluctuates over the enBreange
speculate that the increased dephasing, resulting in a larggound its average value determined by the dot openings. In
N,, originates from inter-subband scatterffigdue to the & previous study’ this reduction ofg) in the WQW dot was
presence of two occupied subbands in the WQW, and from attributed to the magnetic subband depopulation of the upper
greater sensitivity of the WQW sample to both switchingelectronic subband and the corresponding reduction of the
noise and external radiations. number of transmission modes in the dot openitfgEhis

After the #=0° measurements, the sample is tilted in theconjecture is further supported by the inset to Figb)6
magnetic field. Magnetoconductances at higg) including  where the transverse magnetoresistance of the unpatterned
0#=90°, are shown in Fig. (8). Note that the magnetocon- 2DEG is measured on the adjacent Hall bar. The sharp drop
ductance traces illustrated in this figure are expressed im the resistancé nearB=4.2 T gives a good measure of the
terms of thetotal magnetic field. Comparing these curves to magnetic field where the upper subband becomes fully de-
their counterparts obtained for the NQW ddtig. 3(b)], pleted, as it corresponds to a reduction of intersubband scat-
three main characteristics can be pointed out. First, théering.

155314-4



ORBITAL EFFECT, SUBBAND DEPOPULATION, AND.. PHYSICAL REVIEW B 71, 155314(2005

7.0 2
(a) T=2.5K 100;;‘—_\
Ee'o‘v//\/\/ 3 ~~-\_{
NE m 6: ~~\\‘\‘ -~
ms.owﬂm —_ 4:}-\ \\“{\\
waw 03K <R I e 708 RREE S
40l8=0 | | L ! I - i Tl I
015 -010 -005 000 005 010 0.15 10 & \\\L
6.5 = Tt~
(b) °’F o waw 6=90° b
6.0 - A WQW @=0° |
5 4 5 6738 61 2 3
T (K)

FIG. 8. T dependence of the dephasing timgextracted from
Eq. (1) for the #=0° (A) and #=90° (®) MCFs in the WQW. The
dashed lines are two-parameter power law fits to the data points.

~waw 03K
25929 | | | | ing dephasing time,, follows aT-%® power law(Fig. 8, ®).
6 4 2 0 2 4 6 This behavior is consistent with the amplitude reduction of
B(T) parallel B-induced fluctuations observed in the NQW dot

[Fig. 5(@]. The similarT dependencies for the fluctuations
FIG. 7. (a) Temperature dependence of the WQW dot magne’[o-observed ah=90° in the NQW and WQW dots confirm that

conductance under a strictherpendicular B The temperatures are thev have a common origin. i.e.. coherent interference effects
2.5, 1.5, and 0.3 K from top to bottonfb) The magnetoconduc- y  origin, 1.€.,
as opposed to focusing.

tance curve of the WQW dot under a stricprallel B at various Ei 9 . h . | btained wh h
T's. From the upper to the lower curve, the temperatures are 0.3, Igure 9 summarizes the main results obtaine w en the
0.6, 1.5, and 2.5 K, respectively. The gray area indicatesBthe NQW (upper row and WQW (lower row dots are subject to

range for which the fluctuation's amplitude is determiriede the @ Strictly perpendiculafleft column and parallelright col-
text). The traces in panelg) and(b) are shifted in steps of Géd/h  Umn) magnetic field. For all the traces, the corresponding,
with respect to th@=0.3 K magnetoconductance curves. temperature-independent background was subtracted, leaving
only the fluctuations induced by electron coherent effects.

The temperature dependence of the WQW dot magnetoFhe three important observations are as follows: the presence
conductance under a strictly perpendicular and par8lled  of MCFs in a strictly parallel fieldpanels(b) and (d)], the
shown in Fig. 7. The curves are presented here in a symmetlifference in the MCFs’ frequency distribution between the
ric B range. TheT dependence observed in the WQW dot NQW and WQW dot(all panel3, and the reduction of the
looks similar to that found for the NQW ddFig. 4). The

most important feature is that the MCF's amplitude is re- 0.3 @4'”3"“’ Quantum Well o)
duced with increasing temperature and the oscillations are 02 -
barely visible atT=2.5 K. Following the same procedure = 0.1 -
used for thep=0° magnetoconductance in the NQW dot, it is “2 00
possible to obtain an estimate of for the #=0° MCFs in R 04 |
the WQW dot. It is found that, decreases with the tempera- 02 i
ture according to ar%® power law (Fig. 8, A). This is '
slightly lower than thél1? dependence of thé=0° fluctua- -3;§ — 0°|._,MI [o=90°)"C
tions observed in the NQW ddfFig. 5), a result of the 02 @ ide Quantum Wel ()]
greater dephasing taking place in the WQW dot and already o1 i
mentioned earlier in the text. & 7

The reduction of MCFs amplitude with increasing parallel % 0.0
magnetic field, clearly visible on th&=0.3 K trace of 0= 7]
Fig. 4b) has been discussed in a previous publicatfom 02— u
particular, this reduction was attributed to the complemen- 0.3 ' ' ' '

000 005 010 0150 2 4 6

tary role played by th&-induced subband depopulation and BT BT

time-reversal symmetry breaking:'# Precisely because the
MCFs amplitude is not constant wisy a quantitative analy- FIG. 9. MCFs of the NQWupper row and WQW(lower row)

sis using Eq(1) has to be performed in a sma@lrange, as  under a strictly perpendiculdleft column and parallelright col-
opposed to th@=0° fluctuations where the fuB range can  umn) B. To isolate the MCFs, a slowly varying background corre-
be used. For the gray area displayed in Fig. 7, the standarponding to the higf- magnetoconductancéBigs. 4 and ¥ was
deviation of MCFs amplitude decreases fromremoved from the raw curves of Figs. 3 and 6, at the corresponding
0.066 to 0.018/h between 0.3 and 2.5 K. The correspond-tilt angles.
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the sample, extracted from the 2DEG transverse magnetore-
90 90— NQw -~ sistance in the Hall bar located near the dot. Typical MCFs'’
B s i power spectra at variousfs, along with a fit to

L Eq. (2) used for the evaluation cﬁfBC at #=0°, are presented

— for the WQW dot in the lower inset to Fig. 10. In both the

P NQW and WQW dotsﬂBc has a linear dependence érat

o --&- NQW o low tilt angles but saturates @— 90°. The onset of satura-

88| 895

T oerp —E-waw o wow tion is observed a#=89° in the WQW dot, compared to
#=89.9° in the NQW dotupper inset to Fig. 10 For MCFs
861 - created by a perpendiculBr one would expect a strict linear
) dependenc@BcE 0 at all tilt angles. The observed saturation
85',."' thus indicates that above some QW-dependent tilt angle
) 0 S0 o 15 2 (close to 90%, MCFs are generated mainly by the in-plane
84 8 8 87 88 8 9 component oB.

For an ideal, zero-thickness 2DEG, a parallel field should
have no effect on electron dynamics in the dots: classically, it
FIG. 10. The effective tilt angleg_ calculated from the corre- induces no Lorentz force that could bend the electron paths,
lation field B, (see the tejtis shown as a function of the angle and quantum mechanically it produces no magnetic flux,
¢ extracted from Hall measurements. Hefig is calculated for ~hence no interferences among trajectories. Therefore, the
6=84° for both the WQW() and NQW(A) dots. The plain and MCFs that dominate above the saturation angle must have a
dotted curves are a guide to the eye. Upper inset: Zoom into thelifferent origin from the fluctuations generated by the per-
6=89.5° range for the NQW dot. Lower inset: Power spectra of thependicular field. Since the major difference between the two
WQW dot MCFs for¢=0°, 89°, and 90°. The dashed curve is a fit samples is the width of the QWs, the different values of the
to the 9=0° data(see the tejt saturation angle in the NQW and WQW dots indicate that a
parallel field has a stronger effect with respect to the produc-
MCFs amplitude with increasing for the strictly parallel tion of MCFs when the 2DEG is weakly confined in the

field configuration in the WQW ddtpanel(d)]. QWs. It is thus natural to invoke the interplay between the
electrostatic and magnetic energies as the source of these
IIl. MCFs' FREQUENCY ANALYSIS parallel B-induced MCFs. The value of the saturation angle

would then be an indication of the threshold point where the

We now turn to the frequency distribution of both the magnetic confinement of the 2DEG becomes commensurate
NQW and WQW MCFs as a function of the tilt angle  in strength with the electrostatic one.
From the comparison of Figs(l® and @b), it is clear that In order to have a better understanding of the interplay
the two dots react differently to the presence of atiBedo  between magnetic and electrostatic confinement of the 2DEG
guantitatively analyze the role played by the parallel compoand their combined effect on the production of MCFs by a
nent of the field on the production of MCFs, compared to theparallel B, a self-consistent calculation of the energy multi-
fluctuations solely attributed to the perpendicular componenband structure is required and will be the main topic of the
of B, we evaluate the power spectrum of the magnetoconduaiext section.
tance curves at tilt angles close #&=90°. This method is
commonly used for the determination of the temperature- IV. SIMULATIONS
dependent dephasing tiffeor to study shape-induced
fluctuationg® in open quantum dots. In our sample, the au- In our previous stud} a simple model was introduced to
tocorrelation function of the conductance fluctuations withaccount for the depopulation of electron subbands by a par-
respect to the magnetic field is Lorentzian-squéttedd the  allel B in the WQW sample. It is indeed well known that the

corresponding MCFs power spectrum reads as finite thickness of the quantum wells confining the 2DEGs
orp i induces an orbital motion of the electrotfdts most impor-
S(fe) = Sp(0)[ 1 + 2B fgle™"™<e, 2 tant consequence is a modification of the subband energy

where fg is the frequency if1/T] and B is a correlation  dispersion relations combined with a diamagnetic shift in
field. For each magnetoconductance curve at a tilt agle "€ciprocal space of the position of the Fermi eneligywith
Su(fg) is first evaluated withsg(B) expressed in terms of the "€SPect to the subband minima. Using arguments based on
total magnetic field. The correlation fiele(6) is then cal- the well width and the onset of upper subband depopulation,

- : ) >
culated by fitting the experimental power spectrum with Eq.a no_n-negllglble qua_d_ratlc Sh_'ft of Bf (meV T )_'n B was

(2). An effective tilt angleds (6) is subsequently extracted OPtained for the position d&g in the WQW dot with respect
from By(6) using the expresgion to the bottom of the conduction band. We concluded that a

parallel B can play a similar role oier as an electrostatic
B.(6) = B.(6=0)/|cosbg |. (3) gate, and thus generates MCFs similar to those observed in
¢ Fig. 6.
In Fig. 10, values ofs_obtained from Eq(3) for both the In this section, the interplay between magnetic and elec-
NQW and WQW dots are compared to the real tilt angjlef  trostatic energy is investigated more quantitatively in terms
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of the electronic structure of the 2DEGs confined in the nar- A )

row and wide QWSs. Our calculations are based on the self- (r) = m ifre=1
consistent solution of the coupled Schrédinger and Poisson HKeorr Vs s

equations. This standard procedure has already been used D+Elnrs+Fre+Grsinrg, if rg<1,
successfully to study shell-filling effects in quantum dbts, (8)

in electronic structure calculations of GaAs/AlGaAs hetero-
structures in a parallel magnetic figfland in explaining the and
single-to—douple layer tfansitions in. bilayer elec_tron A=-0.1423, B=1.0529, C=0.3334,
systems? Using self-consistent calculations, we precisely
determine the conduction energy dispersion relations and the. _ _ _
amplitude of the diamagnetic shift. We then perform a%——0.0480, E=0.0311, F=-0.0116, G=0.0020.
remapping of the magnetic field onto a self-consistently cal- 9)
culated effective Fermi energy. The resulting frequencyI
analysis of the MCFs in the energy space is found to be in
good agreement with theoretical predictidas. 3 (¥
In the case of a 2DEG subjected to a strictly parallel s~ 4mn(2) a_g (10
B=(0,B,0), gauge invariance allows for the choice of a vec-
tor potentialA with the formA =(Bz,0,0) where the coordi- expressed in terms of the effective Bohr radius
nate system is the one shown in Fig. 1. The Hamiltonian theiy=€Modo/ (eom’), Where e=13.2, is the permittivity of
reads as bulk GaAs andg, is the Bohr radius. We point out th&,,
in Eq. (7) is expressed in scaled atomic units
H,=H,*(e2m")/(e’mg), where H,=27.2 eV is the Hartree
energy. The hole, ionized acceptors, and donor concentra-
tions are calculated across the entire structure by means of
wherep=(py, py, p) = (fiky, 7ik,, p,) is the momentum opera- the . usual egu[hb.num _ charge modgls for bulk
tor, Ec(r) is the conduction band edge, akg is the ex- fsemlconductoré'. Similarly, in the nonquantized region and
change and correlation energy. The eigenstdtesolution to N the delta-doping layers, the electron concentration is given
the Schrodinger equatiotHV;=&W; can be written as by
W, =ik, 2)€*e7 kY and the corresponding eigenvalues as sTm |32 - Ec(2)
Ei:Ei(kx)+ﬁ2k§/(2m*).AThe Schrédinger equation, in its sim- n(2) = Z(Z—ﬂ.ﬁz Far kT /)’ (11)
plified form, becomed ;(k,, 2) = E;(ky) ¢4 (Ky, 2) with

n these expressions, is the Seitz radius,

F= o(p 4 A1+ Ecln) + B, (@)

where

2 F 1 1["“ xldx

H=- —— (eBz-fik)? +E, Ex(2. (5 (== ——
(eBz )2+ Ec(2) + Ex(2). (5) Fi(n) . Trexgx—7) (12

_*— +

2m' 922 2m ji!
The conduction energ¥-(z)=—ep(z)+AE is the sum of is the Fermi-Dirac integral of ordgr The electron concen-
the Hartree energf-ee(2)] and the conduction band offset trationn in the quantum well is obtainétby summing the
AE, at the GaAs/AlGaAs interfaces. We obtain the electro-contributions of the eigenstatpg;(ky, 2), E;(k,)], solutions to

static potentiakp(z) by solving the Poisson equation, the HamiltonianH [Eq. (5],
27m kg T
I )= nD=2n@=2\ "5
az(f(z) (92) =-p@, © T i h?
: i ittivi i 1 (v Ei(k
where €(2) is the effective permittivity of the material. The X — (K 2) | 2F 10l — dk. (13
charge density p(2)=€[p(2)-n(2) +N5(2)-N,(2)] is the 2m*) .. kgT

signed sum of the hole concentratip(g), electron concen- The electronic structure of the 2DEGs is realistically simu-

trationn(z), and ionized donors and acceptors concentrationisdted by modeling the GaAs/AlGaAs growth sequence of the
N5(2) and NL(2), respectivel_y. For the_ exc_hange—correlati(_)n NQW and WQW samples. In particular, the position and
energy, we use a local d4e5n5|ty approximation as parametrizeghnor concentrations of the various delta-doping layers are
by Ceperley and Aldeft*> whereE,; can be written as the )y taken into account. No assumption is made on the full
sum of an exchangBe, and correlation ternoy, functions  or partial ionization of the donors. The only parameter left

of the local electron concentrationz), with a degree of freedom is the height of the Schottky barrier
s at the exposed upper surface of the sample. The Dirichlet
__0611 _ Ispeon(rs) ) boundary condition orp for this region states that the pin-
xe I Heorr ™ g drg ' ning of the Fermi leve[E-(z=0)—Ex(z=0)] is modified to

os— Ve by the presence of the electrostatic top gate, whigre
with is the gate biagsee Fig. 1 Surface states in GaAs give a
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FIG. 11. (Color onling Dispersion relations of the unpatterned 3300 200 -100 0 100 200 300

2DEG confined in the NQW sample at indicated values of the par-
allel B. The 2DEG has a sheet density=2.2x 10 cmi 2. The
conduction band edgE: is calculated with respect to the Fermi
energyEg=0.

K, (x10° m")

FIG. 12. (Color online Dispersion relations of the unpatterned
2DEG confined in the WQW sample at indicated values of parallel

. . B. The conduction band edd#: is calculated with respect to the
typical value of ¢ around 0.8 eV. In our modelys is Fermi energyE-=0. The 2DEG has a sheet densitg=3.2

slightly adjusted around this target value in order to obtain 101 e 2 with two occupied subbands 8=0. The lower(up-

perfect agreement between the simulated and experiment subbandE~(k.) relations are represented as pldiashe
2DEG sheet density, for a given range of gate voltag®s. %?Ves_ clk) P pld g

For the bulk GaAs region at the back of the sample, a von
Neumann condition is used for the electrostatic potential conduction band, the bottom of the upper subband in the
It is thus assumed that the electric field vanishes at a distand®QW is also lifted in energy with increasinB, but the
far enough from the quantum well. For the Schrddingeramplitude of the shift is much larger than with the NQW.
equation, the eigenfunctions are expected to vanish in th@uantitatively, between 0 and 6 T, the energy shift is 9 meV
AlGaAs layers surrounding the QWs. for the upper subband in the WQW but only 0.2 meV in the

The Schrodinger and Poisson equations are selfNQW. As expected, the bottom of the upper subband rises
consistently solved on the discretized structure. At each seliabove the Fermi level around 4.2 T, marking the onset of
consistent step, the new solution to the Poisson equation subband depopulation and consistent with the experiment of
combined with the solution of a previous iteration using aSec. Il B. This is a direct consequence of the increase in the
damping factor on the order of a few percent. Beside itssubband density of states resulting from the electron effec-
discretization in real space, the Schrodinger equation alstive mass renormalization, i.e., the change in the dispersion
requires a division of the reciprocal space. A mesh of 5Qelation curvature. This renormalization is more pronounced
values ofk, is required® to maintain a constant electron in the case of the WQW upper subband than for the NQW
density for allB values. The investigatek), range is chosen (1.36m" and 1.0%n" at B=6 T, respectively.
between —R2 and &2, wherek? is the Fermi wave vector ~ Comparing the two subbands in the WQR(k,) for the
calculated aB=0. upper band keeps a parabolic shape even at high fields

Figure 11 shows th&c(k,) dispersion relation of the con- (B=6 T) as opposed to the curvature of the lower subband,
duction band for the NQW as a function of the parallel mag-which strongly varies with increasing paralll More pre-
netic field B. The Fermi energ¥e=0 is chosen as a refer- cisely, the local energy minimum observedat0 splits into
ence level. AtB=0, Ec(k,) has the expected@’k?/(2m’)  a local maximum and two local minima as the paraBeis
parabolic profile. WherB is increased, the bottom of the increased.
conduction is pushed upward in energy and slightly shifted To give a more visual understanding of the effect of a
laterally in k-space. This is a result of the increase of theparallel B on the conduction band properties of the narrow
density of states and of the well-known diamagnetic shift.and wide QWs, we now discuss the Fermi contours. Figure
Because the electrostatic confinement in the NQW is quitd3 shows the self-consistently calculated Fermi lines with
strong with respect to the magnetic confinement, the dispeiincreasingB of the NQW ground staté€a), lower (b), and
sion relation is only marginally modified by the paral@l upper(c) WQW subbands. In both dots, ti&=0 perfectly
and keeps its parabolic shape even at high fields. circular contours get slowly deformed as the paralBeis

The difference is striking when one compares the NQWincreased. In the case of the NQW, the distortion of the
results(Fig. 11) to the dispersion relations of the two occu- Fermi line is very limited. On the contrary, both the upper
pied subbands in the WQWFig. 12). Similar to the NQW and lower subband contours in the WQW are strongly dis-
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FIG. 13. Self-consistent Fermi lines at indicated values of the
magnetic fieldB and for (a) the ground state of the NQWb) the
upper, andc) lower occupied subbands of the WQW sample. The
right panel in(a) is a closeup of the Fermi lines in the small window
indicated on the left panel. Itb), the range of investigateB's is
limited to 4 T, as the subband is fully depleted ®r4.2 T.

FIG. 14. (a) Self-consistent calculation of the variation Bf

with B for the ground state of the NQW and for the two occupied
subbands of the WQW. Helgg is calculated with respect to the
corresponding conduction band edges. Inset: The calcuEt€R)

in the NQW. (b) Calculated sheet densitieg of the lower and
upper occupied subbands in the WQW with increasing magnetic

torted. While the lower subband contour takes a “peanut’field B. The total density is 3.2 10" cm™. The gray regions indi-
like shape, the ellipsoidal surface enclosed by the upper sul§ate theB range where only one subband is occupied in the WQW
band contour decreases with increasiBgand disappears Sample.
above 4 T.

It is clear from the Fermi contours of Fig. 13, that there V. ER-INDUCED MCFs
are fundamental differences in the variation of the Fermi . . _—
level with respect to the bottom of the occupied subbands in . e now discuss the experimental results of Sec. Il in light
our samples. Because transport in the open dots occuf¥ the self-consistent simulations of Sec. IV. The presence of
through electrons with energies closeRpg, this also means MCFs under a strictly paralléd can be linked to the non-
that trajectories in the dots, located in reciprocal spacd'€dligible changes in the position & with respect to the
around the Fermi contours, will be more strongly affected byconduction band edge &B increases. This variation of
the parallelB in the WQW dot. Figure 14) showsEg as a Er(B), particularly large in the case of the WQW, is similar
function of B for the three indicated subbands. Numerically, t0 the variation of the Fermi level obtained by sweeping the
Er(B)=-Ec(B,k=kmin), Where ky, is the location of the Voltage on electrostatic gatés.
subband minimum at a givel in the dispersion relations of It is therefore relevant to present the 90° magnetocon-
Figs. 11 and 12. In the case of the NQW, the variatiofpf ~ductances of Fig. 9 in terms of energy instead of the mag-
with B is small[0.2 meV, see the inset to Fig. (8] com-  Netic field. The idea is to obtain a mapping betwéeand
pared with the 3 and 9 meV values calculated for the lowefh€ variationske of the Fermi level with respect to the con-
and upper subbands in the WQW, respectively. Another induction subband edges in the QWs. Because only a single
teresting feature in Fig. 14) is the subband depopulation Pand is occupied by electrons in the NQW sampig; can
that occurs around 4.2 T, consistent with the valueBof D€ readily calculated using ttig-(B) curve in Fig. 14a),

where the sudden drop in transverse magnetoresistance is SE=(B) = |Ex(B) - Ex(B=0)|. (14)
observed in the inset to Fig.(l§. The gray region in the _ o _ .
figure indicates that only one subband is occuptbd Fermi Unfortunately, this relation is not directly applicable to the

level of the upper banashed curvehas negative valugs WQW as two subbands contribute to transport in the dot, at
The upper band depopulation in the WQW is even mordeast until the onset of subband depopulation is reached. As a
visible in Fig. 14b) at the electron sheet densities contrib-result, the twoEg(B) curves of Fig. 14a) for the WQW

uted by the lower(plain curve and upper(dashed curye upper and lower subbands must be combined here in a mean-
subbands. ASB increases, electrons are slowly transferedingful way to obtain a singleSEg(B) relation. For this pur-
from the upper to lower band, while the total sheet densitypose, we propose the following empirical argumerits:
remains constant. Macroscopically, it is reasonable to consider that the average
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@ o0-90° — NQW the two wells is striking. The onset of subband depopulation
& e WQW e in the WQW is clearly marked by a kink iAEg. The gray
) region corresponds to the range of magnetic fields where
’ only one subband is populated in the WQW. We next use the
mapping relation betwee and & illustrated in Fig. 1%a)
to rescale the#=90° magnetoconductance curves of Fig. 9
BT [panels(b) and(d)]. Figure 1%b) shows the MCFs in the full
energy range(from 0 to 3.0 meV covered byEg in the
WQW dot. By rescalind into SEg, it becomes apparent that
the parallel magnetic field probes only a small subset of
MCFs in the NQW dot compared to what happens with the
WQW dot. Moreover, the energy-scaled fluctuations have
similar periodicities, meaning thalEg is indeed the ruling
parameter. This observation reinforces our interpretation that
these MCFs have their origin in the probing of electron tra-
jectories in the dot by the Fermi level, with a strength that
depends on the well width and on the paralinduced
orbital effect.
In Sec. lll a frequency analysis of the MCFs in tilted
15 20 25 30 magnetic fields was performed and an effective tilt ardgle
SE (meV) c
was extracted from the power spectrum &4(B). It was
FIG. 15. () Variation with magnetic fieldB of the self- found thatfp saturates ag—90°. As discussed earlier in
consistent effective Fermi energiE in the narrow(plain curve  the text, it seems more appropriate in the case of the
and wide (dotted curvé quantum wells. For the WQW, the two 6=90° MCFs to perform a power spectrum analysis in en-
Ex(B) relations for the upper and lower occupied subbands showergy space, using thB— SEr mapping of Fig. 1&). Be-
in Fig. 14a) were merged into a singléEg(B) using Eq.(15). cause the#=90° MCFs spectrum in the NQW dot has a

N W s

-
|
'
%

|6 Eg | (meV)

MCFs of the narrow and wide quantum wells as a functiod®f.  limited frequency distribution, we restrict our analysis to the
The gray region indicates the energy range where only one subbansfy(SEg) conductance obtained in the WQW d&ig. 150b),
is occupied in the WQW sample. dotted curvé. An average power spectrum in energy space

S:(fg) is calculated using the same procedure as in Sec. llI
magnetoconductanc@) across the dot a#=90° is a good for the power spectrurg(fg) in magnetic field space. Simi-
image of SEg. This is supported by the fact thdy) is  lar to the result of Eq(2), the MCFs’ autocorrelation func-
strongly influenced by the transfer of electrons from the updion in energy space is a Lorentzfdrand yields an exponen-
per to the lower subband &increases. In particular, when tially decreasing power spectrum density,
the upper band is fully deplete@j) remains constan{2) At ot
lower magnetic fields, a sensible hypothesis would be that Se(fe) = Se(0)e s, (16)
the contributions toSEg of the two occupied subbands are . .

whereEg is a characteristic energy.

proportional to their respective weights in the total sheet den- Figure 16 shows power spectra in energy space of

sity ng. (3) Finally, because the MCFs are created by the e
variation of Ep with B and do not depend on its absolute the WQW dot MCFsdg(4E) at 6=90°. A good agreement

value at a given field, it seems reasonable to extéigt between the experiment&:(fg) and the theoretical predic-

from a density weighted average of first order derivatives ofion of Eq. (16) is obtained by evaluating and fitting

Ex(B) for the two occupied subbands. Based on these argt}ﬂe power sfpectbrgm émd two diISti.nCt _olorrr]]ains, delimirt1ed by
ments, we propose the onset of subband depopulation in the WQW. The two

domains are those depicted in Fig. 15 and correspond to
J‘B(aEgp(B/) n;lp(B/) . &EIFOW(B,) an)W(B/)>dB, 0< 5E|:<17 meV and 1.%¥ (SE|:<3 meV. On Flg 16, the
dB’"  nyB') oB’ ny(B")

SEx(B) = set of red curves represents the power spectrum and the fit to
the dotted curve of Fig. 16) for 0< SEL < 1.7 meV, where
(15  two subbands are occupied. The blue curves were obtained in
the energy domain 17 6E <3 meV, where the upper sub-
for the WQW, wheren{®B), n®¥(B), and n(B)=n"(B)  band is fully depleted. The calculated characteristic energies
+n"(B) are the upper subband, lower subband, and totakg are 0.010 and 0.013 meV for the one and two occupied
sheet densities at a gived) respectively. Her&p” and E'gW subbands configurations, respectively. Interestingly, this in-
are the positions of the Fermi level with respect to the botcrease ofEg with the number of occupied subbands is ex-
tom of the upper and lower subbands, as represented in Figected as the semiclassical theory preéfdisat Eqe NA/ 7.
14(a). As A remains constant, the only parameter that can influence
Figure 1%a) shows the calculate@E; obtained from Eqgs. the value ofEg for parallelB-induced MCFs is the number of
(14) and(15) for the narrow and wide quantum well under a transmission modes. The drop in the background magneto-
strictly parallelB. The difference in energy variation between conductance and the drop around 4.2 T, observed when the

0
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10 clearly in good agreement with the values &f extracted

\glfggo Sc (f2) = Sc (0) exp(-2rEfy) from the experimental power spectra.

1 subband: Eg=1.0 10° eV
\ —— 2subbands: Eg= 1.3 10° eV VI. CONCLUSIONS

T T TTIT1I1T

7,

In this work we have investigated magnetoconductance
fluctuations(MCFs) generated in ballistic quantum dots in
tilted magnetic fields. Using twdNQW and WQW samples,
we compared the magnetotransport properties of the quan-
tum dots as a function of the well width and the tilt angle.
We observed strong similarities in the temperature depen-
dence of the perpendicular and paralinduced MCFs.
The differences between the rich spectrum of parallel
B-induced MCFs in the WQW dot and the MCFs measured
in the NQW dot were analyzed by means of an effective tilt
angle Os, extracted from the power spectra of the magneto-
conductance curves. It was found th&gc saturates as
6—90°. The strong dependence of this saturation angle on
the well width confirms that the interplay between the elec-
trostatic and magnetic confinements of the 2DEG is the
source of the paralleB-induced MCFs. Self-consistent
20 40 0 30 100 120 Poisson-Schr_(')dinger simulations indicate tha_t a pa_lrﬂlel

f. (1/meV) has a very different effect on the subbands dispersion rela-
tions and Fermi contours of the NQW and WQW samples.

FIG. 16. (Color online Frequency analysis as a function of Likewise, the position oEr does not vary significantly in the
energy of the WQW dot MCFs. Herég(SEg) is Fourier trans- NQW with increasingB. On the contrary, in the WQW the
formed on the selected energy rangese the tejtto obtain the  strong variation ofg is related to the electron depopulation
average power specti®: shown in the figure as dashed red and of the upper subband. A remapping & into a self-
blue curves. The plain red and blue curves are one-parameter fittonsistently calculated effective Fermi ener@y: revealed
(see the textto theseS:(fg) spectra. Insets: Dispersion relations of that the parallel magnetic field probes only a limited set of
the wide quantum well @8=0[59(E) =0, two occupied subbands, MCFs in the NQW dot compared to the WQW sample. Fur-
lower pane] andB=6 T [69(EF)=3 meV, one occupied subband, thermore, a good agreement was found between the power
upper pandl The position of the Fermi level is indicated as a dotted spectrum analysis in energy space of the WQW magnetocon-
line. ductance a¥=90° and theory. This is a confirmation of the

WQW dot is subject to a parallel fieldig. 6), is an image of relevance of theSEg rescaling for the interpretation of par-
the reduction ofN as the upper subband gets depopulated!!€! B-induced MCFs.

and does not contribute anymore to the transmission modes

into the_ dot. Using an effective radius o_f O.Z@_for _the ACKNOWLEDGMENTS
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