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In-plane magnetic-field effect on transport properties of the chiral edge state
in a quasi-three-dimensional quantum well structure
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The transport properties of a quasi-three-dimensional, 200-layer quantum-well structure are investigated at
integer filling in the quantum Hall state, concomitant with the chiral edge state condition. We find that the
transverse magnetoresistanceRxx , the Hall resistanceRxy , and the vertical resistanceRzz all follow a similar
behavior with both temperature and in-plane magnetic field. A general characteristic of the influence of
increasing in-plane fieldBin is that the quantization condition first improves, but above a critical valueBin

C , the
quantization is systematically removed. We consider the interplay of the chiral edge state transport and the bulk
~quantum Hall! transport properties. This mechanism may arise from the competition of the cyclotron energy
with the superlattice band-structure energies. A comparison of the results with existing theories of the chiral
edge state transport with in-plane field is also discussed.@S0163-1829~99!10735-5#
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INTRODUCTION

The integer quantum Hall effect has been observed
many quasi-three-dimensional~Q3D! structures,1–5 where
the interlayer tunneling bandwidth is much smaller than
2D quantum Hall gapEg5\vc . In such materials, in a
quantum Hall~QH! state, the edge of the sample is env
oped by a sheath of current-carrying chiral edge states, w
is the 2D extension of the 1D states at the edge of a sin
layer QH fluid. These chiral edge states have been predi
theoretically,6,7 and confirmed experimentally.2 A curious
property of these Q3D systems at integer filling is the obs
vation of a very similar temperature dependence of the
plane resistance at the center of the QH state (Rxx

min) and the
inverse of the vertical transport resistance (Gzz;1/Rzz). In
particular, with magnetic field perpendicular to the laye
both follow an activated behavior~with a very small gap! at
higher temperatures, typically above 0.3 K, and a Coulo
gap behavior at lower temperatures where bothRxx

min andGzz

approach some asymptotic~residual! value. This is the case
for both the systems discussed here,8 and also in an indepen
dent study.2 The motivation for the present work has been
try to understand the origin of this universal temperat
dependence, and to consider the influence of finite in-pl
field on the properties of the transport tensor. This sec
point is particularly important since there are theoreti
PRB 600163-1829/99/60~12!/8743~5!/$15.00
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predictions9 for the in-plane field dependence of the chir
surface transport.

BRIEF REVIEW OF OUR RESULTS

The main results of the present work are the observa
that in tilted magnetic fields, the quantization first improv
at integer filling ~as seen by the reduction in dissipation
Rxx , the enhancement ofRzz, and the broadening of theRxy
Hall plateau!, followed by the gradual disappearance of t
quantum Hall state above a characteristic in-plane magn
field Bin

C . We further note that the temperature depende
of all measured components of the transport tensor also
low the same behavior. The results suggest an interplay
tween the bulk quantum Hall state and the chiral edge s
systems, and provide a test of the theoretical models for
transport properties of the chiral edge state.

BRIEF DESCRIPTION OF OUR EXPERIMENT

To explore both the bulk quantum Hall and chiral ed
state behavior in a quasi-three-dimensional system, we
ployed a 200-layer GaAs/AlxGa12xAs quantum-well struc-
ture. The samples used were prepared by molecular-b
epitaxy, and involved 200 periods of 19-nm GaAs quant
wells separated by Si d-center-doped (nd54.0
31011cm22! Al0.1Ga0.9As barriers of thickness 4 nm. To
8743 ©1999 The American Physical Society
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prevent layer depletion and to offset the surface pinning
tential, a cap layer and a sequence of Al0.1Ga0.9As doped
layers were grown.10 The relevant parameters for this stru
ture are the interlayer spacingc5a1b523 nm, wherea
519 nm andb54 nm are the widths of the well and barrie
respectively, barrier heightV0577 meV calculated using th
Schrödinger equation with doping density of Possion dist
bution; and low-field mobility mH56562 cm2/V s. The
Kronig-Penny model band structure is shown in Fig. 1.

A conventional Hall bar configuration was used in me
suring the in-plane magnetoresistanceRxx and Rxy , as
shown in Figs. 2 and 3. To measure the verticalRzz trans-
port, sections from the same sample were processed
vertical etching process10 to provide a mesalike structure a
shown in Fig. 4. We note thatRzz was a four-terminal
measurement, and that independent two-term
measurements11,12 did not show any mixing ofRxx andRxy
into theRzz signal. Measurements were carried out with sta
dard ac lock-in methods with a current of 50 nA/layer. N
evidence for heating or hot-electron gas effects were
served. For all measurements shown here, a rotating plat
immersed in the mixture of a dilution refrigerator, associa
with a superconducing magnet was employed.

The evidence that the Q3D sample exhibited comp
quantization is shown in Fig. 3. At 8.7 T, concomitant wi
Rxx minima (Rxx

min) in Fig. 2, and theRzz maximum (Rzz
max)

there is a well-developed Hall plateau inRxy , which satu-

FIG. 1. Kronig-Penny model for the band structure of the 20
layer quantum-well system.

FIG. 2. Field dependence of magnetoresistanceRxx at 30 mK
with zero titled angle. The inset shows theRxx v52 minimum at
different angles.
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rates at 64.4560.010V. This value corresponds to a quan
zation of Rxy5

1
200(\/2e2) whereall 200 layers participate

and demonstrates a spin-unpolarized integer QH effect a
filling factor v52. This demonstrates that for the Q3
sample studied here, with the field perpendicular to the l
ers, the Fermi energy lies in a gap, and that none of
layers are depleted.

RESULTS

The behavior of the Q3D studied at low temperatures~30
mK! is shown in Figs. 2–4 for the three transport tens
componentsRxx , Rxy , andRzz, respectively. The full curves
represent the cases where the magnetic field was perpen
lar to the layers (u50). The inset curves in Figs. 2–4 rep
resent the details of the angular dependence of the trans
components in the vicinity of integer fillingv52. Here the
angle represents the angle between the magnetic field an
normal to the conducting layers. Starting with Fig. 2 we s
that atv52 there is a minimum in the dissipation near 30
i.e., Rxx

min approaches the lowest value at this angle, and
higher angles the dissipation increases. In Fig. 3 the width
thev52 Hall plateau is largest at 30° then rapidly decrea
with increasing angle. And finally, in Fig. 4 the maximum

-

FIG. 3. Field dependence of Hall resistanceRxy at 30 mK with
zero titled angle. The inset shows theRxy v52 plateaus at different
angles.

FIG. 4. Field dependence of vertical magnetoresistanceRzz at
30 mK with zero titled angle. The inset figure illustrates theRzz v
52 peaks at different angles. The mesa configuration is also i
cated.
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the vertical resistanceRzz
max has a slight extremum at 30°

followed by a reduction at higher angles. In all three ca
the effect of increasing angle corresponds to an initial
provement of the quantization condition, followed by a rap
removal of quantization above an optimum angle. In Fig.
more detailed study of these trends is presented in the f
Rxx

min and 1/Rzz
max. For the case of no in-plane field, there is

clear relationship between the measured transverse resis
Rzz and the conductivity,Gzz;1/Rzz. In this paper, we take
the viewpoint that a variable titled field at integer filling
simply the case where the transverse field is constant, an
in-plane field varies. Hence we retain the definition th
Gzz;1/Rzz ~at v52 filling in this case! with increasing in-
plane field. Since the total fieldB must be increased to main
tain the v52 filling with increasing angle, the optimum
angle~more accurately, 27°! corresponds to a perpendicul
field of B'5B cos(u)58.7 T and an in-plane fieldBin
5B sin(u)54.4 T. We will return to the influence of the in
plane magnetic field in the Discussion.

Another striking feature of the transport properties is th
temperature dependence, as is shown in Fig. 6. Here
show Rxx

min and 1/Rzz
max (;Gzz) temperature foru50°, and

also for u536°, which is well above the optimum ang
where the quantization is reduced. There are two tempera

FIG. 5. ~a! In-plane magnetic field dependence of 1/Rzz
max and

Rxx
min at 30 mK. There is an optimal value of the in-plane fieldBi .

Here, 1/Rzz
max and Rxx

min are plotted on different scales. With th
in-plane field increasing from zero to 8 T,Rxx

min changes by almos
an order of magnitude, but the change in 1/Rzz

max is very small by
comparison.~b! In-plane magnetic field dependence of 1/Rzz

max and
Rxx

min at 548 mK.
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ranges of interest. First, at high temperatures~above 0.3 K!
and u50°, Rxx

min and 1/Rzz
max both show activated behavio

(R5R0e2(D/2KT) and G5G0e2D/2KT, respectively!, and at
low temperatures~below 0.3 K! both exhibit Coulomb-gap-

like behavior ~R5Rres1R0e2ATc /T and G5Gres

1G0e2ATc /T, respectively!. In titled magnetic field, and
above the optimum angle, both exhibit power-law~nonacti-
vated! behavior at high temperatures~R5R01R1Ta andG
5G01G1Ta, respectively!. However, the low-temperatur
behavior remains Coulomb-gap-like.~The parameter value
are defined in the caption of Fig. 6.! The nearly identical
temperature dependence ofRxx

min and 1/Rzz
max is further shown

in Fig. 7~a! where they are plotted against each other for
different temperature ranges and angles. The crossover

FIG. 6. ~a! Temperature dependence ofRxx
min at different titled

angles.~m, u50°, left-hand scale;s, u536°, right-hand scale!.
The solid lines are low-temperature~below 0.3 K! fits to the Cou-
lomb gap form. Above 0.3 K, the short dashed line foru50° is the
fit to the activated form, and the long dashed line foru536° is the
fit to the power-law form. The parameters of the fits are as follow
Coulomb gap,Tc51.25 K, R0529.1Y V, and Rres52.28V at u
50° andTc54.82 K, R0562.2V, Rres512.5V for u536°; acti-
vation, D50.73 K, R0515.44V at u50°; power law, R0

512.3V, R156.07V at u536°. ~b! Temperature dependence o
1/Rzz

max at different titled angles. Symbols and lines have the sa
representation as in~a!. The parameters of the fits are as follow
Coulomb gap, Tc516 K, s050.004V21 and s res53.7
31025 V21 at u50° and a50.42, Tc542.5 K, s050.085V21

and s res50.0043V21 for u536°; activation, D/K52.21, s0

50.004V21 at u50°; power law, s050.0039V21, s1

56.031025 V21 at u536°.
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activated to power-law dependence with angle is m
clearly demonstrated in Fig. 7~b!, where, for each tensor pa
rameter, the zero angle and tilted values are plotted. We
that in our four terminal measurements, we find no syste
atic evidence for universal conductance fluctuations,
though extensive efforts were made to measure these eff
as reported in Ref. 2.

DISCUSSION

The results discussed above indicate an unusual coup
of the bulk quantum well transport~Rxx andRxy! at integer
filling with the corresponding behavior of the chiral ed
state transport (1/Rzz). This is true both in terms of the tem
perature dependence, and in the angular~in-plane field! de-
pendence. At zero angle, bothRxx

min and 1/Rzz
max remain finite

in the low-temperature limit, indicating the presence of d
sipation in both the bulk quantum Hall state and in the ch
edge state. And, in finite in-plane field, the angular dep
dence of these two tensor components consistently t
each other, first as the quantization improves, and then
is removed. Indeed, the two states appear to be inter
nected. The crossover from activated to power-law beha
above the optimum angle also appears in both parame
Although the theoretically predicted geometric
relationship6 of Gzz

max'C/L ~whereC andL are the height and

FIG. 7. ~a! Demonstration of the uniform relationship betwe
Rxx

min and 1/Rzz
max. ~b! Demonstration of difference in functional de

pendence betweenu50° activated andu536° power-law behavior
at higher temperatures.
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circumference of a mesa-type structure, respectively! has
been demonstrated in experiment,2 the anomalous low-
temperature dissipation is observed in all reported meas
ments ofGzz

max. We note that a finite value ofGzz
max is con-

sistent with the theory9 ~see discussion below!. Given the
apparent coupling of the bulk and edge state transport p
erties, it is not clear that the surface transport is truly dec
pled from the bulk.

We next turn to a discussion of the effects of the in-pla
field. Chalker and Sondhi have treated the chiral edge s
conductivity s(B') with in-plane field9 B' . Their results
show thatRzz should exhibit positive magnetoresistance, fo
lowing a Drude formula, with a field scaling fieldB0
5F0 /alel , whereF0 is the flux quanta,a is the lattice spac-
ing, and l el is the elastic length according to the relatio
s(B')5s(B'50)/@11(B' /B0)2#. To test this prediction,
we have treated the databelow the optimum angle shown in
Fig. 5. We find that this description only fits a short range
in-plane field,4 T, with the fitting parameterss(B'50)
55.1531023 V21, B057.15 T, l el5252 Å. These param-
eters indicate, assuming that the theoretical relationshi
valid in this range, that the elastic scattering length is co
parable to the interlayer spacing of 230 Å, and also the m
netic lengthl el5252 Å. The values of these parameters a
clearly outside the limits of applicability of the theory9

which requiresl el@ l B
2/a. The absence of macroscopic co

ductance fluctuation in the present case may be an additi
indication that our system is outside the limits of the theo
This would also be consistent with our lack of observation
conductance fluctuations, due to the small length scales
volved.

We may further consider the behavior of the transp
tensor components above the optimum angle, where
quantization is removed with increasing in-plane field. The
are several treatments of multiple well structures in titl
magnetic fields. Marlow and co-workers have studied cyc
tron resonance in a coupled two-layer quantum well in tit
magnetic fields.13 They find wave-function hybridization an
subband energy splitting, which result from the in-pla
magnetic field. Although a detailed description of the r
moval of the quantization must be worked out theoretica
a general argument for the mechanism may be made. In
erence to Fig. 1, we note that the condition for quantizati
with the Fermi level in a gap, will change with increasin
in-plane field due to fact that the eigenvalues of the Ham
tonian will change when the in-plane field is added. It wou
appear then, from our experiments, that the band structur
given in Fig. 1 starts to change significantly above an
plane field of 4 T, and it is no longer possible to maintain t
quantization condition with the Fermi level in a gap. A
though more work is needed, this effect may put severe li
tations on the ability to study the chiral state with large
plane fields.

SUMMARY

In summary, we have studied the transport properties
sociated with the integer quantum Hall effect in a 200-lay
quantum-well superlattice in the Hall-bar configuration, a
also the vertical transport associated with the chiral e
state in the mesa configuration, both on the same mate
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These transport properties have also been studied in t
magnetic fields at the position of thev52 filling has been
maintained for increasing in-plane field. We find that there
a direct correlation between the in-plane magnetoresista
Rxx and the vertical conductivity 1/Rzz, both in terms of the
temperature dependence and in the angular dependence
in-plane fields up to 4 T, the quantization improves, but
larger in-plane fields, the quantization is removed. These
sults suggest a strong interplay between the bulk quan
Hall states and the chiral edge states. If we assume tha
chiral edge state is present, then its properties are sub
tially different from theoretical expectations, since there a
pears to be considerable dissipation that assumes a res
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value in the low-temperature limit. Finally, we find that th
quantization is removed at tilt angles, an effect that is m
likely due to the modification of the subband structure
high in-plane magnetic fields.
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