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We have measured the transport properties of quasi-one-dimensional ballistic constrictions defined on a
high-mobility two-dimensional hole gas. The conductance quantization of the constrictions is changed from
even to odd multiples ofe2/h as a function of the magnetic field in the plane of the heterojunction, as spin
splitting causes the subbands of the one-dimensional~1D! channel to cross. We calculate the in-planeg factors
of the 1D subbands using the magnetic fields at which crossing occurs and find that they increase as the number
of occupied 1D subbands decreases. We attribute this enhancement of theg factor to Coulomb interactions.
@S0163-1829~97!50220-7#

Hole gases provide an ideal system for the study of inter-
action effects in semiconductors because the hole effective
mass is significantly larger than that of electrons. Thus, al-
though the Coulomb interaction between holes is similar to
that between electrons, the kinetic energy is suppressed,
making interaction effects more important. Additionally,
holes may be used to study band-structure effects such as
mixing, nonparabolicity, and anisotropy.

Interaction effects are further enhanced in systems of re-
duced dimensionality. Coulomb blockade in Si-based
devices1–3 and lateral focusing of holes in
GaAs/AlxGa12xAs heterostuctures

4 have been reported pre-
viously. However, only one paper5 has been published on the
transport of holes through mesoscopic structures defined by
gates, despite the control afforded by such devices. Refer-
ence 5 reported the observation of conductance quantization
in a quasi-one-dimensional~1D! hole gas, as well as phase-
coherent effects at high magnetic fields.

This work is concerned with the effect of a magnetic field
on the transmission of holes through a ballistic quasi-1D
constriction that connects two large regions of a two-
dimensional hole gas~2DHG!. We have studied the Zeeman
splitting in energy of the 1D subbands by a magnetic field
B applied parallel to the plane of the 2DHG but perpendicu-
lar to the current flow through the constriction. We describe
the splittingDE of the subbands by an effectiveg factor6,7

that is defined byDE5gmBB.
In this paper, we present clear evidence of the crossing of

the 1D subband edges at inplane magnetic fields lower than 3
T. In conjunction with a dc-bias technique, which allows us
to determine the subband energy spacings of the constric-
tions, we have used the magnetic fields at which the sub-
bands cross to calculate theirg factors. We find that these
increase as the number of occupied subbands in the constric-
tion decreases and discuss this in the context of heavy-hole
light-hole mixing and Coulomb interactions.

All of the measurements presented in this paper were per-
formed on Hall bars fabricated by the surface processing of
wafers grown by molecular beam epitaxy on the 311A sur-
face of semi-insulating GaAs. The 2DHG was confined to a
200 Å wide well in a GaAs/AlxGa12xAs heterostructure
(x50.33), which was approximately symmetrically modula-
tion doped using Si acceptors. The symmetry of the confin-

ing potential was confirmed by measurements of
Shubnikov–de Haas oscillations, which exhibited no
beating.8 The particular wafer used for these studies had a
carrier density of 1.831015 m22 and a very high mobility of
120 m2V21s21, below 1.5 K, which was found to be isotro-
pic. The 2DHG was contacted using annealed AuBe Ohmic
contacts.

The 1DHG was obtained by the application of a positive
voltage to NiCr/Au Schottky split gates patterned onto the
Hall bars using electron-beam lithography. A schematic dia-
gram of device A, in which gate metal is shown shaded, is
included as an inset in Fig. 1. The central gate provided extra
control of the potential profile of the constriction and was
held at20.4 V for all of these experiments. We also studied

FIG. 1. ~a! G vsVg , for differentB perpendicular to the 2DHG,
showing good ballistic quantization atB50. The inset is a sche-
matic diagram of device A.~b! G vs B parallel to the 2DHG. The
z axis is2]Vg /]G; white regions represent plateaus inG vs Vg .
The quantization changes from even to odd integral multiples of
e2/h. The crosses and asterisks are described in the text.
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two similar devices, B and C, of differing shapes, dimen-
sions, and orientations on the crystal. The devices were mea-
sured by standard ac techniques, using an excitation voltage
of 5 mV and at a lattice temperature of 70 mK.

Figure 1~a! is a plot of the conductanceG of the device
against side-gate voltageVg . The plateaus, that occur at con-
ductances quantized in multiples of 2e2/h, correspond to the
passage through the Fermi energy of spin-degenerate 1D
subbands in the constriction. The curve has been corrected
for a Vg dependent series resistance, which was determined
by fitting the plateaus observed at zero magnetic field to their
correctly quantized values. Figure 1~a! also shows that each
of the plateaus evolves into a reflected edge state with the
application of a magnetic fieldperpendicularto the 2DHG,
thus providing further evidence that the constriction is a 1D
ballistic conductor.

The gate voltage at which the plateaus occurred was
found to vary randomly by approximately 50 mV between
sweeps under nominally identical experimental conditions.
Despite this, every such curve contained similar features at a
given conductance. Thus the device was stable in conduc-
tance but not in gate voltage. This undesirable property of
the gates was common to all our devices, and we believe it to
be due to problems with the fabrication technology. Refer-
ence 5 reported even more severe device noise problems.

Figure 1~b! demonstrates the effect of aparallelmagnetic
field B on the quantization of device A. The gray scale dia-
gram was constructed from the average of the numerical dif-
ferential of fiveG vsVg sweeps measured for each particular
B in order to obtain2]Vg /]G. A white pixel at (G,B)
indicates that a plateau exists at a conductance ofG in the
pinch-off characteristic of the constriction at that particular
field. The averaging served to reduce the intrinsic sample
noise in the plotted data; all of the features in the averaged
data are discernable in individual sweeps. Hall voltage mea-
surements indicated that the magnetic field was at an angle
of less than 0.8° to the plane.

At low magnetic fields, the white regions of Fig. 1~b!
occur close to even integral multiples ofe2/h and correspond
to the spin-degenerate plateaus of Fig. 1~a!. As the magnetic
field is increased, the conductance becomes quantized in all,
and then odd, integral multiples ofe2/h. As the field is in-
creased further, the odd quantization begins to weaken~3.5 T
to 4 T!. We shall argue below that this behavior is indicative
of spin splitting and crossing of the 1D subband edges of the
constriction. For future reference, we have marked the light-
est and darkest points (Bj , je

2/h) ( j is an integer! in Fig.
1~b! with crosses. They correspond to the fields at which the
odd plateaus are clearest and lie between 2.5 and 3 T. We
have marked with asterisks the fields at which the quantiza-
tion changes from even to odd integral multiples ofe2/h.
They highlight the short range ofB in whichG is quantized
in all multiples ofe2/h.

A parallel magnetic field lifts the twofold degeneracy of
the 1D subbands and leads to neighboring subbands crossing
whengmBB equals theB50 subband energy spacing. Figure
2~a! shows this schematically with a plot of the energy of the
1D subband edges~full lines, with spin depicted by arrows!
againstB, for a particularVg . The Fermi level, shown as a
dashed line, is curved to account for self-consistent effects,
which are expected9 to resist changes to the electrostatics

~and hence carrier concentration! of the constriction by the
magnetic field. Figure 2~b! indicates that an increase inVg
lowers the Fermi energy atB50 and increases the subband
energy spacing.

The value of the quantized conductance of the device re-
flects the number of 1D subbands below the Fermi energy.
The applied parallel magnetic field lifts the spin degeneracy
of the 1D subbands, resulting in plateaus at both even and
odd integral multiples ofe2/h. A further increase inB leads
to the crossing of all of the subband edges except the one
lowest in energy. The conductance is now quantized in odd
multiples ofe2/h. This evolution of the conductance quanti-
zation is evident in Fig. 1~b!. A further increase inB causes
the crossing of next-nearest 1D subbands, and the quantiza-
tion is restored to even integral multiples ofe2/h.

The particularly small subband spacings in a 1DHG en-
able the observation of multiple crossings of subbands at
fields at approximately 3 T. In principle, this behavior may
be observed in electron systems too. However, the magnetic
field required to cross neighboring levels is often prohibi-
tively high, especially for the lower ones.

We have measured the energy spacings of the 1D sub-
bands of our devices using standard dc-bias techniques.10 In
Fig. 3, we plot the differential conductanceG85]I /]V
against source-drain dc biasVsd. The gray scale uses the
same averaging technique as Fig. 1~b!.

The peaks in2]Vg /]G8 correspond to plateaus inG8 vs
Vg and are white in Fig. 3. The applied dc bias may change
the quantization of the differential conductance to approxi-
mately odd integral multiples ofe2/h.11 This occurs when,
over a limited range ofVg , the number of occupied spin-
degenerate 1D subbands on each side of the constriction dif-
fers by one. A further increase in theVsd increases the dif-
ference to two; the quantization then reverts to even integral
multiples.

The quantization of the plateaus in Fig. 3 changes from
even to odd asVsd is increased from zero. The white regions
then drift to higher differential conductance and disappear.
This increase inG8 may also be observed in the highest

FIG. 2. ~a! A schematic representation of the lifting of degen-
eracy of 1D subband edges by a small parallelB for a particular
Vg . The Fermi level is included as a dashed line, and the arrows
depict the subbands’ angular momentum orientation.~b! The same
as ~a! but for slightly higherVg .
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quality 1D electron gases,12 and is believed to be due to
nonlinear corrections to the voltage drop across the constric-
tion. We mark the lightest and darkest points (Vj

sd , je2/h) of
Fig. 3 with crosses and indicate with solid curves generous
error margins. The subband energy spacings are given by
eVj

sd , and increase from 90meV to 270meV as the conduc-
tance is reduced.

Theg factors of each subband may be calculated by com-
paring the effects of the parallel magnetic fieldB and the
electric field, due toVsd, on the quantization. We assign an
in-planeg factor gj to the subbands of the constriction that
are in the vicinity of the Fermi level when its conductance is
quantized atje2/h. We can determinegj by assuming that
the confining potential of the constriction at a magnetic field
Bj and a source-drain biasVj

sd are the same. Lifetime broad-
ening of the quasiparticle density of states smooths the os-
cillation of the Fermi energy depicted in Fig. 2. We are
therefore able to replace the curved Fermi energy in Fig. 2
with a horizontal line. It is assumed that the black~white!
regions of Fig. 1~b!, at (Bj , je

2/h), correspond to the cross-
ing ~maximum spacing! of the 1D subbands. We obtaingj by
equating the Zeeman energygjmBBj to the subband energy
spacingeVj

sd .
We obtain an alternative estimate of theg factors by as-

suming that the magnetic field at which odd and even pla-
teaus are equally visible occurs when those subbands are
equally spaced in energy. Results from device A~circles and
diamonds! on two cooldowns, and device B~triangles!, are
presented in Fig. 4. Solid symbols representg factors calcu-
lated using the magnetic fields at which subbands cross, and
empty symbols indicate points obtained using the magnetic
fields at which odd and even plateaus are equally visible.
Poor data from device C are represented using arrows, which
indicate lower bounds for itsg factors. Our results show that
g decreases from a value of over 1.3 when the constriction is

most 1D, to;0.6 when there are 11 occupied 1D subbands.
Near to the center of the Brillouin zone, the twofold de-

generate 2D subbands of a symmetric quantum well are
eigenstatesuMJ& of theJz angular-momentum operator (z is
defined to be in the growth direction!. They may be classified
as heavy hole~HH! in which caseMJ563/2, or light hole
~LH!, for whichMJ561/2. In the absence of LH-HH mix-
ing, the in-plane g factor of a 2D HH subband is zero,6

because the matrix elements^63/2uBxJxu63/2& vanish. Any
reduction in the symmetry of the Hamiltonian, by the appli-
cation of a lateral potential or magnetic field, or by a choice
of nonzero hole wave vector, causes mixing. An increase in
g then occurs because the corrections to the energies of the
subbands now include nonzero matrix elements of the form
^61/2uBxJxu63/2& and ^61/2uBxJxu61/2&.

The g factors plotted in Fig. 4 are obtained at different
gate voltages, Fermi levels, and magnetic fields. Each point
therefore originates from a different confining potential. In
principle, the measured enhancement of the 1D in-planeg
factor could be explained by increased HH-LH mixing as
Vg is increased. We shall argue, however, that the resulting
increase ing as the number of occupied subbands in the
constriction decreases isnot because of mixing. Instead, we
suggest that the increase is due to interaction effects in the
constriction.

Recent calculations13 of the band structure of a 2DHG
confined in a symmetric quantum well similar to the one
used for these experiments indicate that at our Fermi level,
appreciable mixing occurs between the three lowest energy
2D subbands, which we label HH1, HH2, and LH1 in order
of increasing hole energy. We believe that the lateral poten-
tial induces littleextramixing in the 1D subbands, because
their measured energy spacings are an order of magnitude
lower than the predicted gap between HH1 and HH2~which
is approximately 3 meV!. Therefore our measurements have

FIG. 3. Differential conductance vs dc bias (Vsd). The dc bias
has been corrected for the series resistance of the device; the
crosses are described in the text.

FIG. 4. The 1D subbandg factors for devices A and B, calcu-
lated by comparison of, e.g., Fig. 1~b! and Fig. 3; solid symbols
markg factors calculated using the high-field set of crosses in, e.g.,
Fig. 1~b! while empty symbols markg factors calculated using the
low-field set. The arrows define lower bounds measured for device
C.
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been performed in weak lateral confinement and, in the con-
text of mixing, the 1D subbands retain their 2D
character.14,15We ascribe little importance toB-field mixing
because theg factors calculated from the crosses and aster-
isks marked at high and low fields in Fig. 1~b! are approxi-
mately consistent with one another.

When there are many occupied subbands in the constric-
tion, theg factor is expected to be independent of the sub-
band index with a value equal to the 2D in-planeg factor at
that particular Fermi level. At our highest indices, theg fac-
tors have not yet saturated; nevertheless, we can deduce an
upper limit of 0.5 for the 2D in-planeg factor.

Interactions are known to affect single-particleg factors.
For example, the increase in the electrong factor with de-
creasing carrier concentration in Si inversion layers, and its
oscillation in the quantum Hall effect, have been attributed to
exchange interactions.16 Exchange effects should be of in-
creased importance in 1D.17,18

We therefore attribute our measured increase ing to Cou-
lomb interactions, since it occurs as the carrier concentration
in the constriction and the dimensionality of the interaction is
reduced. A similar enhancement of the electrong factor to a
value of 1.1 was recently measured.12 This similarity be-

tween electron and hole 1Dg factors, despite the differences
in kinetic energy in the two systems, and in the origin of the
2D g factors, may indicate that interaction effects entirely
dominate the 1D behavior. Alternatively, the reduction in
HH-LH mixing due to the reduced carrier density in the con-
striction could lead to a reduced 2Dg factor, competing with
the interaction enhancement.

In conclusion, we have presented measurements of the
transport properties of quasi-1D hole gases in a parallel mag-
netic field and have observed the spin splitting and crossing
of their subbands at lowB. We have measured their in-plane
g factors, which begin to saturate as the system becomes
quasi-2D, in the limit of high subband index. Conversely,
g increases to a value of at least 1.3 in the 1D limit. We
attribute this to Coulomb interactions and note that the simi-
larity of the electron and hole 1Dg factors suggests that the
kinetic energy in such systems is insignificant.
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