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Magnetic Anisotropy of a One-Dimensional Electron System

T. P. Smith, III, J. A. Brum,® J. M. Hong, C. M. Knoedler, H. Arnot,® and L. Esaki

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598
(Received 21 April 1988)

We have discovered a novel anisotropy in a quasi-one-dimensional electronic system in the presence of
a magnetic field. The density of states changes dramatically when a magnetic field is applied along
different axes of the sample. Further, we do not observe spin splitting of one-dimensional levels in mag-
netic fields up to 20 T, indicating that enhancement of the Landé g factor is also anisotropic. These re-
sults provide new insight into the underlying properties of quantum-confined electrons.

PACS numbers: 73.40.Kp, 71.50.+t, 71.70.—d

Anisotropy is inherent in low-dimensional systems,
and can be manifested in many different ways. One of
the most powerful probes of this anisotropy is a magnetic
field. For more than twenty years anisotropy of the
Shubnikov-de Haas effect has been used to characterize
two-dimensional systems.! The Landau-level separation
is determined by the component of the magnetic field
perpendicular to the plane of the two-dimensional elec-
tron gas. Although there are also magnetic field effects
associated with the component parallel to the two-
dimensional layer, they are fairly subtle. Recently, a
great deal of work has been done to further reduce the
dimensionality of electronic systems by imposition of ad-
ditional confinement on two-dimensional systems.?2
However, in most schemes the inversion layer or hetero-
junction confinement is still predominant. Magnetic field
studies of these quasi-one-dimensional systems have fo-
cused on effects when a magnetic field is perpendicular
to the original 2D plane. In this orientation results can
be interpreted by way of extension from two dimensions.
An important, but as yet unanswered, question is wheth-
er additional confinement leads to additional magnetic
anisotropy.

In this Letter we present the first evidence for such
phenomena. If a magnetic field is applied perpendicular-
ly to the original two-dimensional plane, we see the ex-
pected transition from electric to magnetic quantization.
On the other hand, if the magnetic field is oriented in the
plane of the dominant quantization, a novel anisotropy is
observed. A magnetic field perpendicular to the quan-
tum wires produces a rigid diamagnetic shift of the
quasi-one-dimensional levels, while a magnetic field
parallel to the wires destroys the electric quantization.

The samples used in this study are GaAs-AlGaAs
heterojunction capacitors with 0.2-, 0.3-, or 0.4-um lines
etched in the top surface to provide lateral confinement.
The details of their fabrication have been given previous-
ly.2 The electrons are confined in the Z direction (see the
inset in Fig. 1) by the heterojunction to a triangular well
about 100 A wide, and by the grating to a square well
(or parabolic well depending on the carrier concentra-
tion) about 1000-3000 A wide. Electrons are free to

move in the remaining orthogonal direction. Thus the
potential energy of electrons in these samples is different
in all three directions.

The application of a magnetic field results in two
different types of effects. A magnetic field applied along
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FIG. 1. (a) The derivative of the capacitance vs gate voltage
in the presence of a magnetic field. The sample was oriented
such that the magnetic field was along the Z axis (see inset).
The solid arrows indicate the position of the 04 level as it shifts
as a function of magnetic field. For convenience, the data at 3
and 5 T are scaled down by a factor of 4. The dashed arrows
point out the spin splitting of Landau levels at S T. (b) The
calculated and experimental shifts in the positions of the first
five energy levels as a function of magnet field.

© 1988 The American Physical Society 585



VOLUME 61, NUMBER 5

PHYSICAL REVIEW LETTERS

1 AUGUST 1988

either of the confinement directions couples the free
motion (in the X direction) with the remaining confined
motion, hybridizing these states and eventually condens-
ing the electrons into zero-dimensional states if the mag-
netic field strength is high enough. In contrast, a mag-
netic field applied parallel to the X direction couples the
two confinement potentials. Electrons remain free in this
direction (essentially one dimensional) but the § and 2
eigenstates are mixed, changing the density of states.
Since these effects can be masked by other phenomena in
transport measurements, it is preferable to study the
thermodynamic properties directly, and capacitance
measurements constitute an ideal probe. The measured
capacitance is directly related to the thermodynamic
density of states. We can probe the density of states by
varying the bias applied to the gate electrode and thus
changing the Fermi energy.

Figure 1(a) shows experimental traces of dC/dV
versus gate voltage, Vg, for a sample with 0.3-ym lines
when the magnetic field is parallel to the Z direction.
This is the most familiar configuration and will provide a
foundation for our new results. In this orientation the
1D levels and magnetic levels are coupled. Below 1 T
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FIG. 2. The derivative of the capacitance vs ¥ with the
magnetic field oriented along the y axis. We observe a rigid
shift in the positions of the energy levels, but there is little or
no change in the amplitude of the oscillations in this config-
uration, nor is there any spin splitting of the levels.
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[where the magnetic length, Ay =(h/eB) /2, is compara-
ble to or larger than the effective width of the lateral po-
tential confinement], the quasi-1D levels are still ob-
served. However, they shift in gate voltage and increase
in strength with increasing magnetic field. At high mag-
netic fields the magnetic length becomes smaller than the
effective width of the wires and the electrons condense
into Landau levels. The Landau quantization is much
stronger than the lateral quantization and the effects of
the lateral confinement are obscured so that one sees ca-
pacitance oscillations, reflecting the presence of zero-
dimensional states. The two uppermost curves in Fig. 1
show this. It is important to note that we also see spin
splitting of the Landau levels. This is highlighted with
dashed arrows. The oscillations observed in our capaci-
tance measurements are related to changes in the Fermi
energy and occur when the Fermi energy crosses a one-
dimensional subband. The intensity of these oscillations
is related to the shape of the density of states and its
broadening. A complete analysis of the hybridization of
electric and magnetic states implies a detailed study of
charge transfer in the presence of the magnetic field.
While a full numerical solution to this problem may ulti-
mately give the best quantitative results, a great deal of
insight into this problem can be obtained with a few judi-
cious approximations. In the weak magnetic field limit
(w.7<1, where w.=eB/mc, and t is the scattering
time) neither the Fermi energy nor the electrostatic po-
tential change significantly. In this case, shifts in the ca-
pacitance oscillations primarily reflect diamagnetic shifts
in the energy levels. When the magnetic field is applied
along the Z axis the Hamiltonian can be written as fol-
lows:
2
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where we use the gauge A=(—yH,0,0). The potential
V(y,z) includes the electrostatic potential originating
from the presence of donors in AlGaAs, and the charge
transfer to the GaAs. It is obtained from self-consistent
calculations in the absence of a magnetic field.* On the
basis of our assumptions, changes in this potential due to
the magnetic field are ignored. Since the confinement in
the Z direction is much stronger than in the y direction,
we can also use the decoupled approximation®® to obtain
the eigenfunctions. We assume that the threshold volt-
age (taken to be the large peak in dC/dV) is related to
the ground level (00 level). Because the threshold volt-
age occurs at low carrier concentrations, when the y
direction is more confined than at more positive biases,’
the effect of the magnetic field will be relatively small
and this will be reflected in the changes in the threshold
voltage. However, the higher-lying quantum levels will
have a wider spatial extent due to the larger carrier con-
centration and effective width, and the magnetic field
effects will be larger. This will be reflected as changes in
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the relative positions of the oscillations in dC/dV due to
coupling of the X and y motions. This is what we observe
experimentally. In Fig. 1(b) we plot the measured shift
of the threshold and the fourth excited excited level (04
level) as solid lines and the calculated shifts in the oscil-
lation positions as dashed lines. The calculated shifts are
smaller than the observed behavior of the corresponding
levels, but the overall agreement is satisfactory. The
shifts in the levels increase with level index. In addition,
for the same quantum level, the magnitude of the shift
increases with the width of the lateral confinement.
Again, this is in agreement with our calculations and is
not surprising since a weaker confinement implies
greater freedom of motion for the carriers and hence
more sensitivity to external fields.

When the magnetic field is applied parallel to the y
direction the magnetic field couples the Z-confined
motion with the free motion. In this case, there should
be a diamagnetic shift of the eigenstates created by the
heterojunction but little change in the states created by
the lateral confinement. Figure 2 shows dC/dV vs Vg
for a sample with 0.3-um lines in this configuration.
There is a shift in the threshold voltage, ¥, but the posi-
tions of the oscillations with respect to ¥ do not change
appreciably, and their amplitude remains fairly constant
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FIG. 3. dC/dV vs V¢ with the magnetic field along the X
axis. The oscillations in the derivative of the capacitance are

completely damped by the magnetic field above 8 T.

up to 20 T. The magnitude of the threshold voltage
shifts increases systematically as the width of the lines
increases. We calculated the shift in the energy levels
observed in this configuration, using the approximations
described above. The Hamiltonian for this configuration
is very similar to Eq. (1) except that A=(Hz,0,0). In
the first-order decoupled approximation, the positions of
the oscillations relative to ¥, do not change with the
magnetic field. It is important to point out that the ener-
gy of each eigenstate depends strongly on the position of
the center of the magnetic orbit. We assume that the os-
cillations observed in the capacitance are related to the
center of orbit with the minimum energy, and that these
are the first states occupied. Although our calculations
capture all the essential features of our experiments, the
quantitative agreement is not that good. For example, at
10 T, for the samples with 0.2-um lines, we calculated a
shift of 10 mV in the threshold voltage, whereas the ex-
perimental value is about 40 mV. This discrepancy may
reflect the importance of magnetic field effects on the
Fermi energy and the charge transfer. While we are
effectively in the weak-field regime (since the cyclotron
orbits are larger than the Z confinement) the magnetic
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FIG. 4. The damping of the 1D levels is dependent on By.
This is demonstrated by the angular dependence of the ampli-
tude when the sample is rotated in the x-y plane with respect
to the magnetic field.
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fields are sufficiently large to change the electrostatics.

Despite the fact that the Hamiltonian for the first two
configurations is essentially the same, the difference in
the extent of confinement gives rise to an additional an-
isotropy. While we observe spin splitting of Landau lev-
els at high magnetic fields when Bl Z, we do not see any
splitting of the one-dimensional states when BIly. The
absence of spin splitting at magnetic fields as high as 20
T indicates that the g factor is not enhanced as it is in
the first orientation. Enhancement of the g factor in 2D
electron systems has been explained in terms of an im-
balance in the number of spin-up and spin-down elec-
trons.® This enhancement also depends on the fact that
the Landau-level spacing is much greater than the level
broadening. Since the one-dimensional level spacings
are relatively small (5 meV or less) the same mechanism
may not be effective when BIly. Thus the g factor may
be close to its bulk value (—0.44 for GaAs),’ and at 20
T the spin splitting would only be =0.5 meV and not
resolved. However, this explanation ignores other effects
of one-dimensional confinement which require further
study.

Even more intriguing and unexpected are the effects of
a magnetic field applied in the X direction (see Fig. 3).
Rather than a monotonic increase or shift in the oscilla-
tions, we observe a damping of the oscillations as the
magnetic field strength increases. For all three line sizes
the amplitude of the oscillations decreases linearly with
increasing magnetic field. The amplitude of the oscilla-
tions decreases at about the same rate for all of the line
sizes and the oscillations are completely damped out at
about 8 T. We also observe a diamagnetic shift in the
energy levels as a function of magnetic field. However,
the shift is somewhat smaller than the shift when the
magnetic field is perpendicular to the lines. This can be
seen more clearly in Fig. 4 where the derivative of the
capacitance is shown as a function of angle in the x-y
plane. #=0 when the magnetic field is parallel to the x
direction. The diamagnetic shift increases with angle
with the largest change occurring between 40° and 50°,
and this is consistent with our theoretical calculations.
In this configuration the magnetic field is competing with
both the Z and y confining potentials, and both directions
are now strongly coupled.

Coupling of the heterojunction potential with the la-
teral confinement potential may also be responsible for
the damping of the oscillations. While it is not obvious
that coupling of the y and z states introduces additional
broadening, it is this coupling which distinguishes this
configuration from the other two, and its importance
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cannot be ignored. The magnetic field also couples adja-
cent one-dimensional levels in our perturbation calcula-
tions. Again, we cannot be sure that this will lead to ad-
ditional smearing of the one-dimensional density of
states, but it is a possibility. Finally, damping out of the
oscillations may be due to enhancement of the boundary
effects. The magnetic field may increase the importance
of the potential fluctuations associated with variations in
the width and profile of the lines. Rather than generat-
ing additional broadening, the magnetic field may simply
boost the role of existing broadening mechanisms.
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