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Quantized conductance in magnetic field:

spin resolved plateaus and g-factors

In this chapter is discussed the behaviour of Quantum Point Contacts in magnetic

field parallel with the 2DEG. The main interest is the extraction of the Lande

g-factor and the study of the dependence on geometrical properties of the QPCs.

First a brief survey of literature is given where similar experiments were carried

out. The next section is dedicated to the procedures to extract the values of

g-factor from experimental data. In the last part of this chapter is discussed how

the experimentally extracted g-factor depends on the QPCs width and how this

can be explained in an interaction picture where the exchange interaction plays a

key role.
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and g-factors

6.1 QPCs in magnetic field

Quantum Point Contacts are important building blocks of modern day quantum

devices, where they can be used as single charge sensors, just to name a single

application in the field of quantum information [1]. They also have important

applications in the field of spintronis, more precisely, spintronics done in the

ballistic regime [2–6]. Here, lifting the spin degeneracy by application of a large

magnetic field parallel with sample plane (parallel with the 2DEG) makes the QPC

an ideal spin injector (even though it is unipolar, depending on the direction of the

field applied). There are already devices, based on focusing effects of electrons,

where spin injection was realized, using spin degenerate QPCs as injectors and

detectors.

As seen from the previous chapter, we are interested in devices containing

four Quantum Point Contacts, and these QPCs are all operating in magnetic

field. Before proceeding to more detailed discussion, it will be useful to describe

the physics of a Quantum Point Contact in magnetic field. For this we are dis-

cussing figure 1, where the quantized conductance in zero magnetic field and in

high magnetic field is shown. The main difference is the appearence of an extra

plateaux at odd multiples of e2

h . This is the clear signature that the spin de-

generacy is lifted by the magnetic field, therefore each spin resolved subband is

individually contributing to the conduction. The cartoon below the experimen-

tally data shows this in more detailed. The difference between the subbands is

given by the Zeeman energy ∆EZ = g∗µBB where g∗ is the effective g-factor, µB

is the Bohr magnetron and B is the magnetic field.

6.1.1 Literature review

The description given in the previous section is a fairly simple one. If one is trying

to analyze the experimental data where the QPCs are studied in magnetic field

parralel with the 2DEG’s plane, one is discovering complications and addtional

features which are difficult to explain. For example, in figure 2 is shown an

overviews of the g-factors measured in similar experiments: QPCs in magnetic

field parallel with the 2DEG’s plane. The purpose of these experiments was

different, ranging from spintronic applications, study of 0.7 structure or detection

of single electron spins [7–9]. The purpose of figure 2 is to differentiate in the

previous mentioned experiments if quantized conductance shows spin resolved

plateaus or not as a function of the density and mobility of the wafers where the

measurements where performed. With filled symbols are the experiments where

spin resolved plateaus are measured (an implicitly g-factors are extracted) and



6.1. QPCs in magnetic field 71

Figure 6.1: Top: quantized conductance in zero magnetic field and in high mag-

netic field, parallel with the 2DEG’s plane. Note the extra plateaux at e2

h Below:

cartoon of the subband level in no magnetic field and in high magnetic field.

with empty ones where the data in magnetic field has no additional plateaus.

Additionally, data shows also how the data depends on the direction of magnetic

field relative to the current flowing trough QPC. As one can see, there is an

apparent trend of low densities and high mobilities wafers where the spin plateaus

are resolved.
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Figure 6.2: Literature review of the presence or absence of spin resolved plateaus

in Quantum Point Contacts in the case when the magnetic field is applied parallel

with 2DEG’s plane. The black points represent represent experiments where the

spin resolved plateaux was succesfully resolved. The orientation of the magnetic

field with respect to the current flowing through the QPC is also shown. The

empty symbols stand for wafers where no spin resolved plateaus were measured.

The boxed points are the wafers used in this thesis.

6.2 QPC characterization and extraction of g-

factors

There are several ways of extracting the g-factor from the conductance of a QPC

in magnetic field [10]. The most common, which is used by several authors, is

also used in this work. It uses the dependence of the derivative of quantized

conductance at different magnetic fields with respect to the gate voltage. The

conversion between the gate volgate and the energy of the electrostatic potential

defining the QPC is then extracted from the DC bias spectroscopy of the QPC

in magnetic field. This procedures yields in the end the g-factor. These steps are

discussed in detailed below.

The Quantum Point Contacts (the exemple of the design used is shown in

figure 3) are patterned using Electron Beam Lithography on top of a AlGaAs-
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Figure 6.3: SEM picture and conductance as a function of gate voltage for all the

Quantum Point Contacts. For this particular device the length was kept constant

at 300 nm and the width of the QPCs was varied. For the actual measurements

only four quantum point contacts were used (a, b, c, e). QPC d had no spin

resolved plateaux and QPC f, g , h had strong resonances in the region before

pinch-off as well as strong magnetic field dependence of the conductance (shift of

the pinch-off voltage of 100 mV at 8 Tesla.

GaAs heterostructure purchased from Sumitomo Electric Co. The mobility and

density at 4.2K are µ = 8.6 × 105 cm2 V−1s−1 and ns = 2.4 × 1011 cm−2. The

measurements were carried out at a base temperature of 130mK and the sample

is attached to the cold finger of a dillution refrigerator. The magnetic field is

provided by a superconducting magnet, with fields reaching 9 Tesla. The electrical

measurements were performed by applying a constant voltage of 10µV acroos

the sample. The resulting current is recorded and the voltage drop across the



74
Chapter 6. Quantized conductance in magnetic field: spin resolved plateaus

and g-factors

QPCs is also recorded with an additional voltage amplifier. These four terminal

measurement method allows precise measurement of the resistance of the QPC,

without parazitic resistances of the cables, ohmics or circuitry. For DC bias

measurements an external DC voltage was supplied to our voltage controlled

voltage source where the two signals were added (the DC bias and the small AC

modulation of 10µV used for measurements of differential conductance). In figure

3 are also shown the direction of the magnetic field and the current through the

QPC. Throughout this chapter, the settings for the dimensions of the QPCs in

figure 3 are kept fixed. The graph in figure 3 shows an exemple of the conductance

of all 8 QPCs. One can see that for QPCs with large width, the conductance is

disturbed, with resonances and irregular shapes. Otherwise, the conductances of

the QPCs are well defined, especially for small width QPCs. This can be explained

by the fact that there are impurities in the 2DEG and for large QPCs they are

affecting the transport.

In order to extract g-factors in a QPC two types of data are required. The first

(together with extra processing of data) is shown in figure 4. Figure 4 a show the

quantized conductance as a function of magnetic field, from zero up to 9 Tesla.

Extra spin resolved plateaus are clearly seen. As a mention, the 0.7 structure seen

at zero magnetic field evolves towards the spin resolved plateaux, a signature of

the spin nature of this particular feature. If one extracts the transconductance

(the derivative of the conductance with respect to the gate voltage as seen in figure

4 b), it is clear that the distance between the first two peaks is increasing with

increasing the magnetic field. This distance (measured in units of the gate voltage)

is direct proportional with the Zeeman energy. If one extracts this distance (as

can be seen in figure 5) and ploted as a function of magnetic field, the slope of the

linear part will be proportional to the g∗µB . The only unknown constant here is

the factor of proportionality between the change in the gate voltage and change

in the energy levels of the point contact.

This energy can be extracted from the DC bias spectroscopy of the levels.

Figure 6 shows a typical colour plot of the transconductance as a function of DC

bias and gate voltage at 8 Tesla. One can see that, additionaly to the diamonds

related to spin degenerate subbands (similar to no magnetic field case), there

are extra diamonds corresponding to transport via spin subbands. Conversion

between the change in the energy of the 1D constriction and change in gate volgate

can be found by mapping the gate voltages difference between two peaks in the

transconductance at fixed bias voltage. In figure 6 are also shown the position

of the energy levels corresponding to the two points. The conversion factor is

η = 81.42µeVSD/mVG. Using this conversion factor and the slope from figure 5,
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Figure 6.4: a) Magnetic field dependence of the quantized conductance. b) Mag-

netic field dependence of the transconductance.

one can extract the values of the g-factor.
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Figure 6.5: Distance between the first two peaks (measured in gate voltage) as a

function of the magnetic field. The linear region used to extract the slope is also

shown.

6.3 g-factors dependence on size of the QPCs

Using the above discussed steps, g-factors for all the QPCs in figure 3 are ex-

tracted. The results are ploted in figure 7 as a function of the QPCs width. Only

4 points are shown out of 8 QPCs. For very large ones, the resonances and extra

structure made very difficult to clearly extract from the transconductance data

the Zeeman energy dependence on magnetic field. Additionaly, the conductance

was found to depend strongly on the magnetic field, shifting the pinch-off volt-

age by more than 50 mV. The QPC with the smallest width has shown no spin

resolved plateaus. However, recent additional measurements of similar devices,

where most of the QPCs showed well resolved spin plateaus, confirm the depen-

dency presented here with more points. The main result shown in figure 7 is that

the apparent g-factor is dependent on the QPC width in a sensitive and measur-

able way. By a change in the width of the QPC of 250nm, one can get a change

in the apparent g-factor of 0.4. Similar results are shown to be present also when

the length of the QPC is varied, even though in this case the relative change in

the g-factor values is smaller.



6.3. g-factors dependence on size of the QPCs 77

Figure 6.6: Plot of transconductance as a function of the DC bias and gate voltage.

On the z-axis the white corresponds to low values and black to high values. On

the cartoon on the right side are shown the energy levels corresponding the points

on the left.

The physics highlightened by these experiments is related with the influence of

the electrostatic potential of the QPC (potential which is changed by changing the

width or the length of the electrostatic gates defining the QPC) on the exchange

interaction between the spin subband in the presence of a magnetic field parallel

with the 2DEG’s plane. The cartoon in figure 8 describes how exchange interac-

tion induces and larger apparent Zeeman splitting (hence an enhanced g-factor).

The explanation is based on the fact that electrons are fermions and therefore the

total wavefunction (following Pauli exclusion principle) should be antisymmetric.

However, due to the fact that in magnetic field, electrons with the same spin filled

the spin resolved subbands, makes the spin part of the total wavefunction to be

symmetric. This leads to an antisymmetric orbital wavefunction which in turns

implies that, physically, the electrons are pushed further away from each other,

leading to less Coulomb energy repulsion between them. This means that the first

spin polarized subband has a lower energy leading to an increase in the Zeeman

energy (the difference between the spin up and spin down polarized subbands).

This applies when the Fermi energy is between the spin resolved subbands. When

the Fermi energy is above the first two spin resolved subbands, then the situation

changes and the exchange term is reduced to zero. This situation is confirmed
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Figure 6.7: g-factors at different sizes of the Quantum Point Contacts. The

variation in g-factor δg = 0.3 is obtained for a change in the QPC width of 250

nm, for this specific wafer.

by numerical self-consistent solutions of the Schrodinger equations, where the os-

cillatory nature of the g-factor dependence on the Fermi energy crossing trough

various spin subbands is clearly shown.

Enhanced Zeeman energy due to exchange interaction is a well know phe-

nomena, which found experimental proof in devices where Quantum Hall Effect

was measured [11–16]. However, for our experiments, we are not yet aware of

any argument which can relate the enhanced Zeeman energy with changes in the

electrostatic potential (or subband energies to be more precise). This relation

would of remarkable importance, if one can find the theoretical arguments for it.

There is, however, correspondence of out experimental data with existing theory.

This is shown in figure 8. Following the theoretical predictions in Majumdar, a

formula for the dependence of g-factor on 1D density of electrons and magnetic

field applied parallel with 2DEG’s plane is found:

|g∗| = |g| + 2e2√n1D

εsπ3/2µBB‖

F (6.1)

where g is the bulk GaAs g-factor of -0.44, n1D is the 1D density of electrons, εs

is the dielectric constant, µB is the Bohr magnetron and B‖ is the magnetic field.
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Figure 6.8: Cartoon showing the enhancement of the Zeeman energy when the

Fermi energy is situated between the spin resolved subbands.

Here F represents a long function of physical constants of the 1D constriction.

Realistic simulation of this formula will give however very large values for the

g-factor (up to 100) which, by comparison with the experiment, are not real.

However, the formalism based on which this formula was calculated, gives the

correct behaviour of the g-factor when the Fermi energy changes. We tried to

find a way to apply this formula to our data, to see if the dependencies it suggests

can be confirmed by our data. Since we do not have dependence of the g-factor on

the magnetic field, we concentrate on the dependence on n1D. We have however,

only one value for the g-factor for each QPC. The procedure is as follows: we

try to estimate on simple arguments the n1D and this extracted n1D is ploted

as a function of
√

n1D for each QPC. In order to determine n1D we simulate the

potential of the QPC close to pinch-off, based on an electrostatic model. The

results are shown in figure 9. There is a clear correspondence in shape between

the g∗ and the
√

n1D multiplied with an arbitrary constant.

In summary, we have investigated the dependence of g∗ on the width of Quan-

tum Point Contacts. The values for the apparent g-factor g∗ were extracted from

the transconductance variation with magnetic field and DC bias spectroscopy of

QPC. We observe a clear dependence on the width of the QPC of the g-factor.

Smallest width QPC gives the largest value for the g-factor and we can change
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Figure 6.9: g-factors at different sizes of the Quantum Point Contacts and a

function proportional with the
√

n1D.

the absolute value of g∗ by 0.4 when the width of the QPCs is increased with

250nm for our wafer. Using a simple estimantion of the n1D we find that the g∗

show the same dependence as
√

n1D on QPC size, fact which is in agreement with

existing theoretical descriptions.
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