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Abstract. We present a prominent example how the influence of high magnetic
fields can lead to spectacular field induced effects in a semiconductor nanostructure.
We observe current steps in the -V characteristics of a GaAs-AlAs tunnelling
structure with self-assembled InAs quantum dots embedded in the AlAs barrier.
The steps originate from resonant tunnelling through individual InAs quantum
dots. In a magnetic field the Zeeman splitting of the quantized dot states leads
to a splitting of each current step in two. The Landé factor deduced from these
measurements is in the range g = 0.6 ... 1.5 depending on the size of the dot and
the orientation of the magnetic field. In high magnetic fields (B > 20 T) the current
steps evolve into extremely enhanced peaks. The effect observed is explained by a
field induced Fermi-edge singularity caused by the Coulomb interaction between
the tunnelling electron on the quantum dot and the partly spin-polarized Fermi sea
in the Landau quantized three-dimensional emitter.

Over the last years several groups succeeded in performing single-electron
tunnelling experiments through self-assembled InAs quantum dots (QDs)
[1,2,3,4]. When a magnetic field is applied the spin degeneracy of the quan-
tized energy states in an InAs QD is lifted and it is possible to resolve distinct
spin states at low temperatures [5,0].

In this work we present our recent results on magneto-tunnelling experi-
ments through self-assembled InAs QDs. We will show that we can deduce the
Landé factor of a single InAs quantum dot and will analyse its dependence
on the dot size and on the direction of the magnetic field applied [7,8]. In
high magnetic fields (B > 20 T) we find strong singularities in the resonant
tunnelling though an individual InAs QD [6]. They will be explained with a
theoretical model considering the electrostatic potential experienced by the
emitter electrons around the Fermi edge due to the charged QD. We will show
that the partial spin polarization of the Landau quantized three-dimensional
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emitter causes extreme values of the edge exponent v > 0.5 not observed
until present and going far beyond the standard theory valid for v < 1 [9].

1 Sample Preparation

Our samples are single barrier GaAs-AlAs-GaAs tunnelling structures with
three-dimensional highly doped GaAs electrodes and self-assembled InAs
QDs embedded in the middle of the AlAs barrier.

For the bottom GaAs electrode first a 1 pm highly doped GaAs (electron
concentration n™ = 2 x 10 m™3) is grown on a n™-doped GaAs substrate at
a substrate temperature of 600°C. This layer is followed by 10 nm n-doped
GaAs (n = 10%* m~3), 10 nm n~-doped GaAs (n~ = 10?2 m~3) and a 15
nm nominally undoped GaAs spacer layer. The doping sequence leads to the
formation of a three-dimensional electron system up to the AlAs barrier with
an electron concentration n. ~ 10?3 m~3 at the GaAs-AlAs interface.

On top of the bottom electrode we deposit the first 5 nm of the AlAs
barrier. Subsequently, the growth is interrupted and the substrate tempera-
ture is ramped down to 520°C. Then 1.8 monolayers of InAs are deposited
directly onto the AlAs. Due to the strong lattice mismatch between AlAs and
InAs self-assembled InAs QDs form. The dots are covered by another 5 nm
AlAs and a top GaAs electrode is grown symmetrically to the bottom one.

Electric contacts are realized by annealing AuGeNi into the electrodes.
At the same time, the metallic top contacts serve as an etch mask for the
structuring of macroscopic tunnelling diodes with a pillar diameter of 40 -
100 pm containing about 106 — 107 InAs QDs.

To characterize the geometric properties of the InAs QDs we have pro-
duced reference samples where the growth of the structures was interrupted
directly after deposition of the InAs. Additionally, we have grown uncovered
InAs QDs directly on GaAs. The geometric properties of these uncovered
InAs QDs can be visualized with an atomic force microscope, the results
are shown in Fig. 1 [4]. The QDs forming on AlAs are considerably smaller
compared to dots grown on GaAs under identic growth condition. Moreover,
whereas the dot size on GaAs does not depend on the InAs coverage, it in-
creases with coverage when the dots are grown on AlAs (not shown). In other
words, the dot density for InAs dots grown on GaAs increases with increas-
ing InAs coverage whereas it remains approximately constant for InAs QDs
on AlAs. We assign this behaviour, as well as the relatively small dot size
of InAs QDs on AlAs, to a reduced In diffusion on the rough AlAs surface
which leads to a nucleation of QDs at positions only depending on the surface
morphology.

The structural properties of the dots do not change considerably when
they are covered by AlAs. This fact is visualized in Fig. 1(a) where we show
a transmission electron micrograph of a complete sample with InAs dots
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Fig. 1. Transmission electron micrograph of InAs dots embedded in a GaAs-AlAs-
GaAs tunnelling device (a). For comparison, atomic force micrographs of uncovered
reference samples are shown on the right panels with InAs quantum dots grown on
GaAs (b) and on AlAs (c¢). (Figure taken from Ref. [1].)

embedded inside an AlAs barrier. For the samples used in our experiments
the dots have a lateral diameter of 10-15 nm and a height of 3-4 nm.

2 Resonant Tunnelling

A current-voltage (I-V') characteristics of a typical tunnelling device contain-
ing self-assembled InAs QDs is shown in Fig. 2. For both bias directions we
observed steps in the I-V curve which we attribute to resonant tunnelling
through the InAs QDs [4,6]. For zero bias, all quantized states of the InAs
QDs are situated above the Fermi energy of the emitter, E#™. When a finite
bias voltage V' is applied they start moving down energetically with respect
to E¢™. As shown in the schematic band diagram in Fig. 2 a step occurs
whenever a dot state is aligned with E%". From the magnetic field depen-
dence of the onset voltages of the current steps we conclude that they can
be identified with resonant tunnelling through the ground states of different
InAs QDs.

Due to the finite height of the InAs QDs the bottom AlAs barrier is effec-
tively thicker compared to the top barrier, see Fig. 1(c). As a consequence, the
tunnelling current is largely determined by the transmission of the bottom
AlAs barrier. For positive bias electrons tunnel through this barrier first and
leave the dot nearly instantaneously through the top barrier, leaving the dot
nearly always empty. In this single-electron tunnelling direction it is possible
to access different quantized energy levels of an InAs QD and to probe the
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Fig. 2. Typical I-V characteristics of a GaAs-AlAs-GaAs tunnelling diode with
embedded InAs QDs measured at 7" = 0.35 K. The top inset shows schematically
the band structure for the two bias polarities. The bottom insets represent magni-
fications of the I-V curve for negative and positive bias

electrons in the emitter with the QD, see e.g. [10]. In contrast, for negative
bias the tunnelling electrons are kept mostly in the dot and Coulomb charg-
ing effects become important. For this charging direction interactions with
the emitter are negligible in the tunnelling current through the dot.

3 Zeeman Splitting

When applying a magnetic field the current steps originating from tunnelling
through InAs QDs split up into two, see Fig. 3(a). This is due to the Zeeman
splitting AEz of the quantized dot state as sketched in Fig. 3(c). A first
current step occurs when the spin-down state of the dot is aligned with EZ™,
the second step is then due to the resonance of the spin-up level with EZ™.
The splitting between the two step is given by AV = gugB/ea where g is
the effective Landé factor of the InAs QD, up is the Bohr magneton and «
is a lever factor defined as the ratio of the voltage drop between the emitter
and the dot and the total voltage applied. It is derived from the temperature
dependence of the width of a current step at zero magnetic field caused by
the thermal smearing of the Fermi edge in the emitter. Using o = 0.34 for
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Fig. 3. (a) Zeeman splitting of the ground state in an InAs quantum dot visualized
as the splitting of a current step observed at B = 0 into two steps at B =9 T. (b)
Voltage difference of the two spin-split current steps as a function of magnetic field.
The line shows a linear fit corresponding to a Landé factor g = 0.8. (¢) Schematic

energy diagram of the emitter and an InAs QD in a magnetic field

the specific dot shown in Fig. 3 we extract g = 0.8 from a linear fit of AV as
a function of B, see Fig. 3(b).

As sketched in Fig. 3(c) we propose in agreement with other experi-
ments [5] that the sign of ¢ is positive, i.e. the spin-down state is energetically
situated below the spin-up state. In contrast, due to the negative g-factor in
GaAs, the spin-down electrons in the emitter are energetically positioned
above the spin up-electrons making the spin-up orientation the majority spin
in high magnetic fields.

The fact that g for InAs QDs is positive can be deduced from the obser-
vation that the height of the first step associated with the energetically lower
lying state in the dot increases with increasing temperature in high magnetic
fields which is due a thermally induced higher occupation of the minority
spin in the GaAs emitter with a negative g-factor [0].

We have measured the g-factor of numerous other InAs QDs [13], the
results are compiled in Fig. 4. As can be clearly seen in the figure, g sys-
tematically increases with increasing onset voltage Vg of the corresponding
current step. This hints to a systematically larger g-factor for smaller dots
with a higher ground state energy. The absolute value of g as well as its de-
pendence on the dot size can be explained qualitatively in the framework of
a simple 3-band k-p model [11]. Here the Landé factor is given as

o2 (gt
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with go = 2. P? = 22 eV is the interband matrix element for InAs and
Ay = 0.38 eV is the valence-band spin-orbit splitting for InAs. In reality a
small alloying of AlAs into the InAs QDs has to be considered which slightly
reduced P? and Ay by about 10%. This makes it reasonable to use P? ~ 20 eV
and Ag ~ 0.34 eV for the further calculations.

The energy gap F, between valence band electrons and conduction band
holes in the InAs QDs can be determined from photoluminescence measure-
ments to be in the range E, = 1.64 ¢V - 1.76 eV [12]. Within this simple
model this yields theoretically expected g-factors varying from 0.6 to 0.8 for
the dots with gaps in this range, in reasonable agreement with the experi-
mentally measured values.

The Landé factor of an InAs quantum does not only depend on the dot
size but also on the orientation of the magnetic field. This can be expressed
in a simple way phenomenologically as

g(9, ) = \/(9[2011] sin? ¢ 4 g[%ﬁ] cos? ) cos? ¥ + g[2100] sin? 9. (2)

The angles ¥ and ¢ are defined in the top panels of Fig. 5. Indeed, as shown
in Fig. 5 the experimentally measured g-factor shows the expected behaviour,
a finding also confirmed by systematic measurements on more dots [13].

The major effect of the g-factor anisotropy is observed when the magnetic
field is tilted from the growth direction [100] into the [011] direction inside the
growth plane, see Fig. 5(a) [7]. The measured g-factors gpo11) and gpiog) differ
by about 30%. We assign this to a larger influence of size quantization effects
when the magnetic field is perpendicular to the direction of the strongest
confinement. Such a g-factor anisotropy was also predicted theoretically for
non-spherical systems [14].

Astonishingly also a small but measurable g-factor anisotropy is observed
when B is tilted inside the growth plane, with g|g77) being about 10% larger
than gjo117, see Fig. 5(b) [8]. This observation hints to a slightly elongated
base of the InAs QDs along the [011] direction leading to a larger influence
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Fig. 5. Landé factor of one specific InAs QD as a function of the magnetic field
direction. In (a) the field is tilted from the growth direction z into the growth
plane z-y. In (b) B is turned by 180° inside the growth plane. The top panels show
schematically the orientation of the magnetic field for the two configurations (a)
and (b)

of size quantization effects on g when the magnetic field points along this
direction.

4 Fermi-Edge Singularities

For moderate magnetic fields (B < 10 T, Fig. 3) the two current steps as-
signed to the tunnelling through a spin-split InAs QD state are comparable in
height to half the step height at zero field. In large magnetic fields, however,
they start to evolve into strongly enhanced peaks with a peak amplitude of
more than one magnitude larger than the zero-field step height, see Fig. 6.
The peaks are particularly pronounced for the spin orientation corresponding
to the majority spin in the GaAs emitter.

The shape of these current peaks is characterized by a sharp ascent, with a
width only limited by thermal broadening, and a moderate decrease towards
higher voltages. The decrease of the current for V' > Vg can be described
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within the framework of a Fermi-edge singularity (FES) [9], I o< (V —Vg) ™7,
where Vg here is the voltage at the maximum peak current and ~ is the edge
exponent of the FES. The edge exponents  extracted from the shape of the
current peaks as a function of magnetic field are plotted in Fig. 7 for both
spin directions.

An alternative method to determine v uses temperature dependent mea-
surements of the peak height of the FES. Here, the peak current I scales
as In o T~7 [15]. The experimentally measured v using this method for
the majority spin are also shown in Fig. 7. It is not possible to extract the
edge exponent for the minority spin directly from temperature dependent ex-
periments. At high magnetic fields the observed increase of the current with
increasing temperature is mainly caused by an additional thermal population
of the minority spin in the emitter.

In order to understand the observed singularities quantitatively we have
developed a theoretical model, details can be found in Refs. [6,13]. The key
ingredients are the Landau quantization of the three-dimensional conduction
electrons in the emitter and the Coulomb interaction between these electrons
and the InAs quantum dot. In high magnetic fields, typically B > 6 T for
our samples, all electrons are in the lowest Landau level. We observe the
strongest singularities when the field is applied along the current direction.
In this case the Landau quantized electrons can be described by quasi one-
dimensional channels with momentum k£ along the tunnelling direction. The
angular component of the single particle wave functions in the z-y-plane
perpendicular to the tunnelling direction is quantized in channels m > 0.

Due to the small lateral size of the dot comparable to the magnetic length
in the magnetic field range considered (B = 10 ... 30 T) the Coulomb interac-
tion between the dot and the emitter electron rapidly decreases with m. The
observed FES can then essentially be described by only considering electrons
tunnelling from the m = 0 channel through the dot. Using this simplest as-
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sumption it is already possible to predict a high edge exponent of the order
of unity for the FES observed experimentally for high magnetic fields [13].
Following the standard models on FESs [9,16,17,18] we have gone a step
further and have developed a full theory which can directly calculate the edge
exponent 7 for the FES of an electron with spin ¢ tunnelling from a fully
Landau quantized three-dimensional emitter through a small InAs quantum
dot [6]. Including all channels m this model predicts even for a realistic sample
with a finite Landau level broadening edge exponents as a high as v ~ 0.5,
going far beyond earlier theoretical considerations only valid for v < 1 [9].
The resulting theoretically calculated edge exponents «y for both spin ori-
entations are shown in Fig. 7. Already the simple model with no Landau level
broadening (I" = 0, solid lines) describes the experimentally measured edge
exponents for both spin directions reasonably well. When a realistic Landau
level broadening I' = 1.3 meV is included (dashed lines) the field dependence
of the edge exponent is smeared out in high fields and the experimentally
measured edge exponents are reproduced even better. The basic features,
however, remain unchanged. In particular, the edge exponent for the major-
ity spin still shows a strong field dependence and reaches a very high value
v =~ 0.5 at the maximum field B = 30 T. The edge exponent related to the
minority spin retains a moderate value v ~ 0.15 for high magnetic fields.

5 Conclusion

In conclusion, we have studied the influence of a high magnetic field on res-
onant tunnelling through individual self-assembled InAs QDs. We have de-
duceD the g-factor of a single dot from these measurements. We have shown
that ¢ is positive and is systematically increasing with decreasing dot size.
Additionally, g has been shown to feature a pronounced anisotropy with
the smallest value when the magnetic field is applied into the direction of
strongest confinement. Strongly enhanced current peaks appearing in high
magnetic fields have been modelled as a field induced Fermi-edge singularity
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originating from the interaction between a localized charge and the electrons
in the Landau quantized three-dimensional emitter. Edge exponents as high
as v = 0.5 have been both measured experimentally and described theoreti-
cally.
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