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Magnetic-field-induced singularities in spin-dependent tunneling through InAs quantum dots
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Current steps attributed to resonant tunneling through individual InAs quantum dots embedded in a GaAs-
AlAs-GaAs tunneling device are investigated experimentally in magnetic fields up to 28 T. The steps evolve
into strongly enhanced current peaks in high fields. This can be understood as a field-induced Fermi-edge
singularity due to the Coulomb interaction between the tunneling electron on the quantum dot and the partly
spin-polarized Fermi sea in the Landau quantized three-dimensional emitter.
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The interaction of the Fermi sea of a metallic system w
a local potential can lead to strong singularities close to
Fermi edge. Such effects have been predicted more tha
years ago for the x-ray absorption and emission of met1

and observed subsequently.2 Similar singularities as a conse
quence of many-body effects are also known from the lu
nescence of quantum wells.3 Matveev and Larkin predicted
interaction-induced singularities in the tunneling current
a localized state,4 which were measured experimentally
several resonant tunneling experiments5–7 from two-
dimensionalelectrodes through a zero-dimensional system

Here we report on singularities observed in the reson
tunneling from highly dopedthree-dimensional~3D! GaAs
electrodes through an InAs quantum dot~QD! embedded in
an AlAs barrier. These Fermi-edge singularities~FES! show
a considerable magnetic-field dependence and a strong
hancement in high magnetic fields where the 3D electr
occupy the lowest Landau level in the emitter. We obse
an asymmetry in the enhancement for electrons of differ
spins with an extremely strong FES for electrons carrying
majority spin of the emitter. The experimental observatio
are explained by a theoretical model taking into account
electrostatic potential experienced by the conduction e
trons in the emitter due to the charged QD. We will sho
that the partial spin polarization of the emitter causes
treme values of the edge exponentg not observed until
present and going beyond the standard theory valid
g!1.4

The active part of our samples are self-organized In
QD’s with 3–4 nm height and 10–15 nm diameter embed
in the middle of a 10-nm-thick AlAs barrier and sandwich
between two 3D electrodes. They consist of a 15-nm
doped GaAs spacer layer and a GaAs buffer with gra
doping. A typical InAs dot is sketched in inset~a! of Fig. 1,
the vertical band structure across a dot is schematic
shown in inset~b!.

Current voltage (I -V) characteristics were measured
large area vertical diodes (40340 mm2) patterned on the
wafer. In Fig. 1 we show a part of a typicalI-V curve with
several discrete steps. We have demonstrated previously
such steps can be assigned to single electron tunneling
PRB 620163-1829/2000/62~19!/12621~4!/$15.00
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3D electrodes through individual InAs QD’s~Ref. 8! consis-
tent with other resonant tunneling experiments through s
organized InAs QD’s.9

For the positive bias voltages shown in Fig. 1 the ele
trons tunnel from the bottom electrode into the base of
InAs QD and leave the dot via the top. The tunneling curr
is mainly determined by the tunneling rate through the eff
tively thicker barrier below the dot~single electron tunneling
regime!. A step in the current occurs at bias voltages wh
the energy level of a dot,ED , coincides with the Fermi leve
of the emitter,EF .

In the following we will concentrate on the step labele
~* ! in Fig. 1. Other steps in the same structure as well
steps observed in theI-V characteristics of other structure
show a very similar behavior.

After the step edge a slight overshoot in the tunnel
current occurs consistent with other tunneling experime

FIG. 1. Typical steps in theI-V characteristics of a GaAs-AlAs
GaAs tunneling diode containing InAs QD’s atT5500 mK. The
~* ! marks the current step due to single electon tunneling thro
one individual InAs QD which is analyzed in detail. Insets:~a!
Principle sample structure of an InAs QD~black! embedded in an
AlAs-barrier ~white! between two GaAs-electrodes~grey!. The ar-
rows mark the tunneling direction of the electrons.~b! Schematic
profile of the band structure at positive bias.
12 621 ©2000 The American Physical Society
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through a localized impurity5 or through InAs dots.7 This
effect is caused by the Coulomb interaction between a lo
ized electron on the dot and the electrons at the Fermi e
of the emitter. The decrease of the currentI (V) towards
higher voltagesV.V0 follows a power lawI}(V2V0)2g

~Ref. 5! (V0 is the voltage at the step edge! with an edge
exponentg50.0260.01.

The evolution of step~* ! in a magnetic field applied par
allel to the current direction is shown in Fig. 2~a!. The step
develops into two separate peaks with onset voltages ma
asV↓ andV↑ . The Landau quantization of the emitter lea
to an oscillation ofV↓ andV↑ and a shift to smaller voltage
as a function of magnetic field, see Fig. 2~b!. This reflects the
magneto-quantum-oscillation of the Fermi energy in
emitter.12,13 From the period and the amplitude of the osc
lation we can extract a Fermi energy~at B50) E0513.6
meV and a Landau level broadeningG51.3 meV in the 3D
emitter. The measuredE0513.6 meV agrees well with the
expected electron concentration at the barrier derived f
the doping profile in the electrodes.

For B.6 T only the lowest Landau level remains occ
pied. With a level broadeningG51.3 meV the Fermi level
EF for 15 T,B,30 T is within less than 2 meV pinned t
the bottom of the lowest Landau band,EL5\vc/2. As a
consequence the onset voltage shifts to lower values
aeDV'2\vc/2 with a50.34. The diamagnetic shift of th

FIG. 2. ~a! I-V characteristics of step~* ! at T5500 mK in
various magnetic fields up to 28 T. The inset sketches the pa
spin polarization in the emitter and the spin splitting of the dot le
in a magnetic field.~b! Onset voltages for the two spin-split curre
steps as a function ofB compared to the expected behavior f
EF513.6 meV andG51.3 meV~solid line, shifted to the right for
clarity!. ~c! Measured Zeeman splitting between the two curr
steps.
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energy level in the dot can be neglected compared to
shift of the Fermi energy in the emitter. For the dot inves
gated in Ref. 8 withr 053.7 nm the diamagnetic shift at 30
is DED53.5 meV negligible compared toEL526 meV.

The two distinct steps with onset voltagesV↓ and V↑
originate from the spin-splitting of the energy levelED in the
dot. Their distanceDVp is given by the Zeeman splitting
DEz5gDmBB5aeDVp with an energy-to-voltage conver
sion factora50.34.10 As shown in Fig. 2~c! DVp is indeed
linear in B, with a Lande´ factor gD50.8 in agreement with
other experiments on InAs dots.11

For low magnetic fields@B<9 T in our case, see the
graph forB59 T in Fig. 2~a!# the size of the steps is ver
similar for both spins and about half of the size at zero fie
Also the slight overshoot in the current as the signature o
Fermi-edge singularity is similar for both spin orientatio
and comparable to the zero-field case with an edge expo
g,0.05 for all magnetic fieldsB,10 T.

The form of the current steps changes drastically in h
magnetic fields where only the lowest Landau level of t
emitter remains occupied. In particular, the second curr
step at higher voltage evolves into a strongly enhanced p
with a peak current of one order of magnitude higher co
pared to the zero-field case.

Following Ref. 11 we assume thatgD is positive whereas
the Lande´ factor in bulk GaAs is negative. This assumptio
is verified by the fact that the energetically lower lying sta
~first peak in Fig. 3! is thermally occupied at higher temper
tures and can therefore be identified with the minority spin
the emitter. The strongly enhanced current peak at hig
energies is due to tunneling through the spin state co
sponding to the majority spin~spin up! in the emitter. The
resulting spin configuration is sketched in the inset of F
2~a! and will also be confirmed below by our theoretic
results.

The shape of this current peak can be described by a s
ascent and a more moderate decrease of the current tow
higher voltages. Down to temperaturesT,100 mK the
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FIG. 3. I-V characteristics atB522 T for different temperatures
The dots represent the shape of a FES,I}(V2V0)2g, with an edge
exponentg50.43. The inset shows the peak height as a function
temperature with the solid line fitting the peak currentI 0 by a power
law I 0}T2g.
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steepness of the ascent is only limited by thermal broad
ing. The decrease of the current forV.V0 is again described
with the characteristic behavior for a Fermi-edge singular
I}(V2V0)2g, whereV0 here is the voltage at the maximu
peak current. However, along with the drastic increase of
peak current the edge exponentg increases dramatically
reaching a valueg.0.5 for the highest fields.

A different way to visualize the signature of a FES is
temperature-dependent experiment. As an example we
plotted theI-V curve atB522 T for different temperatures in
Fig. 3. As shown in the inset the peak maximumI 0 for the
spin-up electrons decreases according to a power lawI 0
}T2g with an edge exponentg50.4360.05. Such a strong
temperature dependence is characteristic for a FES an
lows us to exclude that pure density of states effects in
3D emitter are responsible for the current peaks in high m
netic fields. As shown in Fig. 3 an edge exponentg50.43
also fits within experimental accuracy the observed decre
of the current forV.V0.

It is not possible to extract the edge exponent for
minority spin directly from temperature-dependent expe
ments. At high magnetic fields the observed increase of
current with increasing temperature is mainly caused by
additional thermal population of the minority spin in th
emitter. The general form of the curve is merely affected
temperature. Therefore, the edge exponent can only
gained from fitting the shape of the current peaks.

A compilation of the edge exponentsg for various mag-
netic fields and both spin orientations is shown in Fig. 4. F
the data related to the majority spin two independent me
ods were used to extractg. For the minority spin only fitting
of the shape of theI-V curves was used.

For a theoretical description of these effects we consid
3D electron gas in the half spacez,0. In a sufficiently
strong magnetic fieldBuuẑ all electrons are in the lowes
Landau level. This defines a set of one-dimensional chan
with momentum\k perpendicular to the boundary. This sit
ation is different from the cases considered for scattering
point defects as in Refs. 1 and 4 or for a 2D electron
where the current is carried by edge states.14 The single-
particle wave functions in channelm>0 arecm(r,f)sinkz

FIG. 4. Experimental edge exponentsg extracted from the tem-
perature dependence of the peak height~circles! and from fitting the
slope ~triangles! compared to our theoretical predictions. The m
jority spin in the emitter is shown with filled symbols, open sym
bols correspond to the minority spin. The solid lines represent
theoretical prediction without level broadening, for the dash
curves a level broadeningG51.3 meV was included in the theory
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with cm(r,f)}rm exp(2imf2r2/4l 0
2). In the experiments

the magnetic lengthl 05A\/eB ( l 055.6 nm at 20 T! is com-
parable to the lateral size of the QD 2r 0'7 nm. Hence the
effect of the electrostatic potential of a charged dot on
electrons in a given channel of the emitter decreases rap
with m, and the observed FES are mainly due to the tunn
ing of electrons from them50 channel into the dot. Follow-
ing Refs. 1 and 4 tunneling processes of spins electrons
from the m50 state in the emitter give rise to a FES wi
edge exponent

gs52
2

p
d0~kFs!2

1

p2 (
m

(
t5↑,↓

@dm~kFt!#
2, ~1!

where dm(k) is the Fermi phase shift experienced by t
electrons in themth channel due to the potential of the qua
tum dot.15 From Eq.~1! the observed field dependence of t
edge exponents is a consequence of the variation of
Fermi momenta for spin-s electrons with magnetic fieldand
the field dependence of the effective potential in the o
dimensional channels. The former can be computed from
one-dimensional density of states~DOS! of the lowest
Landau band

D~E,B!5
eAm*

~2p\!2
B@d~e↑!1d~e↓!#. ~2!

Here es5E2(\vc6g* mBB)/2 is the energy of electron
with spin s measured from the bottom of the Landau ban
g* '20.33 ~Ref. 16! is the effective Lande´ factor of the
electrons in the emitter. The DOS for the spin subband
d(e)5A2 Re(e1 iG)21/2. Without broadening,G50, one
haskFs5p2nl0

2(16b3) wheren is the 3D density of elec-
trons andb is the magnetic field measured in units of th
field necessary for complete spin polarization of the 3D em
ter. Using a Fermi energyE0513.6 meV and neglecting
level broadening we find that only the lowest Landau le
~both spin states! is occupied forB1.5.2 T. Including level
broadening changesB1 to a slightly higher value. With the
known field dependence of the Fermi energy in the quan
limit we can calculate the field for total spin polarization

Bpol5S 16

9j D 1/3m* E0

\e
.43 T ~3!

with g* 520.33 ~Ref. 16! and m* 50.067m0 . j
5 1

2 ug* um* /m0 is the ratio between spin splitting an
Landau level splitting.

To make contact with the experimental observations
have to specify the interaction of the screened charge on
QD and the conduction band electrons. A Thomas-Fermi
culation gives U(r,z)5@2e2 exp(kz)/k)(d/(r21d2)(3/2)#.4

Here d55 nm is the width of the insulating layer andk21

57 nm is the Debye radius. The effective potential seen
electrons in channel m is Vm exp(kz)/k with Vm
52e2d*dr2ucm(r,f)u2/(r21d2)(3/2). For largek we ob-
tain for the phase shift in them50 channel d0(k)'
2v0f (B)k/k where
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f ~B!5S d

l 0
D 2H 12Ap

2

d

l 0
ed2/2l 0

2
erfcS d

A2l 0
D J ~4!

andv0;(m* e2/\2k)(kd)22 up to a numerical factor. Simi
larly we obtain the integrated effect of the channelsm.0 in
Eq. ~1!. In Fig. 4 the resulting exponentsgs obtained fors
5↑,↓ are shown forv056.75 and a broadeningG50 and
G51.3 meV, respectively. The value used forG reflects its
realistic experimental value.v0 is the only fit parameter.

Already the simple model with no level broadening (G
50) is in good agreement with the experimentally measu
edge exponents for both spin directions, especially in h
magnetic fields where possible admixtures of higher Lan
levels play a minor rule. Including level broadening leads
a less dramatic spin polarization in the emitter and as a c
sequence smears out the field dependence ofg for the mi-
nority spin. The basic features, however, remain unchan
In particular, the edge exponent for the minority spin reta
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moderate values for high magnetic fields, whereas the e
exponent related to the majority spin shows a strong fi
dependence with very high values in high magnetic field

In conclusion we have evaluated experimental data c
cerning magnetic-field-induced FES in resonant tunnel
experiments through InAs QD’s. We have shown that
interaction between a localized charge and the electron
the Landau quantized emitter leads to dramatic Fermi ph
shifts if only the lowest Landau level in the 3D emitter
occupied. This results in edge exponentsg.0.5 which were
measured and described theoretically.
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