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Abstract

We observe the spin splitting of a single InAs quantum dot using magneto-tunnelling spectroscopy. The cur-
rent—voltage characteristics at low temperature are dominated by a Fermi edge singularity, caused by electron
interaction effects. We obtain a value for the g-factor ("0.82$0.09) for the quantum dot, with magnetic field applied in
the plane of the dot. The magnetic field dependence of the amplitude of the tunnel current provides us with an estimate of
the size of the quantum dot wave function (9 nm). ( 1998 Elsevier Science B.V. All rights reserved.
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The spin splitting of the ground states of self-
assembled InAs quantum dots (QDs) is expected to
be small ((1 meV at 10 T), and its direct observa-
tion in optical spectroscopy is hampered by a
broad line width due to the distribution of dot sizes.
Sharp photoluminescence (PL) lines due to single
InAs dots have been observed [1,2], but to our
knowledge there have been no reports of the obser-
vation of spin splitting to date. The g-factor of the
dots at high magnetic field can be obtained from
capacitance spectroscopy, but there is some uncer-
tainty in such results [3].

In this paper we use magneto-tunnelling spectro-
scopy to observe directly the spin splitting of a

single InAs QD, and measure the g-factor of the
electron ground state of the dot. Our method is
similar to that used to observe spin-splitting of
zero-dimensional impurity states within a quantum
well [4].

Our device is an MBE-grown GaAs-based single
barrier n—i—n tunnelling device, where InAs QDs
have been grown in the centre of a 10 nm AlAs
barrier. A more detailed description of the device is
given in Ref. [5]. Fig. 1 shows the conduction band
profile of the device under bias. The average dia-
meter of the dots is about 10 nm, and the average
height is 3 nm. The dots are grown on a 5 nm layer
of AlAs, with a further 5 nm of AlAs grown above
the dot layer. The amount of AlAs directly above
the dots is expected to be less than 5 nm, however,
introducing an asymmetry into our device. In our
measurements we define forward bias such that
electrons enter the device through the substrate and
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Fig. 1. Conduction band potential profile of the device under
bias.

Fig. 2. Current—voltage sweeps taken at 40 mK, with magnetic
field applied in the plane of the dots. The inset shows the
orientation of the dot with respect to the field.

tunnel into the dots through the thicker 5 nm AlAs
barrier, and out through the thinner barrier. Under
a bias a 2DEG forms in front of the barrier, and at
temperatures of around 4 K in forward bias we see
isolated peaks, a few pA in height, on a background
current of less than 0.25 pA. Each strong peak
is due to electrons tunnelling from the 2DEG,
through a single QD. This is confirmed by the
thermally activated onset of the tunnel current and
the observation of Coulomb—Blockade in the re-
verse bias I(») [5]. Increasing the voltage across
the device moves the energy of the dot ground state
relative to the Fermi level of the 2DEG. Tunnelling
occurs as the dot crosses the Fermi level of the
2DEG, and stops when the dot is brought below
the 2DEG subband edge. Hence, the width of a fea-
ture seen in I(») is proportional to the Fermi en-
ergy of the 2DEG. In a current—voltage sweep we
measure the voltage (») dropped between the top
and bottom contacts in the device. The voltage (»

$
)

dropped between the doped top contact layer and
the dot is characterised by the electrostatic leverage
factor, f"»/»

$
, and this gives us an energy scale

(e»
$
) for the tunnelling process. As we are using

2D—0D tunnelling only the energy of the tunnelling
electron is conserved, so the current we see at 4 K is
proportional to the local density of states of the
2DEG adjacent to the dot.

At temperatures below 1 K the current onset
becomes thermally activated and a sharp peak
forms at the low-voltage side of the feature, as
shown by the zero magnetic field curve in Fig. 2.
This peak is strongly temperature dependent due to
interactions between the fluctuating charge of the
dot and electrons in the 2DEG, which allow tun-
nelling electrons to break energy conservation by
transferring energy to or from other electrons in the
2DEG. The process is more efficient near the Fermi
level, and for small-energy transitions, so we see an
enhanced current at onset as the dot crosses the
Fermi level, which falls away as the voltage is
increased. This effect is termed a Fermi edge singu-
larity (FES) [6].

Our measurements of the spin splitting were car-
ried out on a dilution refrigerator, with the ther-
mally activated onset indicating an electron tem-
perature of &100 mK, giving us an energy resolu-
tion of &10 leV. With a magnetic field applied
parallel to the plane of the QDs, we follow the
evolution of a current—voltage peak due to tunnell-
ing through a single dot, as a function of the field.
Fig. 2 shows I(»)’s at various fields between 0 T
and 12 T. At fields between 4 and 10 T two fully
resolved peaks can be seen, and the splitting be-
tween these peaks increases with the applied field.
The voltage positions of these peaks versus B are
shown in Fig. 3. As discussed in Ref. [5] the overall
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Fig. 3. Voltage positions and splitting (*»
$05

) of the spin split
peaks versus magnetic field. No voltage splitting values are
plotted between 2.5 and 4 T, as the splitting is not clearly
defined.

Fig. 4. Schematic diagram of the spin splitting in the InAs
quantum dot (a), and of the 2DEG density of states showing
partial spin polarisation (b). The effect of increasing the voltage
across the device is to move the dot states down relative to the
Fermi level of the 2DEG.

shift of peak position to lower bias with increasing
field is due to the relative diamagnetic shifts of the
2DEG emitter state and dot state. From the dia-
magnetic shift we estimate the size of the dot to be
10$5 nm, which is consistent with the average dot
diameter observed using scanning tunnelling
microscopy (STM) [5].

In a field the ground state of the QD splits into
two spin energy levels given by

E
D05

"g
D05

k
B
Bm

S
(m

S
"$1/2). (1)

This opens up two separate channels for elec-
trons from the 2DEG to tunnel into (Fig. 4a), and
we therefore see separate peaks in I(») due to
electrons tunnelling through each of these spin en-
ergy levels. In a magnetic field applied parallel to
the plane of the dots (i.e. parallel to the 2DEG) the
2DEG will become partialy spin polarised, due to
an energy splitting of the Fermi energies of the two
spin species. Due to the slow tunnelling rate from
the 2DEG, the two spin species should be in ther-
mal equilibrium, and so the chemical potential of
each is the same. Therefore, there is an energy
difference between the subband edge of the spin
species, equal to the spin-splitting g

2D
k
B
B (Fig. 4b).

Tunnelling occurs as a dot spin level crosses the
Fermi level of the 2DEG. For each spin we see a
separate onset of tunnelling and the voltage differ-
ence between the positions of the onsets (*»

D05
) is

proportional to the energy difference, *E
D05

"

g
D05

k
B
B, obtained from Eq. (1). The constant of

proportionality is the electrostatic leverage factor,
f ( f"8.0$0.8 at 115 mV), which is determined by
fitting the Fermi function to the low voltage—cur-
rent-onset at zero field [4]. Fig. 2 shows *»

D05
versus B. From the gradient of the line of best fit
through these points we obtain a value for the
magnitude of the g-factor of 0.82$0.09.

We can gain information about the relative sign
of the InAs QD and GaAs 2DEG g-factors from
the ordering of the peaks in I(»). Our argument is
based on the assumption that spin is conserved in
the tunnelling process. The first low-voltage peak
seen in I(») at finite B is due to tunnelling through
the low-energy spin level of the dot. It is the nar-
rower of the two peaks, over a wide range of B. As
can be seen in the schematic diagram in Fig. 4b, the
energy spread of the two spin populations of the
2DEG is different. If this is the origin of the differ-
ent peak width it implies that the lower-energy
state of the dot corresponds to the spin orientation
of the higher-energy state of the 2DEG. Therefore,
the g-factor of the 2DEG and the dot must have
opposite sign, i.e. if g

2DEG
is negative, as for bulk

GaAs, then g
D05

"#0.82. We note that the g-factor
for bulk InAs is g"!14.8. However, we expect
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Fig. 5. Integrated area of the complete I(») feature, and the low
voltage spin peak, versus magnetic field. Values for the low-
voltage peak are only shown at fields where the two spin peaks
in I(») are fully resolved.

g to be strongly modified for the QD, due to size
quantisation, strain and other effects. Snelling et al.
[7] observed a change in the sign of the g-factor
of conduction band electrons in GaAs/AlGaAs
quantum wells, as the well width was reduced.
They discussed their results within the k ) p model
[8]. Using a simple three-band calculation given
by Hermann and Weisbuch [8] we are able estim-
ate the g-factor of an InAs dot to be #0.26
using a value for the energy difference between
conduction and valence bands of 1.77 eV taken
from PL measurements on similar dots in an AlAs
matrix [9].

We now consider the magnetic field dependence
of the amplitude of the tunnel current through the
dot. This is shown in Fig. 5. At a field B*10 T the
lower bias peak in I(») vanishes. By increasing the
temperature we are able bring this peak back, and
at 12 T and 1 K the first peak is still present. At first
sight this result indicates complete spin polarisa-
tion of the 2DEG above 10 T. However, it occurs at
considerably lower field than would be expected
from the sheet density of the 2DEG (n

4
"0.5]

1011 cm~2 at 0.11 V) estimated from the magneto-
oscillations for the other field orientation (BDDJ)
[10]. If the density were to remain roughly constant
with field we would require a field of &100 T to

spin polarise the 2DEG, using a reasonable value
[8] of the g-factor of the GaAs 2DEG. The disap-
pearance of the low voltage—current peak due to
spin polarisation may be evidence for a change of
the character of the density of occupied states in the
emitter 2DEG in high B.

We believe that the general fall in amplitude of
both peaks with increasing B is due mainly to a
well-established effect that can be understood in
terms of a single-particle model for electrons tun-
nelling in the presence of a magnetic field. This
effect is discussed in detail elsewhere [11—13]. For
B applied perpendicular to the current direction, an
electron tunnelling from 2DEG to QD acquires an
additional in-plane (x—y plane) kinetic momentum
gk

0
, given by k

0
"eB*s/g, where *s ("18 nm for

our device) is the effective distance between the
2DEG emitter accumulation layer and the QD
[14]. The tunnelling rate from a 2DEG state of
in-plane wavevector k into the QD is proportional
to D/

$
(k)D2 where /

$
(k) is the Fourier transform of

/
$
(x, y), the in-plane portion of the QD wave func-

tion, which we assume to be separable. Thus, by
measuring the tunnel current as a function of B,
and hence k

0
, we can effectively map out the

Fourier transform of the QD wave function [12].
From Fig. 5, the amplitude of the integrated tunnel
current falls to half of its zero-field value at
B
1@2

+8 T. Using the relation *x
D05

"1/*k (with
*s"18 nm), we estimate the lateral spatial extent
of the dot wavefunction to be 2*x

D05
"9 nm (see

inset to Fig. 1), in good agreement with indepen-
dent estimates, given above, from the diamagnetic
shift and STM data.

In summary we have observed tunnelling
through the spin split ground states of a self-assem-
bled InAs quantum dot. We measure the effective
g-factor of the dot to be #0.82$0.09, compared
to the g-factor of bulk InAs of !14.8. This en-
hancement of the g-factor is due to the confinement
of electrons in the dot. For fields greater than 10 T
the low-voltage spin-peak disappears. We are able
to thermally excite the peak back by increasing the
temperature to 1 K. This occurs at a lower field
than would be expected for complete spin polarisa-
tion of the 2DEG. We also use magneto-tunnelling
to estimate the spatial extent of the QD wave func-
tion (&9 nm).
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Heydenreich, V.M. Ustinov, A.Yu. Egorov, A.E. Zhukov,
P.S. Kop’ev, Zh.I. Alferov, Phys. Rev. Lett. 74 (1995) 4043.

[3] M. Fricke, A. Lorke, M. Haslinger, J.P. Kotthaus, G.
Medeiros-Ribeiro, P.M. Petroff, in: M. Scheffler, R. Zim-
mermann (Eds.), 23rd Int. Conf. on the Physics of
Semiconductors, Berlin, World Scientific, Singapore, 1996,
p. 1609.

[4] M.R. Deshpande, J.W. Sleight, M.A. Reed, R.G. Wheeler,
R.J. Matyi, Phys. Rev. Lett. 76 (1996) 1328.

[5] I.E. Itskevich, T. Ihn, A. Thornton, M. Henini, T.J. Foster,
P. Moriarty, A. Nogaret, P.H. Beton, L. Eaves, P.C. Main,
Phys. Rev. B 54 (1996) 16401.

[6] A.K. Geim, P.C. Main, N. La Scala Jr., L. Eaves, T.J.
Foster, P.H. Beton, J.W. Sakai, F.W. Sheard, M. Henini,
G. Hill, M.A. Pate, Phys. Rev. Lett. 72 (1994) 2061.

[7] M.J. Snelling, G.P. Flin, A.S. Plaut, R.T. Harley, A.C.
Tropper, R. Eccleston, C.C. Phillips, Phys. Rev. B 44 (1991)
11345.

[8] C. Hermann, C. Weisbuch, Phys. Rev. B 15 (1977)
823.

[9] R. Leon, S. Fafard, D. Leonard, J.L. Merz, P.M. Petroff,
Appl. Phys. Lett. 67 (1995) 521.

[10] I.E. Itskevich, T. Ihn, A. Thornton, M. Henini, H.A. Car-
mona, L. Eaves, P.C. Main, D.K. Maude, J.C. Portal, Jpn.
J. Appl. Phys. 36 (1997) 98.

[11] J.W. Sakai, T.M. Fromhold, P.H. Beton, L. Eaves, M.
Henini, P.C. Main, F.W. Sheard, G. Hill, Phys. Rev. B 48
(1993) 5664.

[12] P.H. Beton, J. Wang, N. Mori, L. Eaves, P.C. Main,
T.J. Foster, M. Henini, Phys. Rev. Lett. 75 (1995)
1996.

[13] M. Narihiro, G. Yusa, Y. Nakamura, T. Noda, H. Sakaki,
Appl. Phys. Lett. 70 (1997) 105.

[14] R.K. Hayden, D.K. Maude, L. Eaves, E.C. Valadares, M.
Henini, F.W. Sheard, O.H. Hughes, J.C. Portal, L. Cury,
Phys. Rev. Lett. 66 (1992) 1749.

A.S.G. Thornton et al. / Physica E 2 (1998) 657—661 661


