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Spin-dependent tunneling of single electrons into an empty quantum dot
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Using real-time charge sensing and gate pulsing techniques we measure the ratio of the rates for tunneling
into the excited and ground spin states of a single-electron quantum dot at an AlGaAs/GaAs interface in a
magnetic field parallel to the interface. We find that the ratio decreases with increasing magnetic field until
tunneling into the excited spin state is completely suppressed. However, we find that by adjusting the voltages
on the surface gates to change the orbital configuration of the dot, we can restore tunneling into the excited spin
state and that the ratio reaches a maximum when the dot is symmetric.
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The spin physics of tunneling in quantum dots'~7 (QDs) is
of great interest because of potential uses for QDs in spin-
based applications such as quantum computing®~!! or spin-
tronic devices'?!3 such as spin filters.'*!> A lateral QD con-
sists of electrons in a two-dimensional electron gas (2DEG)
at the AlGaAs/GaAs interface that are confined in a potential
defined by surface gates. In an empty dot, a magnetic field B
applied parallel to the 2DEG splits the spin states of the dot
by an energy A=|g|uzB. For elastic tunneling'® and no cou-
pling between the electron orbital and spin states in the dot
or the leads, we expect the tunneling rates into the two spin
states to be equal. This is because in the absence of such
coupling, the excited and ground spin states of the dot have
the same orbital wave function and hence the same overlap
with the leads. Figure 1 illustrates tunneling for spin-up and
spir%—down electrons. The Hamiltonian for the system is H
= E’Jm— + Ugo(x,y)+ %A(ry, where Uy, is the electrostatic poten-
tial, o, is the Pauli-spin matrix, and the magnetic field is
applied along the y axis. The effective potential seen by the
electrons is Ug= Ud0t+%A(r), and it is different for the two
spin states: U,g | =Ueg1+A. However, because the bottom of
the conduction band is also shifted by A for spin-down elec-
trons, the spin-up and spin-down electrons tunnel through
barriers of equal height and width, and we expect the tunnel-
ing rates into the two spin states to be equal.

Here we report the results of using real-time charge sens-
ing and gate pulsing techniques to measure electron tunnel-
ing into an empty lateral QD in a magnetic field parallel to
the 2DEG. We find that the ratio of the rates for tunneling
into the excited and ground spin states depends on the mag-
netic field and the orbital configuration. Specifically, we find
that the ratio decreases with increasing magnetic field until
tunneling into the excited spin state is completely sup-
pressed. However, we find that by adjusting the voltages on
the surface gates to change the shape of the dot, we can
restore tunneling into the excited spin state and that the ratio
of the tunneling rates reaches a maximum when the dot is
symmetric. These observations imply that the simple picture
of electron tunneling described above does not adequately
describe the physics of electron tunneling in a magnetic field.

We fabricate our dots from an Alj;Gaj,As/GaAs hetero-
structure grown by molecular-beam epitaxy. The 2DEG
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PACS number(s): 73.40.Gk, 73.23.Hk, 73.63.Kv

formed at the material interface 110 nm below the surface
has a density of 22X 10" cm™ and a mobility of 6.4
X105 ¢cm?/V 5.7 We pattern Ti/Au gates on the surface as
shown in Fig. 2(a). By applying negative voltages to the
labeled gates we deplete the 2DEG underneath them and
form a single dot containing one electron, as well as a quan-
tum point contact (QPC) between gates SG2 and QG2. The
remaining 2DEG regions form the Ohmic leads, two of
which are numbered in Fig. 2(a). Electrons tunnel onto and
off of the dot through the tunnel barrier defined by gates SG2
and OG while the tunneling rate through the SG1-OG barrier
is kept negligibly small. Thus electrons only tunnel between
the dot and lead 2, as illustrated in Fig. 2(a). To measure the
occupancy of the dot, we use the QPC as a charge sensor.'3
When an electron tunnels onto or off of the dot, it changes
the resistance of the QPC and we detect this change by
sourcing a current and measuring the change in voltage
6Vopc. By making the tunneling rate slower than the band-
width of our circuit, we observe electron-tunneling events in
real time.'®!°-22 All measurements have been made in a di-
lution refrigerator with an electron temperature 7=120 mK.

To measure I',,, which is the rate at which electrons tun-
nel onto the dot, we use the two-step pulse sequence shown
in Fig. 2(b). The first step is to ionize the dot by pulsing gate
LP2 to bring both spin states above the Fermi energy of the
lead, so that any electron on the dot tunnels off. During the
subsequent load step we apply a positive pulse voltage V), (in
addition to the negative dc bias voltage) to bring the ground
spin state below the Fermi energy of the lead by an energy
E,=eaV, where e« is a conversion constant we have cali-
brated separately.”3?* If only the ground spin state is below
the Fermi energy [top diagram in Fig. 2(b)] then I, is equal

(a) Ueff,T (b) Ueff, 1= Ueff, T+ A

FIG. 1. Tunneling for (a) spin-up and (b) spin-down electrons.
Note that both spin species have the same Fermi energy.
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FIG. 2. (Color online) (a) Electron micrograph of the gate ge-
ometry. Negative voltages are applied to the labeled gates while the
unlabeled gate and the Ohmic leads are kept at ground. Voltage
pulses are applied to gate LP2. (b) Dot energy diagrams showing
the position of the spin states during the pulse sequence. (¢) Ex-
ample of real-time data. The direct capacitive coupling between
LP2 and the QPC causes the QPC to respond to the pulse sequence;
electron-tunneling events are evident on top of this response. The 0
denotes when an electron tunnels off the dot, while the 1 denotes
when an electron tunnels on. (d) Example of a histogram of 7; for a
given pulse depth. Fitting these data to an exponential (solid line)
gives [y, () oy as a function of pulse depth V,, at B=5 T. The
solid and dashed lines are fits discussed in the text to obtain x
=T, /T,.

to the rate for tunneling into the ground state I',. For large
enough V,, the excited spin state is also below the Fermi
energy [bottom diagram in Fig. 2(b)], and then I'y,=T",+T,
where T, is the rate for tunneling into the excited spin state.
Figure 2(c) shows an example of a pulse sequence taken
with our real-time charge detection system. During the ion-
ization step, an electron tunnels off the dot. Then an electron
tunnels back onto the dot at a time #; after the dot is pulsed
into the load state. Figure 2(d) shows a histogram of mea-
surements of #; for a fixed V,. By fitting these data to an
exponential we extract I'y, at this value of V,. Figure 2(e)
shows an example of Iy, as a function of V,. The large
increase at V,=0 corresponds to the ground spin state pass-
ing the Fermi level, while the increase at V,~1.5 mV cor-
responds to the excited spin state passing the Fermi level.
We use data such as those in Fig. 2(e) to extract the ratio
of the rates for tunneling into the spin states. In MacLean et
al.'® we showed that the tunneling rate into an empty dot
state at B=0 can be described by I'=I'pe#"»f(-eaV,). Here
I’y is the tunneling rate through the SG2-OG tunnel barrier
when the energy of the dot state is aligned with the Fermi
energy of the lead, and the exponential factor describes the
decrease in the tunneling rate as V), pulls the energy of the
dot state further below the top of the tunnel barrier. The
Fermi function f(E)=(1+¢*s7)~! describes the occupation
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FIG. 3. (Color online) (a) x as a function of magnetic field from
fits to data such as those in Fig. 2(e). For B=6 T, the excited-state
feature is clearly visible and A can be extracted from the fit. For
B>6 T, the feature is not visible and fits are performed fixing A
=|g|lugB, where |g|=0.39 is determined by fitting measurements
from which we can extract A (inset). These measurements include
values at B=7.5 T for different orbital configurations where tunnel-
ing into the excited spin state is not suppressed. (b) Data and the fit
(see text) at B=3 T. The increase in the tunneling rate caused by
the excited spin state passing below the Fermi energy is clearly
visible. (c) Data and the fit at B=7.5 T. The arrow marks the value
of V,=A/ea where the feature is expected to be.

of states in the lead at the energy of the dot state. In a mag-
netic field the spin states of the dot are split by A and we can
describe I, by

Ton=Toe i f(=eaV,) + xf(= eaV,+ )], (1)

where f(-eaV,) and f(-eaV,+A) describe the occupation of
the lead at the energies of the ground and excited spin states,
respectively. The solid line in Fig. 2(e) shows a fit to Eq. (1),
and there is good agreement with the data. The dashed line
shows the contribution of tunneling into the ground spin
state, given by I'y=I'pe#'rf(~eaV,), while the remaining
contribution is caused by tunneling into the excited spin state
I',. When both spin states are below the Fermi energy such
that f(-eaV,)=f(-eaV,+A)=1 then y is the ratio of the
rates y=I',/T’,. In the simple picture of tunneling presented
above, both spin states of the dot have the same orbital wave
function, so the tunneling rates should have the same depen-
dence on V, and we expect that y=1.

Figure 3(a) shows measurements of y obtained by fitting
line shapes at different magnetic fields. Figures 3(b) and 3(c)
show examples of data at B=3 and 7.5 T, respectively. In
Fig. 3(b) the increase in Iy, caused by the excited spin state
passing the Fermi energy is clearly visible. In Fig. 3(c) no
increase is visible; the arrow marks the value of V[,=A/ ea
where the feature should be. From Fig. 3(a), we see that
application of a magnetic field suppresses the tunneling rate
I', into the excited spin state, relative to that into the ground
state.?
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SPIN-DEPENDENT TUNNELING OF SINGLE ELECTRONS...

We can change this suppression by varying the voltages
on the gates that define the dot.?® Figure 4(a) defines the x

and y axes, which are aligned with the [110] and [110] GaAs
crystalline axes, respectively. When the voltages on all dot
gates are approximately equal, we expect from the gate ge-
ometry that the dot is less confined along x than along y
[black solid ellipse in Fig. 4(a)]. We change the shape of the
dot by applying a more negative voltage to SG1, which
pushes the dot wave function toward SG2, thereby increasing
confinement along x. Simultaneously, we make the voltages
on LP1, PL, and LP2 less negative which reduces confine-
ment along y [white dotted ellipse in Fig. 4(a)], while keep-
ing the ground orbital state energy constant. We parameterize
a set of gate voltages by Ve, the numeric value of which is
the voltage on gate SG1.

To characterize the change in shape of the dot we use the
energies of the excited orbital states.”> We can model the
electrostatic potential of the dot with an anisotropic
harmonic-oscillator potential Ul(x, y)=%m*w§x2+%m*w§y2.
Then the energies E, and E, of the x-like and y-like excited
orbital states relative to the ground orbital state are deter-
mined by the confinement: E,=fiw, and E,=fiw,. For less
negative V. the dot is less confined along x than along y
so we expect E,<E,. As we make Vg,,,. more negative we
increase the confinement along x and decrease the confine-
ment along y, and so we expect that E, should increase and
E, should decrease as Vg, is made more negative.

The top panel of Fig. 4(b) shows the energies of the first
two excited orbital states of the dot measured using gate
pulsing and real-time charge detection techniques at B
=0 T.2 As expected, the energy of one orbital state in-
creases and that of the other orbital state decreases as Vipe
is made more negative, and this allows us to identity the
states as indicated in the top panel of Fig. 4(b). At each value
of Vipape We perform measurements of y at B=7.5 T as in
Fig. 3(c), and the results are shown in the bottom panel of
Fig. 4(b). The data in Fig. 3 have been taken at the most
negative value of Vg,,.=—1350 mV. Making V. less
negative [Fig. 4(b)] changes y, and y reaches a maximum of
~1 at Viape=—-990 mV when the dot is symmetric. Figure
4(c) shows data taken at the Vi, for a symmetric dot. In
contrast to Fig. 3(c) the excited spin state is now clearly
visible. At each value of V.., we check that electrons only
tunnel between the dot and lead 2. From measurements of
[y, vs V), for which the excited spin state feature is visible
(Vipape >—1300 mV), we can extract A at B=7.5 T and we
find that A is independent of V. within experimental error.

That x changes with the magnetic field and with the shape
of the dot imply that the simple picture given above, of elec-
tron tunneling in a magnetic field, is not adequate. One ex-
planation we have considered is the presence of a magnetic
field B, perpendicular to the 2DEG that is caused by mis-
alignment of the sample. We estimate that this sample is
parallel to within 5° and this limits B, <0.65 T at B
=7.5 T. Since we are measuring single-electron tunneling
into an empty dot, there are no exchange effects in the dot;
rather, the dot states are single-particle states. However, B |
can affect the states in the Ohmic leads by forming Landau
levels, and one possibility is that we would observe spin-
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FIG. 4. (Color online) (a) The black solid (white dotted) ellipse
illustrates the expected dot shape for less (more) negative Vishape:
For all data in this paper, the magnetic field is applied along the y
axis. (b) The top panel shows the energy spectrum of the excited
orbital states as a function of V... The bottom panel shows x
measured at B=7.5 T for each value of V. () Data at Vyape=
-987 mV and B=7.5 T. Unlike Fig. 3(c), at this value of Vg, the
excited spin state feature is clearly present. The value of V, at
which it appears is different than in Fig. 3(c) because the conver-
sion constant e« changes with V..

dependent tunneling because the dot acts as a spin-sensitive
probe of the states in the leads.! We do not believe this is the
case because this mechanism does not explain how changes
in the dot shape could affect y. Also, we have observed
spin-dependent tunneling in a second device, where we esti-
mate B, ~20 mT at B=7.5 T based on a Hall voltage mea-
surement: this precludes Landau level quantization.

We have also considered the effects of the spin-orbit in-
teraction (SOI) in both the dot and the leads. The effect of
the SOI on the dot states is small because it is on the order of
x/Ago=~8 X 1073, where x~ 17 nm is the length scale for a
harmonic-oscillator potential approximating a dot with or-
bital energy spacing E~2 meV, and the spin-orbit length
Aso~2 mm describes the strength of the SOL?*? In the
leads the SOI can be thought of as a momentum-dependent
effective magnetic field Bgg which is =6 T at the Fermi
energy using Ago~2 um. As the magnetic field increases
we expect the Zeeman splitting to begin to dominate the SOI
and the physics to approach the simple picture discussed
above, so that y should approach 1 at high fields. This is not
what we observe.

Measurements of other aspects of tunneling in lateral dots
in parallel magnetic fields have also given results that differ
from what is expected based on simple considerations, such
as those in Fig. 1. Potok et al.’ have measured the spin po-
larization of electrons tunneling out of a lateral dot in a par-
allel magnetic field. Naively, one would expect the spin po-
larization to depend on the spin state of the dot. However,
these authors have observed no variation in the spin polar-
ization of the emitted electron as they varied the spin state of
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the dot. Taken in conjunction with our results, it appears that
the experimental picture of the spin dependence of tunneling
in lateral QDs is very different from what one expects based
on simple considerations.

In summary, we find that the ratio of the rates for a single
electron tunneling into the excited and ground spin states of
an empty quantum dot decreases with increasing magnetic
field and that the ratio reaches a maximum when the dot is
symmetric. We know no theoretical explanation for these ob-
servations, which underscores the fact that understanding the
spin-dependence of tunneling continues to be an important
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open problem in the physics of quantum dots.
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