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Measurements of the spin relaxation rate at low magnetic fields in a quantum dot
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We measure the relaxation rate W = T; ! of a single electron spin in a quantum dot at magnetic
fields from 7 T down to 1.75 T, much lower than previously measured. At 1.75 T we find that
Ty is 170 ms. We find good agreement between our measurements and theoretical predictions of
the relaxation rate caused by the spin-orbit interaction, demonstrating that spin-orbit coupling can

account for spin relaxation in quantum dots.
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To implement proposals [1l] for quantum computation
based on manipulating electron spins [2] in quantum dots
[3], the spin of the electron must remain coherent for a
sufficiently long period of time. One decoherence mech-
anism that can affect this time is spin-orbit coupling [4].
In a magnetic field B the spin states of a single electron in
a dot are split by the Zeeman energy A = |g|upB. The
energy relaxation time T is the average time necessary
for an electron in the excited spin state to relax to the
ground spin state. In single quantum dots, it has been
predicted |4, 1, ] that spin relaxation is caused by the
spin-orbit interaction and that T; increases with decreas-
ing magnetic field. Pulsed gate transport measurements
[1, I] have put lower bounds on T;, while Elzerman et
al. [9] have utilized an energy-selective spin readout tech-
nique to measure T; for one electron in a single dot at
large magnetic fields and found T; = 0.85 ms at B = 8
T. Hanson et al. [10] have measured the singlet-triplet
relaxation time at smaller fields for two electrons.

In this Letter, we present measurements of the relax-
ation rate W = T; ! of one electron in a single dot at
magnetic fields from 7 T down to 1.75 T, much lower
than previously measured. These measurements are pos-
sible because of the good stability of the heterostructure
we used combined with an active feedback system that
compensates for residual drift and switches of the dot en-
ergy levels, allowing us to measure down to fields where
A is comparable to our electron temperature. We find
relaxation times as long as 170 ms at 1.75 T. We com-
pare our measurements of W vs B to theoretical predic-
tions by Golovach et al. [4] of the relaxation rate caused
by spin-orbit coupling and find excellent agreement be-
tween theory and experiment. This demonstrates that
spin-orbit coupling can account for the relaxation of the
spin of a single electron in a quantum dot.

The dot used in this work is fabricated from an Al-
GaAs/GaAs heterostructure. The two-dimensional elec-
tron gas (2DEG) formed at the AlGaAs/GaAs interface
110 nm below the surface has an electron density of
2.2 x 10 em™? and a mobility of 6.4 x 10° cm?/Vs [1L1].
The gate geometry is shown in Fig. [[(a) and is based on

that of Ciorga et al. [12]. We choose gate voltages so
that we form a single dot containing one electron. For
this work we have tuned the barrier formed by the gates
OG and SG1 to have a tunnel rate much lower than the
rate through the barrier defined by OG and SG2. We
measure the dot in a dilution refrigerator with an elec-
tron temperature of about 120 mK. To minimize orbital
effects we align the 2DEG parallel to the magnetic field
to within a few degrees.

We use the quantum point contact (QPC) formed by
SG2 and QG2 as a sensitive electrometer or charge sen-
sor [13] for the dot. The detection circuit is illustrated
in Fig. [{a) and more details are in Refs. [14, [17, [16].
If an electron tunnels onto or off the dot, it changes the
electrochemical potential of the electrons in the QPC,
which in turn causes a change in resistance § R. We ob-
serve 0 R by sourcing a 1 — 2 nA current across the QPC
and measuring the change in voltage éVqpc. By mak-
ing the tunneling rate through the OG-SG2 barrier less
than the bandwidth of our circuit, we observe the elec-
tron tunneling in real time [9, [17, [18]. Our typical signal
size of 104V is approximately 5% of the total voltage
across the QPC; this good sensitivity may come from
making the gate SG2 between the dot and the QPC nar-
row, which increases the coupling between the dot and
the QPC [19]. The small QPC current does not heat the
electrons, which is important because it is our electron
temperature which sets the lower limit on the fields we
can measure.

To measure W at a given magnetic field, we apply a
three step pulse sequence [9] V,, on top of the dc volt-
age on gate LP2: Vipy = V4. + V. This sequence is
illustrated in Fig. [(e), where we have converted the gate
voltage pulse V;, into the equivalent electrochemical po-
tential energy change of the dot: E, = —earp2Vy,, where
arpe =~ 0.065 is the capacitance ratio for gate LP2 ex-
tracted from transport measurements [15]. The first step
is to apply a negative V,, to bring both spin states above
the Fermi energy of the lead, as shown in Fig. [(b). We
hold the dot in this configuration for a fixed time ¢;, dur-
ing which time the electron can tunnel off the dot. After
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FIG. 1: (a) Electron micrograph of the gate geometry. Neg-
ative voltages are applied to the labeled gates to form the
quantum dot and the QPC charge sensor; unlabeled gates are
grounded. Pulses are applied to gate LP2. The drain and
source electrodes are labeled and are grounded. (b)-(d) dia-
grams showing the configuration of energy levels for the three
steps in the pulse sequence shown in (e). (f) and (g) are ex-
amples of data taken at B = 2.5 T and t, = 4 ms. 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’s denote
when an electron tunnels off the dot, while 1’s denote when
an electron tunnels on.

time ¢; the dot is in one of three possible states: there is a
probability P; that the dot is ionized given by the ioniza-
tion efficiency ¢; = 1 — e 1i%", where I'; is the tunnel-off
rate. In this work, €; = 0.95. The probability of being in
the ground state is P; ~ 1 — ¢;. Finally, the probability
of being in the excited state is thermally suppressed and
is P, = e*A/kBTPg, which is negligible.

After ionizing the dot, we apply a positive V,, and
bring both states below the Fermi energy of the lead as
shown in Fig. [{c). We hold the dot in this configura-
tion for a time t,,, which we vary. During this time,
electrons tunnel into either the ground or excited states
of the dot with rates I'; and I'¢, respectively. We ex-
pect that I'. /Ty = 0.5 where I'y = I'. + T'y, but we do
not assume this a-priori, since we extract I'. /Ty from our
measurements. During ¢,,, the electrons can relax from
the excited to the ground state with a rate W. The

rate equations describing the model are H =-—-IP, and
P.=T.P,—WP.. Solving these equations, we find that
the probabilities for being in the three states after time
t,, are given by

Pi(ty) = e et (1)
1_‘e Ft — _
Peltu) = et —e T ()

and P, = 1 - P, — P;. It is important to note that
in Eq. B the t,, dependence of P. depends only on W
and T';. In particular, Eq. Bl has a maximum at ¢, =
In(Ty/W)/(T: — W). We can measure I'; from the t,,
dependence of P; and then use the t,, dependence of P,
to determine W.

The third step in the pulse sequence is the real-time
readout, shown in Fig.[[(d). We follow Elzerman et al. [d]
and position the levels so that the excited state is above
the Fermi energy of the lead and the ground state is below
the Fermi energy. In this configuration, an electron in
the excited spin state can quickly tunnel off the dot with
rate ' ¢, while the tunneling rate of an electron in the
ground state is exponentially suppressed.

Figure [lf-g) show examples of two types of data. In
Fig. [(f) we see that an electron tunnels off during the
ionization pulse and back on during the charging pulse.
When we enter the readout stage, an electron tunnels off
the dot, presumably from the excited state, at a time ¢,
after the end of the charging pulse. Shortly after this, an
electron tunnels back onto the empty dot. We call this
behavior a ‘tunnel-off’ event. In contrast, in Fig. [g)
we see an electron tunnel off during the ionization pulse,
but no electron tunnels on during the charging pulse.
Thus the dot is empty entering the readout stage and
the first event in this stage is an electron tunneling onto
the empty dot. We call this an ‘ionization event’, and
measure the time t,, between the end of the charging
pulse and the time when an electron tunnels onto the dot.
The times t,¢s and t,, are measured using a triggering
and acquisition system described in Ref. [15].

For a given t,, and B we repeat the pulse sequence
Npuise times, where Ny sc is typically between 1 x 10%
and 1.5 x 105. We histogram the measurements of ¢, ¢
from tunnel-off events; the results are shown in Fig. (a)
and (b) for two different sets of ¢,, and B. The data
are fit well by an exponential on top of a constant offset.
The exponential portion of the data is caused by fast
tunneling out of the excited spin state (Fig. B(c)), while
the offset is caused by slow tunneling out of the ground
spin state (Fig.(d)). Although the energy of the ground
spin state is below the Fermi energy of the lead, there is
still a slow rate for tunneling out of the ground state given
by I'y = Topf(1 = f(Eaot))/(1 — f(Eaot + A)), where f
is the Fermi function and Fg4,; < 0 is the depth of the
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FIG. 2: (a)-(b) histograms of t,ss for tunnel-off events for

two different sets of B and t,,. The exponential is caused by
fast tunneling of electrons out of the excited state illustrated
in (c) while the offset is caused by slow tunneling out of the
ground state as depicted in (d). The rate R is obtained by
averaging over the exponentials for several values of ¢, at
each field. This averaging is possible because the readout
configuration is the same for all ¢, at a given field, so R is
independent of ¢.,,. (e) shows the rates I'y extracted from
the offsets measured from data like those in (a) and (b). T
is approximately constant for different t,, and between data
sets because of the active feedback control discussed in the
text. (f)-(g) show measured values of P; and nP. at different
B. The solid lines are fits to Eqs. [l and B as discussed in the
text.

ground state below the Fermi energy of the lead. Our
electron temperature allows us to maintain Eg,; so that

» =~ 8 Hz << T'opy. The slow tunneling out of the
ground state gives an exponential distribution; however,
1/T', & 100 ms is so long it appears as a constant offset.

The ground state tunneling rate I'y is useful for main-
taining the stability of the levels in the quantum dot.
As noted in previous work m] the energy levels in litho-
graphically defined quantum dots shift over time because
of background charge fluctuations in the heterostructure
m] In general, we observe two types of shifts: a slow
drift of the levels over time and sudden, large shifts in
the position of the energy levels. Our readout method
is sensitive to these shifts because it requires that the
ground spin state remain below the Fermi energy of the
lead while the excited state remains above it. This is a
difficult condition to maintain, especially at low B where
A is small. Our heterostructure is relatively stable in
this regard. In addition, we use active feedback to con-
trol the levels in the dot and compensate for these shifts.
As noted above, the ground state tunneling rate I', is a
function of F4,:. We monitor I'y, approximately every 15
s and then adjust a gate voltage to maintain Eg,; such
that 5 STy < 15H z. We extract 'y, from the offset in the
histograms in Fig. Ba) and (b). These data are shown
in Fig. P(e). The rate is fairly constant over the range of
t, and between data sets, demonstrating the efficacy of
our feedback control.

To measure P, for a given t,, and B, we need to count
the number of times N, that the electron is in the ex-
cited state after the charging pulse. For W < I'o¢f the
exponential decay should have rate R = I',rs and the
area A under the exponential and above the offset gives
Ne. If W = T's5¢, the interpretation is more complicated
because an electron in the excited state might relax be-
fore it has a chance to tunnel off the dot In this
case, the rate of the exponential is the rate at which
electrons leave the excited state, namely R =Ty + W.
Moreover, we only observe the fraction 7 of the elec-
trons in the excited state that tunnel off before they
relax given by n = Tyrr/(Tops + W). Thus the area un-
der the exponential and above the offset gives nN, and
NP. = NNe/Npuises- Measurements of nP. as a function
of t,, at two different magnetic fields are shown in the
lower panels of Fig. B(f) and (g). It is important to note
that the information about the relaxation rate W comes
from the t,, dependence of P,., hence the multiplicative
factor 1 does not affect our ability to extract W.

We can also measure P; as a function of ¢,,. We count
the number of ionization events N; like those in Fig. [g)
by histogramming the values of t,,. The distribution is
an exponential with no offset and the area underneath the
exponential gives IN;; dividing by Npyises gives F;. The
upper panels of Fig. B(f) and (g) show examples of P; as
a function of ¢,, at two different magnetic fields. We fit
P;i(ty) to Eq. [ (solid line) to obtain T'; and €;. While T’y
may have some dependence on B, it has a much stronger
dependence on the tunnel rate set by the gate voltages
which may be different for measurements at different B.
Using the value of I'y, we fit nP.(t,,) to Eq. B to find W
and the prefactor = = ne,I'e /T';. These fits, shown as the
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FIG. 3: (a) relaxation rate W as a function of magnetic field.
The solid line is a theoretical prediction from the work of
Golovach et al. [4] and is discussed in the text. (b) /I as a
function of magnetic field. From these data we see that I'c /T'
is independent of field and is close to 0.5. The data point at
B =5.6is I'c/Ty = 2.2 £ 5.8 and is not shown. The large
errors result from a large error in 7 at this field.

solid lines in the lower panels in Fig. BA(f) and (g), give
excellent agreement with our data.

From the upper and lower panels of Fig. B(f) and (g),
one can explicitly see the relationship between P;(t.,)
and P.(t,) in two different regimes. When T'; > W
(Fig. EXf)), P, increases on the time scale of T'; ! and de-
cays on the time scale of W=, When W > T'; (Fig.B(g)),
P, increases on the time scale of W' and decays on the
scale of I'; ! Measuring T'; directly from P; allows us to
determine W over a large dynamic range.

Using these methods, we measure W as a function
of magnetic field. The data are plotted in Fig. Bl(a).
At low fields, the relaxation rate becomes very slow:
we measure T; = 170 ms at B = 1.75 T. Golovach
et al. 4] have calculated the relaxation rate caused by
spin-orbit coupling between the spin of the electron in
the dot and phonons. As inputs to this calculation
we use |g| = 0.38, which we measure using cotunnel-
ing spectroscopy [21], as well as parameters of phonons
in GaAs. Also required is hwg, the energy level spac-
ing of a parabolic potential well that approximates the
confining potential of the dot. We estimate this quan-
tity from the energy of the first excited orbital state and
find Aiwy = 2 meV from transport measurements [16].
The solid line in Fig. B(a) shows the results of the cal-
culation using these parameters. We find that a spin-
orbit length Agp = 3 pum gives a curve that agrees well
with our data. The contribution of the Dresselhaus and
Rashba terms to Ago depends on the orientation of the
GaAs crystal with respect to the magnetic field. For
our orientation [22] and assuming a symmetric parabolic
well, we have A\g = [\ — /\§1| where A\, = h/m*a,
Ag = h/m*(, and a and § are the Rashba and Dres-
selhaus spin-orbit terms respectively in the Hamiltonian
Hso = B(—pz0: + pyoy) + a(pgoy — pyor) M]. This
value of Agp is in good agreement with measurements

of spin-orbit length scales obtained from antilocalization
measurements in quantum dots [23].

We can also extract the value of I'. /T'; as a function of
field. From our fits to data such as those in Fig. (f) and
(g), we are able to extract ne;Ie /T and ¢;. We can obtain
7 by noting that n = (R — W)/R, where R=T,; + W
and is measured directly from histograms such as those
in Fig. Ba) and (b). This allows us to obtain T'./T'; at
each value of magnetic field. These values are plotted in
Fig. B(b). We see the values are independent of field and
very close to 0.5 as we expect.

Using our real-time readout technique, we measure W
as a function of B down to very low magnetic fields. We
find the relaxation rate increases with field, as predicted
by theory |4, 5]. A quantitative comparison between our
measurements and theory gives good agreement, demon-
strating that spin-orbit coupling can account for spin re-
laxation in single quantum dots with one electron.
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