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Coherent manipulation of individual electron spin in a double quantum dot integrated

with a micromagnet
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We report the coherent manipulation of electron spins in a double quantum dot integrated with a micromag-
net. We performed electric dipole spin resonance experiments in the continuous wave (CW) and pump-and-
probe modes. We observed two resonant CW peaks and two Rabi oscillations of the quantum dot current by
sweeping an external magnetic field at a fixed frequency. Two peaks and oscillations are measured at different
resonant magnetic field, which reflects the fact that the local magnetic fields at each quantum dot are modulated
by the stray field of a micromagnet. As predicted with a density matrix approach, the CW current is quadratic
with respect to microwave (MW) voltage while the Rabi frequency (vg,,;) is linear. The difference between the
VRabi Values of two Rabi oscillations directly reflects the MW electric field across the two dots. These results
show that the spins on each dot can be manipulated coherently at will by tuning the micromagnet alignment

and MW electric field.
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I. INTRODUCTION

Following Loss and DiVincenzo’s proposal of spin-based
quantum computing with quantum dots (QDs),' and moti-
vated by the realization of well-defined single and double
QDs,>® and the observation of a robust spin degree of
freedom,” " considerable effort has been devoted to imple-
menting electron spin qubits with QDs. The requirements are
the coherent manipulation and detection of single electronic
spins, and both have recently been met with an electron spin
resonance (ESR) technique!'~'* for a double QD in a Pauli
spin blockade condition.*'1¢ The application of electron
spin resonance to spin qubits still presented a challenge, be-
cause a sufficiently strong ac magnetic field has to operate on
single electrons in a QD. A straightforward technique was
initially developed, which involves using a microcoil placed
on top of a QD with an ac current flowing through it.!"' How-
ever, this is accompanied by joule heating caused by the mA
order current flowing through the coil, and so is not useful
for making multiple qubits. Electric dipole induced spin
resonance (EDSR) is a way to avoid such joule heating, and
has been demonstrated using a spin-orbit interaction'>!> and
an inhomogeneous hyperfine field.!> With both techniques, a
local ac magnetic field for a QD is generated by employing a
microwave (MW) electric field to the QD. More recently, we
proposed and demonstrated a technique using a slanting Zee-
man field imposed by a micromagnet,'*!”-!% which produces
a stray magnetic field across a QD. The transverse compo-
nent is a magnetic field gradient of ~T/um perpendicular to
the externally applied dc magnetic field, and a local effective
MW magnetic field is generated by applying an MW electric
field to oscillate an electron inside the dot. The longitudinal
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component is an inhomogeneous magnetic field parallel to
the external field, which weakly modulates Zeeman energy
across two dots. This field component depends on the micro-
magnet geometry relative to the QD, and therefore can be
used to selectively address two or more electrons in a
coupled multiple QD at different spin resonance frequencies,
leading to scalable qubits with a QD array.!*!?

Double QDs with two electrons are basic elements for
operating various quantum gates, such as swap gates’ and
control-not gates,9 all of which utilize the rotation of indi-
vidual electron spins and the modulation of exchange cou-
pling between electrons. The manipulation of two-electron
spins has been demonstrated for swap gate by electrically
modulating the interdot tunnel coupling in a double QD (Ref.
9) but not the coherent selective manipulation of individual
electron spins or two spin qubits. In this paper, we report the
coherent manipulation of individual electron spins in a series
coupled double QD using EDSR combined with the micro-
magnet effect. We measure a current flowing through a
double QD to detect the EDSR current and Rabi oscillations
in response to MW irradiation of the double dot in the con-
tinuous wave (CW) mode and pump-and-probe (p-p) mode,
respectively. The CW EDSR peak and the Rabi frequency
measured for various MW powers are both higher for one of
the two dots located closer to the MW gate, reflecting the
effect of the larger MW electric field on this dot. In addition,
they increase quadratically and linearly, respectively, with
MW voltage. These results coincide consistently with the
values calculated for our EDSR scheme using the density
matrix approach.!”!® We present the results of the CW and
pump-and-probe experiments in Secs. II and III, respectively.
We compare these results quantitatively in Sec. IV in terms
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FIG. 1. (Color online) (a) Scanning electron micrograph of the
device. Two electrons are confined in a lateral double quantum dot
by Schottky gates (gray) deposited on the surface of an AlGaAs/
GaAs heterostructure, in which a two-dimensional electron gas is
located 100 nm below the surface. An MW gate is placed to the left
of the double dot. A cobalt micromagnet (shown in yellow/light
gray) is placed on top of the dot with a 100 nm thick calixarene
insulator film between them. In this image, the cobalt micromagnet
is intentionally displaced to show the arrangement of the Schottky
gate electrodes. The device is placed in a dilution refrigerator with
an electron temperature of ~150 mK that was estimated by mea-
suring the peak width of the Coulomb peak. (b) Energy diagram of
the double quantum dot used for the CW EDSR experiment.

of the MW electric field distribution calculated using photon
assisted tunneling spectroscopy, and we provide our conclu-
sion in Sec. V.

II. CONTINUOUS WAVE EXPERIMENT

We microfabricated a lateral dot sample by using electron
beam and optical lithography as well as vacuum electron
beam deposition. Figure 1(a) shows a scanning electron mi-
crograph of a device that we made for a fabrication test. It is
similar to the device used in our experiment. We isolate two
electrons and separate them from each other spatially using a
gate-defined double QD,'* connected in series to source and
drain reservoirs. The QD parameters estimated from the
measurement of stability diagrams are as follows; tunnel
coupling t=0.83 ueV, nominal charging energy, Vi
=5.0 meV, and interdot coupling energy, V;,.=1 meV.
The micromagnet is magnetized in-plane (the magnetization
is shown by an arrow labeled Mc,) by applying a sufficiently
large external in-plane magnetic field B, exceeding 0.5 T.'4
The micromagnet is located above the double dot, and gen-
erates static out-of-plane (red arrows) and in-plane
(blue arrows) stray fields. In our calculation, the out-of-plane
stray field has a large gradient of 0.8 T/um, and the in-plane
fields at the two dots differ by 20 ~30 mT. The MW electric
field, Eyqw, is produced by applying an MW voltage, Vyw, to
the MW gate electrode in Fig. 1(a) closer to the left QD of
the two QDs. The same electrode is used to detune the inter-
dot energy levels in the p-p measurements.

To detect EDSR, we placed the double dot in a Pauli spin
blockade (P-SB) regime in Fig. 1(b) and applied a CW MW.
Figure 2(a) shows the current I ., through the double dot vs
the external magnetic field B, measured for the MW at 25.6
GHz (note that we previously obtained similar data using the
same device but under different conditions.). The source-
drain bias was set at 1.0~ 1.5 mV, which is at least 10 times
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FIG. 2. (a) Current 4, as a function of external magnetic field
B, for MW irradiation at a frequency of 25.6 GHz and a power of
—37 dBm. High and low EDSR peaks are observed at 4.70 and 4.73
T, respectively. (b) EDSR current Igpgr » vs MW input power. The
local electric field depends on the position of each dot, and is pro-
portional to the square root of the MW power. The slopes of the two
straight lines are quadratic to Egpgr; and Egpsro, and the ratio of
the two peaks Igpsg; and Iepsras (Eepsri/ Egpsra)’» agrees with the
values evaluated in the following discussions.

larger than the single photon energy (typically less than
100 weV), to avoid photon assisted tunneling (PAT) through
the outer barriers. In this figure, we can see two peaks sepa-
rated by 30 mT, reflecting the EDSR for the individual elec-
tron spins in the two dots. The current through the double dot
is initially blocked by Pauli exclusion once a spin triplet state
has been formed in the double dot.'® The spin-flip induced by
EDSR dissolves the stacked state of spin triplet states. In our
scheme, only one of two electrons spins flips on resonance
while the other stays the same in the off-resonance state, and
the electron state transits to the mixed state of a spin triplet
and singlet state, which lifts the blockade and gives rise to a
finite leakage current in the resonance condition on either
dot.

With low MW power, the EDSR peak height, Igpggr, is
proportional to the square of the MW induced magnetic field,
Byw- By using a standard density matrlx l,prroach we can

27l yVRani
explicitly derive the formula Ipgg = ?Te);% for the lowest

order of vg,,; where VRabi is the Rabi frequency proportional
to Byw, therefore Igpgg is quadratic with respect to the MW
induced magnetic field, Byw. I', and & are the decoherence
rate and the interdot energy detuning, respectively. The com-
ponents of I', are the spin decoherence rate and the interdot
inelastic tunneling rate. By is proportional to the field gra-
dient times the root-mean-square displacement of an electron
and, therefore, Igpgr ™ (Eyvw, bSL) where  Eyy, and
by, (i=1,2) are the amplitude of the MW electric field and
the out-of- plane magnetic field gradient across the double
dot, respectively.'* Here, i=1 and 2 for the left and right
QDs, respectively. Since bg; is almost uniform over the
double dot, the higher amplitude of the peak at a smaller By,
in Fig. 2(a) is assigned to the EDSR for the spin located in
the left QD closer to the MW gate, because Eyw, > Emw,
and thus BMW1 >BMW2. We plot the MW power dependence
of each EDSR peak height Igpgg in Fig. 2(b). The power
dependences for each peak fit well to a linear relation. The
MW power is quadratic with respect to the magnitude of the
MW electric field, and this indicates that IEDSROCEiqw as ex-
pected. So from the ratio of the slopes between the two
stralght lines, we are able to calculate an Eyy ratio of
1.58(=\2. 5) between the two dots.
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FIG. 3. (Color online) (a) Schematic diagram of p-p measure-
ment, including the MW gate voltage setting sequence. The pulse
amplitude, repetition frequency, and MW frequency are 280 wueV,
500 kHz, and 18.5 GHz, respectively. (b) EDSR current vs MW
burst time (7;,) measured for Igpgg; (left dot). The solid line shows
the fitting of a sinusoidal curve with a linear background (explained
in the text) to Rabi oscillations of Izpgr;. (¢) MW burst time de-
pendence of the two EDSR peaks for two MW powers. The closed
and open dots represent Igpgsr; and Igpsro, respectively. The error
bars represent the standard deviation of the current peak values of
five measurements. (d) Rabi oscillation frequency, vg,;, derived by
fitting various MW wg,,; values vs the square root of the MW power
to the data in (c). The large error bars reflect the ambiguity in the
sinusoidal fitting. (e) PAT data of I, vs interdot detuning & mea-
sured for various powers. As the MW power is increased, more PAT
peaks are observed. These PAT peaks are well reproduced by the
square of Bessel functions with the interdot MW voltage drop as a
fitting parameter.

II1. PUMP-AND-PROBE EXPERIMENT

After the CW EDSR experiment, we readjusted the device
conditions and performed a p-p experiment to observe Rabi
oscillations. Here, we focus on two EDSR peaks observed at
3.30 and 3.32 T for an MW frequency of 18.5 GHz. The
procedure of the p-p experiment is shown in Fig. 3(a) and
consists of initialization, pump-and-probe stages. For initial-
ization, the electron state is set in the P-SB condition where
the configurations of (7,]), (|,1), and (%(TL—H),O) are
almost all degenerate as in Fig. 1(b). Hereafter, the arrows in
the brackets show the electron states of each dot. T and |
indicate the ground and excited spin states, respectively. The
first arrow shows the electron state of the left dot and the
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second shows that of the right dot. é(Tl—lT) is the spin
singlet state in one dot and “0” indicates an empty dot. Un-
der the P-SB condition, the two-electron state is initialized
for one of the triplet states, for example, the (,1) state. In
the pump stage, the electron state is adiabatically moved to
the region of the Coulomb blockade by tuning the MW gate
voltage, and then an MW resonant with one of the electron
spins is applied for a finite burst time, 7,. The electron spin
flips coherently between the ground and excited states during
the burst time. This is Rabi oscillation. Finally, in the probe
stage, we adiabatically restore the MW gate voltage to the
initial P-SB condition after turning off the MW. If the spin is
flipped in either dot, the hybridized singlet states of (7, ]),
(1,1), and (%(TL—H),O) are readily formed to allow a fi-
nite leakage current.

We measured the EDSR current, /gpgg, for various 7, val-
ues ranging from 600 to 200 ns in the p-p, as shown in Fig.
3(b). The p-p repetition rate was 500 kHz. Each data point is
the average Igpgg measured over 20 s. We had a technical
problem with 7,<<200 ns, and so we concentrated solely on
7,>>200 ns. The oscillatory current with 7, indicates Rabi
oscillations with a frequency vg,, of 8.9 MHz in the sinu-
soidal curve fit including a linearly increasing background
and a phase offset as a+b7,+c sin(2mvg,,; 7+ Pp). The cur-
rent is proportional to the population of (%(T 1=11),0) just
after switching to probe stage and we deduced that the
population should be proportional to sin?(27vR,,7,/2)
=%(1 —sin(27vR,;7,)) by solving the master equation. Here,
we neglect the damping effect. We explain the physical
meanings of parameters a, b, ¢, and ¢, in the subsequent
paragraphs. We also performed the same p-p measurement
for the other EDSR peak at 3.32 T. However, the p-p Igpsr
was too small to be resolved, probably because we had ad-
justed the device conditions to maximize the larger EDSR
peak by sacrificing the smaller EDSR peak.

We finally performed Rabi oscillation experiments for
both spins to determine whether the Rabi frequencies are
consistently characterized by the CW EDSR data with the
MW power across each dot as a parameter. So, we readjusted
several gate voltages to restore the Igpgr; and Igpgr, condi-
tions of Fig. 2 to observe Rabi oscillations for both spins. We
used the technique described in Ref. 12 to average out the
effects of nuclear spin polarization for the two peaks. For
each fixed burst time, we recorded five current traces by
externally sweeping the magnetic field B, five times. We
swept the magnetic field from high to low to minimize the
nuclear spin polarization effect.’%>! We observed large and
small EDSR peaks, namely, Igpgr; and Igpgro, around 3.30
and 3.32 T, respectively, for each 20-h run of the B, sweep
and then averaged Izpgr; and Igpsgro- Figure 3(c) shows typi-
cal Igpsg data vs 7, measured at MW powers of —27 and
—28 dBm in the upper and lower panels, respectively. We
applied the same sinusoidal fitting as that in Fig. 3(b) to trace
the oscillatory Igpgr data. Although the data points are more
scattered than those in Fig. 3(b), the Igpsr; and Igpgg, data
sets are fairly well traced, using the common parameters
a=12.8*4.43 fA and ¢=2.8%0.66 fA for both Igpgg;
and  Igpsrpp and  h=8.36*0.83 fA/us-mV  and
3.66+1.20 fA/us-mV for Igpgr; and Igpgrs, respectively.
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The phase offset ¢ is reported to be about 77/4 reflecting the
fluctuating nuclear field,'"*> however, the value can be af-
fected by the condition of the quantum dot.?* Taking account
of this point, we used ¢, as a fitting parameter but with a
value between 0 and /4 for each data set used in Fig. 3(b).
Then, we managed to calculate vp,,; values of 15 and 11
MHz for Igpsr; and Igpgro, respectively, as shown in the
upper panel. We analyzed the data in the lower panel and
calculated values of 11 and 8 MHz for Igpgr; and Igpsgros
respectively.

Parameter a is the current offset and is responsible for the
positive probability of the probed singlet (%(TL—H),O)
state. This value is common to both oscillations as expected.
Parameter ¢ is the Rabi oscillation amplitude and b is the
linear background with respect to 7,. We consider that EDSR
is accompanied by a parallel leakage path of PAT between
(1,1) or (|,7) and (%(TL—lT),O). In the pump stage, an
electron spin turns downwards in a half period of Rabi os-
cillation. Before it turns upwards again, the electron can only
move from the right dot to the left dot through PAT with
multiple photons to compensate for the large voltage drop
between the two dots. When PAT does not occur, the spin
continues rotating in the right dot, but in the next Rabi cycle,
the down spin has another chance of moving to the left dot
by PAT. The probability of an electron moving is propor-
tional to 73, so the background leakage current increases lin-
early with 7;,. It is also larger for larger EDSR peaks or faster
Rabi oscillations, and we have just begun another experiment
to enable us to understand the mechanism. The PAT process
can cause extra decoherence; in the pump stage, the MW
burst rotates one spin coherently, but the PAT can hybridize
two spin singlet states before the MW burst finishes.

The correlation coefficients, R2, evaluated for the sinu-
soidal fitting used here, are about 0.7, while the value for
linear fitting for the background is about 0.59. This is not
very high and reflects the ambiguity caused by the scattering
of the data points and the influence of a linearly increasing
background. The data scattering is partly the result of the
reduced averaging time for sweeping over the wider range of
magnetic field, but it is mainly due to the fluctuating hyper-
fine field and spin resonance dragging effect.!!'4?! These
effects can be even more significant in the p-p measurement
than in the CW ESR measurement because less averaging is
employed.

The wg,p,; values obtained for different MW input powers
are plotted in Fig. 3(d). The horizontal axis is the square root
of the MW power, which is proportional to the driving volt-
age. All the data for each Izpgg fall on a straight line crossing
the origin. By comparing the slopes of the two straight lines,
we find that vg,,; for Igpgg; for the left dot is 1.4 times larger
than that for Igpgr, for the right dot.

The Rabi frequency vg,,; is proportional to the MW in-
duced magnetic field, Bygy, which is proportional to the MW
induced electric field, Eywy, across the double dot, i.e.,
VRabi =g MeBrw/ 2h=gp,/ 2h X eExpwlog/ A-bg M7 Here,
the orbital spread, .4, the QD confinement energy, A, and
the magnetic field gradient, bg; are 48 nm, 0.5 meV, and
0.8 T/um, respectively.'* These are all fixed parameters in
the present experiment. The only parameter that is varied is
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the MW electric field Ey;w used to modulate the Rabi oscil-
lation and therefore, the vy, ratio between Igpggr; and Igpsro
is compared directly with the Epw ratio between the two
dots.

For an MW power of —27 dBm, the mean value vpg;
between the two vg,,; values is 13 MHz in Fig. 3(c). We use
this frequency Vg, to derive the mean values of Byny and

Enw as Byw=4.6 mT and Eypw=1.3 mV/um, respectively.

IV. COMPREHENSIVE ANALYSIS OF CONTINUOUS
WAVE AND PUMP-AND-PROBE EXPERIMENTAL
RESULTS

For a quantitative understanding of the vg,,; ratio between
the two dots, we estimated the Eyy distribution by measur-
ing the interdot PAT. Under the P-SB condition in Fig. 1(b),
there is actually another spin triplet state (77,0), about
120 weV above the (7,7) state. P-SB is not effective if the
electrostatic potential of the left dot is reduced to achieve
alignment between the two triplet states. We measured this
triplet resonance current induced by PAT (Ref. 12) in Fig.
3(e). A fit to the theory provides a good estimation of the
interdot voltage drop of 180 uV.

The estimated distance from the MW gate edge to the
center of the two QDs was 330 nm and the interdot distance
was approximately 100 nm,'* with reference to the litho-
graphic design in Fig. 1(a). The distances from the edge of
the MW gate to the left and right dots were 280 and 380 nm,
respectively. The MW gate width is much larger than the dot
size, so we can assume that the MW electric field is uniform
in the vertical direction in Fig. 1(a). We calculated the two-
dimensional Coulomb potential using the above parameters
to evaluate the spatial distribution of the MW electric field
across the double dot. This calculation approach is valid be-
cause any surrounding metallic materials are thinner than the
shielding length of a high frequency signal, which is called
the skin depth. The electric fields evaluated at the left and
right dots are 1.4 and 1.0 mV/um, respectively, for MW
power of —27 dBm, and the average electric field matches
the Tr,,; value described above. The electric field at the left
dot is 1.4 times larger than that at the right dot. This ratio is
also comparable to the value of 1.58 calculated from the
EDSR peak height in the CW measurement.

V. CONCLUSION

We performed a continuous wave and pump-and-probe
microwave experiment for a double quantum dot integrated
with a micromagnet for the selective observation of both the
continuous wave electric dipole spin resonance current and
the Rabi oscillation for a single electron in each dot. Both the
ratios of the Rabi frequencies and the continuous wave elec-
tric dipole spin resonance currents between the two dots are
consistently reproduced by the spatial distribution of the mi-
crowave electric field across the two dots. These results in-
dicate that a double dot device with a micromagnet will be
useful for forming two or more spin qubits for quantum
computing.
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