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We demonstrate how magnetically coupling a nanomechanical resonator to a double quantum dot
confining two electrons can enable the manipulation of a single electron spin and the readout of the
resonator’s natural frequency. When the Larmor frequency matches the resonator frequency, the electron
spin in one of the dots can be selectively and coherently flipped by the magnetized oscillator. By
simultaneously measuring the charge state of the two-electron double quantum dots, this transition can be
detected thus enabling the natural frequency and displacement of the mechanical oscillator to be
determined.
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Quantum dots are artificial atoms which enable the
confinement of a few, or even one, electron [1]. In these
devices, the spin of the individual electron forms a natural
two-level system and provides great potential for the real-
ization of a solid-state qubit, with applications in spin-
tronics and quantum information schemes [2]. However,
successful realization of these proposals requires efficient,
fast, and selective control of the electron spin state [3,4]. In
this regard, coherent spin manipulation in a double quan-
tum dot has been recently demonstrated by utilizing a
variety of mechanisms, including rapid electrical control
of the exchange interaction [3], by generating a local
electron spin resonance (ESR) magnetic field [4], and by
coupling the electron spin to nuclear hyperfine or spin-
orbit fields [5,6].

Here we present a novel scheme for magnetically cou-
pling a nanoelectromechanical resonator [7–10] to the spin
of one of two electrons confined within a double quantum
dot (DD) device. An oscillating magnetic field (ESR field)
in one plane is produced by the oscillations of the magne-
tized resonator, while a static field with a strong gradient is
produced in another plane (providing Zeeman splitting).
The oscillating field selectively couples to one of the
electrons, and the corresponding change in the two-
electron spin state is then detected by spin blockade charge
sensing [3,4,11]. We model the interaction with a master
equation approach, to include both spin decay and spin
dephasing processes (via nuclear hyperfine fields). We
show that this mechanically induced ESR process is ad-
vantageous, as it only requires a weak external tuning field,
and no rapid electrical AC fields. In addition, our scheme
also enables the resonator’s natural frequency to be mea-
sured, and its displacement to be transduced, illustrating
that the electron spin can be used as a sensitive quantum
displacement detector.

Device geometry and parameters.—We begin with a
schematic of the proposed coupled nanomechanical reso-
nator (NEM) DD system, and corresponding parameters,
shown in Fig. 1. A GaAs=AlGaAs nanomechanical beam is
located distance d0 from the mesa on which the DDs
reside. The natural frequency for a resonator of these
dimensions is expected to be 200 MHz with peak displace-
ment, at the center of the beam, of �5 nm with an achiev-
able quality factor of 104. The beam will be actuated to
resonance via the piezoelectric effect between the Schottky
gate and the 2DES located above the beam clamping point
[12]. An actuation voltage of <10 mVrms is necessary to
excite the beam to resonance, where the resulting parasitic

FIG. 1 (color online). A schematic of the proposed coupled
mechanical resonator double QD system. The mechanical oscil-
lator is a suspended doubly clamped beam located a distance d0

from the mesa on which the double QDs are defined via electro-
static gates. A micromagnet of magnetization M is incorporated
onto the beam oscillator and moves in unison with the out of
plane beam motion. The mechanical oscillator couples to the
confined electron spins (small arrows) in the double QDs via the
micromagnet’s stray magnetic field where the degree of coupling
is controlled by the external tuning field B0.
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electric field is too small to perturb the DD system. The
double dots are defined using electrostatic gates on the
surface of the heterostructure where the 2DEG is located
typically 100 nm below the surface [13].

The resonator is coupled to the DDs magnetically by
placing a Co micromagnet on the resonator, without im-
pairing the resonance [14], as depicted in Fig. 1, with
�0M � 1:8 T, where �0 and M are the permeability of
free space and magnetization of Co, respectively. The Co
micromagnet is engineered so that the magnetization vec-
tor remains parallel to the easy axis for small values
(�50 mT) of the external tuning field, B0. The micromag-
net can be realized via routine lithographic processes
where a single domain of high magnetization is required
for this scheme.

The left and right dots are located distances d1 �
150 nm and d2 � 250 nm from the mechanical resonator,
respectively. Under these conditions, with the nanome-
chanical beam at resonance, the total field, including an
external tuning field B0, is of the form Bn � �B0 � Bzn �
�Bzn sin�!rt��ẑ� Bxn sin�!rt�x̂. The stray field of the Co
micromagnet has been calculated analogously to the
method outlined in Ref. [15]. The in-plane (Zeeman) mag-
netic field Bz arising from the above described magnetic
element is shown in Fig. 2(a). At the quantum dot (QD)
locations, the in-plane magnetic field at the left (right) dot
is Bz1�2� � 94 mT (36 mT).

The proximity of the magnetic element to the DDs
produces a strong in-plane field gradient of order �Bz1 �
Bz2�=�d1 � d2� � 0:6 T=�m, which allows the nanome-
chanical oscillator to addressably couple to the electron
spin in either quantum dot as discussed below. The spatial
dependence of the transverse magnetic field Bmax

x while the
beam is at maximum deflection is shown in Fig. 2(b). In the
inset of Fig. 2(b), the time dependence of the transverse
magnetic field Bx at the locations of the DDs while the
beam is at resonance is shown. The amplitude of this field
at the location of the left (right) dot is �3:0 mT (0.8 mT)
which is more than sufficient to flip the electron spin in
either dot via ESR. As can be seen from Figs. 2(a) and 2(b),
the parameter d0 	 50 nm is of critical importance as this
governs the degree to which the DDs couple to the reso-
nator via the magnetic element and can be achieved via
state of the art electron beam lithography. In summary, the
magnetized resonator provides a weak oscillating field in
the x direction, and a static field in the z direction with a
large gradient between the two dots. This is in contrast to
Ref. [15] where ESR is implemented via the dynamical
motion of the electron in the static stray field of the
micromagnet.

Hamiltonian.—For two-electron QDs, the relevant spin
states are the spin singlet and triplet states of the (1,1)
charge state (jSi; jT0i; jT�i; jT�i) and the spin singlet of
the (0,2) charge state [j�0; 2�Si] where the label (m, n)
refers to the number of electrons confined on the left
and right dots [16]. In the presence of finite interdot

tunnelling T the (1,1) and (0,2) singlets are coupled allow-
ing electrons to be moved between dots when the detuning
parameter � is varied (by pulsing the QD gate voltages).
The energy �z � g�B�Bz1 � Bz2�=2 couples the jSi and
jT0i states while jT�i and jT�i remain eigenstates with
Zeeman energy EZ � 
g�B�Bz1 � Bz2 � 2B0�=2, where
g is the electron g factor (jgj � 0:44 for GaAs) and �B is
the Bohr magneton. For the stationary resonator, the
Hamiltonian describing the two-electron states in the pres-
ence of the above described in-plane inhomogeneous
magnetic field in the fj�0; 2�Si; jSi; jT0i; jT�i; jT�ig basis
is H ���j�0;2�Sih�0;2�Sj �

���
2
p
T�j�0;2�SihSj � c:c:� �

�z�jSihT0j � c:c:� �EZjT�ihT�j �EZjT�ihT�j.
In Fig. 3(a), the eigenenergies of H are plotted as the

detuning is swept between the (1,1) and (0,2) charge states
across the degeneracy point (� � 0). For large positive
detuning, the ground state is j�0; 2�Si. Close to � � 0, T
and �z mix the j�0; 2�Si, jSi, and jT0i states. For large
negative �, j�0; 2�Si uncouples from jSi and jT0i to become
the highest energy state. In the absence of a field gra-
dient (�z � 0), jSi and jT0i would also be eigenstates
with splitting equal to the exchange energy J 	 T2=�.
However, because �z � J, the actual eigenstates are the
superpositions [�jSi 
 jT0i�=

���
2
p

] which correspond to the
states j "#i (spin up and spin down at the left and right QDs,
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FIG. 2. (a) The profile of the in-plane (Zeeman) magnetic field
Bz near the nanomechanical resonator with external tuning field
B0 � 0 T, where d1 and d2 mark the positions of the left and
right quantum dots, respectively. The inset shows the cross
section of the proposed system. (b) The profile of the transverse
magnetic field Bmax

x while the resonator is at maximum deflec-
tion (5 nm). The inset shows the time dependence of the ESR
field at the positions of the quantum dots while the mechanical
element is at resonance.
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respectively) and j#"i, respectively. Moreover, the field
gradient in the regime of large negative detuning results
in asymmetric separation of jT�i and jT�i states about
j"#i, where the energetic separation between the j"#i and
jT�i � j""i states is �z2 � g�B�B0 � Bz2�, the Zeeman
energy of the right spin.

Spin isolation and ESR.—The nanomechanical resona-
tor can be used to manipulate the electron spin states in the
DDs as follows. The resonator is excited at its natural
frequency corresponding to an energy @!r; the equivalent
magnetic field @!r=g�B is designed to be much greater
than GaAs hyperfine magnetic field BN � 1 mT. The in-
plane tuning magnetic field (B0 � �3:5 mT here) is then
used to adjust the Zeeman spin splitting to couple the right
QD and the mechanical element by setting �z2 � @!r.
With the mechanical element at resonance, the j�0; 2�Si
state is prepared (A) which is then separated into the j "#i
state by the in-plane magnetic field gradient between the
two QDs and by using rapid adiabatic passage to change �
from a positive to a negative value (A! B) [13]. With the
right QD resonantly coupled to the resonator, the trans-
verse ESR magnetic field couples only the j "#i and jT�i
states at a rate proportional to �x2 � g�BBx2.

The coupled system is held in this state for time �ESR

until a steady state has been achieved (B! C). After
manipulation, rapid adiabatic passage is used to change �
from negative to positive values for a charge sensing
measurement via the quantum point contact, QPC (C!
D). The j�1; 1�T�i state remains in the spin-blocked con-
figuration whereas the j"#i tunnels directly to j�0; 2�Si
[Fig. 3(b)]. After manipulation, the spin state is a mixture
of j�0; 2�Si and j�1; 1�T�i states (at point D). In this con-
dition, the QPC current IQPC will be a mixture of the
corresponding (0,2) and (1,1) charge states. At off reso-
nance, the spin configuration at (D) will be j�0; 2�Si with a
(0,2) QPC signal. Therefore, by sweeping the tuning field
across resonance, a peak in the IQPC is expected.

Master equation of ESR Hamiltonian.—During the pe-
riod where the right dot is coupled to the resonator, the left
spin can be neglected, and the Hamiltonian becomes

 HESR � ��z2�z2=2� �x2�!r;!d;Q� sin�!dt��x2=2;

(1)

where �n2 � ��x2; �y2; �z2� are the Pauli matrices of the
spin located in the right QD, !r is the natural frequency of
the resonator, and !d is the driving frequency of the
resonator. To robustly model the coupled system, the vari-
ous mechanisms by which the electron spins can decohere
must be considered. Elsewhere it has been shown that the
hyperfine interaction of the electron spin with nuclear spins
within the quantum dots [17] dominates, causing T2 times
of the order of nanoseconds. In contrast, spin-orbit cou-
pling [18] produces T1 times of milliseconds.

Under these conditions, the master equation describing
the spin states of the electron in the right dot is

 

d��t�
dt

� ��i=@��HESR �HN; ��t�� � L���t��; (2)

where HN � �g:�B�BN:�2� is the hyperfine interaction
and L���t�� describes the incoherent Markovian spin re-
laxation at rate � (since T1 � 1 ms, we take � � 1 kHz).
We reach the steady state solution by taking t! 1, d��t�dt �

0, and thus inverting to find ��t! 1� � f��i=@��HESR �
HN; ��t�� � Lg�1. Assuming the rotating wave approxima-
tion, we are able to obtain an analytical solution for the
occupation of the j�1; 1�T�i and j�0; 2�Si states.

For static hyperfine nuclear fields BN , the steady state of
the density matrix elements for the diagonal j�1; 1�T�i
state is

 ��1;1�T� � �16B2
Y;N � �4BX;N � �x2�

2�=�32B�2�N

� 32�x2BX;N � 64@BZ;N�!� 2�2
x2

� @
2�16�!2 � 4�2�� (3)

and ��0;2�S � 1� ��1;1�T� where B�2�N � �B
2
X;N � B

2
Y;N �

2B2
Z;N�, �! � �z2=@�!d is the detuning, and Bi;N is

the nuclear field in the ith direction. We assume that the

FIG. 3 (color online). (a) The two-electron spin states as a
function of detuning energy with interdot tunnelling,

���
2
p
T �

1 �eV with the external tuning field set to zero. At large
negative detuning, the transverse ESR field (Bx2) resonantly
couples the j"#i and jT�i states (horizontal lines) when the
condition g�B�Bz2 � B0� � @!r is satisfied. (b) The pulse se-
quence consisting of preparation in the j�0; 2�Si (A), resonant
coupling of the j"#i and jT�i states for time �ESR (B! C) and
readout (D) steps. For �ESR � ��, the final state at point (D) is
the triplet jT�i.
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nuclear field is static on the @=�x2 and 1=� time scales,
but is fast on the time scale of collating a clear QPC
measurement.

Thus, in the calculation presented in Fig. 4, we inte-
grate over a normal distribution of possible nuclear spin
orientations [19,20] with mean value hBNi �

���
3
p
hBi;Ni, and

a standard deviation of
���
2
p
hBNi, so

 �BN
�1;1�T�

�
Z 1
�1

dBi;N��1;1�T�
Y

i�x;y;z

ef���B
2
i;N�hB

2
i;Ni�

2=4hBi;Ni2�g

�2hBi;Ni
����
�
p
�

:

(4)

Consequently, hBNi is the important quantity in determin-
ing the effect of the nuclear field on the ESR measurement.
In Fig. 4, the effects of the hyperfine coupling on the QPC
measurement are shown. For hBNi<�x2 the on resonance
response of the QPC is clearly visible. For hBNi � �x2 the
on resonance peak becomes smeared out and eventually
obliterated.

ESR line width and displacement detection.—In the HESR

Hamiltonian, the magnitude of the �x2 is proportional
to the displacement of the resonator �x2�!r; !d; Q� �

Cx�!r; !d; Q� � CF=
�����������������������������������������������������������������
m�!2

r � !2
d�

2 � 4!2
r!

2
d=�Q

2�
q

,
where C is a proportionality constant of 0.16 mT as derived
in [15] and x�!r;!d;Q� is the driven harmonic oscillator
response function for the resonator with effective mass m
driven with a force F. If we assume the hyperfine inter-

action and the stochastic decoherence rate of the spin
are weak (� � 0) the ESR response is ��1;1�T� �

1
2 �1�

2@2

�2
x2�!2�. When the resonator is driven at resonance !d �

!r, the line width of this response is �ESR � �x2=2.
Assuming adequate resolution, the line width immediately
gives us a direct transduction of the displacement of the
oscillator, in that xmax � 2�ESR=C.

Finally, when driving the resonator off resonance the
field �x2 is itself a Lorentzian around !d � !r. Thus,
observing the ESR response in the full !d and �x2 spectra
shows a Lorentzian form with two maxima [Fig. 4(c)].

Conclusions.—We have shown that magnetically cou-
pling the spin of an electron confined in a double quantum
dot to a high frequency nanomechanical resonator pro-
duces selective and coherent rotations of the electron
spin. The electron spin state can then be read out from a
QPC measurement using spin blockade. Simultaneously
we have shown that the electron spin acts as a highly
sensitive quantum detector, which allows the maximum
displacement of the resonator, and its natural frequency,
to be detected.
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FIG. 4 (color online). (a) QPC response/occupation of the
j�1; 1�T�i state as a function of the field �z2=g�B. The resolu-
tion of the ESR peak is reduced and broadened by the increas-
ingly strong nuclear field. The range of fields presented here are
hBNi � 0, 1, 5 mT, with the expected hyperfine field in GaAs
being 1 mT. (b) Contour plot of the j�1; 1�T�i state for hBNi �
1 mT. There remains a broadened response when !r � !d,
identifying the natural frequency of the resonator. (c) Again a
contour plot of the j�1; 1�T�i state, but now for hBNi � 0 mT.
There is a double Lorentz structure around !d � !r and !d �
�z2=@. Here, white is maximum [0.42 for (b), 0.5 for (c)], black
is minimum.
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