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A Scheme for Electrical Detection of Single-Electron Spin Resonance
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We study a scheme for electrical detection of the spin resonance of a single-electron trapped near a
field effect transistor (FET) conduction channel. In this scheme, the resonant Rabi oscillations of the
trapped electron spin cause a modification of the average charge of a shallow trap, which can be
detected through the change in the FET channel resistivity. We show that the dependence of the channel
resistivity on the frequency of the rf field can have either peak or dip at the Larmor frequency of the
electron spin in the trap.
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FIG. 1 (color online). Model setup for a spinless trap. The trap
single-electron energy level is spin split by the external mag-
netic field B0. The trap is coupled by the tunneling transitions
to a conducting channel. The inset shows energy diagrams
corresponding to three possible positioning of the chemical
potential in the channel relative to the spin levels in the trap.
matically shown in Figs. 1 and 2. They correspond to the
spinless and spinful ‘‘empty’’ states of the electron trap

Only in case (b) is ESR-induced tunneling in and out of the
trap possible.
There has been a lot of interest recently in a few and
single electron spin detection and measurement. The mo-
tivation comes primarily from quantum computing,
where ability to manipulate and to measure single spin
is the basis for several architecture proposals [1–3]. There
is also significant interest in the study of local electronic
environment, e.g., by means of local electron spin reso-
nance. Such information would be valuable both for the
conventional semiconductor industry, which has to deal
with continuously decreasing feature sizes, as well as
such novel research directions as spintronics where the
utilization of electronic spin degrees of freedom may lead
to conceptually new devices [4].

The main difficulty of a few spin detection and mea-
surement lies in the inherent weakness of magnetic inter-
action, making direct measurement of a small number of
spins challenging. Current state-of-the-art direct detec-
tion techniques, e.g., magnetic resonance force micros-
copy [5], have only recently achieved the sensitivity of
about 100 fully polarized electron spins [6]. Unlike single
spin effects, single-electron charge signals are much eas-
ier to measure. For instance, it is well established that the
events of capture and release of electron by a single trap
near conducting channel in a field effect transistor (FET)
can be measured as a random telegraph signal (RTS) in
the channel resistivity [7,8]. Here we study a setup in
which single-electron spin resonance can be detected
through its influence on RTS. The effect appears both as
the change of the time-average resistivity as well as in the
ratio of filled to empty trap lifetimes. This setup is moti-
vated by the recent experiments of Xiao and Jiang [9],
where they analyze changes in the statistics of RTS jumps
as a manifestation of the electron spin resonance. A
related scheme for electrical spin resonance (ESR) detec-
tion by measuring current through a semiconductor quan-
tum dot was recently proposed by Engel and Loss [10].

There is a variety of traps that can occur in real
systems. Here we consider two representative cases sche-
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near the FET channel. The conduction channel chemical
potential � can be varied with a gate. The single-electron
levels in the trap are split by the external magnetic field
B0, ��1=2 � �1=2 � g�BB0, where g is the electron g
factor in the trap and �B is the Bohr magneton. There is
an oscillating magnetic field Brf�t�, applied perpendicular
to the field B0 that couples the spin-split single-electron
levels. The trap can accommodate up to two electrons and
is coupled to the FET channel by tunneling. The main
difference between the two cases, Figs. 1 and 2, is that in
the presence of near-resonant rf field, the average electron
occupancy of the spinless trap decreases, while for the
spinful trap it increases. The change in the average occu-
pancy of the trap modifies the average FET channel
resistivity. The filling of the trap can cause both increase
and decrease of the channel resistivity, depending on the
initial charge state of the trap. Hence, there are four
2003 The American Physical Society 018301-1



 

 

 

 

 
  

FIG. 2 (color online). Model setup for a trap with spin.
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distinct combinations of the spin and charge states of the
trap that lead to either enhancement or reduction of the
FET channel resistivity at the resonance (Fig. 3).

Both spinless and spinful trap cases (Figs. 1 and 2) can
be modeled with the Anderson Hamiltonian
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In Eq. (1) ns � cys cs, where cys �cs� creates (annihilates) an
electron with spin s � �1=2 in the trap at the level �s.
The second term in Eq. (1) represents Coulomb charging
energy. cyqs�cqs� are creation (annihilation) operators for
the electrons in the channel. The fourth term describes
tunneling transitions between the trap and the conduction
channel. The tunneling amplitude can be obtained from
the parameters of the barrier using Bardeen’s formula
[11], or directly from the experiment. The last term in
Eq. (1), Hrf�t�, is the coupling between the spin states in
the trap produced by the rf field. If the rf frequency is
close to that of Zeeman splitting in the trap, theHrf�t� can
be written in the rotating wave approximation as
FIG. 3. Resonant structure is the FET channel resistivity as a
function of applied static magnetic field for a positively charged
trap. The left panel corresponds to a spinless empty state of
the trap, and the right panel to spinful empty state. For a neutral
trap �e < �f. The linewidth and the feature size are shown
for !R � �; T�1

2 .
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Hrf�t� �
!R

2
�cy1=2c�1=2ei!rf t � cy

�1=2c1=2e
�i!rf t�; (2)

where !R � g�BBrf=�2 �h� is the Rabi frequency, and !rf

is the frequency of the oscillating ESR magnetic field. It is
assumed that electrons in the conducting channel have a g
factor different from the electronic g factor in the trap,
e.g., due to Rashba or lattice induced spin-orbit coupling.
As a result, the influence of the rf field on the electronic
states in the channel is ‘‘off-resonance’’ and therefore is
neglected in Eq. (2).

As mentioned earlier, even for the simple Anderson
model of the trap, there are four distinct possibilities that
correspond to different spin and charge empty states of
the trap. For concreteness, we consider here two cases:
(1) spinless positive trap, and (2) a neutral trap with spin.
As we will see, both produce a peak in channel resistivity
under the ESR resonance conditions. The other two cases
yield a dip.

Positive spinless trap.—The positively charged trap,
e.g., a donor impurity, can significantly influence the
resistivity of the FET channel. Indeed, when the trap is
empty it is charged and therefore acts as a point Coulomb
scatterer for the electrons in the channel. On the other
hand, when the trap is filled, it is neutral, thus having
relatively little effect on the channel resistivity [12]. The
average (dc) resistivity of the channel can be written as

� � �e�0 � �f�1� �0�; (3)

where �e and �f are channel resistivities with the single-
electron trap empty and filled, respectively, (�e > �f),
and �0 is the probability for the trap to be empty
(throughout the paper, � denotes density matrix, not to
be mistaken for conductivity). We will now demonstrate
that due to the coherent effects in tunneling in and out of
the trap induced by the rf magnetic field, the resistivity of
the channel � as a function of magnetic field develops a
peak at B0 � �h!rf=�g�B�.

The inset of Fig. 1 shows three possible positions of the
chemical potential with respect to the spin levels in the
trap. In cases 1(a) and 1(c), where chemical potential lies
below and above the two spin levels in the trap, tunneling
into and out of the trap is prohibited. As a result, the
electron occupation number for the trap is independent of
the magnetic field at sufficiently low temperatures (for
kBT smaller than the separation between the chemical
potential and the nearest spin level in the trap); i.e., the
trap is never occupied in case 1(a) and is always occupied
in case 1(c). On the other hand, if the chemical potential
is between the two spin levels of the trap, case 1(b) in
the inset, the resonant tunneling into and out of the trap
is possible. That is, an electron with spin ‘‘up’’ in the
channel can tunnel into the lowest Zeeman level in
the trap, get transmitted into the upper Zeeman level by
the rf field and consequently tunnel out of the trap into the
unoccupied levels in the channel. This mechanism is
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shown schematically in Fig. 1. As a result, electronic
occupation number in the trap becomes strongly modu-
lated by the spin dynamics of the trap and therefore is
strongly dependent on the magnetic field B0 in the vicinity
of the spin resonance condition.

From the Hamiltonian, Eqs. (1) and (2), one can derive
quantum rate equations for the electronic occupation
numbers in the trap. Similar calculations have been car-
ried out for a system of two coupled quantum dots in
contact with the Fermi liquid reservoirs [13]. Omitting
technical details we quote the results of the calculations.
We define density matrix for the electronic states in the
trap by introducing density matrix elements �"" and �##,
which describe probabilities for the electron in the trap to
occupy states with spin up and ‘‘down,’’ respectively. We
also define the off-diagonal element �"# describing coher-
ent superposition of the up and down spin states in the
trap. Together with �0, the probability for the trap to be
unoccupied, these form a set of coupled equations:

_��0 �� �"�0 � �#�##; (4a)

_��"" ��"�0 � i�!R=2��e
i!rf t�"# � e�i!rf t�#"�; (4b)

_��## � � �#�## � i�!R=2��ei!rf t�"# � e�i!rf t�#"�; (4c)

_��"# � � i�E= �h��"# � �#=2�"#

� i�!R=2�e
�i!rf t��"" � �##�: (4d)
In the above equations E � g�BB0, and �"; # �
�2��= �h�T2

q�� � �"; #�, where � is the electronic density
of states in the conducting channel and the tunnel ampli-
tudes Tq are evaluated at energies of up and down spin
states in the trap. We assume that the tunnel amplitudes
vary on energy scale much larger than Zeeman splitting
in the trap. Therefore in what follows we put �" � �# � �,
where ��1 is the lifetime of the resonant level in the trap.
In derivation of Eqs. (4) we have set U � 1.

Equations (4), though derived from the microscopic
Hamiltonian (1), have transparent physical meaning.
For example, in Eq. (4a), the rate of change of �0 is
determined by the loss term—an electron from the con-
duction channel can tunnel into the trap with tunnel rate
�", while an electron in the trap can tunnel back into
the channel with rate �# and generate a hole in the trap —
the gain term in the right-hand side of Eq. (4a). The
diagonal density matrix elements are coupled with the
off-diagonal elements in Eqs. (4b)–(4d) (the last terms
in these equations) due to the rf component of the mag-
netic field that induces transitions between different spin
states in the trap. These terms always appear in standard
Bloch equations for a spin under magnetic resonance
conditions [14].

The rate equations (4) can be solved for a stationary
state, i.e., for t! 1. One finds that �0 � !2

R=
4�E= �h�
!rf�

2 � �2 � 3!2
R� and, using Eq. (3), we obtain
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��B� � �f �
��e � �f�!2

R

4�g�BB0= �h�!rf�
2 � �2 � 3!2

R

: (5)

Thus, the resistivity of the channel has a resonance when
frequency of the rf field matches the Zeeman frequency of
the electron in the trap, corresponding to the condition of
single electron spin magnetic resonance. The width of the

peak is equal to
���������������������
�2 � 3!2

R

q
=2; i.e., it is determined by

both the amplitude of the rf field and by the lifetime of
the electron in the trap. When !R � �, the height of the
peak reaches its maximum ��e � �f�=3 (relative to �f,
the value of resistivity away from the resonance).

Neutral trap with spin.—A peak in the FET channel
resistivity can also be generated by a neutral trap with
spin. Consider a situation shown in Fig. 2. Here the empty
trap contains an electron that can occupy up or down spin
states (with energies �1=2 � ���1=2). In addition, the trap
can be occupied by two electrons with the total energyU.
The chemical potential now lies in the vicinity of the
two-electron state of the trap. This corresponds to the
case (b) in the inset of Fig. 2. Similar to the previous
section, the conversion of the ESR spin dynamics into
changes of the trap occupancy is possible only if the
absolute difference of the chemical potential � in the
channel and the energy level U in the trap is smaller than
half of the Zeeman splitting, i.e., �1=2 <��U < ��1=2.
Then, if the electron in the trap occupies the ��1=2 level,
another electron in the channel with opposite (up) spin
can tunnel into the trap, so that two electrons in the trap
occupy a state with total energy U. Such a process is
energetically allowed, provided �q;1=2 � U� �1=2. Next,
an electron in the trap with spin down can tunnel out of
the trap, thus leaving the remaining electron in the trap in
spin up state. This process is also possible, as long as
�q;�1=2 � U� ��1=2. Thus, the trap effectively relaxes its
spin, creating a particle and a hole in the channel; see
Fig. 2. The spin of the electron in the trap is subsequently
flipped by the rf field, and so the process repeats.

The resistivity of the channel can now be expressed as

� � �f�2 � �e�1� �2�; (6)

where �e and �f are resistivities of the trap containing
one and two electrons, respectively (�f > �e), and �2 is
the probability for the trap to be occupied by two elec-
trons. Again, from the Hamiltonian (1) we derive the rate
equations for the trap

_��2 �� �0
#�2 � �0

"�## ; (7a)

_��"" ��0
#�2 � i�!R=2��e

i!rf t�"# � e�i!rf t�#"� ; (7b)

_��## � � �0
"�## � i�!R=2��e

i!rf t�"# � e�i!rf t�#"� ; (7c)

_��"# � � i�E= �h��"# � �0
"=2�"#

� i�!R=2�e�i!rf t��"" � �##� : (7d)

In Eqs. (7) �’s are defined above, while the tunnel
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rates �0
"; # � �2��= �h�T2

q�� � �"; # �U�. Assuming �0
" �

�0
# � �0, Eqs. (7) can be solved for a stationary state.

Then, substituting thus obtained �2 into Eq. (6), we
find an expression for the resistivity similar to Eq. (5),
but with �e and �f interchanged and � replaced by �0.
Thus, the resistivity of the channel as a function of
magnetic field B again has a peak centered at �h!rf=�g�B�.

Effects of spin relaxation.—Effects of environment,
such as phonons, nuclear spins, etc., can be taken into
account by introducing additional relaxation rate, 1=T0

2 in
the equations for the off-diagonal elements of the spin
(here we neglect the longitudinal spin relaxation, i.e.,
T1 � T0

2;�). Note that the noise spectra that induce
1=T0

2 must be taken at the Rabi, and not zero, frequency
[14]. Thus, replacing rates �#=2 and �0

"=2 in Eqs. (4d) and
(7d) by D � �#=2� 1=T0

2 and D0 � �0
"=2� 1=T0

2, and
repeating the above algebra, we obtain the resistivity of
the channel in the presence of externally induced spin
dephasing

��B� � �f �
��e � �f�!

2
R

�g�BB0= �h�!rf�
2�2�=D� � 2�D� 3!2

R

;

(8)

for the positively charged trap, while ��B� for the neutral
trap is obtained by replacing � and D in the above
equation by �0 and D0. Equation (8) shows that the height
of the peak in the resistivity decreases due to the
suppression of the spin coherence by the externally in-
duced dephasing; e.g., for 1=T0

2 � �, the peak width

is �1=T0
2�

�����������������������������������
1� 3!2

RT
0
2=�2��

q
, and the peak height is 1=
3�

2�=�!2
RT

0
2��.

Rabi oscillations of a single-electron trap.—The elec-
trical detection of Rabi oscillations from a single trap can
also be performed under the conditions described above.
Rabi oscillations correspond to the coherent weight trans-
fer between the states of a two level system. Therefore, in
the case of the spinless trap at the ESR resonance, the
probability to tunnel out of the trap between times t and
t� dt after the trapping, dP�t� � �e��tdt�1� cos!Rt�,
is periodically modulated at the Rabi frequency (here we
assumed that there is no extrinsic dephasing, 1=T0

2 � 0).
Since the current between the trapping and escape events
remains constant, the current power spectrum can be
easily calculated as

hjI!j2i /
1

!2

�
2�

�2

�2 � �!�!R�
2

�
; (15)

for !� �. In case the externally induced dephasing
dominates, in the above expression � should be replaced
by 1=T0

2.
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In summary, we proposed a mechanism for electrical
detection of electron spin resonance from a single elec-
tron trapped near the conducting channel of a field effect
transistor. The dc effect is based on the modification of
the average trap occupancy caused by the resonant ex-
citation of the trap. Depending on the charge and spin
properties of the empty trap, at the resonance, the channel
resistivity can both increase and decrease, an effect that
can be used for trap diagnostics.We also propose a scheme
for the Rabi oscillation detection in the same system. The
magnetic resonance measurement technique described
here can in principle be generalized to pulsed ESR, and
hence be applied to qubit readout in a quantum computer
based on an array of coupled single-electron traps [2].
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