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Electrical Detection of Coherent Nuclear Spin Oscillations
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We demonstrate the electrical detection of pulsed X-band electron nuclear double resonance (ENDOR)
in phosphorus-doped silicon at 5 K. A pulse sequence analogous to Davies ENDOR in conventional
electron spin resonance is used to measure the nuclear spin transition frequencies of the 3! P nuclear spins,
where the 3! P electron spins are detected electrically via spin-dependent transitions through Si/SiO,
interface states, thus not relying on a polarization of the electron spin system. In addition, the electrical
detection of coherent nuclear spin oscillations is shown, demonstrating the feasibility to electrically read

out the spin states of possible nuclear spin qubits.
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Control and readout of electron spin states in solids are
well established down to the single spin level [1,2]. In
contrast, the readout of nuclear spin states has mostly
been limited to optical techniques [3,4]. However, for
nanostructures not exhibiting luminescence, an electrical
readout scheme is advantageous. Electrical detection of
nuclear magnetic resonance has been performed on, e.g.,
two-dimensional electron gases, identifying the origin of
the Overhauser field [5], and the electrical readout of
nuclear spin states has been achieved for this system [6].
In phosphorus-doped silicon, McCamey et al. [7] have
recently demonstrated the electrical readout of nuclear
spins at 8.6 T. While both these studies employ highly
polarized electron spin systems for the readout [6-9], we
make use of a spin-dependent recombination process via
Si/Si0, interface states [10]; this approach does not rely
on a polarization of the electron spin system and thus
works under experimental conditions where the thermal
energy is much larger than the electron Zeeman splitting
[11]. We here demonstrate the electrical detection of co-
herent nuclear spin oscillations in phosphorus-doped sili-
con using pulsed electrically detected electron nuclear
double resonance (EDENDOR) at 0.3 T using X-band
frequencies (10 GHz). Outside the framework of quantum
computation, pulsed EDENDOR could become a valuable
spectroscopic tool for the characterization of point defects
in semiconductors combining the high sensitivity of
continuous-wave EDENDOR [12] with the reduction of
the dynamic complexity of the coupled electron and nu-
clear spin systems via pulsed spectroscopy [13].

The principle of pulsed EDENDOR is depicted in Fig. 1.
For the 3! P donor in silicon to be investigated, its electron
spin *'P, (S = 1/2), its nuclear spin *'P, (I = 1/2), and
their hyperfine coupling give rise to a four-level system.
For the electrical readout we use a spin-to-charge conver-
sion mechanism based on a spin-dependent recombination
involving the 3!'P donor electron and the P, center

0031-9007/11/106(18)/187601(4)

187601-1

PACS numbers: 76.70.Dx, 03.67.—a, 71.55.Cn, 76.30.—v

(S = 1/2) at the Si/SiO, interface [10]. Accounting for
the two orientations of the P, spin, we sketch the eight
different states for the three involved spins in panel (i),
indicating the occupation of the different states by the gray
bars. Because of the Pauli principle, spin pairs with anti-
parallel spins recombine while the pairs with parallel ori-
entation are long lived. Therefore, in the steady state only
levels associated with parallel orientations of 3'P, — P,
pairs are occupied [11] with a probability of 1/4 each.
We neglect the polarization of the spin system at first.
The presented pulsed EDENDOR experiments are based
on the Davies pulse sequence for conventional pulsed
electron nuclear double resonance (ENDOR) [14]. At first,
we describe the EDENDOR experiments assuming that no
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FIG. 1 (color online). The basic pulse sequence of the electri-
cally detected Davies ENDOR consists of a preparation
microwave 7 pulse, an 1f pulse of length 7),, and a mw detection
7 pulse after a waiting time ¢#,, [3]. The evolution of the spin
state populations for this sequence is depicted in the panels. The
donor electron spin (*'P,), its nuclear spin (°'P,), and the
electron spin of the Si/Si0, interface state (P,) are symbolized
by the three arrows in the ket as shown in the legend.
The populations of the spin states are indicated by gray boxes.
The fraction of antiparallel electron spin pairs at the end
of the pulse sequence is given by [ap]. We replace the final
mw 7 pulse by a spin echo sequence as discussed in the text.
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recombination occurs on the time scale of the pulse se-
quence. The preparation microwave (mw) 77 pulse inverts
the populations of the levels associated with one of the two
3P, hyperfine transitions (i). Subsequently, a radiofre-
quency (1f) 7 pulse inverts the populations on one of the
31 P, hyperfine transitions (ii). Since the signal observed in
pulsed electrically detected magnetic resonance is propor-
tional to the fraction [ap] of 3! P,-P,, pairs with antipar-
allel spins at the end of the pulse sequence [15], a detection
mw 7 pulse is applied to electrically readout the nuclear
spin state (iii). At the end of this pulse sequence, we expect
an antiparallel spin fraction of [ap] = 1/2 when an rf
7 pulse has been applied (iv) whereas [ap] = 0 without
an rf pulse or with an rf pulse far off resonance (iv)*. In
contrast to conventional ENDOR, where the ENDOR in-
tensity is limited by the polarization of the electron spin
ensemble, the EDENDOR intensity is given by [ap], which
can be significantly larger.

For the measurements of EDENDOR, we used a sample
consisting of a 22 nm-thick Si layer with a nominal P
concentration of 9 X 10'® cm™3 grown by chemical vapor
deposition on a 2.5 pm thick, nominally undoped Si buffer
on a silicon-on-insulator substrate. The doped epilayer
ensures dominant 3! P,-P,, recombination [10] while the
buried oxide reduces the current flow through the substrate
not generating spin-dependent signals. The epilayer is
covered with a native oxide. Interdigit Cr/Au contacts
with a periodicity of 20 uwm defining an active area of
2 X 2.25 mm?> were evaporated for photoconductivity
measurements. The sample was mounted with the silicon
[110] axis parallel to the static magnetic field, illumi-
nated with white light from a tungsten lamp at
~ 100 mW/cm?, and biased with 100 mV resulting
in a current of = 60 pwA. The device forms a metal-
semiconductor-metal photodetector and the bias point is
chosen in the linear part of the /-V curve to give the best
signal-to-noise ratio. All experiments were performed
at = 5 K in a BRUKER dielectric microwave resonator
for pulsed X-band ENDOR. The microwave-pulse power
was adjusted such that the 7r-pulse length was 30 ns,
corresponding to a microwave B, field of 0.6 mT. The
current transients after the pulse sequence were recorded
by measuring the voltage drop over a 1.6 k{) resistor
placed at room temperature in series with the sample.
The resulting voltage transients were filtered, amplified,
and recorded with a digitizer card. The recorded transients
are boxcar integrated [16], resulting in a charge A Q that is
proportional to the antiparallel spin pair fraction [ap] at the
end of the microwave-pulse sequence [15]. The pulse
sequence used is shown on the top of Fig. 1. To reduce
the background resulting from nonresonant photocurrent
transients [17], we replace the final detection mw 7 pulse
by a detection echo sequence [3,18]; by applying a two-
step phase cycle [19] to the last microwave 77/2 pulse
(indicated in Fig. 1 by *x), the detection echo sequence
forms an effective 27 pulse for ( + x) and an effective
7 pulse for ( — x) since a phase change of 180° results in a

reversed sense of rotation of the spin states on the Bloch
sphere. By changing the phase for every shot and
subtracting consecutive traces, only resonant changes in
the photocurrent are detected. At a shot-repetition time of
800 ws, which allows the electron spin system to relax to
its steady state [18,20], this constitutes a lock-in detection
scheme with square-wave modulation at = 660 Hz reduc-
ing the noise level in our measurements by at least a factor
of 10. To record an EDENDOR spectrum with a signal-to-
noise ratio as shown in Fig. 2, the measurement time is
typically several hours.

In a first experiment, we demonstrate that pulsed
EDENDOR can be used as a spectroscopic method. To
this end, we keep the length of the rf pulse fixed at
T,=10 us while sweeping the rf frequency.
Throughout this work, the detection echo sequence with
equal evolution times of 100 ns is applied after waiting for
t, =2 us, cf. Fig. 1. Figure 2(a) shows the integrated
current transient AQ as a function of the rf frequency fy¢
for two different magnetic fields, chosen such that the
microwave pulses are resonant with the high-field
hyperfine-split 3! P, resonance (upper trace) and with the
P, centers at g = 2.0042 (lower trace) [21]. Both traces
show strong variations as a function of the rf frequency,
which we attribute to nonresonant effects caused by
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FIG. 2 (color online). (a) Integrated current transient AQ after
the Davies EDENDOR pulse sequence with 7}, = 10 us as a
function of the rf frequency. When the mw pulses are in
resonance with the 3! P, high-field hyperfine line (upper trace)
two peaks can be observed at f; = 52.25 MHz and f; =
65.08 MHz. These peaks do not appear in the lower trace where
the mw pulses are in resonance with the P, spins. More detailed
frequency scans of the two peaks are shown in panels (b) and (c),
where the nonresonant background has been subtracted.
AQgnpor denotes the peak amplitude.
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overloading of the voltage amplifier due to the voltage
transients induced by the strong rf pulse. Since for non-
resonant rf pulses the antiparallel spin content is the same
for microwave pulses resonant with the 3' P, and with the
P, spins, a comparison of the two traces allows us to
identify the 3'P, transitions at frequencies of f; =
52.25 = 0.02 MHz and f, = 65.08 = 0.02 MHz. More
detailed frequency scans of the two peaks are shown in
panels (b) and (c) where the P, trace was subtracted from
the 3P, trace to remove the nonresonant background
signal. The measured nuclear transition frequencies are
in good agreement with the expected frequencies of
52.34 and 65.19 MHz for the hyperfine interaction of
117.53 MHz between 3! P, and *' P, and the 3! P, nuclear
Larmor frequency of 6.076 MHz [22,23]. The slightly
smaller value of the measured frequencies could be attrib-
uted to small deviations of the hyperfine interaction at the
surface from the bulk value due to local strain in the thin-
film silicon sample [24]. To exclude spurious effects of the
intense rf pulse (e.g., bolometric), we repeated the same
measurement without the preparation mw--pulse. As ex-
pected, no peaks at the nuclear transition frequencies were
observed [16].

To demonstrate the electrical readout of coherent nu-
clear spin oscillations, we measured the amplitude of the
EDENDOR signal as a function of the rf pulse length 7', in
a second experiment. To this end, we recorded rf frequency
sweeps as those in Fig. 2(b) for different 7', and fitted the
peaks with Lorentzians. In Fig. 3, we show their ampli-
tudes AQgnpor as a function of T, revealing a damped
oscillation. We attribute this oscillation to the coherent
driving of the 3! P nuclear spins. To corroborate this inter-
pretation, we measured the oscillation period Ty, esti-
mated from the position of the first maximum of the
oscillation, for different rf power levels P, resulting in a
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FIG. 3 (color online). Amplitude of the EDENDOR peak
AQgpnpor at 52.25 MHz as a function of the rf pulse length
T,. The oscillation shows the coherent driving of nuclear spin
motion which is damped on the time scale of the recombination
of the 3! P,-P,, spin pairs. The Rabi frequency, estimated from
the position of the first maximum of the oscillation, scales
linearly with the square root of the rf power, as shown in the
inset.

linear increase of the Rabi frequency 1/Tg,,; with the rf
B, field (B, « /P;) as shown in the inset of Fig. 3.
For longer T, the oscillation period seems to increase,
which might be related to the different time scales of the
recombination processes occurring during the rf pulse. To
compare the measured EDENDOR amplitude A Qrnpor
with the theoretically expected maximum value [ap] =
1/2 from the considerations depicted in Fig. 1, we take
the amplitude A Q. of the detection echo sequence (— x)
defined above without preceding mw and rf pulses under
the same experimental conditions as a measure for the
maximum experimentally achievable value of [ap].
We define the EDENDOR contrast as A Qenpor/ A Qechos
resulting in a contrast of 0.07 at 7, = 10 us.

The evolution of the spin system during the Davies
EDENDOR sequence deviates in several aspects from
the ideal situation discussed above. These are primarily
the recombination that occurs during the rf pulse and the
polarization and relaxation of the electron and nuclear
spins. A full simulation of the experimentally observed
data will require incorporation of these dynamic effects,
e.g., in a system of combined rate equations [15]. To gain a
first physical picture, we here separately discuss the effects
of the recombination time 7,, characteristic for antipara-
llel electron spin pairs, of the recombination time 7,
characteristic for the parallel spin pairs, and of the polar-
ization of the nuclear spin system. To independently
quantify the recombination time 7,,, we performed an
inversion-recovery type of experiment [20]. The observed
decay can be described with a stretched exponential
o exp( — (t/7y)") with 7,, =7 us, and n =~ 0.5, where
T,p Can be varied by several ws by changing the illumina-
tion intensity. (The recombination time 7, is not readily
accessible; we assume that it is much longer than Tap due to
the weak spin-orbit coupling in Si and that it is shorter than
the shot repetition time used.) Thus, after an rf pulse with a
length of T}, = 10 us, we expect an EDENDOR ampli-
tude of 0.3 - AQ..po- In addition, the finite excitation band-
width of the rf pulse only excites about a fraction of 0.3
of the nuclear spin resonance line with a FHWM of
0.24 MHz. This reduces the expected EDENDOR contrast
to = 0.1, which agrees well with the observed EDENDOR
contrast despite the crude approximations involved.

As Fig. 3 demonstrates, even for times 7, much longer
than 7,, we observe an EDENDOR oscillation amplitude.
This could at least be qualitatively explained considering
the different recombination time scales of parallel and
antiparallel spin pairs [16]. Following these considerations
and assuming that 7, > Taps the nuclear spin oscillations
are expected to persist for rf pulse lengths 7, > T, > 7,
making 7, experimentally accessible by EDENDOR. In
analogy to conventional Davies ENDOR [14], the ideal
EDENDOR pulse sequence transfers the electron spin
polarization to the nuclei. This transfer of polarization
allows us to read out the nuclear spin state after waiting
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times t,, much larger than the recombination times, limited
only by T,. Indeed, we observe an EDENDOR signal for
t,, >4 ms with an EDENDOR contrast of 0.01 using a
shot-repetition time of 15 ms. This would allow us to
measure 7, for donors close to the Si/SiO, interface by
recording the EDENDOR contrast as a function of ¢,,.

In conclusion, we have demonstrated the electrical de-
tection of coherent nuclear spin oscillations with pulsed
EDENDOR employing Si:P as a model system. Recently,
an electrically readable nuclear spin memory with a
storage time of 112 s has been demonstrated in Si:P at
high magnetic fields (= 8 T) using highly polarized elec-
trons [7]. In contrast to this approach, we employ a spin-
dependent recombination process via Si/SiO, interface
states enabling the nuclear spin readout without making
use of a polarization of the electron spin system. During the
readout process, the electron is removed from the donor,
which drastically changes the Hamiltonian describing the
spin system. It would be interesting to study the effects of
removing and repopulating the electron on the nuclear spin
state in detail, e.g., with respect to the relaxation and
decoherence of the nuclear spin system. Furthermore,
pulsed EDENDOR could give access to the recombination
time of parallel spin pairs that has hitherto eluded unam-
biguous experimental determination as well as the nuclear
relaxation time for donors close to the Si/SiO, interface.
The high sensitivity of the electrical detection of magnetic
resonance and the widespread availability of X-band
spectrometers makes the presented approach to pulsed
EDENDOR an attractive spectroscopic method for the
characterization of defects in semiconductor nanostruc-
tures. Hereby, hyperfine and superhyperfine interactions
can be investigated, which allow us to obtain quantitative
information about the electron wave function and the
specific environment around the defect. Since it does not
rely on polarization of the spin system, this approach could
also be particularly attractive for room-temperature
EDENDOR spectroscopy, e.g., of endohedral fullerenes
such as N@C60 [25].
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