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All-Electrical Readout of Coherently Controlled Spins in Silicon Carbide
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Spin defects in silicon carbide are promising candidates for quantum sensing applications as they exhibit
long coherence times even at room temperature. However, spin readout methods that rely on fluorescence
detection can be challenging due to poor photon collection efficiency. Here, we demonstrate coherent spin
control and all-electrical readout of a small ensemble of spins in a SiC junction diode using pulsed
electrically detected magnetic resonance. A lock-in detection scheme based on a three stage modulation
cycle is implemented, significantly enhancing the signal-to-noise ratio. This technique enabled observation
of coherent spin dynamics, specifically Rabi spin nutation, spin dephasing, and spin decoherence. The use
of these protocols for magnetometry applications is evaluated.
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Silicon carbide (SiC) is a wide band gap semiconductor
host to a broad variety of spin defects that may be employed
for applications in quantum sensing and computation.
Typical methods to address spin defects, such as the
negatively charged silicon vacancy (V§;) [1,2] and the
divacancy (V,) [3,4], employ optical excitation and fluo-
rescence detection for spin state preparation and readout.
However, this can be challenging due to the high refractive
index of SiC, resulting in poor photon collection efficiency.
Furthermore, many of these spin defects exhibit relatively
low photoluminescence emission count rates, requiring
integration into photonic structures [5,6] at the expense
of additional fabrication processes.

More recently, a hybrid optical excitation and electrical
readout approach has been successfully applied to V§; in
SiC to circumvent issues associated with optical detection
[7]. This may ultimately enable better integration with
supporting detection electronics, reducing size, weight, and
power metrics for future devices. This electrical readout
approach relies on a spin-dependent photoionization
mechanism which was first applied to the nitrogen-vacancy
(N-V) center in diamond [8,9].

Spin readout using electrically detected magnetic reso-
nance (EDMR) is another well-established method for SiC
defect characterization [10-16] and also for possible appli-
cations in quantum magnetometry [17,18]. However, only
incoherent readout of large defect ensembles has been
achieved so far. EDMR typically relies on the spin-depen-
dent recombination (SDR) mechanism in which the device is
biased into a regime where trap-assisted recombination
dominates the measured current. Spin readout is then
measured as a decrease in the device conductivity in
resonance [19].
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To further enhance magnetic-field sensing capabilities,
more complex Ramsey and Hahn-echo pulse protocols
might be considered for dc and ac magnetometry, respec-
tively. In this case, the ability to coherently drive and read
out the spin dynamics over time is crucial. This has not yet
been achieved electrically in SiC, presumably due to the
technical challenges associated with applying high power
radio-frequency (rf) pulses to a fully fabricated device with
metallic contacts, resulting in strong low-frequency noise
and large nonresonant background current transients [20].

Here, we overcome these challenges to demonstrate all-
electrical coherent spin control and readout of a small
ensemble of spins in a SiC n™ p diode using pulsed EDMR
(pEDMR) at room temperature. To successfully perform
coherent spin control and readout, a multistage lock-in
modulation protocol is developed. We then demonstrate
this protocol by performing Rabi, Ramsey, and Hahn-echo
measurements, revealing an average spin dephasing time of
T3 =945+ 143 ns, and transverse spin decoherence
time of 7, = 1.56 = 0.19 ps, respectively, at room temper-
ature. These relatively long time constants suggest that SiC
is a promising platform on which to implement dc and ac
quantum sensing protocols.

A 6H-SiC n'-p junction diode was used in this work.
Further details on the fabrication can be found in [17]. The
defects investigated in this work are formed during fab-
rication. Measurements were performed on a custom-built
low-field pPEDMR spectrometer. A simplified schematic is
shown in Fig. 1(a). The multistage lock-in detection
protocol employed is shown in Fig. 1(b). First, the n*-p
junction bias is switched between two voltages, turning the
recombination current on and off. These voltages are

© 2024 American Physical Society


https://orcid.org/0000-0001-6432-4520
https://orcid.org/0000-0001-6057-5314
https://orcid.org/0000-0002-7850-3164
https://orcid.org/0000-0002-6692-7728
https://orcid.org/0000-0002-2174-4178
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.146902&domain=pdf&date_stamp=2024-04-04
https://doi.org/10.1103/PhysRevLett.132.146902
https://doi.org/10.1103/PhysRevLett.132.146902
https://doi.org/10.1103/PhysRevLett.132.146902
https://doi.org/10.1103/PhysRevLett.132.146902

PHYSICAL REVIEW LETTERS 132, 146902 (2024)

(a) TIA

PulseBlaster DUT LIA
14 I
e .L_' N ™ ADC
pcB |l
ant
an
(b) Amplitude modulation (lock-in)
Off res I On res ‘

Magnetic field

Lock-in envelope ,—_\——\—
rf pulse train ﬂﬂ_ﬂﬂﬂ.ﬂﬂﬂjm_

SDR on SDR off
Al A z
2l 1™ J2 21"

c .
©
;3 /11/%7\69
8 -2 © Data 66\‘
o — Gaussian 1 h
SO S N
el | ¢
-4 6 8 10 12
By (mT)
FIG. 1. (a) Schematic of the main experimental components. A

description of all components is provided in the text. (b) Illus-
tration of the amplitude modulated lock-in detection scheme for
the Hahn-echo pulse sequence. (c) pEDMR spectra of the SiC
diode averaged over 750 scans. A fit to the resonance signal is
best described by two Gaussians corresponding to the spin
manipulation of each individual spin within the spin pair, as
depicted in the inset.

VON = —-2.25V and VOFF =-1.50 V. During the VOFF
component of the sequence, a rf pulse sequence is applied
to induce spin rotations after a fixed constant delay of
800 ns. The example shown in Fig. 1(b) is that of a Hahn-
echo pulse sequence. Once the bias is switched back to
Von, the transient current containing spin-dependent infor-
mation is read out over a fixed time interval of
At =t, —t; = 10 ps. This time interval was optimized
to give the strongest spin-dependent integrated charge
signal (i.e., AQ = 1/q fff Aldt). The sequence is repeated
over N repetitions and encoded inside a low-frequency
lock-in amplifier (LIA) envelope at f.,q = 178.57 Hz,
within the bandwidth of the transimpedance amplifier
(TIA). This amplitude modulates the rf pulse train.
Synchronicity across all test instruments is maintained
using a PulseBlaster programmable TTL pulse generator.
For pulse sequences employing multiple rf pulses, such
as the Hahn-echo pulse sequence depicted in Fig. 1(b), the
final z/2 spin projection pulse is alternated between /2
and 37/2 pulses. To remove the effects of varying overall rf

pulse widths, the entire sequence is repeated off resonance
by alternating the background magnetic field [7]. The final
spin signal is obtained by subtracting the on-resonance
(Bies = 9.31 mT) from the off-resonance (B, = 3.22 mT)
signal and subtracting the 37 /2 signal from the z/2 signal.

Figure 1(c) shows the pPEDMR spectrum of the SiC n™-p
junction diode. The spectrum was constructed after averag-
ing over 750 magnetic field sweeps using a rf pulse duration,
frequency, and power of 7, = 60 ns, f =263 MHz and
P =25 W, respectively. The peak amplitude corresponds
to approximately AQ = 3615 charges, while the noise floor
for this particular measurement corresponds to a detect-
ability limit of approximately 13 spins.

The resonance peak can be fitted with two Gaussians. In
the SDR mechanism prior to electron-hole pair recombi-
nation, an intermediate electrostatically bound spin pair
forms between a conduction band electron and a spin
defect, which exists in one of four energy eigenstates [19].
Following a resonant rf pulse, either spin in the spin pair
coherently precesses in the B; excitation field, altering the
permutation symmetry of the spin pair [inset of Fig. 1(c)].
This is electrically read out as a change in the device
conductivity, which is proportional to a change in the
recombination rates [21]. These individual spins experience
a slightly different hyperfine interaction with the surround-
ing nuclear spin bath from its spin partner, resulting in
different linewidths [22].

Coherent control of the spin pairs can now be achieved
by performing Rabi oscillation measurements and mon-
itoring the integrated charge as a function of increasing
resonant rf pulse duration 7, [Fig. 2(a)]. A complex
oscillatory behavior is observed and is well described
by 23],

AQ(Tp) = [AQ1T(K17/BITP)
+ AQZT(KZYBITp)]e_r”/T;,Rabi’ (1)

where T(a) is the transient function given by T(a) =
m | Jo(2x) dx, with J, the Bessel function of the first kind
[21,24]. The turning angle & = kyB; 7, is dependent on the
Rabi frequency Q = yB,. The ratio k,/k, is related to the
spin multiplicity and has a value of 2 according to the fit,
suggesting that the spin pair is weakly coupled.

As illustrated in the inset of Fig. 2(a), the transient
function oscillating at Q describes the case where only one
electron spin in the spin pair is excited. On the other hand,
the transient function oscillating at 2€ describes both spins
oscillating simultaneously when the applied B; field
strength is greater than the Larmor separation between
the two spins, leading to a beating oscillation.

The complex oscillatory behavior is sustained over four
cycles in Fig. 2(a) and is heavily dampened by an
exponential decay characterized by a spin dephasing time,
T3 gapi = 263 £ 13 ns, determined from the fit to the
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FIG. 2. (a) Electrically detected Rabi oscillations for
P =50 W. The pulse sequence is shown above (a). A fit to
the data using Eq. (1) (red curve) highlights spin beating at the
fundamental and harmonic frequencies. The deconvoluted
frequencies are plotted separately with a y-axis offset for clarity
and its corresponding spin-pair mechanism is depicted. (b) The
fundamental and beating frequency as a function of B;. (c) Ratio
between Sq, and Sq; as a function of B;. A linear dependence
and the low ratio below unity suggests a weakly exchanged
coupled spin pair.

experimental data using Eq. (1). This defines the duration
over which the singlet-triplet spin transitions in the spin-
pair ensemble can be driven before it dephases into mixed
states due to the B; field inhomogeneity over the device
under test (DUT).

A series of Rabi oscillation measurements were per-
formed under various rf powers and the frequency compo-
nents were determined from fits using Eq. (1), as shown in
Fig. 2(b). Estimates of the B driving field strength for each
rf power considered were obtained from the Rabi frequen-
cies of the fundamental component corresponding to the
spin nutation of a single S = 1/2 spin, following the
expected /Py « B, dependence. Both the fundamental
and harmonic frequency components increase linearly as a
function of the B driving field strength, with the slope of
the beating component twice the slope of the fundamental
component.

The presence of a 2€2 component can arise either from
nonselective excitation of a weakly coupled spin pair in
which the amplitude of the spin-beating component is
dependent on the B; driving field strength, or for a purely
strongly exchanged coupled spin pair with the 22 compo-
nent independent of the B, driving field strength [25]. To
determine which, we plot the ratio between the amplitude
of the 2Q and Q component, Sq,/Sq;, as a function of B} in
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FIG. 3. Normalized integrated charge in response to the

Ramsey pulse sequence indicated above the main figure mea-
sured as a function of 7 at 0.08 mT off resonance. The solid red
line is a fit to the data following Eq. (2) and the fast Fourier
transform (FFT) frequency spectrum is shown in the inset.

Fig. 2(c). The consistently low amplitude ratio below unity
and the linear dependence on B; suggest that the 2Q
component is a result of weakly coupled spin-pair spin
beating [26].

To further demonstrate the applicability of the lock-in
detection scheme, we apply the Ramsey pulse protocol and
characterize the spin dynamics of the ensemble spin-pair
system. Figure 3 shows an example Ramsey fringe measured
slightly detuned off resonance at B, — By = 0.080 =
0.008 mT (~2.25 +0.23 MHz) by varying the free pre-
cession time 7. The pulse sequence is indicated above Fig. 3.
A 7/2 pulse length of 34 ns was determined from Fig. 2.
Here, the normalized signal is based on the measured raw
integrated charge using the z/2 and 3z/2 pulse [i.e.,
AQ norm = (AQ,/ — AQ3,2)/(AQz/2 + AQ3,0)]-

An oscillation in the integrated charge superimposed
with a strong exponential decay envelope is observed and
can be described by [9,27],

N
AQ(T) — Ae(_T/T;FIDyl Z COS(27T5[T + ¢i)’ (2)

i=1

where n is a stretched exponential parameter, §; are the
detuning oscillation frequencies, ¢; are the phase shifts,
and A is a fitting parameter. The stretched exponential
parameter takes on a value between 1 and 2, with the limits
corresponding to a purely Lorentzian and Gaussian reso-
nance line shape, respectively. A fit using Eq. (2) (red curve
in Fig. 3) gives n =2 (Gaussian), and T3y, = 94.5+
14.3 ns. The Fourier transform of the data and the fit are
provided in the inset of Fig. 3, showing two Fourier
components at §; =2.27 +0.16 MHz and 0, = 5.26%+
0.18 MHz. These correspond to 0.081 4+ 0.006 mT and
0.187 £ 0.006 mT in units of magnetic field detuned from
resonance. The first oscillation frequency is consistent with
the slight detuning off resonance used to perform the
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FIG. 4. (a)Raw integrated charge in response to the Hahn-echo
pulse sequence as a function of 7,, with z; = 300 ns for the z/2
(blue symbols) and 37/2 (red symbols) spin projection pulse. The
background offset is also included (black curve). (b) Subtraction
of the raw integrated charge between the two traces obtained from
the /2 and 37/2 spin projection pulse, revealing a Hahn-echo
response (black symbols) following a Gaussian distribution
(black curve). The individual Hahn-echo responses from the
7/2 and 37/2 spin projection pulse after background subtraction
[black curve in (a)] are also shown for comparison. (¢) Spin
decoherence measurement, with the normalized integrated charge
measured as a function of 7; + 7,. The solid red line is a fit to the
data using Eq. (3).

Ramsey measurement, whereas the second oscillation
frequency describes the detuning off resonance for the
second electron in the spin pair, consistent with the
description of a weakly coupled spin pair excited non-
selectively and simultaneously.

Last, the spin decoherence of the spin-pair ensemble
probed is characterized by applying the Hahn-echo pulse
sequence. Figure 4(a) shows the individual raw integrated
charge utilizing a 7/2 (blue symbols) and 37z/2 (red
symbols) spin projection pulse for phase cycling as a
function of 7, with 7; =300 ns. The pulse sequence is
drawn above this plot. A large background offset (black
curve) determined by the average of the two traces is
observed, covering the Hahn-echo signal of interest. The
Hahn-echo signal is recovered when the two traces are
subtracted from one another, as shown in Fig. 4(b) (black
symbols), revealing a negative echo amplitude. For com-
pleteness, the individual Hahn-echo traces after back-
ground offset subtraction are also shown.

By fixing 7; = 7, and varying the total evolution time
71 + 7,, spin decoherence can be characterized. Figure 4(c)
shows the normalized Hahn-echo amplitude as a function
of 71 4 7,. A decay in the normalized Hahn-echo amplitude
is observed following a stretched exponential of the form,

AQ(r) = Aexp(=2¢/T>)", (3)

with 7, = 1.56 £ 0.19 psand n = 0.85 £ 0.11 determined
from the fit. The stretched exponential parameter in a
Hahn-echo measurement describes the homogeneity of the
ensemble spin pair measured, with each spin pair in the
ensemble having its own spin-spin coupling strength and
recombination rate. A value of n = 0.85 & 0.11 suggests a
relatively uniform spin-pair ensemble distribution.

The protocols developed here lend themselves to appli-
cations in quantum magnetometry. The magnetic field
sensitivity using Ramsey and Hahn-echo pulse protocols
is governed by the spin dephasing (Fig. 3) and spin
decoherence (Fig. 4), respectively. The shot-noise-limited
sensitivity based on the Ramsey and Hahn-echo protocols
is described for optical-based measurements in Ref. [28].
This can be generalized to electrical readout by considering
the electrical shot noise instead. Generally, the optimal
Ramsey dc sensitivity is achieved when 7~ T3 up to a
signal frequency of v ~ 1/T7. Similarly, the optimal Hahn-
echo ac sensitivity is achieved when 7 ~ T, exclusively for
magnetic fields oscillating at v ~ 1/T,. Longer T, times
and thus smaller minimum detectable ac magnetic field
may be achieved by implementing the Carr-Purcell-
Meiboom-Gill [29] pulse sequence at the expense of a
reduced bandwidth. The final key factor to achieve prac-
tical magnetometry is the acquisition time of the measure-
ment. At present, signal averaging is essential and this
currently inhibits real-time magnetometry. However, fur-
ther signal optimization could be accomplished through
photocurrent and common mode rejection techniques [17]
or via an increase in the defect density. Optimization of the
device geometry may also aid in more efficient spin
readout.

In summary, we have experimentally demonstrated all-
electrical coherent spin control and readout of an ensemble
of spins in a SiC p-n junction diode using a multistage
lock-in detection scheme for pEDMR. Using the lock-in
detection scheme, the spin properties of the ensemble spin
pair were characterized. Analysis of the Rabi oscillations
revealed the individual electron spins in the spin pair within
the ensemble are weakly coupled to each other, but are
nonselectively driven simultaneously, resulting in the spin
beating at twice the Rabi oscillation frequency. The
Ramsey pulse sequence was then applied to characterize
the spin dephasing time, which was found to be equal to
T3 = 94.5 £ 14.3 ns. Last, the spin decoherence time was
determined to be T, = 1.56 = 0.19 ps utilizing the Hahn-
echo pulse sequence. These results are discussed in the
context of magnetometry.

It is expected the lock-in detection scheme demonstrated
here is transferable to studying other spin defect and
material systems. Furthermore, the scheme is compatible
with other more advanced pulse sequences that, for
example, explore nuclear spin interactions, such as
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electron-nuclear double resonance [30], motivating a range
of future studies.
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