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ABSTRACT: Optically active spin defects in van der Waals (vdW) eGe oS T
materials have emerged as versatile quantum sensors, enabling o4 3 -¢ i “tope o

applications for a wide range of quantum phenomena in condensed $oosy 3.7 {5y T bt

matter systems. Their ease of exfoliation and compatibility with device o#_ + tedod o Stope £

integration make them promising candidates for future quantum % A'Y 90 -3 A‘, $- &

technologies. Here we report the observation and room-temperature A 4 + ,,4 3o Tt

coherent control of ensemble spin defects in the high-temperature 4o T S o 20 wen2Ratn 20

crystalline phase of germanium disulfide (f-GeS,), a two-dimensional
(2D) semiconductor with low nuclear spin density. The defects exhibit
spin-1/2 behavior, and their dynamics can be explained by a weakly coupled spin-pair model. We implement dynamical decoupling
techniques to extend the coherence time (T,) by a factor of 20. Finally, we use density functional theory (DFT) calculations to
estimate the structures and spin densities of two possible spin defect candidates. This work will help to expand the field of quantum

sensing with spin defects in 2D materials.

KEYWORDS: spin defects, van der Waals semiconductor, 2D materials, quantum sensing, ODMR.

ptically active solid-state spin defects are a frontier in
quantum technology. Owing to the efficient spin—
photon interface and scalability in terms of crystal growth and
device integration, they have seen extensive interest in the past
few years. Some prominent examples are the negatively
charged nitrogen vacancy (NV™) center in diamond," the
silicon vacancy (Vg) in silicon carbide (SiC),” and, more
recently, single spin defects in gallium nitride (GaN)® and the
T-center in silicon.” These spin defects have been used to
demonstrate a wide variety of applications in quantum
sensing,l’2 networking,”'_6 and simulation.”® After the discov-
ery of the first optically active spin defects in the van der Waals
(vdW) material hexagonal boron nitride (hBN),””"* namely,
the negatively charged boron vacancy (Vj), the field of two-
dimensional (2D) materials-based spin defect color centers has
also seen a lot of interest. hBN has also been found to host
several other spin defects apart from the Vg center.'”"*~'* 2D
quantum sensing with hBN has been used to study a wide
range of interesting physical phenomena including, but not
limited to, magnetic fields, strain, temperature, nuclear spins,
and RF signals.lg_27 Pushing further toward the 2D limit, few-
layer hBN has also been demonstrated to host sensing-suitable
spin qubits, which makes it ideal for proximal sensing of novel
physical phenomena.”**’
hBN quantum sensors are however currently limited in their
scope as highly useful qubits on account of their short
coherence times.'"*”***" The primary source of decoherence
in solid state spins is the nuclear bath that surrounds the
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electron spin. The V3 spin defects in hBN for instance have a
spin relaxation time (T,) of 18 us and a spin coherence time
(T,) of approximately 100 ns,”>”" on account of the boron and
nitrogen nuclei that form the crystal lattice. This in turn has
inspired the search for optically active spin defects in other 2D
materials as well, with the aim of finding spin defects with long
coherence times.*”** The versatility of 2D materials based
quantum sensors in terms of proximity to a sample under
measurement and from a process integration perspective makes
it highly desirable to search for spin qubits in other 2D material
platforms.”* The high-temperature phase -germanium disul-
fide (f-GeS,) is a 2D semiconductor with a bandgap of 3.2—
3.7 eV.*"" The most abundant isotopes of germanium and
sulfur have nuclear spin 0, suggesting potentially lower spin
noise and longer coherence times. Cluster correlation
expansion (CCE) calculations indicate that the coherence
time T, of spin defects in B-GeS, could be as high as 4.5
ms,””*>** which would make it a highly ideal material platform
for both quantum computing and sensing applications.

In this paper, we report the observation and coherent
control of ensembles of spin defects in the vdW material f-
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Figure 1. (a) The crystal structure of 5-GeS,. The black box in the top view denotes the unit cell, and the lower figure denotes the side view of the
lattice. (b) Microscope images of the f-GeS, sample studied in the experiment. The scale bar is 10 um. (c) Confocal scans of the sample under 532
nm excitation. The scale bar is 10 ym. (d) Photoluminescence spectrum of the spin defects under 532 nm laser excitation. The inset shows the
Raman spectrum with a sharp peak at 360 cm™. (¢) ODMR spectrum measured under a 532 nm laser and 1 W of MW excitation. The black curves
are fits of the data to a Lorentzian function. (f) Dependence of the ODMR peak frequency on an external magnetic field perpendicular to the

sample surface.

GeS, at room temperature. We use exfoliation and high-
temperature annealing to prepare the samples and transfer the
samples onto a gold microwave stripline antenna for efficient
microwave delivery. The ensembles of defects are seen to occur
in bright regions of the flakes, as observed under confocal scans
(Figure 1(c)). We observe no zero field splitting, which
suggests spin-1/2 for these defects. We use a spin-pair
model ™ to explain experimental observations and also
perform first-principles calculations to illuminate the possible
structure and properties of these spin defects. Our spin-pair
modeling explains the observed Rabi and optically detected
magnetic resonance (ODMR) data. We study the coherence
times of these spin defects and perform Carr—Purcell—-
Meiboom—Gill (CPMG) pulse sequence experiments to
extend the coherence times by a factor of 20. This study
illustrates the potential of $-GeS, as a promising 2D material
for quantum sensing.

Figure 1(a) shows the crystal structure of the 2D f-GeS,
lattice, with the black box highlighting the unit cell in the top
view. The bottom part shows a side view of the lattice. The f-
GeS, flakes used in our experiments are tens of nanometers
thick (Figure S2). The samples are exfoliated from
commercially purchased crystals and deposited on Si/SiO,
substrates (Supporting Information). We then anneal the
samples at 450 °C for 2 h in air under ambient pressure. The
flakes are then transferred to a microwave stripline via a
standard polymer-based transfer technique, as imaged in Figure
1(b). We perform confocal scanning, continuous wave ODMR
(CW ODMR) and coherent control experiments on the
sample. We performed these experiments under 532 nm laser
excitation and collected the photoluminescence (PL) emission
of the defects. Figure 1(c) shows the confocal scans of the f-
GeS, samples under laser excitation, with the black circles
showing the bright spots of interest near the bottom of the
image. We select these spots to perform the spin studies as
described later in the paper. Figure 1(d) shows the typical PL
spectrum of the spin defects under laser excitation, with a

broad spectrum stretching from 550 to 900 nm. We also
perform Raman spectroscopy (Figure 1(d), inset) and observe
sharp peaks at 360 cm ™', which confirms the samples being f-
GeS,**® (Figures S1 and SS). To perform the CW ODMR
experiments we track the PL emission with the microwave
(MW) excitation on and off, defining the contrast as

(o = L)
C=

;

off

. Figure 1(e) shows the ODMR contrast in

different external magnetic fields. A positive contrast means the
PL intensity increases under MW excitation. The peak has a
fitted line width I" = 187 MHz. The maximum contrast can be
as high as 2%, though the typical contrast observed is less than
1% in our experiments. We observe no zero field splitting for
these defects and measure the g-factor of these spin defects by
varying the external magnetic field and using carbon-related
spin defects in hBN to calibrate the field (Figure S3). Figure
1(f) shows that the fitted value of the g-factor is g = 2.000 +
0.007.

In Figure 2(a) we perform Rabi oscillations at different MW
powers of 0.25—2 W, with the pulse sequence as shown in the
top schematic. A laser pulse of duration 7 us polarizes the spin
defects into one of the states, and then, a resonant microwave
drives the Rabi oscillation between the states. Due to different
PL emission from each state, we see the PL contrast
modulation with increasing pulse duration 7. We integrated
the collection pulse for a duration of 7 ps to calculate the PL
counts and compared the cases with and without the MW to
characterize the ODMR contrast. The Rabi oscillations are
seen to lose contrast significantly after 100 ns and drift upward
asymmetrically, which suggests a metastable configuration
similar to other systems such as carbon-related defects in
hBN. 51618

We therefore adapt the recently proposed spin-pair model
for spin-1/2 defects in hBN for this metastable system.'’
Plotting the fitted Rabi oscillation frequency as a function of
the square root of the applied MW power shows a linear
dependence, as seen in Figure 2(b). Figure 2(c) shows the
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Figure 2. (a) Rabi oscillations of the spin defects at different MW
powers at room temperature. The solid lines are fits to the spin-pair
model-predicted oscillations. The top schematic shows the laser and
MW pulses used in the experiment. (b) Fitted Rabi frequency versus
the square root of the MW power. The solid red line shows a linear fit
of the data. (c) The spin-pair model consisting of 2 spin defects
located a distance of 21 nm from each other. The 3-level system used
to model the system is shown at the bottom. The singlet state with
both electrons on the same defects is on the left side, while the state
with the electrons on different defects is on the right. I'}j and I',, are
the rate constants from IS, Ty), IT..) to IS,), respectively, and y, is the
rate between IS, Tp) and IT,). Q is the Rabi driving frequency. (d)
Simulated ODMR contrast from the spin-pair model with different
values of I'yo, 'y, and y,, showing how the model can simulate the
various kinds of decay in the Rabi oscillations observed
experimentally. All constants have units of us™.

spin-pair model used for the defects. Two spin defects, A and
B, are located some distance (21 nm) apart inside the 5-GeS,
lattice and can undergo charge hopping under laser excitation.
When both of them are on the same defect, they can form a
singlet state. When they are on different defects, they form four
weakly coupled states. The eigenstates for the weakly coupled
spin pair are T, = I11), T_ = 1l1l),
T=011)+111)/V2, and
S=(11)=111))/V2. For the sake of simplicity this

model assumes only 3 states, 1Sy), IS, Ty), and IT,). 1Sy)
consists of the singlet state when both electrons occupy the
same defect, IS, T,) consists of the states S, T, and IT,)
consists of states T,, T_ when the electrons are on different
defects. € denotes the Rabi frequency. I'j; and I',, are the
decay rates from IS, Ty), IT..), to ISy), respectively, and y, is the
spin—spin relaxation rate between IS, T;) and IT,). The spin
selectivity can be understood in terms of selection rules,
wherein the transition between T, < S, is forbidden, in
contrast to the transition S, T <> S;, which is allowed. Using
these constants, we set up the Lindblad master equation to
calculate the transitions between the states. The initial state is
chosen to be IS, T), assuming a polarized initial state. The
python toolbox QuTiP* is then used to solve for the steady
state density matrix from which we extract the populations at
different times. We then take a weighted sum of the population
to account for the different emissions of each state, which
yields the simulated ODMR contrast as a function of time.
Figure 2(d) shows simulated ODMR contrast calculated from
the solutions of the Lindblad master equation under different
values of the constants I'j, ', and 7, and demonstrates how
the spin-pair model can be used to fit a variety of
experimentally observed data. We fit these curves to the Rabi
oscillation data in Figure 2(a) and extract the Rabi frequency
along with the other parameters presented in Figure 2(b).
We then further probed the spin coherence properties of the
spin defects by looking at the spin relaxation time T;. We first
measured the T, of the spin defects via the pulse sequence
shown at the top of Figure 3(a). After polarization by a laser
pulse, we vary the dark time between pulses and then flip the
state via a 77 pulse before reading it out by the next laser pulse.
To measure the contrast, we compare the case with and
without the MW 7 pulse. After fitting a simple exponential
decay curve as ae™/T' + ¢, we find that the T, is 14.5 + 4.3 ys.
One possible explanation of the short T, times can be a large
density of emitters close to each other, as can be seen in Figure
1(c). It would also explain the small ODMR contrast observed
in these samples.'” We also measure the Ramsey decay via the
pulse sequence, as shown at the top of Figure 3(b). A /2
pulse initializes the state into a superposition of 10) and I1),
which is then allowed to evolve freely for a time 7. It is then
flipped out of superposition by another 7/2 pulse and read out.
This contrast as a function of time is fitted to an oscillating

exponential decay as ae™™sin(wt + ¢,) + ¢, which yields the
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Figure 3. (a) T, measurements at room temperature and the pulse sequence schematic used in performing the T experiment. The 7 pulse duration
is determined from the Rabi experiments as shown in Figure 2. (b) Ramsey decay for spin defects. Due to a slight detuning between the resonant
frequency and the drive, some oscillations are visible. (c) Experimentally observed charged state dynamics for the spin defects. The top schematic
shows the laser pulse sequence used in the experiment. Note that this measurement is performed without any MW applied and hence only

measures evolution of the polarized state with time.
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time TF = 483 + 18 ns. We then probe the PL settling
recovery dynamics by means of the pulse sequence shown at
the top of Figure 3(c). After polarization, the system is allowed
to evolve for a time 7, after which it is read out by another laser
pulse. This is performed without a MW pulse, to look at only
the charge state dynamics and evolution. To calculate the
contrast, we compare the PL at the end of the polarization
pulse and the beginning of the readout pulse. This shows a
continuous increase in the measured contrast, which is then fit
to an exponential curve as ae™/ T + ¢, yielding a time scale
Toparge = 2 £ 0.23 ms. This suggests that the charge dynamics of
the triplet to singlet transition spans a large temporal scale.
This further strengthens the claim that this is an ensemble of
weakly coupled spin-pair systems. The longer time decays are
not expected to affect the ODMR and Rabi measurements due
to the short collection times during initialization and collection
and the short evolution times in those measurements.
Dynamical decoupling techniques have been used for
extending the coherence times of spin qubits in hBN.*"*
Due to sample impurities and high density of emitters in f-
GeS,, it is not surprising that the coherence times are short, as
is seen in the T; measurements as well.>"* In order to probe
the limits of spin coherence in fB-GeS, we apply these
techniques and measure the T,. Figure 4(a) shows the
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Figure 4. (a) Measurement of the coherence time T, of the spin
defects in f-GeS, via the Hahn echo pulse sequence, as shown in the
schematic. The red line shows a stretched exponential fit. (b)
Extending the T, using the CPMG pulse sequence for different
number N of 7 pulses. The schematic shows the pulse sequence used
in the experiment for each N. (c) The extended T, plotted as a
function of the number of pulses in the sequence and fitted to a power
law & aN” with y = 0.69.

measured coherence time T, for the f-GeS, spin defects
measured via the Hahn echo pulse sequence. The inset shows
the pulse sequence. A laser pulse of duration 7 us polarizes the
spins, which are then driven to a superposition state by a 7/2
pulse. After a time 7, a & pulse flips the spin followed by
another /2 pulse after a time 7. The spins are then read out by
a laser pulse. The measured PL after the pulse sequence for 7
varying from S to 400 ns shows a decay, which is then fit to an
exponential function to extract the T, time of the spins. This
T, is measured to be 64.5 + 12 ns. This is not unexpected
since we observe an ensemble of spin defects that occur in
clusters and can have significant interactions with each other

14359

and with surrounding impurity nuclei, reducing the spin
coherence times. We then attempt to decouple the spins from
external magnetic noise by the CPMG pulse sequence.*"** A
laser pulse initializes the spins, which are then driven to
superposition by a z/2 pulse. This is then followed by N
separate 7 pulses, separated by a time of 27, and then another
7/2 pulse after a delay of 7. The spins are then read out, and
the measured contrast is plotted as a function of the total time
duration 2Nz. Figure 4(b) shows an extension of the
coherence time using the CPMG sequence with N varying
from 4 to 32. We fit the decay to a stretched exponential of the

Vi
form ¢~ ®"" and find that the T, coherence time can be

extended from 64.5 ns as measured by the Hahn echo pulse
sequence to 1.315 ps in the case of CPMG-32 pulses. Figure
4(c) shows the extended T, times plotted as a function of
number of pulses in the CPMG pulse sequence and fitted to a
power law function T, « aN” where y is found to be 0.691,
which matches closely with the theoretical value of 2/3 for a
Lorentzian spin bath.*' This suggests that with better material
growth techniques it might be possible to observe even longer
coherence times.*"**>*° We observe a factor of 20 increase in
the coherence time under the CPMG sequence, and with more
pulses and tighter pulse sequence control, it is possible for the
T, to approach T, times.

To shed light on the possible structure of these spin defects
in B-GeS,, we performed first-principles calculations on the f-
GeS, in the 2 X 1 X 1 supercell. Among the native defects
(vacancies and antisite defects), substitution defects (with
external species of carbon, nitrogen, and oxygen), and defect
complex V.Cg, we identified the negatively charged defects
Ge;' and C5' as potential spin defect candidates with unpaired
spin ground states. The calculated defect formation energies
(see Supporting Information) are 4.14 and 2.23 eV,
respectively.””*® Figure 5(a) shows the calculated energy
levels of these defects with respect to the vacuum level, where
the arrows represent electrons in the spin-up (black) and spin-
down (red) channels. Both Geg' and Cg' have unpaired
electrons, which is further validated by the spin density. The
spin density, defined as the difference of density of the spin-up
and spin-down channels, is shown in Figure 5(b),(c),
suggesting well-localized spin defect states. For Gej', the
unpaired spin is localized on the Ge atom and is primarily of p-
orbital character, while for Cg', the spin is mainly localized on
the C atom and nearby Ge atom. To satisfy the spin-pair
model, there can be another dark spin nearby consisting of
these defects or some other defects. The antisite defect Geg'
introduces multiple in-gap states, which can facilitate defect-to-
band optical transitions. In the case of Cg', the transitions
between the defect states in the spin-down channel are
plausible.

In conclusion, we have observed optically active spin defects
in a new 2D material platform, -GeS,, which may potentially
host long-lived electron spin coherence at room temperature.
We measure a T, of 14.5 us and extend the T), by a factor of 20
to 1.3 ps. While short, there is considerable scope of
improvement in these numbers with advances in crystal
growth. The next step would be to study these defects at low
temperature and to see the effects of thermal noise on the
electron spin properties. Also, in line with the carbon-related
spin defects in hBN, observation of single optically active spin
defects in f-GeS, would shed further light on the nature of the
defects and enable study of their properties in more detail. The
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Figure S. (a) Energy diagram showing the energy levels of the two possible defects in -GeS, in the bandgap. (b, c) Calculated spin density for the

Geg' and C5' defects in the lattice, respectively.

low nuclear spin density and the potential for achieving a
nuclear spin-free composition make this material promising for
a wide variety of quantum technologies where minimizing
environmental interference into the dynamics of the electron
spin qubits is essential. Given that the theoretically calculated
upper limit of coherence times in GeS, is 4.5 ms,>>**** this
system is highly interesting for the field of spin-defect color
centers.
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