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Electrical control of coherent spin rotation of a single-spin
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Nitrogen vacancy (NV) centers, optically active atomic defects in diamond, have attracted tremendous interest for quantum
sensing, network, and computing applications due to their excellent quantum coherence and remarkable versatility in a real,
ambient environment. One of the critical challenges to develop NV-based quantum operation platforms results from the difficulty
in locally addressing the quantum spin states of individual NV spins in a scalable, energy-efficient manner. Here, we report electrical
control of the coherent spin rotation rate of a single-spin qubit in NV-magnet based hybrid quantum systems. By utilizing
electrically generated spin currents, we are able to achieve efficient tuning of magnetic damping and the amplitude of the dipole
fields generated by a micrometer-sized resonant magnet, enabling electrical control of the Rabi oscillation frequency of NV spins.
Our results highlight the potential of NV centers in designing functional hybrid solid-state systems for next-generation quantum-
information technologies. The demonstrated coupling between the NV centers and the propagating spin waves harbored by a
magnetic insulator further points to the possibility to establish macroscale entanglement between distant spin qubits.
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INTRODUCTION

The past decade witnessed significant progress in new
approaches for information processing, such as quantum’,
neuromorphic®®, and non-von Neumann computing®. This
research interest is fueled by the saturation of downscaling and
speed of the conventional CMOS technology and the energy use
of current information technologies. Among these potential
candidates, quantum computing employs algorithms that rely
on inherent quantum properties of microscopic matter such as
coherence, superposition, and entanglement and serves as a
transformative platform enabling massively parallel processing of
information in a compact physical system®. Many promising
quantum systems including superconducting Josephson junc-
tions®, topological insulators’, and trapped ions® have been
extensively explored toward this end.

Nitrogen-vacancy (NV) centers®, optically active atomic defects
in diamond that act as single-spin quantum bits, are naturally
relevant in this context. Due to their excellent quantum coherence
time®, local spin-entanglement'®, and notable versatility in a wide
temperature range' "', NV centers offer a remarkable platform to
design emerging quantum architectures'>™ ', They have been
successfully applied to quantum sensing, imaging, and quantum
networks, exhibiting unprecedented field sensitivity?, spatial
resolution'®, and long-range photon-mediated qubit transmis-
sion'”. Despite the remarkable progress, the role of NV centers in
quantum computing has been peripheral. One of the major
bottlenecks results from difficulties in locally addressing individual
NV spin states in a scalable, energy-efficient manner. Presently, the
quantum spin states of an individual NV center are mainly
controlled by microwave fields generated by electric currents in a
proximal metallic stripline or waveguide'®. The dispersive Oersted
fields slowly decay in real space, which imposes an inherent
challenge to achieve scalability in NV-based quantum operation

systems. In addition, this approach typically requires a high
microwave current density and the associated Joule heat can lead
to decoherence of the quantum spin states'®. While alternative
approaches such as mechanical resonators?®?2, magnetoelastic
interaction®, and strain?®?2 have been explored recently, the
desirable scalability or coupling strength are lacking in these
schemes.

In this article, we report energy-efficient electrical control of
single-spin rotation in a hybrid NV-magnet quantum system. The
resonant spin waves excited in a proximal magnetic insulator,
yttrium iron garnet (YI1G), effectively amplify the amplitude of local
microwave fields at the NV site, giving rise to orders of magnitude
enhancement of the NV spin rotation rate. By utilizing the spin-
orbit torque (SOT) generated by an adjacent platinum (Pt) layer®*25,
we further demonstrated an efficient tuning of the magnetic
damping of the resonant spin waves, enabling electrical control of
spin rotation of a single-spin quantum qubit. We note that the
mutual interactions between spin currents, magnetic devices, and
NV spin qubits could be controlled in a scalable fashion down to a
nanoscale regime, offering a new route to develop NV-based
hybrid quantum computing platforms.

RESULTS

Ferromagnetic resonance assisted NV spin rotation

We first discuss the measurement system and device structure as
illustrated in Fig. 1a. A 10-um-wide and 50-um-long YIG/Pt strip
was fabricated by standard photolithography and ion mill etching
processes from a GdsGasO;, (substrate)/YIG (20 nm)/Pt (10 nm)
film. A diamond nanobeam?’ containing individually addressable
NV centers was transferred onto the surface of the YIG/Pt strip to
establish nanoscale proximity between NV spins and the studied
samples (see Supplementary Note 1). The diamond nanobeams
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Ferromagnetic resonance assisted nitrogen vacancy spin rotation. a Schematic of an nitrogen vacancy (NV) spin positioned on top of

a patterned YsFes;0,; (20 nm)/Pt (10 nm) strip to investigate the amplification and electrical tuning effect of the NV spin rotation rate at the
Y3Fes0;, (YIG) ferromagnetic resonance (FMR) condition. b A photoluminescence (PL) image showing an overview of a fabricated device
consisting of an Au stripline (false yellow color) and a diamond nanobeam containing individually addressable NV spins on top of the YIG/Pt
strip (false-silver color). The scale bar corresponds to 5 pm. ¢ Normalized PL intensity of NV; measured as a function of B.,; and microwave
frequency f. The black straight lines represent the NV electron spin resonance transitions in the electronic ground (excited) state and the white
dash line represents the field dispersion curve of the YIG FMR mode. The time-dependent PL intensity of NV; measured at d f_ = fpyg £ 50 Hz

andef = fFMR-

used in this work have a shape of an equilateral triangular prism
with approximate dimensions of 500 nm x 500 m x 10 um, which
are fabricated following a top-down etching and an angle-etching
procedure?’. A 500-nm-thick on-chip Au stripline was fabricated
next to the YIG/Pt strip, delivering microwave currents to
manipulate the NV spin state and to excite ferromagnetic
resonance (FMR) of the YIG strip. We employed a scanning
confocal microscope to optically locate NV centers. A photo-
luminescence (PL) image shown in Fig. 1b provides an overview of
the device structure, where an NV center (NV;) is positioned on
top of the YIG/Pt strip, demonstrating the single-spin addressa-
bility. We first performed optically detected magnetic resonance
(ODMR) measurements to examine the NV electron spin
resonance (ESR) and the FMR of the patterned YIG strip. A green
laser was applied to constantly initialize the NV spin to the m; =
0 state, and the emitted PL was monitored via a single-photon
detector. An external magnetic field B.,; was applied along the
NV-axis, with an angle of 60° relative to the z-axis as illustrated in
Fig. 1a. Figure 1c shows the normalized PL intensity as a function
of the microwave frequency f and the external magnetic field Bey;.
The straight line denoted by f_ results from the expected decrease
in NV fluorescence of NV ESR transition in the electronic ground
state: f_ = 2.87 —yBex/2m, where y is the gyromagnetic ratio. The
other two straight lines denoted by f.. result from the NV ESR at
the optically excited state: for =142 + yBey/2n. The NV
fluorescence also decreases when f matches the FMR frequency
femr Of the YIG strip as shown by the curved dash line below f. .
This NV-based off-resonant detection of spin wave modes in a
proximal ferromagnet is attributed to multi-magnon scattering
processes, giving rise to enhanced magnon densities at the NV
ESR frequencies?®~°,

Next we performed NV Rabi oscillation measurements to
characterize the coherent spin rotation rate fga,; of NV;. When a
microwave magnetic field with NV ESR frequencies f.. is applied at
the NV site, the NV spin will periodically oscillate between two
different states, i.e. m;=0and mgy=1 or my=0 and my=—1, in
the rotation frame, which is referred to as Rabi oscillations®'. Here,

npj Quantum Information (2020) 78

f+ characterizes NV ESR frequencies corresponding to the spin
transition between ms =0 and mg = %1 states. The coherent spin
rotation rate fray is proportional to the amplitude of the local
microwave field that is perpendicular to the NV-axis**32, Figure
1d, e show the measured PL intensity of NV; as a function of the
microwave duration time t at two different NV ESR frequencies.
When f_ is detuned from fgyg by 50 MHz, the measured PL
spectrum slowly oscillates with a characteristic frapi of 0.8 MHz,
from which the local microwave field hs generated by the Au
stripline is estimated to be 0.5 Oe. Notably, when f_ = fryr, the NV
PL spectrum exhibits a significantly accelerated oscillation
behavior with an enhancement of fzapi from 0.8 to 9 MHz. This
one order of magnitude enhancement of the NV coherent spin
rotation rate results from a larger oscillating stray field hemg
generated by the quasi-uniform precession of the YIG magnetiza-
tion, which amplifies the effective microwave magnetic field
experienced by the NV spin (see Supplementary Note 2).

Electrical control of NV spin rotation

To achieve electrical control of the coherent NV spin rotation rate,
we further employed the SOT generated by the Pt layer to vary the
amplitude of the oscillating stray field hgwr generated by the
resonant YIG strip. Figure 2a illustrates the optical, microwave, and
electrical measurement sequence. A 3-us-long green laser pulse
was first applied to initialize the NV spin to the m;=0 state.
A microwave pulse at a frequency f_ was applied to induce an
ms=0+« —1 transition. To minimize the current-induced Joule
heat, an electric current sequence synchronized with the
microwave pulse was applied in the Pt layer. Last, a second green
laser pulse was applied to measure the spin-dependent PL of the
NV center and re-initialize the NV spin for the next measurement
sequence. The time duration of the microwave (electrical) pulses
systematically varies from zero to a few hundred nanoseconds in
order to detect a time-dependent variation of the NV PL intensity.
Figure 2b shows the Rabi oscillation spectrum of NV; measured
at three different electric current densities J. when f_ = feyr.

Published in partnership with The University of New South Wales



(a) Optical sequence

Initialize Readout
Microwave sequence
t

—

VWWW\

RF drive
Current sequence
t

—_—

Current in Pt

300

[ —e-J =-1x10"A/Mm’
-#-J.=0
—o-J, =1x10" A/’

©

frabi/NP (MHz/vVmW)

o
T

-30 0 30
f_-femr (MHZ)

-60

npj

X. Wang et al.
3
9 L
~ O
= 8 7o =1x10"A/m?
8
z 7 J=0
6F Jo=-1x10"A/m’
0 100 200 300
t(ns)
_. 350F @
=
g
< 300F
I
£
\% 250F
=
3
& | Experi I resul
00 8 pewemiesds
-10 05 00 05 1.0
J. (10" A/

Fig. 2 Electrical control of the nitrogen vacancy spin rotation frequency. a Schematic of the measurement sequence to electrically control
nitrogen vacancy (NV) Rabi frequency. b The time-dependent photoluminescence intensity of NV; measured at J. =0 and +1x 10"" A/mZ.

< Normalized NV Rabi frequency fRabi/\/ﬁ measured as a function of f_ — fgygr. The green, blue, and red curves correspond to J.=0 and +1 x
10" A/m?, respectively. d When f_ = fpug, the measured current density dependence of fRabi/\/l3 (red points) agrees well with the theoretical

prediction based on the spin-orbit-torque-model (blue line).

Without applying an electric current, fz,p,; is measured to be 9 MHz,
exhibiting a significant enhancement in comparison to the off-FMR
condition as discussed above. When J.=—1x10""A/m? we
observed a faster oscillation behavior of the measured PL spectrum
with an enhanced frapi = 11 MHz. When J.=1x 10" A/m?, the NV
spin exhibits a slower oscillation behavior with a reduced frap; of
7 MHz. To further illustrate the electrical tuning and amplification
effect at the YIG FMR condition, Fig. 2c plots the normalized NV
Rabi frequency (faani/+v/P) as a function of f_ — fryg when J.=0
and +1 x 10" A/m?. Note that the variation of the input microwave
power P needs to be normalized to characterize the driving
efficiency of NV spin rotation (see Supplementary Note 3). Figure 2d
plots fRabi/\/ﬁ measured at f_ = fryr as a function of the electric
current density. In general, fRabi/\/ﬁ follows a quasi-linear
dependence on J. and exhibits ~+23% variation when J. = +1 X
10" A/m?.

The electrically tunable fz,, results from the SOT-induced
variation of the local microwave magnetic field at the NV site.
When an electric current flows through the Pt layer, a spin current
J; is generated by the spin Hall effect®. Due to the interfacial
scattering process, Js will transport across the YIG/Pt interface and
thereby exerts a damping-like spin-transfer torque 7= mx (mx s)
on the YIG magnetization. Here, m is the magnetization of the YIG
pattern and s is the spin polarization of the injected spin currents.
Depending on the polarity of the electric current, the magnitude
of T effectively increases or decreases the precessional cone angle
O of the YIG magnetization, leading to a variation of the amplitude
of the oscillating stray field hgwr as follows: hgygr o< Ms sin®.
According to the SOT model, the electric current density
dependence of @ is given by**?:

hy

sing KOsphJc )
(Bext -+ 21Meft )HoMstvic 2

frabi/ VP ox © =

m

AHo + 2w (g +

where AH, is the film inhomogeneity contribution to the FMR
linewidth, o is the free-space permeability, h is the reduced
Planck constant, a, Mes, Ms, and tyig correspond to the intrinsic
magnetic damping, effective demagnetizing field, saturation
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magnetization, and thickness of the YIG strip, respectively. ¢
characterizes the angle between the in-plane projection of the YIG
magnetization and the applied electric current, k characterizes the
spin transport efficiency at the YIG/Pt interface®, and 6y is the
spin Hall angle of the Pt layer. Taking 65y = 0.07°3, k = 0.25 with
other known material parameters (AHy = 6.3 Oe, a =0.001, and
M, = Mez = 1.31 x 10° A/m), the blue curve in Fig. 2d plots the
current density dependence of fRabi/\/.E predicted by the SOT-
model, which is in excellent agreement with our experimental
results.

Control of NV spin rotation by propagating spin wave modes

So far, we have demonstrated the electrical control of coherent
spin rotation of an NV single spin by the quasi-FMR spin wave
mode of a proximal ferromagnet. Next, we further extend the
measurement platform to a more general scenario, where
propagating spin waves with specific wavevectors and group
velocities are involved. Figure 3a shows the schematic of the
device structure, where an Au coplanar waveguide (CPW) and an
insulating SiO, spacer are fabricated on a patterned 80-um-wide
and 300-um-long YIG (100 nm)/Pt (10 nm) waveguide. The width
of the signal and ground lines of the CPW and the center-to-center
separation between them are 1.5 and 3.15 um, respectively, and
the long-axis of the CPW is perpendicular to the YIG waveguide as
shown by the scanning electron microscope image of Fig. 3b. A
diamond nanobeam containing an individual NV center (NV;) was
transferred on top of the Pt layer with a distance of ~5.5 ym to the
center of signal line. An external magnetic field B, was applied
along the long-axis of the CPW to excite the Damon-Eschbach
surface spin wave mode>* at the YIG/Pt interface. The propagating
nature of the excited spin wave has been experimentally
confirmed by the measurements of microwave transmission
between the two CPWs (see Supplementary Note 4). Figure 3c
plots the characteristic wavevector spectrum. The well-defined
excitation peaks are determined by the spatial distribution of the
microwave fields generated by the CPW (see Supplementary Note
5)%. Figure 3d shows the ODMR map measured by the NV spin
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Fig. 3 Off-resonance detection of propagating spin waves by nitrogen vacancy centers. a Schematic of the nitrogen-vacancy-YsFesO,,/Pt
device to establish a coherent coupling between propagating spin waves and the nitrogen vacancy (NV) spin. b Scanning electron
microscope image of a prepared device with a patterned YsFesO;, (YIG) waveguide and two coplanar waveguides (CPWs) to excite
propagating surface spin waves. An electric current flowing through the Pt layer is employed to generated spin currents, enabling control of
magnetic damping and amplitude of the excited spin waves. G and S represent ground and signal lines, respectively. The scale bar
corresponds to 50 um. ¢ Spin-wave excitation spectra obtained by Fourier transformation of the microwave fields generated by the CPW.
d Normalized photoluminescence intensity of the NV center as a function of B, and microwave frequency f. The two black straight lines
correspond to the NV electron spin resonance transitions and the four white dash lines correspond to the field dispersion curves of
propagating surface spin wave modes with characteristic wavevectors of kq, ko, ks, and kj.
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Fig. 4 Enhancement and electrical turnability of the effective nitrogen vacancy spin rotation frequency by propagating spin waves.
a Normalized nitrogen vacancy (NV) spin rotation rate fRabi/\/I—’ measured as a function of f_ in the low magnetic field (red curve) and high
magnetic field (gray curve) regimes. Inset: the variation of the NV electron spin resonance frequencies f. (black curves) and the resonant
frequencies of propagating surface spin waves (green curves) as a function of Bey. b frabi(Jc) /frabi(Jc = 0) measured as a function of J. at the
resonant condition of k; (red points) and k, (blue points) spin wave modes. The red and blue curves plot the theoretical prediction based on
the spin-orbit-torque-model.

sensor, where up to four propagating surface spin wave modes modes, respectively, in quantitative agreement with the theore-
with distinct wavevectors: k;, k,, k3, and k, emerge. The field tical calculations®® (see Supplementary Note 2). We notice that the
dispersion curves of these spin wave modes follow the theoretical enhancement of fRabi/\/l3 decreases with increasing wavevector,
prediction as shown by the white dash lines (see Supplementary which is attributable to a reduced microwave excitation efficiency
Note 5) and cross with the NV ESR frequency f_ between 2.1 and of the higher order propagating spin wave modes®’. Similar to the
2.6 GHz. quasi-FMR spin wave mode, we also employ spin currents

To illustrate the amplification effect of the propagating spin generated by the Pt layer as a tuning knob to electrically control
waves on the NV spin rotation rate, the red curve in Fig. 4a shows the NV spin rotation rate. Figure 4b plots the variation of faapi//P
I‘Rabi/\/l3 measured as a function of f_. Remarkably, fRabi/\/ﬁ as a function of J. at the resonant condition of the k; and k; spin
reaches the peak values of 15531, 16509, 5774, and 1977 MHz/ wave modes. The normalized NV Rabi frequencies exhibit a
vmW when f_ meets the resonant condition of the ki, ky, k3, and systematic variation on the magnitude of J, in agreement with
k4 spin wave modes, respectively. As a comparison, the gray curve the SOT model predicted by Eq. (1). The reduced electrical
shows fRabi/\/ﬁ measured in the high magnetic field regime where tunability of NV spin rotation rate results from a much larger
f_ stays far away from the resonant frequencies of the series of thickness of the YIG film as well as the higher resonant frequencies

spin wave modes as illustrated in the inset of Fig. 4a. At the off- and wave vector of the propagating spin wave modes®®. In
resonant condition, fzayi /+/P follows an average value of 120 MHz/ addition to the surface spin wave modes, we also observed the
vmW. The enhancement ratio of fRabi/\/ﬁ reaches 129, 138, 48, similar behaviors for back volume spin wave modes when the

and 17 at the resonant condition of k;, ky, ks, and k4 spin wave external magnetic field is parallel to the short-axis of the CPWs,
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confirming the universality of the coupling between NV spins and
the propagating magnons (see Supplementary Note 6).

DISCUSSION

In summary, we have demonstrated electrical control of the
coherent spin rotation rate of a single-spin qubit in an NV-magnet
quantum system. By applying an electric current in a YIG/Pt
nanostructure, we observed a spin-current-induced variation of the
Rabi frequency when the NV ESR frequency meets the resonant
condition of spin wave modes. Further shrinking the dimension of
the magnetic devices to sub-micrometer regime, where the
generated spin currents could completely compensate the damping
of the ferromagnet and excite the auto-oscillations*?, the spin state
of NV centers could be fully electrically addressed in absence of
external microwave currents. We note that excellent quantum
coherence is preserved in NV centers in this process. The measured
spin coherent time is one order of magnitude larger than the
reported value of nanodiamonds' and comparable to NV spins
contained in bulk diamond structures (see Supplementary Note 7)*°,
which shows promise for applications in sensitivity metrology*',
quantum computing'®, and communications'’. The demonstrated
dipole coupling between single the NV spin and the propagating
spin waves also serves as an ideal medium to establish long-range
entanglement between distant NV spin qubits*?, offering a new
opportunity in designing an NV-based quantum operation platform.

METHODS
Materials and device fabrication

The 20-nm thick YsFesO,; (YIG) films used in this work were deposited by
magnetron sputtering on (111)-oriented Gd;GasO;, (GGG) substrates. The
saturation magnetization is measured to be 1.31 x 10° A/m. The details of
the growth parameters have been reported in a previous work*. The 100-
nm thick YIG films were grown by liquid-phase epitaxy method and were
commercially available from the company Matesy GmbH. The saturation
magnetization is measured to be 1.35 x 10° A/m. Two types of nitrogen-
vacancy (NV)-YIG/Pt devices prepared by standard photolithography, ion
beam etching, and sputtering processes. For the device illustrated in Fig.
1a, a 10-pm-wide and 50-pm-long YIG (20 nm)/Pt (10 nm) strip was first
defined on a GGG substrate, followed by the fabrication of a 19.6-um-wide
and 500-nm thick Au stripline. For the device illustrated in Fig. 3a, a 80-um-
wide and 300-um-long YIG (100 nm)/Pt (10 nm) waveguide was first
created and Au CPWs were fabricated on the defined YIG waveguide with
the perpendicular orientation. Patterned diamond nanobeams containing
NV centers were picked up and transferred onto the magnetic
nanostructures using a tungsten tip performed under a micromechanical
transfer stage. Nanobeams were fabricated by a combination of top-down
etching and angled etching processes?’. Acid cleaning was performed
before and after the fabrication processes to ensure a pristine diamond
surface, which is crucial to establish nanoscale proximity between NVs and
the studied samples.

NV measurements

NV measurements were performed by a home-built scanning confocal
microscope. Green laser pulses used for the NV initiation and readout were
generated by an acoustic optical modulator with a double-pass config-
uration. NV spin state was optically addressed through integrating the
measured photoluminescence (PL) generated during the first 600 ns of the
green laser readout pulse. NV Rabi oscillation measurements were
performed using the sequence shown in Fig. 2a in the main text. The
microwave signals were generated by a Rohde & Schwarz SGS100a and/or
an Agilent N9310A and connected to a microwave switch (Minicircuits
ZASWA-2-50DR+) and an amplifier (with 450 dB amplification, Minicircuits
ZHL-25W-63+). The pulses to trigger the modulation of microwave
amplitude (on and off) were generated by an arbitrary waveform generator
(Tektronix AWG5014C). It was also used to apply the synchronized
electrical pulses in the Pt layer to minimize the thermal heating effect (see
supplementary note 8). The trigger pulses to the optical modulator and
photon counting were generated by a programmable pulse generator
(Spincore, PBESR-PRO-500).

Published in partnership with The University of New South Wales

X. Wang et al.

COMSOL multiphysics simulations

“Electromagnetic Waves, Frequency Domain” module was used to simulate
the spatial profile of the microwave magnetic fields generated by an Au
CPW on top of a YIG thin film. Electric currents following through the signal
and ground lines of the CPW were set to be +/, —I/2, and —//2,
respectively. Equilateral triangular meshes with varying dimensions were
used in the simulations. In the area that is in the vicinity of the CPW, fine
meshes with a length of 0.4 um were used. We set a growth rate of the
mesh size to have large meshes with a length of 40 um in the area that is
far away from the CPW. By solving the Helmholtz Equation, we could
obtain the distribution of the magnetic fields in real space. The spin-wave
excitation spectra in the momentum space was extracted via Fourier
transformation of the magnetic field profile (see Supplementary Note 5).
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