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Deep level defects found in diamond (nitrogen-vacancy center) and in silicon

carbide (divacancy) have a quantum nature for the spins that manifests itself even

at room temperature. These can be used as extremely sensitive nanoscale

temperature, magnetic-field, and electric-field sensors. In the future, microwave,

photonic, electrical, and mechanical control of these spins may lead to quantum

networks and quantum transducers.
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ABSTRACT | Deep-level defects are usually considered unde-

sirable in semiconductors as they typically interfere with the

performance of present-day electronic and optoelectronic de-

vices. However, the electronic spin states of certain atomic-

scale defects have recently been shown to be promising quan-

tum bits for quantum information processing as well as exqui-

site nanoscale sensors due to their local environmental

sensitivity. In this review, we will discuss recent advances in

quantum control protocols of several of these spin defects, the

negatively charged nitrogen-vacancy (NV�) center in diamond

and a variety of forms of the neutral divacancy ðVV0Þ complex

in silicon carbide (SiC). These defects exhibit a spin-triplet

ground state that can be controlled through a variety of tech-

niques, several of which allow for room temperature opera-

tion. Microwave control has enabled sophisticated decoupling

schemes to extend coherence times as well as nanoscale sens-

ing of temperature along with magnetic and electric fields. On

the other hand, photonic control of these spin states has pro-

vided initial steps toward integration into quantum networks,

including entanglement, quantum state teleportation, and

all-optical control. Electrical and mechanical control also sug-

gest pathways to develop quantum transducers and quantum

hybrid systems. The versatility of the control mechanisms

demonstrated should facilitate the development of quantum

technologies based on these spin defects.
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spin defects; wide-bandgap semiconductors

I . INTRODUCTION

Wide-bandgap semiconductors offer an excellent platform
as a host material for atomic-scale defects with highly

localized electronic states that are optically addressable,

have nonzero spin ground states, and share similar prop-

erties to those of trapped atoms. These spin defects, often

referred to as color centers, have garnered great interest

over the past few decades as a viable resource for quan-

tum information processing and nanoscale sensing appli-

cations. The unique properties of these defect states allow
for a wide array of control mechanisms including micro-

wave, photonic, electrical, and mechanical manipulation.

At their core, the spin states of these solid-state defects

are promising candidates to fulfill the DiVincenzo criteria

as quantum bits, or qubits. These criteria summarize the

basic requirements for a viable qubit needed for quantum

information processing. These properties include the ability
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to initialize and read out the qubit’s state, a universal series
of quantum gates, and a long coherence time of the qubit

state relative to these quantum operations [1]. While these

defects may be relevant toward the long-term development

of quantum computing, they also show promise to realize

other quantum technologies, including quantum repeaters

and nanoscale sensors.

This review will discuss recent developments in quan-

tum control mechanisms of spin defects and how they
might be combined to harness complex quantum systems

for use in quantum networks and as nanoscale sensors.

Quantum networks and repeaters are envisioned as a way

to transfer quantum information among stationary qubit

nodes through flying qubits (photons), and may be thought

of as the quantum equivalent of today’s fiber optics and am-

plifiers. The electronic spin of these defects also possesses

a strong sensitivity to their local environment, enabling
their utility as nanoscale sensors of magnetic [2] and elec-

tric fields [3], as well as temperature [4]. Another interest-

ing application is to transfer the electron spin state to a

nearby nuclear spin, resulting in a “quantum memory” [5],

[6] that can be written and then read out at a later time.

While there is significant research into developing nuclear

memories and registries [7]–[11], we will not focus on

those approaches in this review, and instead focus on the
diverse methods to control the electronic spin state of a sin-

gle defect and how this wide palette of control enables the

development of quantum technologies.

II . SPIN DEFECTS IN WIDE-BANDGAP
SEMICONDUCTORS

A. Criteria for Suitable Defect Spins
The archetypal optically addressable spin defect is the

negatively charged nitrogen-vacancy ðNV�Þ center in dia-

mond (see Section II-C) [12]–[14], and there have also

been recent efforts to identify several other potential de-

fects of interest. This includes other defects in diamond,

such as the silicon-vacancy center (V–ISi–V) [15]–[17],

which is promising for photonic applications due to most
of its emission occurring within the zero-phonon line.

Efforts have also focused on defects arising in technologi-

cally more mature materials (see Section II-D), such as

in silicon carbide (SiC), including the silicon-site vacancy

(VSi) [18], [19], a variety of forms of the neutral diva-

cancy ðVV0Þ [20]–[23], and carbon antisite vacancies

(CSiVC) [24], as well as in zinc oxide (ZnO), where single

photon emitters have been detected [25]. To identify
other potential defects that are similar to the NV� center

in diamond, Weber, Koehl, Varley et al. (WKV) consoli-

dated a generalized criteria for optically addressable de-

fects [26], which postulate that a suitable defect have the

following characteristics:

— consists of bound states that have energy gaps

large enough to avoid thermal excitation;

— has an optical pumping cycle that polarizes the
qubit state;

— emits luminescence that is dependent on the

qubit state in some differentiable way;

— contains optical transitions that do not interfere

with the electronic states of the host material.

B. The Intersystem Crossing
The second and third criteria can be described as op-

tical addressability, and in the case of several of the

aforementioned defects (in particular, the diamond NV�

and the SiC VV0), it stems from a level structure that

allows for spin-dependent intersystem crossings (ISCs),

enabling both optical spin initialization and readout of

the spin state based on photoluminescence (PL). An in-

tersystem crossing is a nonradiative process between two

electronic spin states of different spin multiplicity [see
Fig. 1(c)] and allows for an alternate pathway between

the excited state (ES) and the ground state (GS).

Both of these defects of interest have two-electron

states that comprise a combination of spin-triplet and

spin-singlet levels with largely spin-conserving transi-

tions between them [14]. In these defects, the lowest

lying level (the ground state) is spin triplet in nature,

S ¼ 1 with quantum numbers ms ¼ �1; 0;þ1. The
ms ¼ 0 and ms ¼ �1 sublevels are naturally split due to

the crystal field splitting ðDÞ, and the ms ¼ �1 can be

split through application of an external magnetic field.

The excited state is also spin triplet in nature [14],

and the presence of this ISC allows the spin to pass

between the spin-triplet and spin-singlet levels, facilitat-

ing the quantum control of these defects [see Fig. 1(c)].

For certain spin defects, such as the NV� center, this
control extends even beyond room temperature [4].

Initialization occurs when driving an optical cycle

from the GS to the ES that can decay through the ISC

with a certain preferential probability depending on the

initial spin state. Repeatedly driving these transitions ul-

timately initializes the system into the spin state that

does not preferentially undergo intersystem crossing.

Likewise, the amount of light emitted is spin dependent.
This is because the state that preferentially couples

through the ISC yields a reduction in photon emission

due to the fact that pathways accessed by ISCs are signif-

icantly less radiative. The resulting PL contrast acts as a

readout of the spin state of the defect.

C. The Nitrogen-Vacancy Center in Diamond
The negatively charged nitrogen-vacancy ðNV�Þ cen-

ter is a paramagnetic defect within the diamond lattice

which consists of a substitutional N impurity adjacent to a

vacant lattice site [see Fig. 1(a)] [12]. Within this defect

complex, there are a total of six electrons, highly confined

within the nitrogen atom and vacancy dangling bonds

[27], [28]. The resulting level structure has an optical

transition of �1.945 eV, which is situated well within the
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much larger 5.5-eV bandgap of the diamond crystal lattice

[see Fig. 1(b)] [29]. This isolation within the bandgap and

its localized wavefunction, along with low spin–orbit cou-

pling and the high Debye temperature of diamond enable
the NV� center to have remarkable spin coherence times

up through room temperature [30] extending above T 9
600 K [4]. The ms ¼ �1 states of the ES also preferen-

tially couple through the ISC [see Fig. 1(c)] enabling opti-

cal initialization into ms ¼ 0 and spin-dependent PL

readout. These features have made the NV� center a con-

venient testbed for exploring quantum control and devel-

oping quantum technologies in the solid state.
The wide array of control mechanisms discussed in this

review, including microwave, optical, and mechanical tech-

niques, have made the NV� center one of the vanguards of

quantum information science. The NV� center was recog-

nized early on as a qubit for applications in quantum infor-

mation processing, toward the development of quantum

repeaters and quantum communication [31]. In such a

scheme, the NV� center’s electronic and nuclear states

would act as the stationary nodes, allowing for memory op-

erations (entanglement swapping and state purification).

These individual nodes would be coupled with photons to
transmit and teleport information. Numerous efforts

have realized entanglement between NV� center spins

and photons [32], [33], two NV� center spins through di-

polar coupling [34], two NV� centers photonically [35], as

well as teleportation of the spin state of one NV� center

to another [36]. In addition to its role in developing

quantum information processing, the NV� center’s sensi-

tivity to its local environment makes it an excellent
nanoscale sensor [2]–[4], [37]–[41].

D. Beyond Diamond—The Divacancy in Silicon
Carbide

Due to the growing interest in the NV� center as a

versatile platform for quantum technology, recent efforts

have been made to explore optically addressable defects

Fig. 1. Crystal and level structure of common spin defects. (a) The crystal structure of a negatively charged nitrogen-vacancy ðNV�Þ
center in diamond. It comprises a substitutional nitrogen defect adjacent to a lattice vacancy. (b) The electronic energy levels of

the NV� center in its spin ground state configuration comprising six total electrons, two in the valence band, two paired in the a1

state and one each in the eY and eX states. The level structure is well isolated within the much larger 5.5-eV bandgap of diamond.

(c) A detailed level structure of NV� center spin system showing the direct zero-phonon line optical transition (�637 nm) as well as

the ISC. The ISC plays a crucial role in the spin-dependent photoluminescent readout, as well as optical initialization of the spin

state as described in the text. (d) The crystal structure of 4H-SiC along with the various basal (hk and kh) and c-axis (hh and kk)

divacancy complexes and the silicon-site vacancy ðVSiÞ. (e) The crystal structure of 6H-SiC. Note the sixfold stacking sequence

periodicity. (f) The crystal structure of 3C-SiC, a zincblende crystal structure very similar to the diamond lattice.
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in materials other than diamond [26], including silicon
carbide [21] and zinc oxide [25]. Such materials are prom-

ising, as they meet a series of criteria again formulated by

WKV [26] which describe the ideal spin defect host mate-

rial. These WKV criteria call for a material that has:

— a wide bandgap;

— small spin–orbit coupling;

— nuclear spin-free lattice;

— availability of high-quality bulk or thin-film
single crystal.

These criteria are not exclusive, but rather guidelines toward

identifying materials that may have NV� center analogs.

Specifically, SiC has been a material of great interest

as it is prevalent in the semiconductor industry for high-

power electronics and MEMS sensors. This technological

maturity of SiC as an electronic grade semiconductor al-

lows for development of optoelectronics that can be lev-
eraged to produce sophisticated devices. Whereas

monocrystalline diamond of suitable quality for defect

spin studies must be specially grown on the millimeter

length scale, high-quality commercial SiC, available up to

600 wafer sizes, has been demonstrated as a sufficient

defect host material. In addition, SiC is a compound

semiconductor with over 200 polytypes, or different

atomic stacking configurations forming the crystal struc-
ture [see Fig. 1(d)–(f)]. This results in numerous sym-

metry configurations leading to a variety of defect

orientations, bandgaps, and other physical properties.

Thus far, experiments have investigated spin defects in

the 3C, 4H, and 6H polytypes of SiC.

Among these defects in SiC, neutrally charged diva-

cancy complexes ðVV0Þ have recently emerged as an ex-

cellent analog to the NV� center [20], [21], [42]–[44]
and have very recently been isolated at the single spin

level [23]. These complexes come in four different in-

equivalent lattice configurations in 4H-SiC [see Fig. 1(d)]

referred to as hh, kk, hk, and kh (PL1-4, respectively,

according to [21]), which persist up to T � 200 K. Other

polytypes offer a suitable host as well, and their stacking

sequence determines the number of distinct lattice

configurations of the VV0. For instance, in 6H-SiC
[Fig. 1(e)], there are six divacancy configurations, while

in 3C-SiC [Fig. 1(f)], only one configuration exists [22].

While investigations are ongoing, several of these config-

urations, as well as some unidentified defects, have

shown persistence up to room temperature.

It is worth noting that both of the defects discussed

in this review are found in a host material which has a

nominally nuclear spin-free lattice and follow the WKV
criteria. While there may still be some natural isotopic

abundance of 13C (1.07%) and 29Si (4.67%) that cause

decoherence due to their nuclear spins, the spin coher-

ence times of these defects are still remarkably long [45].

In particular, while SiC has significantly more nuclear spins

than diamond, the electronic spin states, such as those in the

VSi, still have long coherence times that depend strongly on

the external magnetic field [46], [47]. The removal of nu-
clear spin impurities through special growth of isotopically

pure materials has been shown to increase the spin coher-

ence time of the NV� center in diamond from hundreds

of microseconds to �2 ms [30]. Ultimately, these spin co-

herence times will be limited by the electron spin-lattice

relaxation time ðT1Þ, which is a few milliseconds for NV�

center ensembles at T ¼ 300 K [48].

It is possible to find spin defects in host materials
that do not fully conform to the WKV criteria, such as

materials that lack a spin-free lattice, but this may de-

crease the spin coherence time and ultimately the practi-

cality of these spin defects. In materials with very

specific properties (e.g., piezoelectric, strong coupling to

other quantum systems, or promising photonic materials)

these spin defects may still provide interesting research

avenues for technological application.

III . MICROWAVE CONTROL OF
GROUND STATE SPIN

A. Optically Detected Magnetic Resonance in
Defect Spins

To observe and manipulate these spin defects, the
typical approach is through the use of a confocal micro-

scope, where the defect is excited resonantly, or nonre-

sonantly within its absorption band, and its PL is

collected with a single-photon detector [13], [19], [23].

As previously mentioned, several of these defects are

controllable beyond room temperature, but some quan-

tum control characterizations do require the use of an

optical cryostat to reach cryogenic temperatures.
In particular, the NV� center emits PL with a spec-

trum [see Fig. 2(a)] that consists of a 1.945-eV (637-nm)

zero phonon line (ZPL), the direct energy transition be-

tween the ground and excited states, as well as a phonon-

assisted emission sideband extending out to �1.55 eV

(800 nm). The phonon-assisted absorption sideband simi-

larly extends to higher energies allowing for off-resonant

excitation of the spin defect. In the case of NV� centers,
532-nm (2.33-eV) excitation is commonly used. However,

exciting along the 575-nm (2.16-eV) ZPL of the neutrally

charged nitrogen-vacancy center ðNV0Þ aids in the sta-

bility of the NV� center [49], while exciting at 590 nm

(2.10 eV) may be used to avoid the excitation of the other

charge state altogether [50]. The charge stability of the

electrostatic environment stems from other defects that

are optically excited within the laser spot size.
The most common way to manipulate the NV� center

electronic spin state is through use of optically detected

magnetic resonance (ODMR), a technique that is the op-

tical equivalent of electron spin resonance (ESR) or nu-

clear magnetic resonance (NMR), where the signal

contrast results from spin-dependent PL. An ODMR

measurement uses microwave frequencies to drive an

2012 Proceedings of the IEEE | Vol. 104, No. 10, October 2016

Heremans et al. : Control of Spin Defects in Wide-Bandgap Semiconductors for Quantum Technologies



oscillating AC magnetic field perpendicular to the NV�

center spin quantization axis to coherently manipulate

the ground state spin triplet between ms ¼ 0 and ms ¼
�1 spin states. At zero field, the ms ¼ 0 and ms ¼ �1

are naturally split by a crystal field splitting of 2.87 GHz.

Applying an external magnetic field along the NV� cen-

ter axis splits the zero-field degeneracy of the ms ¼ �1

spin state at a rate of �2.8 MHz/G. Thus by combining
control of the external magnetic field and tuning the mi-

crowave frequency into resonance with a particular transi-

tion, a qubit state within the ground state spin triplet can

be individually addressed and manipulated. In Fig. 2(b),

we present the ODMR signal of a NV� center at �115 G

on resonance with the ms ¼ 0 , �1 transition. The obser-

vation of three dips in PL is due to the hyperfine coupling

of the 14N (total spin I ¼ 1) intrinsic to the NV� center.
The various VV0 configurations in SiC present similar

photoluminescence [see Fig. 2(c)] and ODMR signatures.

In any given polytype, each configuration will have a

slightly different zero-phonon line (1.09–1.20 eV), along

with a phonon-assisted emission sideband, extending out

to 0.9 eV [22]. In certain cases, such as kh configuration

of the VV0, both a dip and a peak are observed in

ODMR [see Fig. 2(d)], suggesting there exist different

dynamics with regard to the intersystem crossing and

spin polarization. Thus far, ODMR has been observed in
the 4H, 6H, and 3C forms of SiC [22].

B. Rabi Oscillations in Diamond
Applying microwave pulses resonant with a ground

state transition, and varying the pulse duration, induces

Rabi oscillations [52] of the electron spin state, which

are optically detected via the spin-dependent PL. Driving

Rabi oscillations of the electron spin state allows for
full inversion of the spin state as well as the ability to

form any superposition (or mixture) of the two states. In

Fig. 3(a), we show a Rabi oscillation between the ms ¼
0 , �1 transition. A full inversion of the spin state,

known as a � pulse [see Fig. 3(a)], results in a flip of the

qubit state, while a �=2 pulse refers to a pulse that trans-

fers the population of the ms ¼ 0 and ms ¼ �1 spin

Fig. 3. Rabi oscillations and spin coherence in diamond. (a) Upper

graphs: Rabi oscillations of an NV� center at two different

microwave powers resulting in Rabi oscillations of 29 and 57 MHz.

Lower graph: the dependence of Rabi frequency on microwave

driving power. Figure adapted from [54]. (b) Dynamical decoupling

sequence and corresponding data extending the spin coherence

time of the NV� center by adding more refocusing � pulses to

account for higher frequency fluctuations in the local environment.

Adapted from [35]. (c) ODMR response to an external magnetic

field demonstrating the sensitivity the NV� center has to the local

magnetic environment. Adapted from [37]. (d) The thermal echo

sequence along with corresponding data taken at two different

temperatures. This thermal echo greatly improves the thermal

sensitivity of the NV� center to around 10 mK/
ffiffiffiffiffiffiffi

Hz
p

. Adapted

from [39].

Fig. 2. PL spectra and optically detected magnetic resonance.

(a) The PL spectra of an NV� center at room temperature and

cryogenic temperatures. The zero-phonon line is very sharp at cold

temperatures, while the phonon sideband is much more prominent

at room temperature. (b) The optically detected magnetic

resonance (ODMR) signal for an NV� center showing the resonance

transition between the ms ¼ 0 , ms ¼ �1 transition at an external

magnetic field of B � 115 G. The three dips result from the

hyperfine coupling of the intrinsic 14N atom. Adapted from [51].

(c) The PL spectra of divacancy defects in 4H-SiC silicon carbide at

room temperature and cryogenic temepratures (T ¼ 20 K).

Adapted from [21]. (d) The ODMR signal of an ensemble of

kh� VV0 (PL4), one of the divacancy complexes in 4H-SiC.

Adapted from [21].
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states into an equal superposition, ðj0i � j � 1iÞ= ffiffiffi

2
p

, of
those states.

Now a standard part of the repertoire for controlling

these spin defects, Rabi oscillations in diamond NV�

centers were first observed by Jelezko et al. in 2004 [53],

yielding coherent control of the ground state spin.

Within the rotating frame of the microwave frequency

resonant with the ground state energy separation (the

Larmor precession frequency), these oscillations can be
seen as a rotation about an equatorial axis on the Bloch

sphere. Therefore, when the Rabi oscillation frequency is

on the order of the Larmor frequency, the rotating wave

approximation begins to break down, and careful pulse

shaping is needed to achieve Rabi oscillation frequencies

as high as 500 MHz [54], [55].

C. Probing Spin Coherence in Diamond
We can use the � and �=2 pulses determined by the

Rabi oscillations to probe the spin coherence times of

the NV� center. These times reveal how long the spin

state of the NV� center retains its phase and state infor-

mation before being lost to fluctuations in the environ-

ment, and so they act as a window in which a number of

operations can be performed. The most basic coherence

time is the free evolution time, or T�2 , which is measured
by placing the spin in a superposition, waiting a certain

amount of time, and then projecting the resulting spin

state [56]. This T�2 effectively characterizes how long the

spin remains coherent before fluctuations in the local en-

vironment destroy the phase information. A Hahn echo

sequence removes the influence of slow fluctuations by

applying a refocusing � pulse halfway through the se-

quence [57], effectively reversing the direction of phase
accumulation [see Fig. 3(b) where N ¼ 1 for pulse se-

quence]. These echo experiments characterize what is

known as the T2 coherence time.

The principles behind the Hahn echo sequence can

be further extended by increasing the number of refocus-

ing pulses and shortening the free evolution time be-

tween each pulse, which can extend the effective

decoherence time by mitigating effects due to increas-
ingly faster local fluctuations [see Fig. 3(b)] in a process

known as dynamical decoupling [58], [59] with T2 times

reaching close to a second [60]. As the coherence time

of the spin state is an important figure of merit for the

practical implementation of these spin defects, extending

this time maximizes the number of spin manipulations

achievable per spin coherence time. This extended co-

herence facilitates quantum information protocols [61]
and improves the sensitivity of the defect for metrology

applications. While dynamical decoupling schemes are

one method of prolonging the spin coherence time, ma-

terial science efforts have also extended T2 spin coher-

ence times to the millisecond timescales in the NV�

center by using isotopic 12C growth techniques to effec-

tively eliminate the nearby 13C nuclear spins [30], [62].

D. Nanoscale Sensing Applications
With this microwave control of the NV� center spin

state, a particularly fruitful avenue of research focuses

on using the NV� center as sensor of its local nanoscale

environment. In particular because the NV� center sub-

levels can be tuned by a magnetic field, their separation

acts as a sensor of the local magnetic environment [37],

[38]. Based on this principle, probing the sublevel sepa-

ration measured through ODMR [see Fig. 3(c)] allows
for the mapping of magnetic fields with �20 nT/

ffiffiffiffiffiffi

Hz
p

sensitivity [63], [64]. Sophisticated pulse schemes have

been developed to improve sensitivity [65] enabling a

wide array of applications [66] including nanoscale nu-

clear magnetic resonance [67], [68], magnetic imaging of

cells [69], [70], and imaging of the magnetic moment of

a proton [71]. In addition, techniques based on the sensi-

tivity of T1 relaxation have enabled the sensing of exter-
nal gadolinium ion spins [72], [73] as well as

substitutional nitrogen (P1 centers) within the diamond

lattice [74].

More recently, the NV� center has been demon-

strated as a viable nanoscale thermometer. This is based

on a temperature-dependent shift of the crystal field

splitting D, measureable by ODMR, that results from a

combination of the diamond lattice thermal expansion
and electron–phonon interactions [4], [75], [76]. This

technique reveals the NV� center remains coherent with

a thermal sensitivity of around 100 mK/
ffiffiffiffiffiffi

Hz
p

at tempera-

tures in excess of 600 K [4]. Through a pulse sequence

known as a thermal echo, in which the �=2 pulses

are replaced with �=4 pulses, the dependence of the

spin sublevel splitting on magnetic field can be elimi-

nated, revealing solely the temperature dependence of
the crystal field splitting, and improving sensitivity to

1–10 mK/
ffiffiffiffiffiffi

Hz
p

[39]–[41] [see Fig. 3(d)].

E. Geometric Control
An alternative method to controlling the ground state

spin is to exploit geometric control, that is control based

upon the accumulation of geometric phases. Such phases

arise from cyclic evolution of a quantum mechanical sys-
tem and are determined by the geometry of the region

enclosed within parameter space. This is in contrast to

the previously discussed control techniques which rely

on dynamic phases, where control is determined by the

time and energy of the interaction. In the case of NV�

centers, geometric control has been realized using micro-

waves to drive both magnetic-dipole transitions within

the ground state in a V configuration. Typically, the evo-
lution must be adiabatic in order to accumulate these

phases, known as Berry phases, but certain degeneracies

within the system allow for more general non-Abelian

geometric phases, or holonomies. In the NV� center,

Berry phase has been measured and controlled by adia-

batically evolving the control microwave fields [77] or

optical fields [78]. Holonomic gates have also been
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demonstrated in NV� centers, leading to a universal set
of qubit gates [79], [80] as well as the realization of a

controlled-NOT (CNOT) gate by coupling to the intrinsic

nitrogen nuclear spin [79]. Geometric control represents

a more robust form of control as it is insensitive to the

energetics or time of the interaction, as well as to certain

types of noise [78], [81], [82]. As such, it represents a

promising avenue for fault-tolerant quantum information

processing.

F. Spin Coherence in SiC
Some of these microwave control techniques have re-

cently been applied to manipulate the ground-state spin

sublevels of various divacancies orientations in the SiC.

ODMR, Rabi oscillations, and spin coherence measure-

ments were demonstrated in ensembles of VV0 com-

plexes ðhh; kk; hk; khÞ in 4H-SiC at T G 200 K as well as

with unknown defects (PL5 and PL6) that have a similar
structure and persist up to room temperature [21]. More

recently, these VV0 complexes have been isolated at the

single defect level [see Fig. 4(a)] exhibiting Rabi oscilla-

tions as fast as �10 MHz corresponding to a � pulse of

�50 ns [see Fig. 4(b)]. These VV0 defects exhibit spin

coherence times ðT2Þ in excess of 1.2 ms, without any

isotopic engineering of the host lattice or dynamical de-

coupling sequences [23].
Furthermore, by exploiting the inequivalent lattice

sites, one species of VV0 (drive species) can be manipu-

lated in order to alter the Larmor precession of a second

VV0 (sense) species in 6H-SiC via double-electron-

electron-resonance (DEER) [22]. These DEER mea-

surements reveal the magnetic dipole coupling among

different spin species within an ensemble, providing an

intrinsic means of transferring quantum information
[see Fig. 4(c)]. These advances are significant as SiC is a

technologically more mature material and provides path-

ways toward integration of spin defects with more con-

ventional semiconductor technology, as well as with

photonics and mechanical motion.

IV. OPTICAL CONTROL OF
DEFECT-BASED SPINS

A. Excited State Structure of the NV Center in
Diamond

Due to the rich structure of the NV� center excited

state and its inherent optical addressability, the NV�

center has become an excellent testbed for a number of
quantum optical protocols aimed at the development of

photonic networks and quantum repeaters for quantum

information processing [83]. Photonic control of the

NV� center exploits the excited state level structure of

the NV� center, consisting of six spin–orbit levels at

zero magnetic and electric field. These orbital compo-

nents are strongly susceptible to intrinsic strain and local

electrostatic fields, and can be tuned through the DC

Stark effect either through additional applied strain or an

external electric field [84]–[87]. Likewise, its spin com-

ponents can be tuned through the Zeeman effect with an

external magnetic field. As such, at high magnetic and

electric fields, these levels split into a distinct orbital

doublet EX and EY , with each orbital containing a spin

triplet. A more detailed treatment of the excited state
can be found in [14] and [88]–[91].

This detailed structure of the ES is only optically re-

solvable at cryogenic temperatures (T G 20 K) [90],

above which Jahn–Teller distortions cause significant

broadening of these levels [92]. The room temperature

operation of the NV� center is enabled by an averaging

process that leads to an orbital singlet-like ES with a

spin triplet [93]. At cryogenic temperatures, the sharpen-
ing of the linewidth of these optical transitions facilitates

on-resonant excitation, while the broadened ES at room

temperature limits most applications to off-resonant

excitation.

To resolve these levels at cryogenic temperatures, a

tunable, narrow-line 637-nm laser is used to scan across

the various transitions between the GS and ES,

Fig. 4.Microwave control in VV0 in SiC. (a) Single defects in SiC.

The gð2Þ coherence function in a Hanbury-Brown–Twiss

measurement reveals isolation of single VV0 of several different

configurations, the hh, kk, and kh species within 4H-SiC.

(b) Corresponding Rabi oscillations driven in each of those

individual single spins. Figures (a) and (b) from [23].

(c) Double-electron-electron-resonane (DEER) measurement on

two ensemble species of VV0 in 6H-SiC. Left: Pulse sequence to

drive one species, and sense the Larmor precession of the other.

Right: Variation of the pulse duration drives Rabi oscillations on

the drive species (QL2) and accumulates DEER signal on the

sense species (QL1). Figure from [22].
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measuring the emitted PL. Peaks appear when the laser

is resonant with a specific transition [see Fig. 5(a)], in a

measurement known as photoluminescence excitation

(PLE) [90], [94]. These transitions are spin dependent
[85] and provide another means of spin-state readout

[95]. It should be noted that in most samples, these

peaks are broadened beyond the transform limited line-

width as a result of spectral diffusion [92]. This diffusion

occurs when charge instabilities around the NV� center

reset during certain types of photoexcitation, particularly

that of the 532-nm off-resonant laser [96], [97], causing

slight shifts in the electrostatic environment which are
sensed by the NV� center resulting in shifts of the opti-

cal transition energies. Over a series of measurements

with repeated reinitializations by a 532-nm laser, this

leads to a spectrally broadened peak [92]. However, with

reionizations along the NV0 zero-phonon line at 575 nm,

the linewidth of the NV� center optical transitions

becomes transform limited [49].

Fabrication of a solid immersion lens coupled with a

high numerical aperture objective within the cryostat

leads to significant enhancement of the collection effi-

ciency of the emitted PL [99], [100]. When exciting along
specific spin-dependent transitions, this yields high-fidel-

ity single-shot readout of the NV� center spin state [95]

[see Fig. 5(b)]. Likewise, by optically pumping the spin

from one spin state to another, it is possible to initialize

the spin state of the NV� center with a greatly enhanced

fidelity of 99.7% [95]. In addition, resonant excitation al-

lows for the observation of optical Rabi oscillations be-

tween the ground and excited states, providing a way to
fully populate the excited state of the NV� center [101].

B. Linking NV Centers With Light
One of the most fascinating aspects of quantum me-

chanics is the entanglement of quantum states, a phe-

nomenon by which multiple quantum states cannot be

described independently but only as a whole system.

Fig. 5. Linking spins with light. (a) Photoluminescence excitation (PLE) of the NV� center taken at cryogenic temperatures. The peaks

correspond to the tunable, narrow-line laser being resonant with a specific GS , ES transition. Figure from [95]. (b) The principles

behind single-shot readout. Photon count statistics of the readout of the spin state during an optical pulse resonant with the EX

transition over 10000 measurement iterations. When initialized into ms ¼ �1, the average photon count per shot is 0.07, and when

initialized into ms ¼ 0, the average photon count per shot is 6.4. Figure adapted from [95]. (c) Two-photon interference from distinct

NV� centers. Left: By applying a voltage to the sample, the EY transitions within two NV� centers are brought to resonance around

�13.6 V. Right: Coincidence distribution of 255 one-minute histograms. The dark and light gray regions denote the standard deviations

(� and 2�) of the expectation for two noninterfering sources, while the red curve depicts a simulation of the expected behavior for

interfering sources. Figure adapted from [98]. (d) The A2 � system within the NV� center. At zero field, the A2 excited state couples to

the ms ¼ �1 ground states through orthogonal circular polarizations of light. Through this distinct coupling, spin-photon entanglement

has been realized both for an emitted photon [32], as well as an absorbed photon [33]. (e) Depiction of teleportation of a spin state

from one NV� center to a distant NV� center. Alice wishes to teleport qubit state �1 . Alice and Bob both have one qubit of an

entangled pair (qubits �2 and �3 ). To teleport the state of qubit �1 , Alice jointly measures qubits �1 and �2 in the Bell basis, thus

projecting the state of qubit �1 onto the state of qubit �3 up to a unitary transformation. This transformation depends on the outcome

of Alice’s measurement, and is transmitted to Bob classically. Bob then applies the unitary transformation, recovering the teleported

state, which now resides on qubit �3 . (f) The teleportation fidelity for six different initial states. The horizontal dashed line denotes

the classical limit. Figures (e) and (f) adapted from [36].
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This gives rise to nonclassical correlations among the
quantum states. The NV� center was used in one of the

first demonstrations of spin-photon entanglement in

the solid state, as a particular sublevel of the ES (the A2
level) couples to two GS spin states through different cir-

cular polarizations of light [see Fig. 5(d)], such that the

polarization of the emitted photon is entangled with the

spin state [32]. Likewise, a photon absorbed by the NV�

center through excitation to this ES may also become en-
tangled with the spin state [33]. Additionally, the coher-

ences between the spin and photons can be probed

through the Faraday effect, a nondestructive measure-

ment of the spin state based on shifts of light polariza-

tions [102]. To expand these entanglement protocols to

couple one NV� center to another, the emitted photons

from each must be indistinguishable. As a solid-state

system, each NV� center has slightly different orbital
transition energies due to the local electrostatic environ-

ment. Tuning the optical transitions of two separate

NV� centers to degeneracy can be accomplished through

the DC Stark effect with applied external electric fields

[84]–[87]. With the ability to tune separate NV� centers

to degeneracy [86], interference between an emitted

zero-phonon line photon from each NV� center was

demonstrated [98], [103] [Fig. 5(c)].
These developments laid the foundation for the dem-

onstration of photonic entanglement of two NV� centers

separated by 3 m [35]. In this demonstration, a spin-

photon entangled pair was generated for each NV center,

and the resulting photons were then overlapped at a

beamsplitter and measured jointly in the Bell basis. Suc-

cessful projection of these time-bin photons in the Bell

state heralds the photonic entanglement of the NV cen-
ters. Combining the ability to share entanglement over

long distances with efforts in developing nuclear spin

registries, this was further expanded to unconditionally

teleport the nuclear spin state of one NV� center onto

the electronic spin state of another distant NV� center

[36] [see Fig. 5(e) and (f)]. Tests of fundamental axioms

of quantum mechanics have also been demonstrated with

NV� centers using a variety of these optical techniques,
including the three-quantum box problem [104], as well

as the first demonstration of a loophole-free test of

Bell’s inequality, closing both the locality and detector

loopholes [105].

C. Controlling the NV Center With Light
Another route to investigate the NV� center quantum

optical interface is to develop methods to actively and
fully manipulate the spin with light. As the NV� center

acts like a trapped ion in the solid state, a number of

atomic physics techniques can be adapted to develop this

optical manipulation. Such control occurs within a

smaller footprint than previous microwave techniques,

down to the spot size of a diffraction-limited laser, which

facilitates integration with photonic networks or spin

arrays. One of the earliest demonstrations of optical con-
trol in diamond was based on the AC Stark effect that

provides a means of rotating the NV� center ground-

state spin about the energy eigenbasis axis, creating a

phase shift on the qubit state (a Z-axis rotation on the

Bloch sphere) [102].

To expand upon this optical control of the NV� cen-

ter, � (lambda) systems can be harnessed [see Fig. 5(d)].

A � system consists of two ground states optically
coupled to an ES in a level structure resembling its

Greek letter namesake [see Fig. 5(d)]. These systems can

be optically driven generating control over the GS spin

levels. Within this � system, coherent population trap-

ping (CPT) is a method to prepare a coherent superposi-

tion of the GS, known as the dark state, and has been

demonstrated in individual NV� centers [106]–[108]

[Fig. 6(a)]. The dark state is a particular superposition of
the GS spin sublevels that does not couple to the light

fields and as such is determined solely by the relative

amplitude and phase of the driving optical fields. Not

only does control of a � system allow for arbitrary ini-

tialization of the GS spin, but also the ability to readout

along any arbitrary basis through the transient photolu-

minescence emitted during CPT, as well as the ability to

rotate the spin about any axis via stimulated Raman tran-
sitions [109] [Fig. 6(b) and (c)]. By combining these

techniques, a full set of single qubit control protocols

can be realized and used to measure spin coherence

within the NV� center GS. Additionally, control over the

dark state superposition can be adiabatically evolved to

realize stimulated Raman adiabatic passage (STIRAP) as

a method to transfer population from one spin sublevel

to another without significant loss through the ES [110].
With the ability to adiabatically evolve dark states within

the NV� center, geometric control through optical

means has also been realized [78] [Fig. 6(d) and (e)].

Another approach to optically control the GS spin ex-

ploits the orbital-light interface in contrast to the spin-

light interface. In this case, ultrafast pulses of light are

used to transfer spin population between the GS and ES

orbitals. The spin dynamics of the excited state can then
be probed and used as a method to rotate the spin any-

where on the Bloch sphere. Here, the time spent in the

ES dictates the amount of rotation, while the spin mixing

of the ES generated by an external magnetic field deter-

mines the rotation axis [91] [see Fig. 6(f)]. The ultrafast

pulse technique also enables the ability to probe the or-

bital dynamics through the polarization selectivity of the

orbital branches [91].

D. Photonic Structures in Diamond
To further drive the technological application of NV�

centers and all-optical control techniques, the develop-

ment of optically enhancing structures in diamond to

couple individual NV� centers has become a growing fo-

cus of research. Solid immersion microlenses milled into
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the diamond help improve collection efficiency of the
emitted NV� center PL [99], [100], and have enabled a

number of advances [19], [35], [36], [91], [95], [105].

Another route to improving the optical interface with

the NV� center is through the development of photonic

crystals and cavities. As only 3% of the emission of the

NV� center is in its zero-phonon line due to strong pho-

non coupling, these structures aim to increase the zero-

phonon line emission and to explore coupling between
cavity modes and spin states through Purcell enhance-

ment. Developing photonics is also important for the re-

alization of transferring quantum information via optical

networks. While diamond is a challenging material to

fabricate, numerous structures have been implemented

recently with continuing improvements [111]–[113], in-

cluding nanowires [114], [115] [Fig. 7(a)], microring res-

onators [116], photonic crystals [117] [Fig. 7(b)], and
nanobeams [118] [Fig. 7(c)].

E. Photonic Structures and Control in SiC
SiC offers an attractive route for photonic develop-

ment as a more technologically mature material. Avail-

able on the wafer scale, and with more developed

processing techniques, the potential exists to create cavi-

ties with much higher quality factors. Recently, photonic
crystals were fabricated in 3C-SiC, with a quality factor

Q � 1500 [Fig. 7(d)] and tuned to the zero phonon line

of the Ky5 defect [119]. In addition, photonic crystal

nanobeam cavities have shown quality factors as high as

77000 in amorphous SiC [120], and suggest pathways to-

ward high Q photonic crystals in monocrystalline SiC for

defect integration. Furthermore, optical control of SiC

defects shows promise, as coherent population trapping
(CPT) was recently demonstrated in an ensemble of

kh� VV0 [121].

V. ELECTRICAL AND MECHANICAL
CONTROL OF THE SPIN DEFECT

Another route to controlling spin defects in semiconduc-

tors is through the use of electric or strain fields. Such
fields address transitions that are magnetic-dipole forbid-

den, those between spin sublevels of �ms ¼ 2. These

spin sublevels are coupled to the electric field due to the

Stark effect, a result of both spin–spin and spin–orbit in-

teractions. Due to the symmetry of these defects, electric

and strain fields act in a similar manner. This coupling

to electric fields was first seen in ensembles of NV� cen-

ters as a shift in the GS spin transitions through a modu-
lation of a spin echo [122]. Since then, there have been a

variety of control and sensing applications exploiting this

electrical and mechanical interface.

A. Mechanical Control in Defect Spins
Strain, often mediated by mechanical motion, is the

basis for a series of novel control techniques applied to

Fig. 6. All-optical control techniques. (a) Coherent population
trapping (CPT) within an NV� center. Photoluminescence from an

NV� center as a function of laser frequency sideband separation.

Within a � system, when the sideband separation is on resonance

with the ground state splitting, the spin is trapped into a dark state,

resulting in a dip in PL. Figure from [106]. (b) and (c) All-optical spin

control. (b) Tomographic reconstruction of spin evolution as a

result of stimulated Raman transitions. By detuning from the

one-photon resonance within a � system, the bright polariton state

shifts in energy leading to precession about the bright/dark state

axis. (c) A comparison between an all-optical and a microwave

approach to measuring transverse spin coherence T2. The

all-optical approach utilizes � system techniques. Figure from [109].

(d) and (e) Optically accumulated geometric phase. (d) Pulse

sequence to accumulate geometric phase. Placing the spin on the

equator of one spin subspace ð0=� 1Þ, and evolving the state

through stimulated Raman adiabatic passage on another subspace

ð�1=þ 1Þ, allows for the ability to measure accumulated geometric

phases. (e) Measured projections on ð0=� 1Þ revealing accumulated

geometric phases, proportional to the wedge angle enclosed on the

�1=þ 1 Bloch sphere. Figure from [78]. (f) Spin control derived

from excited state dynamics. Tomographic reconstructions of spin

evolution at various different magnetic fields moving through an

ES anticrossing. At the center of the anticrossing, the ES spin

eigenstates are roughly equal superpositions of 0 and þ1, leading

to an equatorial axis of rotation. Far away from the anticrossing,

the eigenstates are largely 0 and þ1, leading to a largely polar axis

of rotation. Figure from [91].
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defect spins. By applying stress waves through a MEMS

transducer on a diamond, magnetic-dipole forbidden

transitions within the NV� center ground state can be

driven, and optically detected mechanical spin resonance

for an ensemble of NV� centers can be observed [123]

[Fig. 8(a)]. This technique can further be extended to

drive Rabi oscillations between the �ms ¼ 2 transitions

[124] [Fig. 8(b)]. Additionally, a diamond cantilever

driven by a time-varying strain field can induce Rabi os-

cillations within a single NV� center [125]. Likewise,

because of this coupling, examining a series of NV� cen-

ters within a strained cantilever reveals a sensitive map

Fig. 7. Photonic structures in diamond and SiC. (a) An array of nanowires �2 �m in height, �200 nm in diameter in diamond imaged

via SEM. The array was realized via high-throughput nanofabrication techniques and 910% of the devices contain a single NV� center.

NV� centers have been realized in nanowires through a variety of techniques including prefabrication and postfabrication

implantation and annealing, as well as through delta doping and irradiation. Figure from [114]. (b) Photonic crystal in diamond.

Top left: A three-hole defect shifted cavity and the electric-field energy density of its fundamental mode. The three holes are shifted

by d1, d2, and d3. Bottom left: SEM image of three-hole defect cavity. Right: Color plot of photoluminescence measured by tuning

the cavity resonance across the ZPL of the NV� center ensemble. Figure from [117]. (c) Nanobeam photonic cavity fabricated in

diamond. Nanobeams have become one of the preferred methods in diamond due to their low mode volume and the ability to achieve

modest quality factors �10000. Top: SEM image of a nanobeam containing delta-doped NV� centers. Bottom: The fundamental mode

of the nanobeam in relation to the NV� center spectra. The cavity resonance can be altered through gas tuning. Figure from [118].

(d) Photonic crystal in SiC. Top, SEM image of an L3 photonic crystal in SiC. Bottom: Enhancement of the ZPL of the Ky5 center in

SiC reveals a Q � 1500. Figure from [119].
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of both the axial and transverse strains [126]. Alterna-
tively, mechanical motion has been coupled to the NV�

center spin by driving a resonator coated with a magnetic

film, leading to an oscillating magnetic field driving the

magnetic-dipole transitions [127], [128] ð�ms ¼ 1Þ as op-
posed to those driving the dipole-forbidden transitions.

These demonstrations reveal a diversity of approaches to

coupling mechanical degrees of freedom to spin degrees

of freedom within optically addressable defects, and as
such they suggest routes toward optomechanical

transducers.

B. Electrical Control in Defect Spins
Electric fields are typically used to tune the orbital

levels of the excited state through the DC Stark effect

[35], [84]–[87], [98], [103] for photonic applications.

However, they also couple, albeit more weakly, to the
ground state spin sublevels ð�ms ¼ 2Þ, and control of

these levels has been seen not only in NV� centers but

also in the VV0 in SiC. In particular, the E-field coupling

term has allowed for the ability to sense electric fields at

the nanoscale within NV� centers [3]. In SiC, electri-

cally-driven spin resonance has been demonstrated in en-

sembles of VV0 centers, and extended to drive Rabi

oscillations between ms ¼ �1 states ð�ms ¼ 2Þ [129]
[Fig. 8(c)]. Such control is limited to between litho-

graphically deposited electrodes on the sample, suggest-

ing good confinement of the control field. In addition,

the ability to sense these electric fields in SiC reveals an

electric dipole moment that is roughly twice as large as

the NV� center, and provides an alternative system in

which to sense nanoscale electric and strain fields [44]

[Fig. 8(d)].

VI. DISCUSSION AND CONCLUSION

Spin defects in semiconductors have come a long way in

the past few decades. While their ultimate aim as a solid-

state qubit for quantum logic may still be years away,

other elements of a quantum network, such as quantum

repeaters, may be realized much sooner. With the recent
achievement of state teleportation between two distant

NV� centers [36] and improvements in photonic devices

[113], building up to a multinode quantum network may

be possible with further technical improvements [83].

These spin defects could ultimately find their niche as

nanoscale sensors, providing high-resolution spatial me-

trology of electric and magnetic fields, and temperature

[66]. As diamond is biocompatible with low toxicity,
nanoparticles could also be used within living systems

[41], [69], [70].

All these applications are facilitated by the wide

range of quantum control mechanisms available. Micro-

wave control enables the ability to dynamically decouple

these spin defects from their environment, while pho-

tonic control may aid in the integration with photonic

Fig. 8.Mechanical and electrical control of spin defects.

(a) Optically detected mechanical spin resonance. Left: For a fixed

driving frequency of 1.076 GHz, the population that is driven into

the mS ¼ þ1 from mS ¼ �1 as a function of magnetic field. Right:

NV� center hyperfine levels with the each arrow corresponding to

the condition that the transition indicated is in resonance with the

mechanical drive. Figure from [123]. (b) Mechanically-driven Rabi

oscillations of NV� center ensembles at different depths within the

sample, where � corresponds to the wavelength of the standing

stress wave. Figure from [124]. (c) Electrically-driven Rabi

oscillations of VV0 ensembles in 6H-SiC. Left: PL from sample

indicating the electrodes. Right: electrically-driven Rabi oscillations

for the three regions denoted by the colored circles indicating the

oscillations are confined to within the electrodes. Figure from [129].

(d) AC strain sensing with VV0 ensembles in 4H-SiC. Left: Hahn-echo

pulse sequence for strain sensing. Right: The strain phase shifts

the spin superposition during the free evolution portions, and has

significantly different effects on the different divacancy

configurations. Figure from [44].

2020 Proceedings of the IEEE | Vol. 104, No. 10, October 2016

Heremans et al. : Control of Spin Defects in Wide-Bandgap Semiconductors for Quantum Technologies



structures and the development of quantum photonic
networks. Alternatively, electric and mechanical control

of spin defects could open up different degrees of free-

dom and provide a means to couple these defects to

other quantum systems. Together, this versatility could

lead to the development of quantum hybrid systems,

leveraging the strengths of disparate systems. Further
material studies of spin defects in wide-bandgap materials

may also yield new spin defects in host materials that al-

low for even greater quantum control. The future is

bright for these optically addressable defects, and they

will continue to drive quantum technologies forward. h
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