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A distributed quantum network would require quantum nodes capable of performing arbitrary quan-
tum information protocols with high fidelity. So far the challenge has been in realizing such quantum
nodes with features for scalable quantum computing. We show here that using the solid-state spins in 4H
silicon carbide (4H SiC) such a goal could be realized, wherein a controlled generation of highly coher-
ent qubit registers using nuclear spins is possible. Using a controlled isotope concentration and coherent
control we perform here atomistic modeling of the central spin system formed by the electron spin of
a silicon-vacancy color center (V−

Si center) and the noninteracting nuclear spins. From this we lay out
conditions for realizing a scalable nuclear-spin (13C or 29Si) register, wherein independent control of the
qubits alongside their mutual controlled operations using the central electron spin associated to the V−

Si
center in 4H SiC are achieved. Further, the decoherence and entanglement analysis provided here could
be used to evaluate the quantum volume of these nodes. Our results mark a clear route towards realizing
scalable quantum memory nodes for applications in distributed quantum computing networks and further
for quantum information protocols.
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I. INTRODUCTION

The realization of a distributed quantum computing net-
work, in which local quantum memory nodes (QMN) are
connected over long distances via optical photons, is an
outstanding challenge in the field of applied quantum tech-
nologies [1,2]. The key building block for the realization
of a quantum computing network is a QMN representing
a hybrid quantum system composed of qubits with dif-
ferent functionalities. They include qubits that form an
interface with the flying qubits (photons) and another kind
that allows for the processing of quantum information car-
ried by the photons [Fig. 1(a)] [3]. Over the last decade,
atomistic spin defects in solids have emerged as a potential
candidate in realizing such QMN [4–7]. Many compo-
nents for the realization of a QMN have already been
demonstrated in great details for NV and Si-V color centers
in diamond. These realizations include long-lived quan-
tum memory qubits realized through the lattice nuclear
spins [6,8,9], and spectrally stable optical transitions of the
defect electron spin [10–12]. Furthermore, demonstrations
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of embedding them into nanophotonic structures [13,14]
and a small-scale quantum network [15] has also been
achieved. Despite this progress QMNs with scalable mem-
ory registers and at the same time displaying high coop-
erativities in photonic structures has not been shown so
far. We address this challenge and report how the silicon-
vacancy color centers (V−

Si centers) in 4H SiC, with con-
trolled doping allows for the realization of a scalable QMN
[16–19].

The realization of a QMN requires an optically active
quantum system and coherently controllable long-lived
memory qubits. Therefore, our analysis considers a single
V−

Si center as a control and communication qubit sur-
rounded by 13C and 29Si nuclear spins as memory qubits
[20–24]. Electron-nuclear spin interaction is modeled by
a central spin model wherein, a single V−

Si center couples
to surrounding 13C and 29Si nuclear spin qubits through
hyperfine interaction, which is described by the following
Hamiltonian [25,26]:

H = DS2
z + ω0Sz + ωnI + �SA�I . (1)

The first term in Eq. (1) describes the ground-state zero-
field splitting (ZFS), the second and third terms describe
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FIG. 1. (a) Schematic representation of a quantum memory node interacting with incoming and outgoing photons. The QMN is
made of an electron-nuclear spin system as shown in the illustration. (b) Energy-level scheme for a two-spin subspace (|3/2〉 and
|1/2〉) of V−

Si center without and with hyperfine coupling to a nuclear spin in the vicinity.

the electron and nuclear Zeeman interaction with an exter-
nal magnetic field, respectively. Depending on the type
of the nuclear spin, the Zeeman interaction differs sig-
nificantly as the gyromagnetic ratios for the carbon and
silicon nuclear isotopes are γn = 10.71 MHz/T (13C), and
γn = −8.46 MHz/T (29Si), respectively [26]. The last
term describes the hyperfine interaction, where A is the
hyperfine tensor with elements Aij = (μ0�

2γeγn)(3rirj −
δij )/(4πr3) [27]. With the magnetic field aligned along the
quantization axis of the defect center we can safely neglect
the V−

Si center electron spin-flip terms, i.e., the Sx and Sy
terms in this hyperfine interaction. With this simplification
the hyperfine tensor A becomes a vector with components
�A = {Azx, Azy , Azz}. Incorporating this into the nuclear spin
Hamiltonian and by projecting it onto the Sz basis of the
electron spin, it reduces to

H n = |±3/2〉〈±3/2| ⊗ H n
±3/2 + |±1/2〉〈±1/2| ⊗ H n

±1/2.
(2)

As noted above the V−
Si-center electron spin is a four-

level system (FLS) with eigenbasis states | ± 3/2〉e and
| ± 1/2〉e. The nuclear dynamics conditioned on the
electron spin state is determined by H n

±3/2 = ωnIz ±
3/2(A‖IZ + A⊥Ix), and H n

±1/2 = ωnIz ± 1/2(A‖IZ + A⊥Ix).
Instead of working in the full FLS, we restrict the dynamics
to the effective |3/2〉e and |1/2〉e two-level subspace. This
is realized by an applied static magnetic field with 500 G
aligned along the quantization axis of the V−

Si center. The
frequency of applied microwave addresses the nuclear spin
transitions corresponding to the V−

Si-center electron spin
state of |3/2〉e and |1/2〉e.

II. CONTROLLABLE NUCLEAR SPIN

A. Pulse sequence to identify a nuclear spin

The realization of a QMN requires coherent control of
single nuclear spins via electron-nuclear gate sequences.
The main challenge in implementing these sequences
is to maintain spin coherence on the electron spin and
avoid unwanted crosstalk between nuclear-spin qubits. To
address this problem, a control sequence is required, which
preserves the spin coherence of the V−

Si center and at
the same time also performs a selective rotation on the
nuclear-spin qubits. This could be achieved by a pulse
sequence, which involves a two-qubit gate based upon
phase-controlled rf, which drives the nuclear spins inter-
leaved with dynamical decoupling (DD) of the electron
spin [9]. DDrf sequences enable the control of multi-
ple nuclear-spin qubits while maintaining the spin coher-
ence on the electron spin (V−

Si center) and reducing their
crosstalk. The concept of DDrf sequences is based on
selective two-qubit gates. Therefore, hyperfine interaction
is utilized, which couples each nuclear spin to the V−

Si cen-
ter. This hyperfine interaction depends on the position of
the nuclear-spin qubit relative to the V−

Si center [27,28].
We further control the nuclear spins through rf con-

trol wherein the applied frequency ω, phase φ, and the
amplitude (Rabi frequency) � are adjusted to allow for
independent control and coupling of a given nuclear spin
to the V−

Si center electron spin. For example, to address a
specific nuclear spin when the V−

Si center is in the spin state

|3/2〉e , we set ω = ω1 =
√

(ωL − 3A‖/2)2 + 9A2
⊥/4 or at

ω = ω2 =
√

(ωL − A‖/2)2 + A2
⊥/4, when the V−

Si center
is in the state |1/2〉e. Further, for a very low (negli-
gible) perpendicular coupling A⊥ and a Rabi frequency
� � (ω2 − ω1), the conditional nuclear Hamiltonian gets
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further simplified such that the total Hamiltonian given in
Eq. (3) takes the form

H n = |±3/2〉〈±3/2| ⊗ �(cos(φ)Ix

+ sin(φ)Iy) + |±1/2〉〈±1/2| ⊗ (ω2 − ω1)IZ . (3)

One can see from the equation above that there is a rota-
tion of the nuclear spin about the x-y plane when V−

Si-center
electron spin is conditioned to be in the state |3/2〉e and
a phase evolution of nuclear spin about z axis when V−

Si-
center electron spin is conditioned to be in the state |1/2〉e.
The conditional phase evolution is governed by the detun-
ing (ω2 − ω1) of the applied rf pulse (ω = ω1) with the
nuclear-spin energy difference (ω2) when the electron spin
is at |1/2〉e [as depicted in Fig. 1(b)], as shown in Eq. (3).
A pulse sequence, which utilizes Eq. (3) to identify and
coherently control single nuclear-spin qubits via condi-
tional rotations, is shown in [Fig. 2(a)]. The sequence
begins by preparing the V−

Si-center electron spin in a super-
position state, 1/

√
2[|1/2〉e + |3/2〉e], using a πy/2 pulse.

After this a controlled rotation CROT(ω) sequence is
applied [insert Fig. 2(a)]. When the rf frequency ω is res-
onant with a given nuclear-spin qubit (ω = ω1 or ω2), the
CROT(ω) acts as an electron-nuclear DDrf two-qubit con-
ditional phase rotation as shown in Eq. (3). The phase of
each rf pulse on the nuclear spin is labeled as φn=1,...N+1
with N being the total number of π pulses on V−

Si-center
electron spin. Whereas, N + 1 denotes the total number of
rf pulses on the nuclear spin. If the initial state of the elec-
tron spin is |3/2〉e and the rf frequency ω = ω1, the nuclear
spin will undergo a rotation about x-y plane. The nuclear-
spin evolution is followed by a π pulse, which flips the
electron spin state from |3/2〉e to |1/2〉e. Subsequently the
nuclear spin will undergo a free evolution about the z axis.
This sequence will be repeated until the N + 1 rf pulse on
the nuclear spin.

φ1 = φinitial,

φ2 = φ1 + φτn + π ,

φl+2 = φl + 2φτn ,

φN+1 = φN−1 + φτn .

(4)

The phase of each applied nuclear spin rf pulse
(φn=1,...,l,l+1,l+2,...,N+1) is given by Eq. (4) [9,25]. The phase
of the first nuclear-spin rf pulse can be freely set to φinitial.
Correspondingly, the phase of consecutive rf nuclear-spin
pulses is calculated depending on the phase obtained due to
the free evolution φτn = (ω2 − ω1)τn for a time period of
τn as shown in Eq. (4). Furthermore a 180◦ shift is required
between consecutive nuclear-spin rf pulses to alter their
rotation direction depending on the electron-spin state [25].

The final readout of the sequence is done by
πϕ/2—pulse on the electron spin with varying phase ϕ.

The corresponding results are shown in Fig. 2(b). The
reduction in the probability amplitude of the final read-
out is governed by loss of coherence due to the scenario
where ω = ω1 or ω2. This effect is used for the detection
of nuclear spins in the vicinity of a V−

Si center. Using the
sequence shown in Fig. 2(a), we perform the numerical
simulations to detect the nuclear-spin qubits. For negligi-
ble A⊥ (Axz or Ayz) coupling, the fidelity of detecting the
nuclear spin can be maximized for the number of π pulses
N � π/(2�τn). By varying the driving frequency ω the
sequence is capable of detecting randomly positioned 13C
and 29Si nuclear-spin qubits. We note that all nuclear-spin
qubits show two hyperfine transitions positioned at ω = ω1
and ω = ω2 (due to the driving of nuclear spins at the cor-
responding spin state of the V−

Si center) . This leads to an
additional control, which we discuss later.

B. Nuclear-spin accessibility

Upon turning onto the atomistic modeling of the
nuclear-spin bath from the physical parameters associated
to the SiC lattice, a volume of 680 nm3 is considered with
the position of the V−

Si center set at the origin for the lat-
tice space. This corresponds to approximately 8200 unit
cells of the lattice [25,29]. Further, we consider a natu-
ral isotopic abundance of 13C and 29Si nuclear spins to
be 1.1% and 4.7%, respectively. With this isotopic con-
centration, the average distance between any two nuclear
spins is larger than 6 nm, indicating a weak (negligi-
ble) intranuclear spin interactions. For this reason, in the
reminder of the discussion we consider all the nuclear
spins of the bath are noninteracting and any interaction
between them will be mediated by the V−

Si-center elec-
tron spin alone. Further, the average distance at natural
isotopic abundance of the V−

Si-center electron spin to the
nearest nuclear spins is in the order of 0.5 nm, leading
to the coupling strength in the range of Hz to approx-
imately 200 kHz. To optimize the maximum accessible
number of controllable nuclear-spin qubits as potential
quantum memories we perform a parametric analysis by
employing the sequence from Fig. 2(a). A useful prop-
erty, which influences the outcome of the measurement
protocol, is the concentration of nuclear spins that dic-
tates the total number of isotopes in the vicinity of a V−

Si
center [30]. To analyze the influence of the isotopic con-
centration on the maximum number of controllable nuclear
spins we initially simulate the measured contrast of a sin-
gle 13C and 29Si nuclear isotope at all possible positions
around a V−

Si center. The contrast in amplitude, as shown
in Fig. 2(b), is analyzed using the pulse sequence from
Fig. 2(a) for each position (radial r and angular θ coor-
dinates) of a nuclear spin from V−

Si center. The analysis
is initially performed for a long nuclear-spin driving time
of τn = 93 µm with N = 100, which amounts to the total
driving time of 2Nτn = 18.6 ms [Fig. 3]. However, the
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FIG. 2. (a) DDrf pulse sequence used for detecting and controlling nuclear spins with interleaved dynamic decoupling on the V−
Si

center to preserve the electron-spin coherence. The sequence also depicts the nuclear spin being driven for a 2τn period between
electron-spin π pulses. The dynamic decoupling sequence uses N π pulses on the V−

Si-center electron spin. The phase of the nth rf
signal, which drives the nuclear spin varies as φn [9,25]. (b) The result of the final electron-spin state population is readout with
varying phase (ϕ) of our final π/2 pulse as shown in (a). In the scenario when the rf frequency ω is detuned from the nuclear-spin
levels (ω1 or ω2), an inversion of spin-state population from |3/2〉e ⇔ |1/2〉e is observed. Whereas when the rf frequency ω is in
resonance with ω1 or ω2 [as shown in (a) for ω = ω1] a reduction of the probability amplitude between |3/2〉e ⇔ |1/2〉e is observed.

choice of nuclear-spin driving time is restricted by the V−
Si-

center electron-spin coherence. Therefore, this analysis is
also performed for a short nuclear-spin driving time τn =
46 with µs N = 20 (total driving time of 2Nτn = 1.8 ms)
[Fig. 4(a)]. However, the simulation shows that the sens-
ing volume within which a nuclear spin can be detected
is reduced. This behavior arises due to the fact that the
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FIG. 3. The contrast in controlling a nuclear spin in the vicin-
ity of a V−

Si-center electron spin is shown as a function of the
relative position of nuclear spins in a polar plot. The nuclear
spins that are closer to the V−

Si-center electron spin are coupled
strongly with a coupling strength A > (1/T∗

2). The nuclear spins
that are further away from the central V−

Si-center electron spin
require more driving time in order to access them owing to a
very low coupling strength. The accessibility of such very weakly
coupled nuclear spin are limited by the V−

Si-center electron-spin
coherence.

maximum radial distance until which nuclear spins are
accessible (for θ = 0◦ or θ = 180◦) reduces with decreas-
ing nuclear-spin driving time τn as depicted in Fig. 4(b).
The rise and drops of the contrast in Fig. 4(b) is suspected
to be the cause of the revival of the electron-spin coherence
when the nuclear spin exhibits a complete rotation. The
contrast drop beyond a certain radial distance in Fig. 4(b)
indicates that a longer driving time is necessary to access
this nuclear spin.

To analyze the usability of nuclear spins we set two
criteria. First (i) we consider only nuclear-spin qubits at a
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FIG. 4. (a) Polar plot of the nuclear-spin contrast for a fixed
values of N = 20 and τn = 46 µs is depicted. Nuclear spins
closer to the V−

Si-center electron spin (approximately 2 nm) are
accessible unlike those shown Fig. 3. (b) The radial dependence
on accessing a nuclear spin depending on the contrast for θ = 0
depicts that the radial distance within which the nuclear spins are
accessible reduces with decreasing τn.
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lattice position where the contrast is larger than >0.5. Sec-
ond (ii) we consider only nuclear-spin qubits, which can
be independently controlled (independent rf driving fre-
quency). Exploiting the interdependence of contrast and rf
driving frequency ω we can statistically analyze the con-
trollable nuclear-spin qubits by looking for nuclear spins
that satisfy the aforementioned criteria. If we assume a
natural abundance of 1.1% of 13C and 4.7% of 29Si, the
total number of accessible nuclear spins, which meet the
first criteria are Nqubits = 161 for N = 100 with τn = 93 µs
and Nqubits = 23 for N = 20 with τn = 46 µs, respectively.
Unfortunately, a high amount of accessible nuclear spins
leads to driving of multiple nuclear spins within an identi-
cal driving frequency and henceforth to a lower amount of
controllable nuclear-spin qubits that could exhibit indepen-
dent driving [25]. Hence upon following both the criteria at
natural abundance of isotopes the Nqubits = 16 for N = 100

with τn = 93 µs and Nqubits = 14 for N = 20 with τn =
46 µs, respectively.

In our analysis, we are varying the concentration of 13C
and 29Si between 0.25% and 5.8%. The variation of iso-
topic concentration is such that the proportion of 13C is
the same as 29Si until 13C concentration reaches its natural
abundant concentration (1.1%), beyond which the concen-
tration of 29Si is varied. We are performing a statistical
analysis over 1000 distributions for all given concentra-
tions of 13C and 29Si. All nuclear-spin qubits, which do
not fulfill both aforementioned criteria are excluded in our
analysis.

C. Influence of material and experimental parameters

The total number of accessible nuclear spins at
an isotopic concentration of 0.25% (with the sum of
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FIG. 5. (a) Histogram on the number of nuclear spins that are independently accessible is plotted for a [13C] = 0.125% and [29Si] =
0.125% along with the mean accessible nuclear spins (dotted line). The analysis is carried out for 1000 different distribution of nuclear
spin around the central V−

Si-center electron spin. (b) The mean number of accessible nuclear spins for varying isotopic concentrations
are depicted for two configurations. The plot reveals a possibility to access 20 nuclear spins at total isotopic concentration of 1.5%
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[13C] = 0.125% and [29Si] = 0.125%) considering the
two aforementioned criteria is shown as a histogram in
Fig. 5(a). Wherein the mean accessible nuclear spins and
the probability distributions for our analysis are derived.
The mean accessible nuclear spins for a sum concentra-
tion of 13C and 29Si isotopes are depicted in Fig. 5(b). The
curve saturates for τn = 93 µs and N = 100 at an isotopic
concentration of 1.5%. At the mentioned isotopic concen-
tration there are 49 nuclear-spin qubits within the sensing
volume, which meets criterion (i) for τn = 93 µs and
N = 100. Meanwhile, for τn = 46 µs and N = 20 there
are only eight nuclear-spin qubits within the sensing vol-
ume that meets criterion (i). Owing to more nuclear spins
within the sensing volume for τn = 93 µs and N = 100
the effect of nonindependent driving within the sensing
volume starts to dominate as shown at 1.5% in Fig. 5(b).
Hence the mean identifiable nuclear spins for τn = 93 µs
with N = 100 reduces until the point where the effect of
increasing nuclear spins within the sensing volume and
deteriorating controllable nuclear spins due to nonindepen-
dent driving cancels out. The curve hence saturates at nat-
urally abundant concentration of isotopes [25] . This result
shows the relevance of tailored isotopically produced 4H-
SiC epitaxial layers to maximize the nuclear-spin qubit
access. A similar behavior is also noticeable for τn = 46 µs
with N = 20, but in this case at a much higher isotopic
concentration owing to a smaller sensing volume.

D. Analysis of coherence property

Based on the analysis from Fig. 5(a), it is also clearly
indicated in Figs. 5(c) and 5(d) that Nqubits > 10 are achiev-
able for both scenarios where τn = 93 µs and τn = 46 µs,
respectively. The probability distribution can hence be
adjusted for one given isotopic concentration by adjust-
ing the nuclear-spin driving time. However, the choice
of τn and N also depends on the spin-coherence property
corresponding to the given isotopic concentration. For fur-
ther understanding of the relation between spin coherence
and isotopic concentration, an investigation is conducted
through the method of cluster-correlation expansion (CCE)
[25,26,31]. The investigation is realized with static mag-
netic field of 500 G. The analysis reveals a possibility of
preserving the electron-spin coherence up to 2 ms at an
isotopic concentration of 1.0%. However the electron-spin
coherence deteriorates with increasing isotope concentra-
tion. Hence the choice of an optimal rf driving time τn for
an isotopically pure sample acts as a useful experimen-
tal parameter that maximizes the accessible and control-
lable nuclear-spin qubits per quantum memory node. For
instance, a DDrf sequence with τn = 93 µs and N = 100
demands the electron-spin coherence time >18.6 ms while
the configuration of τn = 46 µs and N = 20 demands the
electron-spin coherence time >1.86 ms.
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FIG. 6. (a) The V−
Si-center electron-spin-controlled CNOT gate

between two uncoupled nuclear spins. The controlled rotation
of V−

Si-center electron spin is performed for |1/2〉n1|1/2〉n2 of
nuclear spins. (b) For a random choice of nuclear spins at a
13C concentration of 1%, we show the entangling gate fideli-
ties among various nuclear spins. In the above simulation, the
couplings of the nuclear spins to the central spin are {Azz =
12.5, −3.8, −18.9, 13.4 kHz and Axz = 2.3, 5.1, −13, 9 kHz},
respectively.

III. EXAMINING THE FIDELITY OF CNOT GATE

To determine the efficiency of a quantum computer,
alternative indicators, such as quantum volume were intro-
duced recently [32]. These measures determine the actual
number of high-fidelity quantum bits that are useful for
computing among the many physical qubits available (e.g.,
20 on average in our case). To evaluate this measure one
needs to perform SU(4) operations on any two qubits in
the quantum register, and this needs the ability to perform
a CNOT gate between any two qubits among the detected
spins. For this we have performed the analysis on the gen-
eration of a CNOT gate between pairs for nuclear spin
qubits which potentially plays a pivotal role in genera-
tion of a maximally entangled state [9]. The CNOT gate
between a V−

Si-center and nuclear spins (n1, n2, n3 and n4)
can be achieved by DDrf sequence through a controlled
rotation of a nuclear spin by π/2 [Fig. 2(a)] [9]. The CNOT
gate between a pair of nuclear-spin qubits can only be
achieved through the intervention of an electron-spin qubit.
The sequence to generate a CNOT gate between a pair of
nuclear-spin qubits is shown in Fig. 6(a) [33]. The π/2 gate
operation on nuclear spins are performed through the DDrf
sequence as shown in Fig. 2(a). The analysis is conducted
at an isotopic spin-bath concentration of 1% with a random
spatial nuclear-spin-bath configuration. The result of the
simulation as shown in Fig. 6(b) reveals a fidelity >90%
in the generation of a CNOT gate between two nuclear-spin
qubits mediated by a V−

Si-center electron spin.

IV. CONCLUSION AND OUTLOOK

In conclusion, our analysis shows a notable chance of
accessing 20 nuclear spin qubits at an isotopic 13C and 29Si
concentrations in the range of 1–1.5% [Fig. 5(b)]. Hence a
control on isotopic purity is necessary in order to maxi-
mize the number of nuclear-spin qubits. A minimum of six
memory qubits can be detected with significant probability
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of >20% at an isotopic concentration of 1.0%. A way to
increase the register size further is to adjust the experimen-
tal driving time τn. As shown in Fig. 3(a), longer driving
time τn increases the sensing volume thereby allowing
weakly interacting nuclear-spin qubits to be identified.
However, the choice of τn is also limited by the electron-
spin coherence property, which further limits the sensing
volume. Hence, for a low isotopic concentration it would
be beneficial to use a long nuclear-spin driving time τn
and a high number of repetitions N to increase the sens-
ing volume. Unfortunately, electron-spin coherence sets an
upper limit for the nuclear-spin driving time and number
of repetitions. For a higher isotopic concentration like nat-
ural abundance, it would be beneficial to drive the nuclear
spins with a shorter nuclear-spin driving time in order to
reduce nonindependent driving. Therefore, our presented
work gives a detailed answer to the question how many
memory qubits can be identified and controlled via a single
V−

Si center. Further with the ability to achieve high-fidelity
entangling gates among the nuclear spins and the decoher-
ence analysis performed, one should be able to estimate the
quantum volume as a function of the isotopic concentration
in these materials.
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