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Current typical methods to realize nuclear-nuclear quantum gates require a sequence of electron-nuclear
quantum gates by using dynamical decoupling techniques, which are implemented at low temperature because
of the short decoherence and relaxation time of the nitrogen-vacancy (NV) spin at room temperature. This
limitation could be overcome by using periodic resets of an NV spin as a mediator of the interaction between two
nuclear spins [Q. Chen et al., Phys. Rev. Lett. 119, 010801 (2017)]. However, this method works under stringent
coupling strength conditions, which makes it not applicable to heteronuclear quantum gate operations. Here we
develop this scheme by using radio-frequency fields to control different nuclear-spin species. Periodic resets
of the NV center protect the nuclear spins from decoherence and relaxation of the NV spin. Radio-frequency
control provides the probability to have highly selective and high-fidelity quantum gates between heteronuclear
spins and detecting nuclear spins by using a nuclear-spin sensor under ambient conditions.

DOI: 10.1103/PhysRevA.105.042426

I. INTRODUCTION

Nuclear spins in materials such as diamond associated with
single defects represent a promising platform for quantum
information registers [1-4] and sensing purposes [5—13] due
to their long coherence times and the potentially large number
of available spins. Nuclear spins can be initialized, controlled,
and read out through the electron spin of the nitrogen-vacancy
(NV) center [14] driven by optical fields and microwave ra-
diation [15,16]. Recent progress manifests in a number of
works, such as electron-nuclear [17-26], electron-electron
[27], and nuclear-nuclear quantum gates [28]. Many schemes
are proposed to realize electron-nuclear quantum gate op-
erations, both with [23,24] and without [25,26] additional
radio-frequency (1f) control of the nuclear spins themselves.

A nuclear-nuclear quantum gate is implemented by a se-
quence of NV nuclear quantum operations [1,2]; it is a delicate
issue to have a complete set of quantum gates on specific nu-
clei in samples [23]. Current related experiments are operated
at low temperature, because of the relatively short lifetime
of the NV center. Several outstanding challenges are caused
by the relaxation and decoherence processes of the electron
spin as these limit quantum gate fidelities on nuclear registers
as well as spectral resolution and selectivity. A scheme was
proposed to have highly selective and high-fidelity quantum
gates between nuclear spins under ambient conditions [29].
However, it has strict requirements of resonance conditions
and is applicable for special cases, i.e., for nuclear spins in
the same species with the parallel coupling components be-
tween the NV and nuclear spins far smaller than the vertical
components.
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Here we extend the scheme in Ref. [29] to a heteronu-
clear case by using radio-frequency fields to control different
nuclear-spin species individually. The consideration of differ-
ent species might be inevitable for some specific purposes,
such as sensing and quantum information processing of
molecular spins [30]. Our method not only is general for quan-
tum computing made of NV-controlled nuclei in and out of the
diamond lattice [31], but also could be applied to control '3C
and 2°Si spins with silicon vacancies in silicon carbide [32].
The effective substantial second-order coupling between the
nuclear spins is obtained through a microwave (MW) driving
NV center which is periodically reinitialized by a dissipative
process [29]. Similarly, the periodic reinitialization of the NV
center decouples it from the dynamics and its effect on the
system is an effective weak dissipation process. Thus the high
selectivity and fidelity of the nuclear-spin quantum gate for
different nuclear-spin species could be possible even at ambi-
ent conditions, which is an extension of quantum computation
and simulation applications by using different nuclear species
controlled by NV centers. Additionally, one can use a nuclear
spin as a quantum sensor to detect nuclear spins in another
species as well as analysis of complex spin structures.

This paper is structured as follows. We start with the
derivation of the effective Hamiltonian of the system by using
Schrieffer-Wolf transformation [33,34], which demonstrates
the validity of the indirect interaction between nuclear spins
by the application of suitably tuned rf fields. We take two
relevant species, i.e., 3¢ and #Si spins, as examples to show
our protocol efficiency. Coherent evolution between a '>C and
a 2Si spin is limited by the NV lifetime; this limitation is
overcome through periodic resets of NV spin. The feasibil-
ity of high-selectivity and -fidelity nuclear-nuclear quantum
gates by using rf controls is discussed as well as the sensing
application. Finally, we compare our approach to the previous
scheme in Ref. [29].

©2022 American Physical Society
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FIG. 1. (a) The NV center mediates the coupling between the first spin ("*C) with y,,B = 27 x 6.40 MHz and the second spin (*’Si)
with y,,B =27 x 5.06 MHz to achieve a quantum gate, while itself is decoupled from the dynamics. Radio-frequency fields are applied
to control two nuclear-spin species individually, when we use a continual MW field to drive the NV spin. (b) Population evolutions are
shown by considering the ideal case in which no dissipation is included and the nuclear spins are initialized in the state | 4+; —). The Rabi
frequencies of rf fields are given by Q,s; = Q, = 27 x 1 kHz, microwave driving field 2 = 27 x 400 kHz, the parallel coupling components
[ay, a2] =27 x (9, 11) kHz, and the effective coupling coefficient g, = 27 x 0.12 kHz. These exact numerical simulations using Eq. (5) fit
well with the theoretical derivation of the effective (eff) dynamics under the Hamiltonian (7). (c) Considering the practical case and using the
same parameters as in (b) with the NV dissipation included as 7;, = 200 us, exact numerical simulation of the master equation (10) shows
that there is no coherent evolution between the nuclear spins due to the NV lifetime limitation. (d) The periodic NV reset makes it possible
to extend the coherent evolution of the heteronuclear spins well beyond the NV spin lifetime. The exact numerical calculation is based on
Eq. (17), when we simulate the effective master equation (14) of nuclear spins. The parameters are the same as in (b) except that the NV center
is reinitialized to the state |—), every 7. = 20 us. (e) Process infidelity for different detuning and errors of the MW driving of the NV center.

II. INDIRECT INTERACTION BETWEEN NUCLEAR SPINS

We consider two nuclear spins in different species coupled
to an electron spin of a single NV center. An MW field and
an rf field are used for external control over the electron and
nuclear spins as well as for achieving selective internuclear
interactions [see Fig. 1(a)]. The magnetic field B is applied
along the NV axis (the Z axis), which is large enough to split
the degenerate states of |m; = | & 1). The Hamiltonian of the
whole system is given by

H = DSZZ + v.BS; + Z YuiBI}

+8:Y AT+ H, + H,. (1)

Note that we hereafter omit the Dirac constant % for simplic-
ity. Here D = 2 x 2.87 GHz denotes the zero-field splitting
of the electronic ground state and y, and y,, are the gy-
romagenetic ratios of the electron spins and nuclear spins,
respectively. The interaction between the NV center and the
ith nucleus is mediated by the hyperfine vector A;, where
A; = (ay;, a1;), with a; and a, ; denoting the related coupling
components parallel and perpendicular to the nuclear-spin

quantization axes ay; = A; - Zand ay; = ,/|A;]* — aﬁi, respec-

tively. The Hamiltonians H,, and H, describe the action of the
MW driving and rf fields, respectively, which read

H, = V29 cos wt Sy, 2)

H, = Z 2Q; cos it I, 3)

i

where 2 (2,;) is the Rabi frequency of the MW (rf) driving
field with the corresponding frequency o (w:y;).

The MW driving field is applied to be on resonance with
the transition | — 1) <> |0) as w = D — y.B. We can rewrite
the effective Hamiltonian of the NV center as Hxy = Q20,.
Then in the rotating frame with Hy = (D — y.B)| — 1)(—1],
the Hamiltonian could be rewritten as

a)
H = Q0.+ (yab+ )i

2
+ajioud; +aviod; + H,, “4)
where 0: = 3(|+)e(+] = [=)e(=D). with |+)e = 55(10) +
| = 1) and [=)e = 55(10) — | = 1)).

Two weak rf fields are applied to individually control
two different nuclear spins with w.; = y,;B + a”' . Working
in the rotating frame with Hj = > (yuB + ag’ )IlZ and by as-
suming aj;, a;; € Q < wy; and that a; is comparable to or
larger than a,;, the total Hamiltonian of the system can be
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approximated as

Hl/ = QO’Z + Z Qrfi]ix + (1||,'O'xll-z. (5)

Consider the Hamiltonian of the form H, = H{y + V, where
Hyy = Qo is the Hamiltonian of the MW driving and V =
Zi QilF + ayi0.17 is the weak perturbation with ay;, Q2,5 <
Q. By using the Schrieffer-Wolff transformation [33,34] in
condensed matter, the second-order expansion due to pertur-
bation terms V can be obtained as

lz ((OtIVIi)(iIVIﬁ)e _ (OtIVIi)<i|V|/3)e>
2L E, —E; E; — Eg ’

<a|H€|I8>€ =

(6)

in which «, 8,i = {4+, —}, H. is defined as the effective
Hamiltonian of the system, and E} (k = {4, —}) is the energy
corresponding to the state |k).. By simple calculations, we
find (+|H.|+). = g.I}13, in which [i), = |—). is the chan-
nel state of the virtual electron spin flip, when (—|H,|—), =
—(+|H,|+). = gl I; with the channel state |i), = |+)., here
ge ~ L2 Thus we adiabatically eliminate the fast electronic
degrees of freedom from the slow nuclear dynamics by a

Schrieffer-Wolff (SW) transformation and derive the effective
Hamiltonian

H, ~ Z Ql—f[[ix +g61f1§ ® (|[+)el{+] —
i=1,2

|=)e(=D. (D

Typically, the environmental noise of the NV center is dom-
inated by its nearby nuclear spins, which fits the Markovian
approximation [35,36]. To investigate the dynamics of the
whole system described by the density matrix p, the system
is governed by the master equation

dp .., . + ¥
E = _l[Ht’ pl+ LepLe - _(LeLe:o + pLeLe) ®)

in which L, = /Ve|—).(+| with y, = 1/T1,. We apply this
method and evaluate the performance of the gate between
the first spin (!3C) with y,;B = 27 x 6.40 MHz and the sec-
ond spin (¥Si) with y,,B = 27 x 5.06 MHz coupled to an
NV center with (a1, aj2) = 27 x (9, 11) kHz [see Fig. 1(a)].
Here the driving fields are given as rf Rabi frequencies 2,y; =
Qi = 2 x 1 kHz, and the MW Rabi frequency Q2 = 2w x
400 kHz. Note that in our scheme, we neglect the effect of rf
fields on the NV center, because the rf driving detunings are
more than three orders higher than the Rabi frequencies. The
NV center is initialized to the state |—)., when the nuclear
spins are initialized to | 4+ —) with |+;) = 2(|T Y+ i)

Perfect state transfer between nuclear spins >°Si and 3C
| +1 —2) = | —1 +2) is shown in Fig. 1(b), in which the
population evolutions from using the effective second-order
Hamiltonian (7) fit well with the exact total Hamiltonian
of the system (5). The effective Hamiltonian (7) includes a
three-body interaction and there are two channels that can
mediate the internuclear interaction via virtual electron spin
flips through the NV microwave dressed states |[+), and |—),.
However, the two channels can be mixed up if the nuclear-
nuclear interaction time is longer than the NV relaxation time.
As shown in Fig. 1(c), in the case when the lifetime of the
NV center Tj, = 200 us, there is no coherent evolution of

the nuclear spins. Therefore, the system is limited by the NV
relaxation at room temperature.

III. EFFECT OF ELECTRON-SPIN RESETS

In our scheme, in order to overcome the limitation of NV
relaxation, we intend to periodically reset the electron spin to
the state |—), within its relaxation time 77,. It is reasonable
to consider the steady-state polarization of the NV spin in a
quasisteady state as

(20,) = e7=/Te = p. )

The three-body interaction in the effective Hamiltonian
(7) can be estimated as g.J{I5 @ (|[+)e(+] — |=)e(—=]) =
8l I5(20,) = pg.I{I;. Therefore, the NV spin is not involved
in the nuclear-nuclear interaction Hamiltonian. Resets also
introduce another dissipation item in the master equation and
it is reasonable to have the effective relaxation of the NV
spin as y, = 1/Tj, + 1/t;.. Thus, we can rewrite the master
equation of the system as

dp
dr
in which L, = /y;|—).(+|. The non-Hermitian Hamiltonian

of the quantum jump formalism [37] of the NV spin is given
by

1 . .
—ilH], I+ LepLy = S(L/Lp + pL/Ly),  (10)

Hy = Qo. — ALIL,. (11)

According to the second expansion of the SW transformation,
we have an energy difference between |+), and |—), as a com-
plex energy £, — E_ = Q — 5y,. We can derive an effective
Hamiltonian

H~ Y Quulf + 415 ® (1H)e(+] — 1-)el=D.  (12)

L~ ) %Ik ® (1) (+] = =)=, (13)
k r

in which the effective dissipation item is given by («|L.|8) =
> (“‘L " ”V'ﬂ ! and the effective coupling is

~ S2anap
2 + )

With the electron spin periodically reset in the state |—),
with the definition (20,) = p, we have the effective master
equation of the nuclear spins as

P = —ilHy, p,] + Ly paL},
L i
_E(LNLNIOH + anNLN)v (14)

with the effective Hamiltonian and Lindblad operators

Hy ~ Z Qul 4 p L, (15)
JPyra
~ Z PYrajk k (16)
-0
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FIG. 2. Nuclear-nuclear quantum gate of two nuclear spins mediated by an NV center in diamond. The basic logic operations contain the
initialization, gate operation based on second-order coupling, and readout of nuclear spins. The electron spin works as a quantum bus and
is stabilized in a quasisteady state by periodically resetting in |—),, which is shown in the yellow dashed box. Here P and M stand for the
electron- (nuclear-)spin polarization, ¥, represents the operation with rotation angle 6 about the Y axis, and N is the total number of resets.

The effective dissipation rate is given by

VN=Z

ij

pyra|ia j
2
Q2+ L

Therefore, in principle, if the resonant conditions 2y = Qg
and pg, > yy are satisfied, a perfect coherent state transition
between the nuclear spins is possible.

For comparison, it is necessary to employ exact numeri-
cal simulations as well to show the efficiency of our theory.
Exact state evolutions of the system are simulated as follows.
The NV center is reinitialized periodically to the state |—),
of the dressed state basis, namely, p(Nte) — [Tr.p(Nte)] ®
|—)e(—]|, where Tr, denotes the partial trace over the electron
spin and N is an integer, and the reset of the NV spin every
tr. introduces an effective interaction time in each cycle. The
density matrix of the system evolves according to

pn = UTr [Ui(py ® |=)e(—DU1® | =)o (1], (17)

in which U, is the time-evolution operator according to the
master equation (10). Both of the state evolutions using the
exact numerical simulation and effective second-order master
equation based on Egs. (17) and (14) are shown in Fig. 1(d),
where the importance of periodic reinitialization of electron
spin is illustrated.

We consider the same case of a >°Si and a '3C spin coupled
to an NV spin which is presented in Sec. II except that the NV
center is reinitialized to the state |—), every f,e = 20 us. The
resonant condition is matched as Qs = Qi =27 x 1 kHz
and the simulations of both the exact numerical calculations
and the effective master equation show perfect state trans-
fer between the nuclear spins of 2°Si and °C, |+, —) —
| —1 +2) [see Fig. 1(d)]. The state evolutions based on the
effective master equation are slightly different from the exact
simulations. The possible reason is that high orders of the SW
transformation expansions are not included.

In the absence of periodic reinitialization of the electron
spin, channel mixing leads to no coherent evolution of the
nuclear spins [see Fig. 1(c)], while periodic reinitialization of
the NV center to the state |—), provides a priority channel
during the operations and it is possible for coherent evolution
between the nuclear spins to extend beyond the lifetime of
the NV spin. High fidelity of the nuclear-nuclear quantum
gate in one step is possible (greater than 0.99), which could
be significantly higher than the fidelity (less than 0.66) of
nuclear-nuclear gates achieved so far with NV centers by
using four electron-nuclear-spin quantum gates (if each fi-
delity is less than 0.90 [1]). Additionally, because of the
second-order coupling, the scheme is not sensitive to the
detunings from the resonance and Rabi frequency errors of
the MW driving of the NV center [see Fig. 1(e)]. The pro-
cess fidelity of two nuclear spins is given by the overlap of
the states corresponding to the implemented evolution |) =
U4 ® Zi,j li1)|j2)/4 (i, j = +, —) to the target states.

IV. QUANTUM GATE IMPLEMENTATION

In Fig. 2 we include all the related operations of the nuclear
ZZ gate implementation for experiments. The initialization
consists of the electron- (nuclear-)spin polarization P (M).
The electron spin of the NV center can be optically initialized
and read out by using laser illumination. Here P is obtained by
the optical pumping cycle available for NV centers [38,39],
whereas M is based on the techniques developed for the
nuclear single-shot measurement [40,41], followed by the
electron state-dependent fluorescence [38,39]. Gate operation
includes three steps. (i) Polarize the '*C and 2°Si nuclear
spins by using the NV center, which leads to the initial state
|[—)e ® | +1 —2) of the system. (ii) Implement the gate opera-
tion, which is governed by the effective master equation (14)
U?%%(t) = exp(—iHyt). In this process, we periodically reset
the NV center and we control the heteronuclear spins via rf
fields individually. (iii) Use the NV center to read out the
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states of nuclear spins. Here we suppose that the '>C and #Si
spins can be well controlled by a SWAP gate between the NV
and nuclear spin, i.e., they can be polarized and their positions
can be detected precisely.

An 1f field is applied to the '*C sensor resonantly when
the frequency of the other rf field is swept and y,,B = 27w X
5.06 MHz. Assuming that 6, = y;nB + a‘% — wypp 18 a detun-
ing from the resonance of rf driving to the *’Si spin, the
effective Hamiltonian is given by

Hy ~ Quply + Qunily + pgl IS5, (18)
in which Qi = /83 + ©2,. The initial state of the system is

| +1 —2) and the population (P;) of the initial state |+;) of
13C spin is given by

(pg, cos 0)? sin’[t\/(pg, cos 0)2 + A2/2]

P.=1- , (19

* (pg,cos0)> + A? (19)

where cos§ = —22__ and A = Qi — Q1. The frequency
A/ 83 +Q0,

of the rf driving to the 2°Si spin is swept to show the
detection bandwidth of our method (see Fig. 3). The per-
fect population transfer could be possible if Qi — 1| <
pg, cos 6. Namely, the dip position with wip = y,,2B + a‘% =
21 x 5065.5 kHz indicates §; = 0 and Qi = Q1. The dip
height depends on the longitudinal dipolar coupling with
P, = cos’( pg.T/2), with T the total evolution time. Increas-
ing the Rabi frequency of the MW driving induces a smaller
effective coupling between the nuclear spins, decreasing the
frequency bandwidth (see Fig. 3), which also gives a tunable
frequency filter. We investigate the case when there is a third
2Si nuclear spin with coupling a3 to the NV center and show
the efficiency of the selectivity of our scheme. In Fig. 3(b)
we initialize the nuclei in the state | +; —;—3). We calculate
the infidelity of the nuclear ZZ gate between two nuclear spins
affected by the third 2°Si spin. The first 13C and second silicon
spins are coupled to an NV center with (ayi, a)p) = 2w x
(11,9) kHz. The coupling of the third spin matches §3 =
(a2 — ay3)/2 > 2 x 0.5 kHz, which gives high fidelity of
the gate operation of target nuclear spins (greater than 0.95).
Thus, our method can address two heteronuclear spins by
using the 1f fields individually and implement a near-perfect
quantum gate at room temperature with high selectivity.

V. SENSING APPLICATION

Another important application of our scheme is to detect
nuclear spins in another species outside the diamond. For
example, one can use a '*C spin which is well controlled by
the NV center to detect 'H spins outside the diamond. Thus
13C spin is initialized in the state |+;) and 'H spins are in
maximally mixed states; one can detect the signal by mea-
suring the probability of the sensor '*C spin remaining in the
state |[+1). The related operations are shown in Fig. 2, except
for the initialization and readout of 'H spins. To evaluate the
effectiveness of our sensing application, we initialize the '3C
spin to the state |+;) to detect the three other nuclear ('H)
spins (see Fig. 4). Based on Eq. (19), an 1f field is applied
to the '3C sensor resonantly and we can adjust the parallel
components and control frequency of the rf to match the

Population
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(e}

&
-

Infidelity
o e
(=) (=)
= =

(b)

0.00 : - :
04 0.6 0.8 1.0 12 14
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FIG. 3. Numerical simulations for the same parameters as in
Fig. 1, i.e., parallel couplings are given as [a,ap] = 27w X
(9,11) kHz. (a) Detection bandwidth of the swept rf based on
different MW Rabi frequencies. The rf field is applied to the *C
sensor resonantly when the frequency of the other rf field is swept.
The evolution time is fixed as 7T = (8.8,4.4) ms for Q =27 x
(400, 200) kHz. (b) Infidelity of the quantum gate between '3C and
2Si spins when there is another 2Si spin. The infidelity varies with
the detuning 53, 83 = (aH3 — a”z)/2.

o
=)

e
93

Population

0.6}

0, . ‘ .
55060 5062 5064 5066 5068
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FIG. 4. Assuming one '*C and three 'H spins coupled to
the NV center with parallel couplings (ayi, a2, a3, ajs) = 2w x
(11,4,9, 11) kHz. The 3C spin is the sensor with the initial state
|+1) and the three 'H spins are the targets which are in maximally
mixed states. The Larmor frequency for the 'H spins is y,,B = 27 x
5.06 MHz. The population of the initial state |+,) of the '3C sensor
is calculated by exact simulation of Eq. (17) with evolution time
T =8 ms for Q = 2w x 400 kHz and the target spin decoherence
time 7> = 200 ms.
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resonance condition for target ('H) nuclear spins. Once the
resonance condition is achieved, the signal dips mark the pres-
ence of the nuclear spins. Similar to the case in the previous
scheme [29], the frequency resolution is not limited by the NV
relaxation 77,; it requires Qi — Q] > pg, cos O, which is
limited by the target spin decoherence time 7, = 200 ms, and
the sensitivity per unit time of our scheme is proportional to

pg./NT/Tn ~ (@i/4)/ /T,

VI. CONCLUSION

Before summarizing, we would like to compare our
method with the previous scheme [29]. Both schemes real-
ize the effective coupling of target nuclear spins by periodic
resetting of electron spins, and the impact of NV decoherence
and relaxation processes on these nuclei are suppressed. The
difference mainly comes from our employing two weak rf
fields to control the heteronuclear spins individually. In the
previous approach, nuclear spins in the same species were
considered and coarse tuning of the direction of the magnetic
field in advance was necessary for matching the resonant con-
dition. Our method allows for effective interaction of nuclear
spins in different species, which loosen the requirement of
the stringent resonant condition of the previous scheme. The
signal accumulation and resonant condition depend on the
longitudinal dipolar coupling component a,, which leads to

no information about the transverse coupling component a
being detected in this scheme. Therefore, less information is
detected when one uses this method for sensing nuclear spins
near the NV center; however, it also has the advantage that the
quantum gate implementation is not limited by the transverse
coupling component.

In this work we presented an extension of the dissipatively
stabilized NV center to a case in which one achieves a tun-
able second-order effective coupling between distant nuclear
spins in different species. We employed rf fields and MW
driving to match the resonant condition and control electron
and nuclear spins individually. The coupling is mediated by
a dissipatively decoupled electron spin of a NV center, with
the impact of NV decoherence and relaxation processes on
these nuclei suppressed. Thus the effective indirect interaction
enables selective initialization and coherent control of nuclear
spins as well as analysis of complex spin structures under
ambient conditions.
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