
MIT Open Access Articles

Selective Decoupling and Hamiltonian 
Engineering in Dipolar Spin Networks

The MIT Faculty has made this article openly available. Please share
how this access benefits you. Your story matters.

Citation: Ajoy, A., U. Bissbort, D. Poletti and P. Cappellaro. "Selective Decoupling and 
Hamiltonian Engineering in Dipolar Spin Networks." Physical Review Letters 122, 013205 (2019).

As Published: http://dx.doi.org/10.1103/PhysRevLett.122.013205

Publisher: American Physical Society

Persistent URL: http://hdl.handle.net/1721.1/120024

Version: Final published version: final published article, as it appeared in a journal, conference 
proceedings, or other formally published context

Terms of Use: Article is made available in accordance with the publisher's policy and may be 
subject to US copyright law. Please refer to the publisher's site for terms of use.

https://libraries.mit.edu/forms/dspace-oa-articles.html
http://hdl.handle.net/1721.1/120024


 

Selective Decoupling and Hamiltonian Engineering in Dipolar Spin Networks

A. Ajoy,1,* U. Bissbort,2,3 D. Poletti,3 and P. Cappellaro2
1Department of Chemistry, University of California Berkeley,

and Materials Science Division Lawrence Berkeley National Laboratory,
Berkeley, California 94720, USA

2Research Laboratory of Electronics and Department of Nuclear Science & Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

3Science and Math Cluster and EPD Pillar, Singapore University of Technology and Design,
8 Somapah Road, 487372 Singapore

(Received 8 November 2017; published 10 January 2019)

We present a protocol to selectively decouple, recouple, and engineer effective interactions in
mesoscopic dipolar spin networks. In particular, we develop a versatile protocol that relies upon magic
angle spinning to perform Hamiltonian engineering. By using global control fields in conjunction with a
local actuator, such as a diamond nitrogen vacancy center located in the vicinity of a nuclear spin network,
both global and local control over the effective couplings can be achieved. We show that the resulting
effective Hamiltonian can be well understood within a simple, intuitive geometric picture, and corroborate
its validity by performing exact numerical simulations in few-body systems. Applications of our method
are in the emerging fields of two-dimensional room temperature quantum simulators in diamond platforms,
as well as in molecular magnet systems.
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The concept of Hamiltonian engineering has widespread
applications in quantum information processing [1–4],
quantum metrology [5], and in the challenge of construct-
ing suitable platforms for quantum simulation, both analog
and digital [6–9]. In essence, it consists of performing
operations on a naturally occurring system to give rise to an
effective Hamiltonian, which is of fundamental interest or
of direct use for the task at hand [10–12]. Numerous
quantum control techniques developed over several deca-
des, originating from the field of nuclear magnetic reso-
nance (NMR), have been employed as Hamiltonian
engineering tools. For instance, they have been used to
effectively cancel (“decouple”) interactions, thereby iso-
lating a quantum system from its environment and greatly
increasing coherence times [13].
A techniquewith extensive application inNMRsystems to

tune dipolar couplings by exploiting its symmetry properties
ismagic angle spinning (MAS), which traditionally comes in
two variants (i) magic angle spinning in physical space [14],
where the solid sample is spatially rotated at high frequency
around an axis tilted at the magic angle θM ¼ arctan

ffiffiffi
2

p
≈

54.7° relative to a large static external magnetic field B0;
(ii) MAS in spin space—achieved either by continuous off-
resonant rf irradiation (Lee-Goldberg decoupling [15,16]) or
by a successive application of discrete rotation pulses
(tetrahedral averaging [17,18].)
The goal of this work is to extend MAS to nanoscale and

mesoscopic systems in order to engineer (decouple and
recouple) the Hamiltonian of dipolar coupled spin networks
[19]. The key ingredients of our method are (i) a bang-bang

control construction [20], toggling between two piecewise
constant magnetic fields B0 and B1, which can amplify
the effects of even a small transverse magnetic field and
achieve a spin rotation around the magic angle θM for
fractions 2π=m, and (ii) a spin actuator [21–23] that
introduces the transverse magnetic field only locally, thus
implementing the rotation construction at the nanoscale.
While the technique is more generally applicable to a
variety of different experimental realizations, including
molecular magnet qubit systems comprised of inorganic
complexes such as vanadium (IV) [24–27], for clarity here
we focus on a specific system comprising a shallow
nitrogen vacancy (NV) center in diamond [22,28–31]
coupled to a nuclear spin network on the surface above
it [Fig. 1(a)] [32–34]. These systems have emerged as a
promising platform for quantum simulation at room tem-
perature [28,35,36], and for probing localization and
critical phenomena in strongly interacting 2D systems
[32,37]. Given the small length scales of these quantum
networks, they have been traditionally considered hard to
control, even with ultrastrong magnetic gradients [38,39].
Instead, as we shall show here, a local actuator up to 10 nm
away, combined with our new generation of MAS tech-
niques, provides a viable and simple means to engineer
these networks at the nanoscale and obtain selective
decoupling by 4 orders of magnitude.
We first provide an intuitive, geometric picture of MAS

for a pair of spins. Describing spin j with the vectorial spin

operator IðjÞ ¼ ½IðjÞx ; IðjÞy ; IðjÞz �, any two spins j and j0 at

PHYSICAL REVIEW LETTERS 122, 013205 (2019)

0031-9007=19=122(1)=013205(6) 013205-1 © 2019 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.013205&domain=pdf&date_stamp=2019-01-10
https://doi.org/10.1103/PhysRevLett.122.013205
https://doi.org/10.1103/PhysRevLett.122.013205
https://doi.org/10.1103/PhysRevLett.122.013205
https://doi.org/10.1103/PhysRevLett.122.013205


positions rj and rj0 interact via the dipolar Hamiltonian
Hj;j0 ¼Dj;j0 ð3ðIðjÞ ·ejj0 ÞðIðj0Þ ·ejj0 Þ−IðjÞ ·Iðj0ÞÞ, with Dj;j0 ¼
−μ0γjγj0=ð8πr3j;j0 Þ, where γj is the gyromagnetic ratio
of particle j, rj;j0 ¼ jrj − rj0 j is the distance and ejj0 ¼
ðrj − rj0 Þ=rj;j0 and we set ℏ ¼ 1. This interaction form
applies to both the pairwise interaction between any
two spins, as to the NV-spin interaction with the NV’s
gyromagnetic ratio γe being that of the electron. In the

secular approximation [40], this reduces to HðsecÞ
1;2 ∝

½3Ið1Þz Ið2Þz − Ið1Þ · Ið2Þ�.
We associate a 3D vector v with any two-spin operator

P
d∈fx;y;zg vdI

ð1Þ
d Ið2Þd . For example, the scalar operator term

Ið1Þ · Ið2Þ in HðsecÞ
1;2 corresponds to a vector lying at the

magic angle θM [blue arrow in Fig. 2(d)]. The first term I1zI2z
lies on the z axis and, as shown in Fig. 2(d) as blue spheres,
it is successively rotated on the green circle around the
rotation axis at θM, such that the average of its positions

(here for L ¼ 3 steps) lies on the magic axis. This average
exactly cancels out the scalar vector contribution, thus
geometrically demonstrating decoupling to lowest order.
The Hamiltonian rotation needed for decoupling can be
achieved via a multipulse sequence. Each spin is exposed
to the same ideal (instantaneous) pulse U rot ¼ e−iαHn ,
rotating the spin around an axis n by an angle α ¼
2π=L with L ∈ N. To decouple the two spins, we
consider a long sequence of evolutions under H1;2 for
time τ, interrupted by rotations U rot. For a subset of
L such operations, the total evolution operator U tot ¼
½e−iαHne−iτH1;2 �L can be exactly rewritten as U tot ¼
G1G2…GL with Gm ¼ Um

rote−iτH1;2U†m
rot, where we iteratively

inserted Um
rotU

†m
rot ¼ 1. Pulling the increasing rotation

operators into the exponential, Gm ¼ e−iτU
m
rotH1;2U

†m
rot ,

we can geometrically interpret U tot as the evolution
under piecewise constant, successively rotated dipolar
Hamiltonians. Setting n such that Gm rotates around the
magic axis, achieves decoupling. Mathematically, the
evolution under U tot is described in a Magnus expansion
and well approximated by its lowest order, the average

Hamiltonian H̄ðsecÞ;0
j;j0 ¼ P

L−1
m¼0 U

m
rotHj;j0U

†m
rot.

In typical experiments, the magnitude of B0 makes a
direct generation of a rotation U rot ¼ e−iαHn with n at the
magic angle infeasible. It is this limitation that our protocol
mitigates, by achieving the desired rotation axis with an
iterative construction. The required basic ingredients are

two single-spin Hamiltonians HðjÞ
0=1 ¼ γIB

ðjÞ
0=1 · I

ðjÞ (pos-
sibly depending on spin j), which are created by magnetic

fieldsBðjÞ
0=1 with a small relative tilt.B0 is a global, uniform,

static background field, while BðjÞ
1 contains, in addition to

B0, a current-induced contribution from a nearby wire. We
also envision using a nearby NV center as a local actuator
for the spins: toggling between two NV internal states
jm ¼ 0i and jm ¼ −1i creates an additional spin-specific
contribution to the field. The toggling between H0 and H1

FIG. 1. Actuator based selective decoupling and recoupling in
spin networks: (a) A NV center a few nanometers below the
diamond surface, optically initialized and controlled by micro-
wave irradiation, interacts with a spin network (e.g., fluorogra-
phene [28] or hBN [32]). (b) By toggling the NV center between
the jm ¼ 0i and jm ¼ −1i states, the effective (hyperfine) field
for the spin network can be turned on and off, realizing two
different, discrete Hamiltonians employed to engineer the effec-
tive interaction.

(a) (b) (c) (d)

FIG. 2. Actuator control of spin network: Tilt angle θðlþ1Þ
tilt after a single iteration of the protocol at a small initial tilt angle θtilt ¼ π=10

is shown in (a) and (b). The regimes of high sensitivity [i.e., large slope in (b)] are reflected by the large white arc, with the strong

dependence on θðlÞtilt enabling spatial selectivity in the vicinity of an actuator. Iteration of the protocol, shown in (c), leads to exponential
amplification of the effective tilt angle with the blue arrow depicting the effective rotation axis in the respective step. (d) Geometric
picture of the decoupling to lowest Magnus order: the effective vectorial parts of the secular Hamiltonian (blue spheres) are successively
rotated around the magic angle axis (blue diagonal arrow), leading to a cancellation of terms.
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occurs by synchronously flipping the NV state and sending
piecewise constant pulses of current through the wire.
We shall now describe the construction of the effective

rotation operator, by iteratively amplifying the tilt angle
θ ≔ ∢ðB0;B1Þ as shown in Fig. 2(c), ultimately allowing
the magic angle to be reached. As the elementary building
block of our procedure, we let the spin evolve under
piecewise constant H1, H0 and H1 for times τ1, τ0 and τ1
respectively, as shown in Fig. 1(b). Our aim, as detailed
below, will be to rotate the spins close to the magic angle.
Omitting the spin label, the evolution of a single spin [41]
is thus described by the elementary propagator Uel ≔
Rðα1; n̂1ÞRðα0; n̂0ÞRðα1; n̂1Þ, where Rðα; n̂Þ ≔ e−iαI·n̂

is the rotation operator around the axis n̂ by the flip angle

α, and the bare tilt angle of n̂ is θð0Þtilt ¼ atanðn̂ · ezÞ. Being
a sequence of rotations, Uel ¼ eiϕelRðαel; n̂elÞ is nothing
but a rotation operator itself, up to an unimportant phase
ϕel. The functional dependence of the effective axis
nel and flip angle αel on the elementary parameters can
be worked out analytically [42]. Let us summarize the
main results: the effective rotation axis and flip angle
are nel ¼ 2b sinðα1=2Þn̂1 þ sinðα0=2Þn̂0 and αel ¼
2 arccos½j2b cosðα1=2Þ − cosðα0=2Þj� respectively, where
b ¼ cosðα0=2Þ cosðα1=2Þ − ðn̂0 · n̂1Þ sinðα0=2Þ sinðα1=2Þ.
Importantly, the rotation axis associated with Uel ¼ e−itH̄

and the effective Hamiltonian H̄ lie in the plane spanned by
the rotation axes n0 and n1 of the original Hamiltonians;
i.e., only the tilt angle is changed and possibly amplified
[42,43]. In this work, we generally fix α0 ¼ π and neglect
spin decoherence for simplicity. For the case α1 ¼ π, one
finds that the tilt angle is exactly doubled by this protocol.
The dependence of the tilt and flip angle of the effective
elementary rotation on α1 (see Fig. 2) shows distinct
regimes of high and low sensitivity on the initial tilt angle
[corresponding to steep and shallow slopes in Fig. 2(b)].

For any initial tilt angle 0 < θð0Þtilt ≲ π=4 (typical for experi-
ments), the effective tilt angle can actually reach the magic
angle with only one application of Uel, but at the cost
of a very small flip angle [close to 0 or 2π in Figs. 2(a)
and 2(b)]. Alternatively, by concatenating the procedure
UðkÞ ↦ Uðkþ1Þ ¼ UðkÞRðα0; n̂0ÞUðkÞ with the initial Uð1Þ ¼
Rðα1; n̂1Þ, one can amplify the tilt angle, exponentially in

the number of concatenations (e.g., doubling θðlÞtilt at α1 ¼ π
with every iteration). Given a small initial bare tilt angle of

B1 (we use θ
ð0Þ
tilt ¼ 1.432° throughout this work, well within

reach for typical nuclear spin systems [28,31]), a general
iteration of the elementary concatenation UðNcÞ (e.g., for
α1 ¼ π) does generally not exactly lead to the magic angle

unless 2Ncθð0Þtilt ¼ θM. We therefore introduce a control
sequence that gives our final protocol, reaching the desired
total unitary [44]

U tot ¼ UðNcÞe−iτbH0UðNcÞe−iτaH0UðNcÞe−iτbH0UðNcÞ: ð1Þ

The point ðτa; τbÞ, which optimizes the sequence, is
generally not unique and different points feature different
decoupling characteristics and sensitivity (i.e., the strength
of the effective tilt angle dependence on α1), a feature that
allows for further tuning of the effective interactions. The
total time required by U tot is τrot ¼ τa þ 2τb þ 4½2Ncτ1 þ
ð2Nc − 1Þτ0�, which, in contrast to the usual idealized
discrete rotation pulses used in MAS [17], may be non-
negligible on the timescale of the inverse dipolar inter-
actions. To perform decoupling, we let the system evolve
freely underH0 for a wait time τ between the rotations U tot.
Effective Hamiltonian.—For the interaction to be effi-

ciently canceled, we need to consider m repetitions of
the rotation by 2π=m. The Hamiltonian is then periodic
with period τrot þ τ and the evolution of any state can be
described within average Hamiltonian theory [45] when
evaluated stroboscopically. To quantitatively evaluate the
decoupling effects on the spin dipolar couplings, we
consider the effective (Floquet) Hamiltonian over a period
T ¼ mðτrot þ τÞ in the toggling frame [45], H̄I ¼
ði=TÞ ln½UIðt0; t0 þ TÞ� (technical details in Ref. [42]).
H̄I can be decomposed into a series of terms: scalar,
single-spin, and two-spin interactions. Since we aim
at engineering or canceling a two-spin interaction
Hamiltonian, we focus on the two-spin terms, arising from
the averaging of the spin network dipolar Hamiltonian.
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FIG. 3. Decoupling and selective recoupling via local actuators.
By locally disturbing the optimal decoupling field strength using
2 NV centers [as sketched in (a)], the electronic state of which can
be toggled in synchrony with the B1 magnetic field, the effective
interaction between two nuclear spins can be made spatially
dependent. Furthermore, the disturbance of the perfect decou-
pling is essentially additive in contribution from both NVs. This
is reflected by both the effective interaction strength S̄1;2 shown
in (b) and the decoupling ratioR1;2 in (c). The extent to which the
decoupling and recoupling works is reflected by the temporal
growth of the entanglement entropy, shown stroboscopically in
(d) for two spins initially in the j↑i ⊗ j↓i state [corresponding
parameter regimes indicated by crosses in (c)].
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This can be extracted by projecting H̄I on the subset of
two-spin operators, leading to the operator expansion

coefficients hðj;j
0Þ

k;l ¼ Tr½H̄IðσðjÞk ⊗ σðj
0Þ

l Þ�=4. To quantify
the effective coupling strength, we use the Frobenius

norm S̄j;j0 ¼ kH̄j;j0 kF of the associated operator H̄j;j0 ¼
P

k;l h
ðj;j0Þ
k;l σk ⊗ σl on the two-spin space [42]. The bare

interaction strength Sj;j0 can be quantified analogously and
we thus define the decoupling ratio Rj;j0 ¼ S̄j;j0=Sj;j0 .
Hamiltonian engineering.—To demonstrate our proto-

col, we first consider decoupling and local recoupling of
a nuclear 13C spin pair, located at positions R1=2 ¼
½x1=2; 0; 0�t [Fig. 3(a)], where our method reaches high
decoupling efficacy. Starting in a low sensitivity regime at
τ1 ¼ π=jB0j, Nc ¼ 5 and m ¼ 3, we numerically optimize
the decoupling with respect to ðτa; τb; τÞ (in the absence of
the NVs) by initializing the minimization close to the half
integer decoupling peak at τ ¼ 1000.5 × 2π=ðγIjB0jÞ.
Using these optimized parameters, we show the resulting
interaction strength kH̄j;j0 kF and decoupling ratio Rj;j0 in
Figs. 3(b) and 3(c), respectively. Interestingly, if the spins
are farther apart than ≈0.2 nm, Rj;j0 converges to a
constant, i.e., becomes distance independent and isotropic.
This also holds for parameters away from high decoupling.
Decoupling by 3–4 orders of magnitude is reached in
Fig. 3 [46], a nontrivial result given the highly nonideal
nature of the pulses compared to the typical assumptions of
instantaneous pulses (comparison in Ref. [42]) entering the
intuitive explanation of MAS. The high efficacy of the
decoupling is corroborated by the strongly suppressed

growth of the entanglement entropy of two spins initially
prepared in the uncorrelated state j↑i ⊗ j↓i, shown in
Fig. 3(d) as orange dots, as compared to the same system
without the protocol (black dots).
We now discuss the central result of our work, recou-

pling via the NVs acting as local actuators. As reflected by
Rj;j0 in Fig. 3(c) and the entanglement entropy growth in
Fig. 3(d), the NV, acting as a local actuator several
nanometers from the nuclear spins, can disrupt the protocol
in the sensitive regime and recouple the spin interaction to
almost the original strength [47]. This is again corroborated
by the rapid growth of the entanglement entropy (blue dots)
in Fig. 3(d) relative to the decoupled case (orange dots).
The localized nature of the NVs breaks the translational
symmetry of the inter-spin interaction, making the latter a
function of the coordinates of both spins, as well as the NV
positions. The resulting interaction form deviates from the
typical jr − r0j−3 dipolar interaction form. Furthermore, the
structure of H̄ is fundamentally different: whereas Hj;j0 is
always of an XXZ form in a suitably rotated basis, H̄j;j0 can
beof amoregeneral form. If the rotation axis ofUel lies on the
magic axis, we always find decoupling [42], i.e., Sj;j0 ≈ 0.
Next, we demonstrate selective decoupling on a hex-

agonal sublattice of nuclear spins, as realized in graphene
or 2D HBN above a shallow NV in diamond in a recent
single spin NMR experiment [32]. In this system, we
demonstrate the selective local decoupling of a spin cluster,
as well as the creation of a locally coupled subnetwork,
which is decoupled from the remaining network. Both
constitute important tools in realizing locally addressable
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FIG. 4. Selective decoupling in hexagonal spin networks. Qualitatively different spatial coupling topologies can be created within our
protocol in conjunction with a local actuator (e.g., a NV center) located several nanometers (between 5.7 and 10 nm here) below a 13C
hexagonal spin lattice. The decoupling ratio Rj;j0 (directly proportional to the effective interaction strength jjH̄j;j0 jj) for all nearest
neighbor spin pairs is shown in color-coded form with the spins located at the respective nodes. Depending on the chosen parameters, the
decoupling protocol has a different length scale which can be exploited to give rise to different coupling structures. For instance, one can
create a noninteracting patch (a) within an otherwise interacting network or vice versa, create a small interacting cluster in an otherwise
essentially noninteracting lattice as shown in (b). Moreover, the parameters can be tuned to separate off an interacting patch shown in (c),
or create an effective 1D ringlike lattice topology, shown in (d). For all subfiguresNc ¼ 1, the NV center is activated throughout the wait
period τ (amplifying the effect on H̄) and located at ðx ¼ 0.355 nm; y ¼ 0Þ (green circle) with variable depth z and the 13C spins are
located on a regular hexagonal sublattice with lattice constant alat ¼ 5acc, where acc ¼ 0.142 nm is the carbon-carbon bond length and
the lattice constant of graphene. We choose this sublattice configuration to obtain a system in a weakly interacting regime, i.e., allowing
the true decoupling ratio to be obtained from a pairwise treatment of spins and avoid many-body effects. A relative agreement of 99.5%
or more is found with a six spins cluster calculation (including the nearest neighboring spins). For detailed parameters see Ref. [42].
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quantum memories. To achieve this, we pick a spin pair j,
j0, for which we optimize the decoupling procedure. First,
we pick an approximate τ1, which sets the sensitivity
[see Fig. 2(b)] and the number of required concatenations
of the protocol. Picking a decoupling peak in the τa, τb
parameter space and using initial values close to the true
minimum, we optimize Rj;j0 in the presence of the other
spins. This sets the timings for the full network and thus
fully determines H̄. Within this numerically exact network
simulation, the decoupling works very well, often leading to
R < 10−10 for the optimized pair. In Fig. 4 the decoupling
ratio between all nearest neighbor pairs are shown for spins
arranged on a sublattice of a graphene sheet. By carefully
choosing the timings and NV position relative to the
decoupling pair j, j0 and the lattice symmetry points, various
scenarios are possible: a local noninteracting patch can be
burned into the lattice [Fig. 4(a)], useful, e.g., for a temporary
quantum memory. Other decoupling topologies are also
possible: for instance, we can create small interacting patches
[Figs. 4(b), 4(c)] or ringlike topologies [Fig. 4(d)], decoupled
from the rest of the lattice [48].
In summary, we have introduced a versatile method for

selective Hamiltonian engineering of dipolar spin networks
using local actuator control. It should be noted that one can
easily switch between two different effective Hamiltonian
regimes as those shown in Figs. 4(a), 4(b) during a single
experimental run by simply changing the protocol timings
[49]. Our method relies on a modified version of magic
angle spinning, but carried out by global fields in con-
junction with spin actuators that provide a sensitive tool for
decoupling or recoupling interactions with tunable range of
action. This technique presents a compelling strategy for
nanoscale Hamiltonian engineering and opens the path for
quantum simulators constructed out of dipolar networks.
We envision immediate applications in diamond based
architectures [28,32], and in the emerging field of molecu-
lar magnets [24,25,27], where highly coherent electronic
spins such as vanadium in inorganic molecular complexes
can serve as actuators of surrounding nuclear spins in order
to control, decouple and recouple them; opening pathways
for the use of such systems in quantum simulation.

We gratefully thank A. Pines for insightful conversa-
tions. U. B. and D. P. acknowledge support by the Air Force
Office of Scientific Research under Grant No. FA2386-16-
1-4041. P. C. acknowledges support from ARO
MURI Grant No. W911NF-11-1-0400 and NSF Grant
No. EECS1702716.

A. A. and U. B. contributed equally to this work.

*ashokaj@berkeley.edu
[1] R. Blatt and C. F. Roos, Nat. Phys. 8, 277 (2012).
[2] I. Bloch, J. Dalibard, and S. Nascimbène, Nat. Phys. 8, 267

(2012).

[3] A. Aspuru-Guzik and P. Walther, Nat. Phys. 8, 285 (2012).
[4] A. A. Houck, H. E. Türeci, and J. Koch, Nat. Phys. 8, 292

(2012).
[5] V. Giovannetti, S. Lloyd, and L. Maccone, Nat. Photonics 5,

222 (2011).
[6] S. Schirmer, in Lagrangian and Hamiltonian Methods for

Nonlinear Control 2006, Lecture Notes in Control and
Information Sciences (Springer, New York, 2007), Vol. 366,
pp. 293–304.

[7] F. Verstraete, M. M. Wolf, and J. I. Cirac, Nat. Phys. 5, 633
(2009).

[8] B. Kraus, H. P. Büchler, S. Diehl, A. Kantian, A. Micheli,
and P. Zoller, Phys. Rev. A 78, 042307 (2008).

[9] A. Ajoy and P. Cappellaro, Phys. Rev. Lett. 110, 220503
(2013).

[10] R. P. Feynman, Int. J. Theor. Phys. 21, 467 (1982).
[11] S. Lloyd, Science 273, 1073 (1996).
[12] J. I. Cirac and P. Zoller, Nat. Phys. 8, 264 (2012).
[13] L. Viola and S. Lloyd, Phys. Rev. A 58, 2733 (1998).
[14] E. R. Andrew, A. Bradbury, and R. G. Eades, Nature

(London) 182, 1659 (1958).
[15] M. Lee and W. Goldburg, Phys. Rev. A 140, A1261 (1965).
[16] M. Duer, Introduction to Solid-State NMR Spectroscopy

(John Wiley & Sons, New York, 2004).
[17] A. Pines and J. Waugh, J. Magn. Reson. 8, 354 (1972).
[18] A. Pines and L. Emsley, Lectures on pulsed NMR,

Proceedings of International School of Physics (Fermi
Lectures), 1992 (unpublished).

[19] S. Choi, N. Y. Yao, and M. D. Lukin, Phys. Rev. Lett. 119,
183603 (2017).

[20] U. Boscain and P. Mason, J. Math. Phys. 47, 062101 (2006).
[21] N. Khaneja, Phys. Rev. A 76, 032326 (2007).
[22] T. W. Borneman, C. E. Granade, and D. G. Cory, Phys. Rev.

Lett. 108, 140502 (2012).
[23] T. H. Taminiau, J. J. T. Wagenaar, T. van der Sar, F. Jelezko,

V. V. Dobrovitski, and R. Hanson, Phys. Rev. Lett. 109,
137602 (2012).

[24] M. Atzori, E. Morra, L. Tesi, A. Albino, M. Chiesa, L.
Sorace, and R. Sessoli, J. Am. Chem. Soc. 138, 11234
(2016).

[25] C.-J. Yu, M. J. Graham, J. M. Zadrozny, J. Niklas, M. D.
Krzyaniak, M. R. Wasielewski, O. G. Poluektov, and D. E.
Freedman, J. Am. Chem. Soc. 138, 14678 (2016).

[26] K. S. Pedersen, A.-M. Ariciu, S. McAdams, H. Weihe, J.
Bendix, F. Tuna, and S. Piligkos, J. Am. Chem. Soc. 138,
5801 (2016).

[27] R. Hussain, G. Allodi, A. Chiesa, E. Garlatti, D. Mitcov, A.
Konstantatos, K. S. Pedersen, R. De Renzi, S. Piligkos, and
S. Carretta, J. Am. Chem. Soc. 140, 9814 (2018).

[28] J. Cai, A. Retzker, F. Jelezko, and M. B. Plenio, Nat. Phys.
9, 168 (2013).

[29] F. Jelezko and J. Wrachtrup, Phys. Status Solidi A 203,
3207 (2006).

[30] A. O. Sushkov, I. Lovchinsky, N. Chisholm, R. L.Walsworth,
H. Park, and M. D. Lukin, Phys. Rev. Lett. 113, 197601
(2014).

[31] A. Ajoy, U. Bissbort, M. D. Lukin, R. L. Walsworth, and P.
Cappellaro, Phys. Rev. X 5, 011001 (2015).

PHYSICAL REVIEW LETTERS 122, 013205 (2019)

013205-5

https://doi.org/10.1038/nphys2252
https://doi.org/10.1038/nphys2259
https://doi.org/10.1038/nphys2259
https://doi.org/10.1038/nphys2253
https://doi.org/10.1038/nphys2251
https://doi.org/10.1038/nphys2251
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1038/nphys1342
https://doi.org/10.1038/nphys1342
https://doi.org/10.1103/PhysRevA.78.042307
https://doi.org/10.1103/PhysRevLett.110.220503
https://doi.org/10.1103/PhysRevLett.110.220503
https://doi.org/10.1007/BF02650179
https://doi.org/10.1126/science.273.5278.1073
https://doi.org/10.1038/nphys2275
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1038/1821659a0
https://doi.org/10.1038/1821659a0
https://doi.org/10.1103/PhysRev.140.A1261
https://doi.org/10.1016/0022-2364(72)90053-4
https://doi.org/10.1103/PhysRevLett.119.183603
https://doi.org/10.1103/PhysRevLett.119.183603
https://doi.org/10.1063/1.2203236
https://doi.org/10.1103/PhysRevA.76.032326
https://doi.org/10.1103/PhysRevLett.108.140502
https://doi.org/10.1103/PhysRevLett.108.140502
https://doi.org/10.1103/PhysRevLett.109.137602
https://doi.org/10.1103/PhysRevLett.109.137602
https://doi.org/10.1021/jacs.6b05574
https://doi.org/10.1021/jacs.6b05574
https://doi.org/10.1021/jacs.6b08467
https://doi.org/10.1021/jacs.6b02702
https://doi.org/10.1021/jacs.6b02702
https://doi.org/10.1021/jacs.8b05934
https://doi.org/10.1038/nphys2519
https://doi.org/10.1038/nphys2519
https://doi.org/10.1002/pssa.200671403
https://doi.org/10.1002/pssa.200671403
https://doi.org/10.1103/PhysRevLett.113.197601
https://doi.org/10.1103/PhysRevLett.113.197601
https://doi.org/10.1103/PhysRevX.5.011001


[32] I. Lovchinsky, J. Sanchez-Yamagishi, E. Urbach, S. Choi, S.
Fang, T. Andersen, K. Watanabe, T. Taniguchi, A. Bylinskii,
E. Kaxiras et al., Science 355, 503 (2017).

[33] F. Shi, Q. Zhang, P. Wang, H. Sun, J. Wang, X. Rong,
M. Chen, C. Ju, F. Reinhard, H. Chen et al., Science 347,
1135 (2015).

[34] I. Lovchinsky, A. Sushkov, E. Urbach, N. de Leon, S. Choi,
K. De Greve, R. Evans, R. Gertner, E. Bersin, C. Müller
et al., Science 351, 836 (2016).

[35] Z.-Y. Wang, J. F. Haase, J. Casanova, and M. B. Plenio,
Phys. Rev. B 93, 174104 (2016).

[36] D. Burgarth and A. Ajoy, Phys. Rev. Lett. 119, 030402
(2017).

[37] R. Nandkishore and D. A. Huse, Annu. Rev. Condens.
Matter Phys. 6, 15 (2015).

[38] C. L. Degen, M. Poggio, H. J. Mamin, C. T. Rettner, and D.
Rugar, Proc. Natl. Acad. Sci. U.S.A. 106, 1313 (2009).

[39] H. J. Mamin, C. T. Rettner, M. H. Sherwood, L. Gao, and D.
Rugar, Appl. Phys. Lett. 100, 013102 (2012).

[40] This neglects terms which change the total energy ∝ sz ¼
Ið1Þz þ Ið2Þz , justified in a strong backgroundmagnetic fieldB0.

[41] The extension to multiple spins is simply given by taking the
direct product of the rotation operators for each spin.

[42] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.122.013205 for techni-
cal details and proofs.

[43] A. Ajoy, Y.-X. Liu, K. Saha, L. Marseglia, J.-C. Jaskula, U.
Bissbort, and P. Cappellaro, Proc. Natl. Acad. Sci. U.S.A.
114, 2149 (2017).

[44] Given that the rotation axis of UðNcÞ is sufficiently large

θðNcÞ
tilt ∈ ½θM=2; θM�, the topological structure of the resulting
flip and tilt angle of U tot guarantees that suitable values of τa
and τb always exist [42] to reach exactly the magic angle
and a fractional flip angle of 2π=m.

[45] U. Haeberlen, J. D. Ellett, Jr., and J. Waugh, J. Chem. Phys.
55, 53 (1971).

[46] Nine orders of magnitude or more can be reached when
optimizing around other decoupling peaks.

[47] We emphasize that the strong recoupling occurs despite the
NVs’ magnetic field contribution being 3 orders of magni-
tude smaller than B0.

[48] These result are obtained for 13C nuclear spins spaced at a
large distance on a graphene sublattice, where the system is
weakly interacting. By choosing a smaller interspin dis-
tance, the system can be brought into a strongly interacting
regime, where the effective interaction between a given pair
of spins also strongly depends on the neighboring spins,
leading to a highly nontrivial system beyond the scope of
this work.

[49] Effective additional, yet relatively small, interactions (e.g.,
two or three spin terms) may also arise in H, and these are
also well captured and explained in higher orders of the
Magnus expansion [42].

PHYSICAL REVIEW LETTERS 122, 013205 (2019)

013205-6

https://doi.org/10.1126/science.aal2538
https://doi.org/10.1126/science.aaa2253
https://doi.org/10.1126/science.aaa2253
https://doi.org/10.1126/science.aad8022
https://doi.org/10.1103/PhysRevB.93.174104
https://doi.org/10.1103/PhysRevLett.119.030402
https://doi.org/10.1103/PhysRevLett.119.030402
https://doi.org/10.1146/annurev-conmatphys-031214-014726
https://doi.org/10.1146/annurev-conmatphys-031214-014726
https://doi.org/10.1073/pnas.0812068106
https://doi.org/10.1063/1.3673910
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.013205
https://doi.org/10.1073/pnas.1610835114
https://doi.org/10.1073/pnas.1610835114
https://doi.org/10.1063/1.1675561
https://doi.org/10.1063/1.1675561

