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Observation of period doubling and higher multiplicities in a driven single-spin system
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One of the prime features of quantum systems strongly driven by external time-periodic fields is the sub-
harmonic response with integer multiples of the drive period k Td due to long-lived interference. Here, we
demonstrate experimentally, based on a careful theoretical analysis, period doubling and higher multiplicities
(k = 2, . . . , 5) for one of the most fundamental systems, namely, an individual spin 1/2. Nitrogen-vacancy
centers in diamond support sufficiently stable coherent dynamics owing to long coherence times and allow
for optical addressability of their spin states. This allows to monitor coherent period k-tupling oscillations
over a broad set of driving parameters in the vicinity of the ideal manifolds. In this domain, superimposed
low-frequency modulations serve as unique proxy for the approach toward period k-tupling.

DOI: 10.1103/wj1t-vk39

Quantum systems can be controlled and manipulated
when they are exposed to time-periodic external fields. Par-
ticularly fascinating is the interplay of nonlinearities and
strong monochromatic driving that gives rise to a plethora
of fundamental phenomena underpinned by the emergence of
dressed states, Floquet states, or topological states far from
equilibrium.

The arguably simplest nonlinear quantum system is a sin-
gle spin 1/2, which has served as a paradigm for the physics
of driven quantum systems as such. The conventional scenario
involves a weak periodic drive for which the driving ampli-
tudes are sufficiently smaller than the energy-level spacing. In
this so-called Rabi regime, the linear dependence of the spin’s
frequency response on the drive amplitude provides a basis for
pulse design and qubit gate operations. Much less common,
but much richer, is the domain of strong periodic driving
with drive amplitudes on the order of the transition frequency.
Theory has formulated the general framework to describe
this situation within Floquet theory [1,2], where quasienergies
and Floquet states constitute the essential ingredients. Ac-
cordingly, the emergence of sidebands [3], localization [4,5],

*Contact author: dhruv.deshmukh@uni-ulm.de
†Contact author: raul.gonzalez-brouwer@uni-ulm.de
‡Contact author: roberto.sailer@uni-ulm.de
§Present address: XeedQ GmbH, Wilhelm-Runge-Straße 10/3,

89081 Ulm, Germany.
�Contact author: joachim.ankerhold@uni-ulm.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

Landau-Zener interferences [6,7], and coherent-incoherent
transitions [8] have been described and observed.

Here, we experimentally demonstrate and theoretically an-
alyze one of the most intriguing features of driven nonlinear
quantum systems, namely, a subharmonic response due to
frequency mixing, or equivalently, the breaking of discrete
time-translational symmetry. For a two-level system (TLS),
despite its simplicity and immense relevance for current quan-
tum technologies, this feature has not been systematically
explored yet, although previous work discussed indications
[3,9–11]. We fill this gap by observing explicitly period dou-
bling and higher multiplicities, thus revealing fundamental
properties of the quantum mechanical time evolution.

More specifically, a single TLS is shown to respond with
coherent periodic dynamics with a period, k Td , that is an
integer multiple of the period, Td , of the strong monochro-
matic field driving it. This appears generically, for any initial
superposition of Floquet states, at any chosen initial time,
and thus for any observable. We are able to monitor period
doubling (k = 2) and higher multiplicities (k = 3, 4, 5) in the
vicinity of the respective ideal drive parameters by means of
a stroboscopic measurement scheme. Our experimental find-
ings verify a strongly enhanced response to mismatches and
perturbations in drive amplitudes.

A prerequisite for observing k-tupling with an individual
spin is a sufficiently long coherence time since this response
originates from revivals of interferences of the bare energy
levels of the TLS. In this respect, experimentally, nitrogen-
vacancy (NV) centers in diamond outperform other TLS
realizations, thanks to their long coherence times at room tem-
perature [12], their field sensitivity [13,14], and their optical
addressability. For the periodic drive, no pulse engineering
is required, and regular sinusoidal driving is sufficient. As
prime indicator for the emergence of interferences corre-
sponding to period doubling, we observe in the vicinity of
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FIG. 1. Stroboscopic population dynamics of a resonantly driven spin 1/2 in multiples of the driving period Td according to Floquet
theory. The system is initialized in the ground state |g〉 and driving amplitudes A are close to the period-doubling amplitude AP2. Left panel:
Population projection 〈σz〉 evaluated after each drive cycle Td . Right boxes: Dynamics on the Bloch sphere. At the amplitude AP2 (left, blue
star), the alternating pattern of vertical blue-pink stripes shows that the projection flips between the initial value –1 and 〈χ |σz|χ〉 � 0.7099
and implies 2Td -periodic revivals. On the Bloch sphere (right, blue box), this pattern corresponds to state |g〉 perpetually hopping to the
state |χ〉 and back. These states lie diametrically opposite on the circle about the associated Floquet mode axis |φ1[0; AP2]〉 − |φ2[0; AP2]〉.
Slightly away from the ideal amplitude, for Ã = AP2 + δA (left, pink triangle), this alternating pattern is modulated. On the Bloch sphere
(right, pink box), the stroboscopic trajectory lies on a circle passing through |g〉 on a plane perpendicular to a slightly shifted Floquet mode
axis, [|φ1[0; Ã]〉 − |φ2[0; Ã]〉. After each 2Td , the stroboscopic orbit shifts slightly, returning to |g〉 only after a modulation period τ ∝ 1/|δA|.

ideal drive parameters a characteristic low-frequency modu-
lation of the period-doubling response, whose period diverges
upon approaching this manifold. Here, as shown experimen-
tally, the TLS of the NV becomes particularly sensitive to any
mismatches of amplitude/drive frequency from the k-tupling
conditions. An extended modeling captures the observed fea-
tures very precisely. We also systematically retrieve higher
multiplicities for various initial states. This way, we establish
a consistent theoretical and experimental picture of a funda-
mental interference phenomenon for strongly driven systems.
It specifically refers to the NV-center realization but concep-
tually applies to other TLS platforms as well.

Theoretical background. We start by considering the sim-
plest situation of a TLS with level spacing �0 subject to
a classical time-periodic drive with amplitude A, frequency
ωd = 2π/Td , and initial phase ϕ0, obeying the Hamiltonian

H = �0

2
σz + A sin (ωdt + ϕ0) σx (1)

with Pauli matrices σx, σz. The general theoretical framework
to analyze the quantum dynamics of such a periodically driven
system is based on the Floquet theory [1,2,15,16]. It im-
plies the existence of Td -periodic solutions to Schrödinger’s
equation, namely, the Floquet states e−iε1t/h̄|φ1(t )〉 and
e−iε2t/h̄|φ2(t )〉, which serve as basis states for the quantum
dynamics. Here, the quasienergies ε1,2 are defined modulo
the drive-photon energy h̄ωd . Using these basis states, the
stroboscopic dynamics of an arbitrary initial state |ψ (0)〉 can
be written as

|ψ (nTd )〉 = α |φ1(0)〉 + e−i2πn·(�ε/h̄ωd )β |φ2(0)〉,
where �ε = ε2 − ε1 is the quasienergy difference. A par-
ticular dynamical response, which we refer to as period
k-tupling, occurs when �ε/h̄ωd = j/k for some j < k ∈ N.
Despite the Hamiltonian and the Floquet states possessing

Td periodicity, all of the superposition states exhibit a lower
symmetry with a nontrivial k Td periodicity [17]. In this situ-
ation, the quantum time evolution returns to the initial state
|ψ (0)〉 only after n = k driving periods Td . On the dimen-
sionless drive-parameter space (h̄ωd/�0 − A/�0), the points
for which the quasienergy differences satisfy the condition
for period k-tupling form families of one-dimensional man-
ifolds {h̄ωPk/�0, APk/�0}. Below, we explore in detail the
k-tupling dynamics of the driven TLS in the neighborhood
of few isolated points on these manifolds, for A � �0 and
h̄ωd = �0. In this regime, the period k-tupling amplitudes for
the Hamiltonian in Eq. (1) are given by APk ≈ �0/k.

Period k-tupling originates from revivals of quantum in-
terference patterns at fractions of the drive frequency. On the
Bloch sphere, the transformation |ψ (t0)〉 → |ψ (t0 + nTd )〉 in
the case of period k-tupling can be seen as a sequence of
discrete rotations about the Floquet mode axis by an angle
2π j/k. Specifically at the period-doubling amplitude AP2, any
state |ψ (t0)〉 rotates by π radians about the Floquet mode
axis, |φ1(t0)〉 − |φ2(t0)〉, after each period Td (see Fig. 1). A
small deviation in the drive amplitude Ã = AP2 + δA results in
a violation of the period-doubling condition, i.e., �ε/h̄ωd =
(1/2 + ξ ), |ξ | 	 1. The consequence of this deviation on the
stroboscopic evolution is a slow rotation along a circle around
the Floquet axis as shown in Fig. 1. It is this rotation that
leaves a characteristic beatinglike imprint on the experimental
data and serves as a unique proxy for the approach toward the
parameter manifold for period doubling. A numerical simu-
lation of the stroboscopic population dynamics starting from
the ground state of the bare TLS, equivalent to its survival
probability, is depicted in Fig. 1. It shows the population pro-
jection in the vicinity of the exact period-doubling amplitude
AP2 � 0.5042�0 for h̄ωd = �0. At the amplitude AP2, one
sees an alternating pattern of the projection values, while for
small deviations A 
= AP2, this ideal behavior is modulated
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Laser

FIG. 2. Experimental realization. (a) Setup, NV-center structure,
and electronic energy levels. A 532 nm laser (green cone; green
arrow) is used for confocal microscopy experiments with a single
NV center. The spin system is coherently controlled by an rf field
via a copper wire antenna. The green laser is used to initialize
the NV center into the |mS = 0〉 spin state. The spin state is read
out by monitoring the fluorescence (red arrow) with different state-
dependent intensities for |mS = 0〉 and |mS = −1〉 (bright and dark
red arrow). To reach A ∼ �0 for observing period k-tupling close
to the ground-state level anticrossing, a high magnetic bias with an
optimal alignment is applied. (b) Driving and measurement protocol
for observing period multiplicity. For each time trace, the sequence
contains rectangular pulses with a fixed length Tpulse = nTd (Td ≡
2π/ωd � 1/�0). After each rf pulse, a laser pulse is applied, where
for this sequence a multiple shot of measurements is done. By using
this fixed set of parameters, the rf amplitude A is increased for each
measurement cycle.

with a period τ ∝ 1/δA so that τ tends to infinity in the limit
A → AP2, as illustrated in Fig. 1. As we will see below, the
actual experimental situation is more intricate and requires
an extended modeling but conceptually follows the described
picture.

Experimental realization. To demonstrate this dynami-
cal response in a physical realization, we use a single NV
center—a point defect in the diamond lattice that contains
a substitutional nitrogen atom and a neighboring vacancy
(Fig. 2). The ground state of the NV center’s electronic energy
levels (3A) has a spin triplet (S = 1). The state with zero
spin projection, |mS = 0〉, is separated from the degenerate
states |mS = ±1〉 by a zero-field splitting of �0 = 2.87 GHz.
The effective TLS, spanned by {|mS = 0〉, |mS = −1〉}, can be
achieved through an external static magnetic field splitting of
|mS = ±1〉 states. Our experiment uses a sample with solid
immersion lens for a higher photon collection efficiency and a
better signal-to-noise ratio. Spin initialization and readout are
performed by a 532 nm optical laser in a home-built confocal
setup. To control spin dynamics via radio-frequency fields,
we utilize an arbitrary waveform generator with 0.02 ns time
resolution and 10-bit voltage digitization, which has �V ≈
0.5 mV at Vpp = 500 mV. It allows for scanning through the

required amplitude ranges A ∼ �0 for observing the period
tupling. Our measured NV has an exceptional spin coherence
time of T �

2 ≈ 75 µs, which is over 100 times longer than the
periodicity Td = 1/�0. For the fulfillment of the constraint of
a closed system, the longitudinal relaxation time T1 ≈ 5 ms
by far exceeds T �

2 . For more details on the experimental pro-
cedure, we refer to Ref. [17].

Now, to make a strong driving protocol feasible, which is
essential to observe period k-tupling, the spin transition must
be tuned down sufficiently due to the power threshold of our
microwave antenna, which lies in the range of megahertz.
By adjusting the magnetic bias strength and orientation, the
range A ∼ �0 is close to the ground-state level anti-crossing
(GSLAC) (Fig. S19 in the Supplemental Material [17]). In
order to achieve a high measurement contrast beneficial for
high-fidelity state initialization [18,19], the field strength is
set around 1020 G with an orientation aligned with the NV
axis. This yields a transition between the states |mS = 0〉 and
|mS = −1〉 of about 9.21 MHz, on which the driving and
measurement protocol is implemented as shown in Fig. 2(b).
The spin is initialized after 3 µs of optical pumping fol-
lowed by a sequence of rectangular rf pulses with a pulse
length Tpulse = nTd (n ∈ N). For a fixed ARF, the pulse length
will be swept after each measurement, and the photolumi-
nescence (PL) will be measured with the same initializing
optical laser. The repetitive procedures for the various mea-
surement times are controlled and processed by the suite
QUDI [20].

Results and discussion. Figure 3(a) (bottom) shows the
stroboscopically measured PL signal after every drive cy-
cle (see Ref. [17] for details). One can clearly identify the
characteristic period-doubling pattern consisting of alternate
blue and pink vertical stripes along with its modulation
manifested through the green fanlike structure, as already
shown in Fig. 1. As a salient feature, we extract in Fig. 3(b)
the hyperbolic dependence of the modulation period τ ∝
1/|A − AP2| on driving amplitude deviations, as predicted
for the TLS. Not only does this enable us to locate the
period-doubling amplitude precisely but it also corrobo-
rates the scaling of quasienergy differences with the drive
amplitude in the vicinity of AP2. The steep rise of the
modulation period while approaching the amplitude AP2

thus serves as a unique proxy for the emergence of period
doubling. The corresponding strong susceptibility exposes
minute details of the experimental setting that we discuss
next.

A closer inspection of the predicted PL signal in Fig. 1
and the measured one in Fig. 3(a) (bottom) shows several
discrepancies. First, and the most apparent, are the weak
vertical fringes absent in the ideal TLS scenario. The latter
one can only be explained through an extended treatment
of the driven NV center that includes its close environment
as shown in Fig. 3(a) (top); when the NV spin is operated
around the GSLAC, the neighboring 15N nuclear spin not
only causes a hyperfine splitting but also hybridizes with
the electronic spin states. Furthermore, within the GSLAC
region, the optical initialization procedure is known to pro-
mote polarization transfer, resulting in an efficient population
of the state |mS = 0, mI = 1/2〉 [21]. Thus, the TLS that
is actually being driven with level spacing �0 turns out to
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(a)

(b)

(c)

FIG. 3. (a) Experimental data for photoluminescence and extended theoretical modeling for period doubling. The PL signal recorded after
every drive cycle (bottom) is compared to that estimated through simulation (top). The theoretical simulations are obtained within an extended
model [17] for driving the transition of �0 = 8.00 MHz from |0, 1/2〉 to |+〉μ ≡ μ| − 1, 1/2〉 + (1 − |μ|2)1/2|0,−1/2〉 for |μ|2 = 0.9145
(DZFS = 2.87 GHz, Bz = 1020.678 G, and θ = 9◦ for a weak misalignment of the magnetic field with respect to the NV axis). The mean level
spacing for the experimental setup is 〈�0〉 = 9.21 MHz. The drift in �0 is accounted for by a correction factor γ (see Ref. [17]). (b) The
modulation period for period doubling fits the hyperbolic curve predicted by the extended model; hyperbola A > AP2: (79.731 ± 0.433)/|A −
AP2|, hyperbola A < AP2: (75.447 ± 0.424)/|A − AP2| so that the amplitude for period doubling is extracted as AP2(exp) = 35.844 ± 0.018 mV.
(c) Same as panel (b) including higher multiplicities k = 2, 3, 4, 5 (for 〈�0〉 = 7.88 MHz). See text and Ref. [17] for details.

consist of this state and the hybridized state |+〉μ ≡ μ | −
1, 1/2〉 +

√
1 − |μ|2 |0,−1/2〉 (cf. Ref. [17]). Extracting the

precise value of μ requires targeted experiments; however,
the available data (level spacing between |0, 1/2〉 and |+〉μ)
allows us to estimate it to be |μ|2 ∼ 0.9, via a comparison
with a minimally extended model. Second, a careful analysis
discloses a weak misalignment of the magnetic field with
respect to the NV axis. Consequently, the Hamiltonian (1)
needs to be further extended to include the longitudinal com-
ponent of the driving; σx → cos(θ )σx + sin(θ )σz with angle
θ [9]. Interestingly, it turns out that the angle under which the
additional fringes are tilted with respect to the vertical directly
depends on θ ; this opens a convenient way to determine it. In
the minimally extended model [17], we find that θ ≈ 9◦ gives
the best agreement between theory and experiment. Third, it
appears that the level spacing �0 of the TLS slowly drifts
between successive runs when sweeping the amplitude of the
drive. To stay in tune (h̄ωd/�0 = 1), the driving frequency
ωd is adapted accordingly, which is taken into account in the
simulations. Fourth, the initialization fidelity of the electronic
spin states after laser illumination is not perfect, typically in
the range from 95% to 98% (see Refs. [18,22,23]), which

results in the relative contrast of fluorescence measurement.
We estimate that this induces only very minor aberrations
between theory and experiment. Finally, a weak decay of
the PL contrast is ascribed to T ∗

2 . Based on this analysis,
improved theoretical simulations [17] are depicted in Fig. 3
and show remarkable agreement with the experimental data.
Future targeted experiments open up avenues to quantitatively
extract the initial state population distribution, the branching
ratio |μ|2, and thus precise values for hyperfine coupling
constants as an alternative to the existing optically detected
magnetic resonance (ODMR) and electron paramagnetic res-
onance (EPR) spectra. A further extended modeling including
weak relaxation will then allow for even higher accuracy.

Is it possible to reveal in the response of the driven TLS
also period k-tupling with k > 2? In our experimental situ-
ation, this is indeed the case for k = 3, 4, and 5 as explicitly
demonstrated in Fig. 3(c) and discussed in Ref. [17]. Although
the results were obtained with a coarser amplitude scan, the
knowledge of the modulation period dependence on ampli-
tude deviations from the ideal period k-tupling amplitude
still allows us to identify APk with good precision. For all
these cases, the hyperbola was found to fit τ ∼ Ck/|A − APk|,
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wherein the coefficients Ck decrease with increasing k in
agreement with theory. We emphasize that Figs. 3(b) and 3(c)
collect data taken for different initial states, which confirms
the invariance of the k-tupling in agreement with theory.

Outlook. An individual spin 1/2 realized in form of
an NV center in a diamond crystal has been shown to
exhibit period doubling and higher multiplicities when ex-
posed to strong monochromatic fields. This phenomenon is
a direct consequence of revivals of quantum interferences
at fractions of the drive frequency and is observable due
to the exceptional long coherence time of the NV sam-
ple. Within Floquet theory, we have provided a complete
and quantitatively accurate understanding of this nonlinear
quantum dynamics in an extended model including rele-
vant nuclear spins in the proximity of the NV spin. In the
vicinity of the ideal drive parameters for k-tupling, the stro-
boscopic quantum dynamics shows low-frequency beatings.
Their characteristic hyperbolic dependence on driving param-
eter mismatches serves as a proxy for the approach toward
k-tupling.

From a fundamental perspective, these results provide the
basis for a deeper understanding of the collective response of
spin ensembles with growing size, related to the emergence of
discrete time translational symmetry breaking [24–27]. Here,
the case of multiple dipolar coupled NV centers surrounded
by 13C instead of a single NV center [28] is an obvious
scenario. On the applied side, a natural next step is to analyze
if, and if yes to what extent, the strongly driven NV spin turns

into a very sensitive probe for other electromagnetic fields
and/or residual spin degrees of freedom in its surrounding.
Further, the nontrivial k-tupling dynamics suggests the possi-
bility of engineering gate operations in quantum information
processing with pulse times up to a few multiples of the bare
transition frequency �0 ≈ h̄ωd , i.e., much faster than those
based on conventional Rabi pulses where the gate frequency
is proportional to the drive amplitude A 	 �0. Conceptually,
our findings directly apply to any other realization in atomic
and solid-state physics with sufficient coherence times.
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