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We report the observation of long-lived Floquet prethermal states in a bulk solid composed of dipolar-coupled
13C nuclei in diamond at room temperature. For precessing nuclear spins prepared in an initial transverse
state, we demonstrate pulsed spin-lock Floquet control that prevents their decay over multiple-minute long
periods. We observe Floquet prethermal lifetimes T,x90.9s, extended >60,000-fold over the nuclear free
induction decay times. The spins themselves are continuously interrogated for .10min, corresponding to the
application of <5.8M control pulses. The 13C nuclei are optically hyperpolarized by lattice Nitrogen Vacancy
(NV) centers; the combination of hyperpolarization and continuous spin readout yields significant signal-to-
noise in the measurements. This allows probing the Floquet thermalization dynamics with unprecedented clarity.
We identify four characteristic regimes of the thermalization process, discerning short-time transient processes
leading to the prethermal plateau, and long-time system heating towards infinite temperature. This work points
to new opportunities possible via Floquet control in networks of dilute, randomly distributed, low-sensitivity
nuclei. In particular, the combination of minutes-long prethermal lifetimes and continuous spin interrogation

Floquet prethermalization with lifetime exceeding 90s in a bulk hyperpolarized solid
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opens avenues for quantum sensors constructed from hyperpolarized Floquet prethermal nuclei.

Introduction — Systems pulled away from thermal equilib-
rium can exhibit unusual phenomena non-existent or difficult
to achieve at equilibrium [1]. For instance, periodically driven
quantum systems can display long-lived prethermal lifetimes
due to the emergence of approximately conserved quantities un-
der the effective time-independent Hamiltonian describing the
drive [2—6]. For sufficiently large driving frequencies w, much
higher than the intrinsic energy scales in the system Hamilto-
nian (hereafter /), these prethermal lifetimes scale exponentially
with w [7-11]. Ultimately, however, the system absorbs energy
and “heats up” to a featureless infinite temperature state.

The long-lived prethermal plateau and its stability against
perturbations in the drive portends applications for the engi-
neering of quantum states [3, 4, 12]. Fundamentally, the con-
trol afforded by periodically driven systems opens avenues to
study non-equilibrium phenomena and explore novel dynamic
phases of matter, some of which have no equilibrium coun-
terparts [13, 14]. A flurry of theoretical work has recognized
Floquet prethermalization under random driving [15], in driven
linear chains [10], and even in the classical limit [16]. Experi-
mentally, Floquet prethermalization has been observed recently
in cold-atom [17-19] and NMR systems [20-22]. They demon-
strated a characteristic exponential suppression of heating rates
with Floquet driving. Even before the current resurgence of
interest, decades-old NMR experiments had observed certain
signatures of prethermalization, then referred to as “quasi-
equilibrium” [23-28].

In this Letter, we report observation of Floquet prether-
mal states with lifetimes exceeding 90s at room temperature
in a dipolar-coupled ensemble of *C nuclei in diamond (see
Fig. 1A). These nuclear spins, randomly positioned at 1% con-
centration in the lattice, are optically hyperpolarized by interac-
tions with NV defect centers, which enhances their polarization

£=223-fold with respect to the thermal limit (Fig. IB). When
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Fig. 1. System. (A) Dipolar lattice of '3C nuclei in diamond. Optically
pumped NV centers are employed to hyperpolarize the 13C nuclei (blue
arrows). (B-C) Signal gains from hyperpolarization, demonstrated by
comparing single-shot 3C NMR spectra to conventional 7T (thermal)
NMR. Data is shown in (B) linear and (C) log scales; line is a fit. Here,
optical pumping was for 2min at 36mT, and thermal measurement was
taken after 4hrs in the magnet.

placed in a Bloch transverse state x” in the absence of periodic
driving, these precessing nuclei naturally dephase with free
induction decay lifetime T, " 1.5ms and measured observables
decay to zero. Under rapid pulsed spin-lock driving, however,
we are able to effect a significant improvement; the observed
lifetimes T2'§0.9s constitute a >60,000-fold extension over Tz*.
Moreover, with a drive consisting of ~5.8M pulses, we are able
to continuously probe the thermalization process for up to 573s
with high fidelity. This corresponds to >10'? precession cycles
of the nuclear spins. Both with respect to the number of pulses
applied, and the ultimate transverse spin lifetimes, these values
are amongst the largest reported in literature [29, 30]. Our work
therefore suggests interesting opportunities for Floquet control
afforded in hyperpolarizable spin networks consisting of dilute
low-gyromagnetic ratio nuclei [31].

A primary contribution in this work is the ability to probe the
system thermalization dynamics with unprecedented signal-to-
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Fig. 2. Floquet driving and lifetime extension. (A) Conventional 13C free induction decay with T2>‘< ~1.5ms. (B) Floquet drive consists of a train

of 9-pulses applied spin-locked with the 13C nuclei. Spins are interrogated in tacq Wwindows between the pulses (blue lines), the nuclear precession
is sampled every Ins. Pulse repetition rate w = 771, and sequence not drawn to scale. (C) Minutes-long lifetimes of the transverse state result
from the Floquet sequence (9 ot 2). Data (blue points) shows single-shot measurement of survival probability in the state p; , and line is a fit to
a sum of five exponentials. Here t,cq=2us, t ,=40us and 7=99.28us, and the 573s period corresponds to~5.8M pulses (upper axis). We neglect
here the first 100ms for clarity (see Fig. 3A). Inset (i): Raw data showing measurement of the 13C spin precession, here at 1s into the decay. Inset
(ii): Data zoomed 200x in a 1s window. Using a 1/e-proxy yields T',,’~90.9s. This corresponds to a >60,000-fold extension compared to the FID.

noise (SNR). Integrated SNR (see Fig. 1B-C) exceeds 10° per
shot, arising from a combination of hyperpolarization and con-
tinuous spin readout in our experiments. This permits a view
into the thermalization process with a high degree of clarity,
in a manner not directly accessible in previous experiments.
We are able to identify the four smoothly transitioning thermal-
ization regimes that confirm theoretical predictions [32] — an
initial transient to the prethermal plateau, the crossover to un-
constrained thermalization and, ultimately, infinite temperature.
High measurement SNR also allows characterization of heating
rates over a wide range of drive frequencies. We observe system
heating scaling oexp (t}/2 3t high drive frequency w. Si-
multaneously, the transient system response unveils interesting
harmonic behavior while establishing the prethermal plateau.
System — Tn a magnetic fie]d Bo, the 13C nuclei interact by the

dipolar Hamiltonian, Haa = ;4 dCC(;’?{I jelkz — 17 - I7y), with
1
a coupling strength dSf = 407y3(3 cos® B —1)7—13 , where

ik
I refer to spin-1/2 Pauli matrices, ¥nél£0.7MHZ/T is the gy-
romagnetic ratio, and Bjx = cos™!y“=% is the angle of the
TjkBo
internuclear vector rjk to the magnetic field. The sample is
oriented with Bo || [100], such that nearest neighbor (NN) '3C
sites ar? decjoupled. Ultimately, the median dipolar coupling

is ] = d°, ~0.66kHz (Fig. 2A). The random 13C distribu-
tion leads fo a long tailed distribution in the coupling values,
effectively rendering the interaction Hamiltonian disordered.
In addition, the nuclei are subject to on-site disorder, i.e. lo-
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20ppm P1 concentrations, ¢ ~0.4[kHz]? [34]. In the rotat-

Jj
ing frame of the Floquet drive, the '3C Hamiltonian is therefore
H = Hdd + Hz.

Compared to previous NMR experiments, our work intro-
duces some special features leveraging nuclear hyperpolariza-

tion [25, 26]. The vast preponderance of NMR experiments
have been limited to high-y» and dense (100% abundant) nuclei
such as 1°F, 3!P, and 'H [20, 22]. Instead, we focus attention
to dilute networks of insensitive nuclei (**C). This provides
a combination of factors critical to establishing Floquet con-
trol for long periods — (i) a relatively lopq 4« compared to
networks constructed from sensitive (high=y») nuclei, scaling
as n'/2y2, where 7 is the nuclear enrichment, (i) a long tailed
distribution in couplings, and (7ii) long nuclear T1 (here ~25
min), significantly higher than many experimental systems, sets
a long memory time for the nuclear states.

Indeed, these very factors, while attractive for Floquet con-
trol [35], usually make experiments challenging on account of
poor sensitivity. Inductively measured nuclear signals scale
« Y% with a measurement repetition rate set by Tl’l, making
obtaining reasonable SNR a challenge [36]. We mitigate these
difficulties by a combination of hyperpolarization and instru-
mental advances (allowing continuous sampling). Hyperpolar-
ization is carried out at Bpo=36mT through a method previously
descriPed [37, 38]. Measurement throughput is accelerated by

~ ; g2 T1(Bo)/ T1(B o)) 2 % <100 over conventional high-field
(FID-based) NMR readout®

Floquet control and measurement — The driving protocol

is described in Fig.2B [41-43]. Post polarization, the 13C
nuclei are rotated to transverse axis  on the Bloch sphere,
placing them in an initial state pi. €lx. The Floquet drive
consists of an equally spaced train of pltlses of flip angle 9. The
center-to-center pulse separation is T =(w 2m)~1 . After N
pulses, the unitary operator describing gts action in the rotating
frame can be written as, U(N7) = [exp(idlx) exp(iH7)]
where we have made a simplifying assumption of §-pulses.
The data is sampled after every pulse, t ;=] E, nd the evolution

can be described by the operation U(t) = 1?’_1 exp(iH V1),
where we refer to the toggling frame Hamiltonians after every

pulse [44],HO) = exp(ij9Ix)H exp(—ijIdlx). This evolution
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Fig. 3. Floquet thermalization regimes (A) Log-scale visualization
of the full data in Fig. 2C. Points are experiment, there are,5.8M
data points here. Lines are carried out in two segments with solid
and dashed lines referring to a stretched exponential with @=0.55 and

a=0.5 respectively. Upper axis denotes number of pulses applied, here
Jt 0.066. Green points are the FID. We observe distinct, yet smoothly

transitioning (shaded), thermalization regimes (I-IV): ax10ms oscil-
latory approach (I) to the Floquet prethermal plateau (II), followed by
unconstrained thermalization (III). Infinite temperature regime (IV) is
not reached in these measurements up to 573s. (B) Semi-log plot of
the experimental data (red points) in regime II-IIT shows a dynamic
change of thermalization rate. Moving averaging is applied here every
0.1s. Blue line is a fit to a sum of five exponentials. (C) Semi-log plot

against  t yields an approximately linear dependence (dashed line) for
500s. Cusp (marked) at 9.2ms marks transition to the prethermal
plateau (regime II, see also Fig. 5).

can be recast as, U(t) = exp(iHr N 1), where Hr is the Floquet
Hamiltonian that captures the system dynamics under the drive.

Hr can be expanded in a Floquet-Magnus expansion [45—47]
to leading order in the parameter {(=27//w, and in the regime
¢«1, yields a time independent Hamiltonian,
N
H 0 _ ¢ H ) ~ Z
F

cc -
dji Hg—I-F- M
i=1 i<k 2

3
with the flip-flop Hamiltonian, Her = I, lkz+1jyky [48]. The

H- dephasing fields are filtered out in © . For sufficiently
small { , Eq. (1) holds irrespective of the flip-angle 9, except for
certain special values (9 ~ m, 2m). We note that this constitutes
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Fig. 4. Exponential dependence of Floquet prethermal lifetimes.
(A) Variation with Jt. Data (points) shows measured signal probing
thermalization dynamics in regime II-III for representative JT values

(colorbar), Here 9=~m/2 and t,cq=32us and there are a high number
(~10°-10°) points per line [39]. Data is normalized at the transi-

tion points to the prethermal plateau (following Fig. 3C). The Floquet
prethermal decay rates reduce considerably with decreasing jz. See
full data at Ref. [40]. Inset: Zoom-in (on semilog scale). (B) Extracted
decay rates focusing on the region where decay follows exp—tl/ 2,
Plotted in a semi-log scale against w /J, the dashed line reveals an
approximately exponential scaling of the decay rates at low drive fre-
quencies @ (dashed line is a linear fit). At high w we observe sharp
narrow features in the prethermal decay rates. (C) Plotted against Jt,
showing exponential scaling at higher drive frequency (dashed line).
Narrow features in the decay rates superimposed on the exponential
background are more emphasized here. (D) Log-scale plot of the

extracted T, lifetimes against w. Dashed line is a linear fit.

a key difference with respect to conventional dynamical decou-
pling control (CPMG [49]), wherein the interspin couplings are
retained and result in rapid '3C decay [48]. The higher order
terms in the Magnus expansion are progressively smaller, but
contribute to long time system dynamics [46, 50]. Importantly,
R U R R
F F

lifetimes that depend exponentially on the drive frequency w.
Ultimately, the divergence of the expansion manifests in the
system heating to infinite temperature.

Fig. 2C shows the measured survival probability F 7 of
the state p; under the applied Floquet drive. This can be
expressed as, F(NT1) = 1§Tr pIU(NT)prU(NT) . We have

neglected the first 100ms here for clarity (see Fig. 3A for full
data). Data shows significant extension in the transverse state
lifetimes. Points in Fig. 2C are the experimental data while the

line is a fit to a sum of five exponentials (zoomed in Fig. 2C(ii));
the high measurement SNR is evident in the zoomed data. The



product /T is a convenient metric to label the Floquet regime of
operation, and in these measurements Jt=0.066. The ¥ gt 2
pulses here are applied every 7~100us, and the 573s period en-
capsulates ~5.8M pulses. For comparison, the conventional 13C
free induction decay [51] in the absence of Floquet driving is
shown in Fig. 2A, where decay occurs in T, * ~1.5ms on account
of internuclear couplings and static field disorder. High SNR
and continuous weak measurement readout allows us to recog-
nize (see Fig. 3B) a dynamic change in the decay rate constant
along the curve, making it difficult to quantify the decay rate
by a single number. The data especially p?st 100ms isrfound
to fit well to the stretched exponential ~ exp —(t/ Tz’)l/ 2 from
where we extract T, »353s. Alternatively, using a 1/e- inter-
section (dashed line in Fig. 2C) as a convenient proxy yields,
T,=90.9s. The extension leads to substantial line-narrowing of
the 13C NMR spectrum (~28mHz in Fig. 1C).

The measurement procedure for Fig.2C is detailed in the
Supplementary Information [39]. The signal is sampled every
Ins in t.q windows between the pulses (see Fig. 2B). Such
continuous readout (akin to weak measurement [52]) yields
significant SNR advantages over point-by-point stroboscopic
measurements. Rapid data sampling throughput (at fs=7-1)
also allows further filtering to be applied when the dynamics are
slow compared to fs. With this, we obtain a single-shot SNR
>103 per measurement point, and -4 10° for the integrated
signal (see Fig. 1C). -

Floquet Prethermalization — To better illustrate thermaliza-
tion dynamics of the spins, Fig. 3A shows the full data on a
logarithmic time scale. The FID is also shown, and lifetime
extension is evident from the shift in the curves. Points are ex-
perimental data with no moving average applied, and the solid
and dashed lines are stretched exponential fits. We identify
distinct, albeit smoothly transitioning, regimes in the thermal-
ization process (shaded in Fig. 3A). Following Ref. [2], we refer
to them as: (I) an initial regime of constrained thermaliza-
tion (0<t<20ms), where we observe oscillatory behavior with
a harmonic frequency response of the Floquet drive frequency
w, (IT) the prethermal plateau, leading into (IIT) unconstrained
thermalization towards the (IV) infinite temperature state (not
reached in these experiments).

Let us first focus our attention to the dynamics in regimes II
and III. Fig. 3B-C shows two complementary visualizations af-
ter moving average filter is applied over the entire data. Fig. 3B,
plotted on a semi-log scale, makes evident that the decay rate
constant changes over the entire thermalization period. The high
SNR and rapid sampling rate, however, allows us to unravel the
exact rate change behavior in a manner not accessible in previ-

ous experiments. It is easiest seen when re-plotted against ¢ in
Fig. 3C, where we obtain an approximately linear trend (dashed
line) over a long period (.500s). The prethermal dynamics is
therefore exp ¢—* )with exponent a ~1 2. Decades-old NMR
experimerits had observed a similar trend in paramagnetic im-
purity rich solids [54, 55]. We emphasize however the high
SNR of the data in Fig. 3, proffering insights into, and devi-
ations from, this behavior. At higher /7 values, for instance,
we observe a dynamic decrease in & away from 1/2 in regime
III (movie available at Ref. [40]). The turning point (cusp)
in data in Fig. 3C, obtained after moving average filtering over
the oscillations in regime I, also allows a convenient means to
quantify the exact point of transition to prethermal plateau. The
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Fig. 5. Transient approach to prethermal plateau. (A) Oscillations
in the approach to prethermal plateau seen for data zooming in on
region I, in a 1s long window (see Fig. 3A). Data (points) corresponds
to ¥~ 2, m/4}respectively. Solid line is data with moving average
filtering applied over the entire region (see Fig. 3B). (B) Zoom in to
region I shows the transient approach with high SNR. It is evident
that the oscillations are at higher frequency for 9~m 2. Solid line is a
spline fit to guide the eye. (C) Fourier transforms of panels in B allows
identification of the frequency components constituting the oscillations
as a function of w=t~". Harmonics are represented by numbers. It is
clear that primary oscillation frequency is higher for 9 .yt 2, where we
extract the primary harmonic position at 0.267~ . (D) Variation with
Alip angle 9. Data shows the position of the oscillation frequency for the
primary and higher harmonics (numbered). See full data at Ref. [53].
Solid lines are linear fits, while dashed line is an extrapolation. Slopes
are in the ratio expected.

length of this period (31 0-20ms) closely mirrors the period over
which the FID completely decays (see Fig. 3A).

To study the scaling of the prethermal lifetimes with the
frequency of the Floquet drive w, Fig. 4A shows similar data at a
range of Jt values. This is carried out by varying the inter-pulse
spacing T in Fig. 2B. The full dataset (shown in Supplementary
Information) consists of measurements at 57 such Jt values,
but we show a restricted set here for clarity. Again, there is
a high density of data points in each experimental line. To
restrict attention to regions II-II1, we normalize the data at the
transition points to the prethermal plateau, identified from the
cusps as in Fig. 3C. The data show thermalization proceeding
more slowly for lower values of Jt. The dynamic change of rate
coefficient makes plotting a single graph that encapsulates the
full long-time behavior difficult. Instead, we extract the decay
rates focusing on regime II, where decay (similar to Fig. 3C)
follows an exponent a1 2.

This is presented in two complementary viewpoints in
Fig. 4B-C. First, in Fig. 4B plotted on a semi-log scale with
respect to the drive period 7, we see a linear trend in the de-
cay rates, especially at high t (dashed line). This points to
an approximately exponential scaling of the state preservation
lifetimes with drive frequency, one of the signatures of Floquet
prethermalization. Atlow T however, we observe a flatter slope
with sharp features in the decay rates. Fig.4C shows an alter-



nate view instead in terms of w. Extracting the transverse state
lifetimes T, on the log-log plot, we find a slope of 2.1,.0.1 at
low-frequency suggesting a Fermi’s Golden Rule scaling with
drive frequency [56].

The sharp peaks in the decay rates in the high w regime in
Fig. 4B-C are intriguing. We believe this is a manifestation
of quantum sensing — the '3C nuclei see an enhanced decay
rate when subjected to environmental magnetic fields at a fixed
frequency fac matched in periodicity (resonant) with the pulse
sequence, at foc=0 /(2T . The first two peaks are observed
at facn2.5kHz and fac 5.0kHz. This is possible because the
pulsed spin-lock sequence exhibits dynamical decoupling prop-
erties similar to quantum sensing protocols [31]. The exact
origin of these fields in Fig. 4B-C are unclear and beyond the
scope of the current manuscript. A more detailed exposition on
exploiting Floquet prethermal states for quantum sensing will
be presented elsewhere.

Approach to prethermal plateau — Finally, let us eluci-
date how the nuclear spins approach the Floquet prethermal
plateau [57], focusing attention on regime I of Fig. 3A. We
observe transients in the survival probability leading into the
plateau; this is shown for two choices of the flip-angle ¥ in
Fig. SA (012 and 9 o 4) respectively. High SNR allows us
to track the oscillatory dynamics after every pulse, providing a
window into how the approximately time-independent Hamil-

tom1 is estgblished Moreover, the prethermal plateau level is
itselt dependent on V.

The transients last for t~10ms, which is approximately the to-
tal lifetime for the original FID, and is of the order of magnitude
of 1" ! (see Fig. 3A). As Fig. 5B indicates, the oscillation
periodicity is closely related to the flip angle employed; for
Y~ 2, for instance, the oscillations occur at a fourth of the fre-
quency of the Floquet drive w. To see this more clearly, Fig. 5C
shows the respective Fourier transforms in a 10ms region. Plot-
ted against w, we identify harmonics of the oscillatory dynamics
(numbers). For 9~m/4 (lower panels in Fig. 5B-C), we recog-

nize a primary harmonic and higher harmonics at =~nw/8, where

n is an integer.

Intuitively, this characteristic periodicity can be thought of as
arising from the number of pulses N« required to return the Flo-
quet unitary to a prior configuration; i.e. such that the toggling
frame Hamiltonian after 2Nk pulses is equivalent to that after
Ni ,H @Ve) = k) | This corresponds to effectively complet-
ing a 2m rotation of the Hamiltonian in the toggling frame. Four
pulses are therefore needed for 9=m /2 in Fig. 5A. In general,
the primary harmonic frequency is expected to be at frequency
f =9 (2nt . Experiments confirm this picture; we extract the
oscillation frequencies in regime I as a function of 9, and they
fall neatly onto three straight lines for the three harmonics (see
Fig. 5D). We hypothesize that the higher harmonics arise from
bilinear and trilinear terms in the density matrix produced by
dipolar evolution. The experimentally measured slopes are in
the ratio 1:1.98:2.93, close to the 1:2:3 pattern expected.

In conclusion, we have observed Floquet prethermalization
of dipolar-coupled nuclear spins in a bulk solid at room temper-
ature. The observed >90s-long prethermal lifetimes in diamond
13C nuclei are over four orders of magnitude longer than free
induction decay times, and significantly longer than in other
systems. Our measurements unveil regimes of thermalization
with a degree of clarity not accessible in previous NMR studies.
Apart from fundamental insights, our work points to attractive
opportunities possible via Floquet control in hyperpolarizable,
dilute and low-y» nuclear networks. Protection and continuous
interrogation of spins along a Bloch transverse axis for . 10min
periods opens avenues for high-sensitivity magnetometers, gy-
roscopes [58, 59], and spin sensors [60] constructed out of
hyperpolarized prethermal 13C nuclei.
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Fig. S1. Data processing chain. (A) Raw data of '3C nuclear pre-
cession measured inductively, here heterodyned from 75MHz (Larmor
frequency) to 20MHz. The window shown is a 150ns part of the larger

acquisition window. (B) Raw data corresponding to one complete ac-
quisition period between the pulses, here t,cq=32us. (C) Fourier trans-

formation reveals characteristic peaks at the heterodyning frequency
20MHz. This amplitude forms the primary data that is plotted in
the main paper. We therefore obtain one data point per acquisition
window, and in Fig. 2C a total of ~5.8M data points.

I. DATA PROCESSING

We now present details of the data processing employed in
this manuscript. Fig. S1 describes the chain of steps involved in
obtaining decay curves such as Fig. 2C of the main paper. We
readout the NMR signal continuously in tacq periods between
the pulses, and the pulses are spaced apart by t=100us. A
representative such acquisition window is shown in Fig. S1B, in
this case taeq=32us. The data here (taken s into the decay) is
sampled at 1Gs/s (At=1ns). A zoom in (Fig. S1A) reveals high
SNR oscillations corresponding to the precession of the hyper-
polarized nuclei; the frequency here is 20MHz (heterodyned
from the 7SMHz Larmor frequency). For each such window,
we take a Fourier transform (Fig. S1C), and extract the 20MHz
peak. This corresponds effectively to digital bandpass filtering
with a filter linewidth of ok Each such point is then plotted
to create the decay curves in Fig. 2C, Fig. 3 and Fig. 4. Since
the measurements are carried out after every pulse, we obtain
a data point in Fig. SID every 7=100us. Over the 573s decay
period, this corresponds to 5.8 million measurement points.
However, the data itself is slowly varying (except in regime I),
and can be thought of as being effectively oversampled by the
measurement points. Moving average filtering thus increases
SNR further, acting as a low-pass filter to suppress higher fre-
quency variations. We typically employ a moving average filter
size of 0.1s.
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Fig. S2. Signal dependence on flip angle 9. Panel shows the net signal
obtained upon application of a train of 9-pulses following the initial
7 /2 pulse. We identify clear signal dips at 97, 2m} corresponding to
rapid decay due to evolution under the dipolar Hamiltonian (see [48]).

In these experiments t,cq=32us and pulse spacing T=100us.
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Fig. S3. Raw data corresponding to Fig. 4 of the main paper. Movie
(see at YouTube here:[40]) shows signal plotted on a semi-log scale

against t. Data are red points, while the blue line is a fit taken in the
region where a 4 2. The extracted rates are plotted as points in the
lower panels of Fig. 4 of the main paper.

II. MATERIALS AND METHODS

The sample used in these experiments consists of a CVD fab-
ricated single crystal of diamond with .1ppm of NV centers.
The sample is placed flat, i.e. with its [100] face pointing par-
allel to the hyperpolarization and interrogation magnetic fields
(36mT and 7T respectively). In this configuration, the internu-
clear vector between '3C nuclei at NN sites on the lattice are
positioned at the magic angle, and hence are suppressed.

For hyperpolarization, we employ continuous optical pump-
ing and swept microwave irradiation for.40s through a tech-
nique described previously. Hyperpolarization is carried out at
low field, the sample is shuttled to high field, and the Floquet se-
quence in Fig. 2B is then applied. NV-13C polarization transfer
occurs via biased Landau-Zener traversals in the rotating frame;
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Fig. S4. Raw data corresponding to Fig. 5 of the main paper. Movie (see at YouTube here:[53]) shows frames corresponding to the transient
approach to prethermal plateau for different flip angles ¥. Panels show the transient approach and Fourier transform of the oscillations showing

characteristic frequencies.

spin diffusion serves to transfer polarization to bulk 13C nuclei
in the diamond lattice.

Fig. S2 shows the variation of the integrated signal as a func-
tion of the flip angle 9 employed in the pulse sequence. We
refer the reader to Ref. [48] for a more detailed exposition of
the observed trend. For experiments Fig. 2 and Fig. 3 of this pa-
per, we employ a pulse duty cycle 0of.50%, where the measured
SNR is highest.

The figure movie Fig. S3 (accessible in Ref. [40]) shows the
full dataset corresponding to Fig. 4 of the main paper. Similar

to Fig. 4B, we plot the data against t in a semi-log axis. Here
the value Jt is varied by altering the spacing between the pulses
in Fig. 4B. The blue straight lines in the movie show the fit to

a=1/2 region. These decay rates, corresponding to the slope of
the blue lines in Ref. [40], are plotted in the lower panels of
Fig. 4.

Similarly, the figure movie Fig. S4 (accessible in Ref. [53])
shows the full dataset corresponding to Fig. 5 of the main paper,
describing the approach to the Floquet prethermal plateau for
different values of the flip angle 9.
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