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Abstract

Understanding the thermalization dynamics of quantum many-body systems at
the microscopic level is among the central challenges of modern statistical physics.
Here we experimentally investigate individual spin dynamics in a two-dimensional
ensemble of electron spins on the surface of a diamond crystal. We use a near-
surface NV center as a nanoscale magnetic sensor to probe correlation dynamics of
individual spins in a dipolar interacting surface spin ensemble. We observe that the
relaxation rate for each spin is significantly slower than the naive expectation based
on independently estimated dipolar interaction strengths with nearest neighbors
and is strongly correlated with the timescale of the local magnetic field fluctuation.
We show that this anomalously slow relaxation rate is due to the presence of strong
dynamical disorder and present a quantitative explanation based on dynamic reso-
nance counting. Finally, we use resonant spin-lock driving to control the effective
strength of the local magnetic fields and reveal the role of the dynamical disorder in
different regimes. Our work paves the way towards microscopic study and control
of quantum thermalization in strongly interacting disordered spin ensembles.
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Quantum thermalization connects statistical physics with unitary quantum mechan-
ics. Recent technological developments in quantum information science have enabled
detailed studies of isolated quantum systems, revealing a variety of novel phenomena
such as the role of entanglement in thermalization [1, 2, 3|, the localization in the ab-
sence of strong disorder [4], non-equilibrium phases [5, 6, 7, 3, 8, 9], and quantum many-
body scarring [10, 11, 12]. Despite this progress, one of the key open questions in this
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field is the nature of microscopic relaxation dynamics in presence of dynamical disor-
der and long-range interactions [13]. The majority of existing studies focus on ensemble
measurements in systems dominated by static disorder [14, 15, 16, 17, 18, 19]. How-
ever ensemble averaging can conceal important features of microscopic dynamical evolu-
tion [20, 21], and in many noisy real-world quantum systems disorder is dynamic, exhibit-
ing non-trivial time-dependence. Another important factor is system dimensionality and
its interplay with the distance scaling of interactions. The long-range 1/r® dipolar spin
interaction implies that a two-dimensional system should be localized according to the
single-particle Anderson model [22], but delocalized according to the many-body inter-
acting treatment [23, 24, 25, 26, 27|. In addition to fundamental interest, understanding
the dynamics of two-dimensional systems is important for quantum sensing applications,
since such systems can be positioned in close proximity to a sensing target [28, 29].

We experimentally investigate spin transport dynamics of a two-dimensional ensemble
of randomly-positioned spin-1/2 qubits with long-range magnetic dipolar interactions [29].
Naively, one could expect that the spin exchange (flip-flop) component of dipolar interac-
tions limits the lifetime of local polarization of spins. Our observation, however, reveals a
surprising finding that the spin lifetime is, in fact, significantly longer than independently-
estimated interaction strengths. We attribute this anomalously-slow spin relaxation dy-
namics to the interplay between interactions and strong time-dependent local disorder,
created by hyperfine fields of proximal nuclear spins. We control the effective strength of
this disorder and observe the corresponding scaling of the relaxation rate. We present a
theoretical model, based on dynamic resonance-counting arguments, which is in quantita-
tive agreement with our experimental observations and reveals a universal scaling collapse
of our data for different values of disorder strengths and correlation times.

Our experimental platform is the ensemble of paramagnetic two-level systems on the
surface of a diamond crystal, fig. 1 (a) [30, 31, 32]. These surface spins are associated
with electron spin S = 1/2 impurities that are not optically active. Their exact nature
is subject to ongoing investigation, but they are likely localized defect surface states
[33, 34]. Due to faster decoherence of shallow NV centers [35, 36, 37, 38, 39], these surface
spins have been considered to be deleterious and significant effort has gone into treating
and engineering diamond surfaces to minimize their density [40]. However, with proper
quantum control, they can be turned into a useful resource. The surface spins can be
coherently manipulated and measured, and can be used as the so-called quantum reporters
that probe and report the local magnetic environment. For example, by addressing a single
surface spin, it is possible to detect and localize proximal single proton nuclear spins on
the diamond surface under ambient conditions [28].

The dynamics of individual surface spins are measured by a single near-surface NV
center, acting as a nanoscale sensor of magnetic fields created by the surface spins. NV
centers are addressed using a confocal microscopy setup, combined with radiofrequency
(RF) spin drive fields that are delivered via a transmission line fabricated on a glass
coverslip. The surface spin transitions can be addressed with RF pulses delivered in the



same manner. The 2.87 GHz zero-field splitting of the NV center enables independent
addressing of the NV spin and the surface spin transitions by using different resonant RF
tones at a given bias magnetic field, aligned with the NV axis (z-axis), fig. 1(a), inset. The
magnetic dipole coupling between the NV center and the surface spin ensemble is charac-
terized using a double electron-electron resonance (DEER) sequence, fig. 1(b). The NV
center spin-echo decays on the timescale TQ("U), but when a m-pulse flips the surface spins
simultaneously with the NV spin, the NV spin echo collapses on a timescale that depends
on the strength of the dipolar field created by the surface spins near the NV center. Be-
cause the magnetic dipole interaction is long-range, the NV center is, in general, coupled
to multiple surface spins, with coupling strengths dependent on locations of surface spins
on the diamond surface. The oscillations present in the data at short time (fig. 1(b) red
points) indicate that there is one “central” surface spin, whose dipolar coupling strength
to the NV center k,,,, dominates over other surface spins. Recent experimental studies
have shown that after certain surface treatments, some of the surface spins may be mobile,
likely changing their positions under green laser light illumination [41]. We have verified
that in our experiments the central surface spin remains in place, even when subjected
to green laser light illumination of up to 50 us [42]. In fact, the central spin position
is stable for the experiments carried over the timescale of months. This is likely due to
the combination of small photo-ionization cross-section and steric protection by chemical
surface groups [41].

Our experiments take place at room temperature, with the bias magnetic field on
the order of 1000 G. Therefore the surface spin ensemble is effectively at infinite spin
temperature. Nevertheless, we study the dynamics of an individual central surface spin
S;, by measuring its spin autocorrelation functions. Quantum logic gates between the NV
center and the central surface spin correlate the NV and the central spin evolution, via
their magnetic-dipole interaction, fig. 2(a) [43]. Each measurement consists of a sequence
of RF pulses, applied to the NV and surface spins, as well as NV optical spin polarization
and readout steps. The RF pulse sequences include two probe segments (CNOT gates),
in which the NV center probes the quantum state of the surface spin ensemble, separated
by a time interval, in which this state can evolve with control pulses applied to the surface
spins (fig. 2(a), grey box). The interpulse spacing ¢y of the probe segments is tuned to
the timescale of the dipolar interaction between the NV center and the central surface
spin so that the final NV center state is contingent on whether the z-projection of the
central surface spin changes between the gates. Applying this method, the NV center
acts as a probe of central surface spin autocorrelation functions (S7**(t)S;**(0)), where
the time t and the measured spin projection depend on the pulses applied during the
evolution interval. We performed measurements on 11 separate NV center-surface spin
systems [42].

The Ramsey measurement probes fluctuations of the local magnetic field at the cen-
tral surface spin site (fig. 2(b) blue). The Hahn echo sequence decouples the central
surface spin from low-frequency fluctuations, which extends the coherence time to 75



(fig. 2(b) red). Further decoupling can be achieved with higher-order dynamical decou-
pling experiments, such as XY-4 (fig. 2(c) blue). However we observe that this does not
further increase the coherence time, indicating the presence of a separate decoherence
mechanism. The presence of dipolar interactions with other surface spins motivates the
MREV-8 experiment, which decouples dipolar interactions. Indeed, we observe that the
coherence time in an MREV-8 experiment is extended, compared to the Hahn echo and
XY-4 (fig. 2(c) red curve), showing that the dynamics of surface spins are strongly affected
by dipolar interactions between them.

In order to understand our observations quantitatively, we consider the effective Hamil-
tonian in the rotating frame of a single surface spin 9S;:

h2~2 1
; (1-— 3 cos? Qij)[Sij - Z(S:FS; + S;S;r)], (1)

ng

H; = hy B ()S; +Y

where £ is the reduced Planck constant, 7. = 27 x 2.80 MHz/G is the electron gyro-
magnetic ratio, B(t) is the fluctuating magnetic field at the site of the surface spin, ry;
is the distance between the central surface spin j and a different surface spin 4, and 6;;
is the angle between the direction of the applied external magnetic field and the vector
r;;. In eq. (1) we do not include the dipolar interaction between the NV center and the
central surface spin. By running experiments that vary the NV center spin state during
the surface spin evolution period, we find that this interaction does not affect central
surface spin evolution within our experimental uncertainty [42].

The strengths of the dipolar interaction terms in eq. (1) vary over different pairs of
spins, due to their random positions on the surface. However the 1/r® distance dependence
and the 2D nature of the surface spin ensemble imply that it is the proximal surface
spins that dominate the spin echo decoherence. We use the spin echo data to extract
the strength of the central spin interaction with these proximal spins: J; = 1/T, =
(0.71 4 0.05) pus~ L.

Let us consider the origin of the fluctuating local magnetic field B:. All measurements
were preformed with the diamond surface submerged in deuterated glycerol. This reduced
the density of proton nuclear spins near the surface. However, as observed in several other
studies of near-surface NV centers, an intrinsic ~ 1 nm thick layer of surface water and
hydrocarbons contains a high density of proton nuclear spins [44, 45, 46]. The periodic
features that appear at odd multiples of proton Larmor period in the spin echo, XY-4,
and MREV-8 data indicate that these protons are the dominant source of the local field
B7. We model the dynamics of B by parametrizing its power spectrum as a combination
of two terms:

V(w):/oo<Bz(t)Bz(0)>eMdt:2m2< L L > 2)

o 2 \w?2+1 9 (w—wp)?m2+1

The first term, centered at zero frequency, quantifies slow fluctuations with strength W
and correlation time 7, due to proton spin projections along the bias magnetic field [42].
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The second term quantifies fluctuations near the proton Larmor frequency, due to trans-
verse proton spin projections (fig. 2(d)). We simultaneously fit the Ramsey, spin echo,
XY-4, and MREV-8 experimental data shown in fig. 2, with J;, W, and 7 as fit parame-
ters [42]. For this NV-surface spin system, we extract W = (4.40 £ 0.38) pus~* and 7 =
(14.6 4+ 4.2) us. We note that the decoherence in the Ramsey sequence is significantly
faster than that of the spin echo, indicating that W is greater than J;. The decoherence
of the MREV-8 data is dominated by the low-frequency noise component in eq. (2).

Having characterized the local environment of the central surface spin, we study the
spin flip-flop transport dynamics in this system by measuring the autocorrelation of the
spin component along the applied magnetic field: (S7(¢)S7(0)), fig. 3(a). The presence
of the STS~ flip-flop terms in the dipolar interaction in eq. (1) motivates an expectation
that this single-spin autocorrelation would decay over the timescale T, which is on the
order of 1/J; = T,. In contrast, we consistently observe remarkably slow decay of the
longitudinal correlation, which persists over a timescale 77, in this instance ~ 30x slower
than the dipolar interaction timescale T3, fig. 2(e). We emphasize that these observations
are especially unexpected for individual spin measurements, in contrast with experiments
probing a macroscopic spin ensemble (such as a bulk magnetic resonance measurement),
where the total spin z-projection is unaffected by flip-flops within the ensemble.

We attribute such anomalously slow relaxation dynamics to the presence of strong
disorder. To quantify its effect, we consider a theory model based on an effective single-
particle resonance counting. In this model, each spin S; experiences a time-dependent
energy shift owing to the combination of two effective sources of disorder: i) the extrinsic
on-site disordered magnetic field B (t) of typical strength ~ W and ii) the intrinsic local
field of strength ~ J; arising from the Ising component of the dipolar interactions among
surface spins. These two components have distinct correlation times and strengths. To
quantify the combined dynamical disorder, we introduce the effective disorder strength
W, = W2+ J? and the effective disorder correlation time 7., defined via \/1/7, =
(W/1/7 + J13/1/T.) /W, [42]. We assume spins exchange their polarization via dipolar
interactions when a pair of spins 7, j becomes “resonant” i.e. when the difference between
their spin energy shift is smaller than the flip-flop interaction between them, fig. 3(d).
Otherwise, energy conservation blocks flip-flops [18]. The spin relaxation dynamics is
probed by estimating the probability for a central spin to flip-flop with its neighbor as a
function of time. This model predicts that for a 2D dipolar spin system, after averaging
over random positioning of spins, the central spin autocorrelation (S7(t)S7(0)) decays
with an approximate functional form exp (—(t/T,)%3) [42], where T, = k7.,W,/J. The
numerical constant x is of order unity, and J is the average dipolar interaction strength
over the spin ensemble. We compare this prediction with our experimental data by scaling
the time axis of the autocorrelation data by independently estimated 7.WW,, and observe
that the data sets for the 7 different NV-central spin systems collapse towards a universal
curve, fig. 3(b). Plotting the individual relaxation times 7, versus the product 7.1,
reveals the linear relationship predicted by our resonance counting, with the best-fit value



k = (0.31 & 0.14) and J = (0.57 & 0.25) us~!, consistent with the interaction strengths
extracted from the spin echo and XY-4 data sets, fig. 3(c).

To further investigate the role of disorder, we control the magnitude of the effective
disorder by spin-lock driving, on resonance with the surface spin Larmor frequency. The
resonant drive along the y-axis of the rotating frame adds to the Hamilonian (1) the
additional term H; = h€SY, where 2 is the drive Rabi frequency. We measure the
dynamics of the central surface spin projection Sjy along the driving field, fig. 4(a). This
is equivalent to 7}, measurement in NMR [47, 48]. The relaxation at small €2 is dominated
by the local magnetic field noise B%(t), which can flip S;’. In this regime, the relaxation
rate calculated using the noise model in eq. (2) is consistent with our measurements
(fig. 4(b), black line). At large drive strength €2, spin flips due to B}(t) are suppressed, such
that the strength of the effective extrinsic disorder scales as W?2/(1/292). Consequently,
the disorder experienced by individual spins is dominated by the Ising component of
dipolar interactions along the dressed quantization axis S]‘y. The strength of the latter is
reduced to the half of the original Ising interaction along S% in the undriven case [18].
Thus, systematic comparisons of 77,/2 and T, enable us to understand the interplay
between the extrinsic and intrinsic disorder fields. Shown in fig. 4(c), we find that the
relaxation time becomes relatively faster by suppressing the extrinsic disorder when W is
sufficiently large. However, for samples with small or intermediate W, the difference in T7,
and T, is not substantial, suggesting that the Ising interaction constitutes the dominant
source of disorder in this regime. Interestingly, even in this regime, the relaxation rate
is approximately a factor of 20 slower than the dipolar interaction scale J;. This implies
that, even in the absence of extrinsic on-site disorder, the intrinsic disorder associated
with random positioning of spins is sufficient to strongly suppress spin transport in 2D
spin ensemble [42].

A full many-body theoretical treatment of a random dipolar-interacting two-dimensional
spin ensemble may be needed to quantitatively predict the relaxation timescale in the ab-
sence of extrinsic disorder. A mean-field approach may also provide an approximate
solution [49]. It is natural to inquire if a many-body localized phase could be observed for
this system. While we do not observe localization directly within the accessible parameter
range, we note that theoretical analyses of localization physics typically consider quasi-
static disorder models, where the value of on-site field strength does not change on the
timescale of a single measurement. Quasi-static disorder generally slows down relaxation
as shown in our experiments, but our model demonstrates that time-dependent disorder
may speed it up, for a subset of values of W and 7, by allowing previously off-resonant
spins to become resonant. Achieving finer control over disorder parameters may allow
a detailed single-spin-resolution study of various aspects of localization physics in the
present system.

Our observations open the door for in-depth explorations of quantum dynamics in
two-dimensional spin systems. In particular, they indicate that systems of interacting
spin qubits with long coherence times can be created and manipulated under ambient



conditions at room temperature. Our approach can be used used for the controlled gen-
eration of entanglement among spins on the diamond surface with potential applications
to quantum sensing and magnetic resonance imaging of single molecules.
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Figure 1: Characterization of a representative NV center - surface spin system. (a) The experimental platform
consists of a single, shallow NV center strongly coupled to one surface electron spin S;. Other electron spins and
proton nuclear spins reside on the surface of the diamond. An external magnet splits the electron and nuclear
spin states and allows independent manipulation of NV center and surface spins at their corresponding magnetic
resonance frequencies. Inset: NV center and surface spin level structure. NV center transition is addressed at
angular frequency wyv while surface spin transition is addressed at ws. (b) NV center Hahn echo (blue) and
double electron-electron resonance (DEER) (red) measurements. The oscillations present in the DEER data
indicate that the magnetic dipole interactions of this NV center with the surface spin ensemble are dominated by

a central surface spin with the coupling strength kmas = (4.90 £ 0.57) us™' (red line fit). Inset: the DEER pulse
sequence.
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Figure 2: Characterization of the local magnetic environment of a central surface spin. (a) Top: the correlation
spectroscopy pulse sequence. In our experiments the NV center interpulse spacing is set such that the NV center
is primarily sensitive to the central surface spin autocorrelation. Manipulating the surface spins during the
gray shaded region allows us to measure different central surface spin correlation functions. The complete pulse
sequences for all measurements are described in SI. Bottom: Quantum logic gate representation of the correlation
spectroscopy pulse sequence. The two CNOT gates are applied, such that the final state of the NV center is
contingent on whether the z-projection of the central surface spin changed during the time between the gates. (b)
Surface spin detuned Ramsey (blue) and Hahn echo (red) measurements of (S§(¢)S7(0)) transverse central spin
autocorrelation. The Hahn echo decay time is T> = (1.41 + 0.11) us and the Ramsey decay time is 75 = (0.32 +
0.02) ps. Solid lines are fits using the model in egs. (1,2). The oscillations in the Ramsey data are due to the 9.2
MHz detuning from the surface spin Larmor frequency. (c) Surface spin XY-4 measurement (blue) and MREV-8
measurement (red). The MREV-8 measurement is performed within a spin echo (see SI for full pulse sequences).
Solid lines are fits using our model. The oscillations present in both measurements are due to proton nuclear spin
precession. (d) Nuclear spin bath noise power spectrum V(w), with peaks at zero frequency and proton Larmor
frequency wr. (e) The full characterization of relaxation timescales for one of the central surface spin systems,
including the Ramsey, XY-4, MREV-8, and S® autocorrelation measurements.
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Figure 3: Measurements of central surface spin (S7(t)S7(0)) autocorrelation. (a) S* autocorrelation measure-
ments for 7 different central surface spin systems. The black line is a stretched-exponential fit to one of the data
sets, from which we extract the relaxation time 7. (b) S. autocorrelation measurements with the delay time
re-scaled by the product 7.W. of the effective disorder correlation time and disorder width, independently mea-
sured for each surface spin system. We observe a collapse of the 7 data sets to a universal stretched-exponential
decay curve, in agreement with our dynamical disorder model. (c) S. autocorrelation decay time plotted as a
function of the product 7.We, with the linear fit shown by the black line. (d) A schematic of the spin hopping
process in our model, showing a central surface spin S; and another surface spin S;. Each spin state is shifted by
time-dependent on-site detuning ¢ (blue line), due to the local dynamical disorder created by nuclear spin bath
noise and Ising dipolar interaction terms. The spins can flip-flop if their detunings differ by less than the strength
J of the dipolar interaction between them (grey band).
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Figure 4: Evolution of central surface spin under spin-lock driving. (a) Measurements of (5%(t)S7(0)) autocor-
relation under spin-lock driving for different drive strengths. Stronger driving results in better decoupling from
the nuclear spin bath magnetic noise and longer T}, relaxation time. For drive strength € > 50 us™', relaxation
rate is independent of 2. Lines show stretched exponential decay fits. Inset: radio frequency NV and surface
spin pulses; green laser polarization and readout pulses applied before and after this sequence of RF pulses. (b)
Spin-lock driving relaxation rate as a function of drive strength for the surface spin system presented in (a), along
with the corresponding decay rates for Hahn echo (1/7%) and S* autocorrelation (1/7%) experiments, shown by
the gray bands. The point at Q2 = 0 corresponds to the decay of the Ramsey coherence (1/72*). The mea-
surements performed with drive strength below 50 pus™' are consistent with direct relaxation due to the nuclear
spin bath noise with spectrum V(w). Relaxation rates for drive strengths Q > 50 us™! are independent of  and
consistently much slower than the dipolar interaction scale 1/T5. (c) Comparison between different autocorrela-
tion decay timescales for 4 different surface spin systems. Red circles, labeled T1,/2, show the decay time under
spin-lock at strong driving. As the dynamical on-site disorder strength W increases, the T, autocorrelation decay
time increases compared with the autocorrelation decay at strong driving with suppressed disorder (71,/2). Both
of these decays are much slower (by a factor of & 30) than the dipolar interaction scale, given by T5.
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