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Measures to quantify the flow of quantum information and its sensitivity to environment perturbations
are needed to better understand the evolution of open quantum systems and to distinguish non-Markovian
from Markovian dynamics. Here, we show that the extent of correlations in many-body quantum systems
is an experimentally accessible metric for quantifying the spread of quantum information. Our exper-
iment applies multiple-quantum nuclear magnetic resonance (NMR) technique to take snapshots of the
multi-spin correlations between a central spin and the spins in its surrounding environment. We argue
that the width of the distribution of these multi-spin correlations is the natural metric for quantifying the
flow of information between the system and the environment. Quantum information shared between the
two is sensitive to environment perturbations. The out-of-time-order correlation function (OTOC) is used
to measure this sensitivity. By analyzing the decay of the OTOC as a function of our metric instead of
time, we demonstrate the exponential behavior of the OTOC.

Non-Markovian system-environment dynamics remains
one of the most challenging barriers to implementing quan-
tum information processing. Such processes cause not only
loss of information [1, 2], as it happens also with Markovian
environments, but they allow information to flow back to the
system qubit, resulting in interference and corruption of quan-
tum information [3, 4]. Various tests have been proposed to
quantify non-Markovianity, including the backflow of quan-
tum Fisher information (QFI) [5, 6]. The QFI associates the
information content of a quantum system with the precision of
an unbiased parameter estimation, the Cramér-Rao bound [7].
When quantum information from the system qubit is shared
with the environment, the QFI in the environment increases.
Here, we analyze the dynamics of this shared quantum infor-
mation in the central spin model by experimentally measuring
the number of correlated spins between the system and the en-
vironment. We discuss the connection between this quantity
and the QFI.

The study of the quantum evolution of spin systems in con-
tact with an environment has had a pivotal role in our un-
derstanding of the problem of quantum information loss [8–
10]. The central spin model, which in its simplest form con-
sists of a single spin-1/2 interacting with environment spins
that may also be coupled, provides a versatile platform for
such studies [11–14]. Solid state nuclear magnetic resonance
(NMR) is particularly suitable for the investigation of the cen-
tral spin model, because techniques are available to separate
the system-enviroment evolution from the internal evolution
of the environment spins [15–17]. This allows us to examine
the impact of each process individually.

The evolution under the system-environment Hamiltonian
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leads to the growth of correlations between the central spin
and the environment spins. Quantum information shared by
the two is encoded in the form multi-spin correlations. We
design an echo experiment capable of measuring the extent
of these correlations and relate the number of correlated spins
with the QFI.

In Markovian environments, the system-environment
multi-spin correlations either do not exist or are short-lived.
The life-time of these correlations is therefore associated with
the level of non-Markovianity of the environment. In the ab-
sence of internal interactions in the environment, these corre-
lations are long lived and the initial uncorrelated state of the
system can be refocused with spin echoes. However, the dy-
namics in the environment can swap the states of the spins and
scramble quantum information which results in the decline of
the echo signal.

To quantify the sensitivity of the quantum information
shared by the system and the environment, we analyze how
the multi-spin correlations are affected by the environment
dynamics. For this, we measure the out-of-time-order cor-
relation function (OTOC),

F (T ) =
〈
W †(T )V (0)†W (T )V (0)

〉
, (1)

where V and W are two unitary operators that commute or
their commutator is small at time T = 0. To measure the
OTOC, one needs to reverse the time evolution of W (T ),
which makes NMR echo experiments the method of choice.
The evolution of the OTOC was previously studied with ion
traps [18, 19] and nuclear spins [20, 21].

The OTOC, often written as C(T ) =
−
〈
[W (T ), V (0)]2

〉
= 2Re[F (T )] − 2, has become a

central quantity in the analysis of the scrambling of quantum
information in black holes and quantum systems. For Hamil-
tonians with short-range interactions, Lieb and Robinson
proved in [22] that the growth of C(T ) is exponentially
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bounded. More recently, it has been conjectured that the
saturation of this bound should be an indicator of quantum
chaos [23, 24],the rate being related with the classical
Lyapunov exponent. This has been confirmed for one-body
chaotic systems [25, 26] and for the Dicke model [27], but
not yet for interacting many-body quantum systems.

Our echo experiment shows that the OTOC has a Gaussian
decay in time, but an exponential behavior is revealed when
the OTOC is studied as a function of the average of Hamming
weights for the multi-spin correlations. The ability of our ex-
periment to directly map these correlations is an essential in-
gredient for uncovering the flow of quantum information and
the exponential decay of the OTOC.

Sample description
The sample studied is a polycrystalline solid at room tem-

perature composed of an ensemble of triphenylphosphine
molecules, as shown in Fig. 1a. Each molecule has a cen-
tral 31P nuclear spin coupled to fifteen 1H environment spins
via the heteronuclear dipolar interaction

HSE =

N∑
j

ωjσ
cs
Z
⊗σjZ , (2)

where N is the number of environment spins and σjX,Y, Z repre-
sent Pauli matrices for the jth spin. The dipolar Hamiltonian is
a second rank spherical tensor, where ωj ∝ (3 cos2 θj−1)/r3j
has radial and angular dependence on the vector ~rj connect-
ing the central spin to the jth spin in the environment. In this
coupling constant, θj is the angle between ~rj and the static
field of the NMR magnet. Therefore, an environment spin
located near the cone defined by the magic angle θM, with
3 cos2 θM − 1 = 0, does not interact with the central spin.
The orientation of the sample molecule illustrated in Fig. 1a
is such that two of the environment spins lie on the magic-
angle cone and consequently, do not interact with the central
spin. They belong to the “non-connected” group, while en-
vironment spins coupled to the central spin are part of the
“connected” group, as sketched in Fig. 1b. The size of the
connected group grows in time (see Methods).

The central spin is initially in the state ρcs(0) = [1+εσX]/2,
where ε is the strength of the nuclear spin polarization and is
of the order of 10−6 at room temperature. In what follows,
we drop the identity operator to simplify the notation. The
N spins in the environment are in the maximally mixed state
ρenv(0) = (1/2)⊗N , with no correlations and no information
content. Thus, the initial state of the composite system is un-
correlated

ρ(0) = ρcs(0)⊗ρenv(0). (3)

Mapping the multi-spin correlations
We design an echo experiment, which we call multi-spin

correlation detection (MCD), to detect the correlation buildup
between the central spin and the environment spins. The
stages of the MCD experiment are sketched in Fig. 2a (see
Methods for NMR pulse sequence). During the evolution
time T , the environment self-interaction is averaged to zero

Not coupled 
to central spin

Not coupled 
to central spin
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heteronuclear coupling 
to central spin

Magic-angle 
cone

Second order 
spherical harmonics

Strong 
homonuclear 
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Central spin

Connected
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a b 

FIG. 1: Sample structure matching the central spin model. The
Triphenylphosphine molecule shown in panel a has a 31P nucleus
at the central spin position and fifteen 1H nuclei as the environment
spins. Due to the angular dependence of the dipolar interaction, envi-
ronment spins located near the two magic-angle cones (shaded area)
are very weakly coupled to the central spin. The connected and non-
connected groups are sketched in b.

using the MREV-8 pulse sequence [16], while the remain-
ing system-environment interaction correlates the two. The
dynamics is described by the unitary propagator USE(T ) =

e−iH̃SET , where tilde represents the Hamiltonian in the tog-
gling frame of the MREV-8 pulse [15]. This experiment builds
upon multiple quantum NMR techniques developed to charac-
terize coherence orders in solid state samples [28–37].

After the evolution with the system-environment
Hamiltonian, the resulting density matrix ρ(T ) =

USE(T )ρ(0)U†SE(T ) may be described using the num-
ber of coupled spins and the weight of each cluster cn:

ρ(T ) = c0(T )σcs
X
⊗1N (4)

+ c1(T )

N∑
i

σcs
Y
⊗σiZ⊗1

N−1

+ c2(T )

N∑
i6=j

σcs
X
⊗σiZ⊗σ

j
Z
⊗1N−2

+ · · · .

The density matrix terms describing various cluster size, cor-
respond to different correlation orders in the x quantization
axis where the ladder operators are defined as σiX± = σiY± iσiZ
(see Methods). In that frame the correlation order is deter-
mined by the number of σX+ operators minus σX− operators,
or the Hamming weight of each term. The result of such
transformation for the density matrix in equation (4) can be



3

arranged as:

= C0(T )

N∑
i6=j

σcs
X
⊗[1N − (σiX+⊗σ

j
X−⊗1

N−2) + · · · ]

+ C1(T )

N∑
i

σcs
Y
⊗[(σiX+⊗1

N−1)− (σiX−⊗1
N−1)

+ · · · ]

+ C2(T )

N∑
i6=j

σcs
X
⊗[(σiX+⊗σ

j
X+⊗1

N−2) + (σiX−⊗σ
j
X−⊗1

N−2)

+ · · · ]
+ · · · , (5)

where Cn indicates the weight of terms with the same cor-
relation order.Using this representation corresponds to ex-
pressing the density matrix of the system-environment in the
basis spanned by the multi-spin correlation terms of order
n, ρ(T ) =

∑N
n=0 Cn(T )ρn. The order n is encoded in a

phase factor by performing a collective rotation of the en-
vironment spins by an angle φ along the x-axis, Rx(φ) =

exp
(
iφ2
∑env
j 1cs⊗σjX

)
which results in

ρφ(T ) = Rx(φ)ρ(T )R†x(φ) =

N∑
n=0

einφCn(T )ρn.

After the rotation, the system-environment Hamiltonian is
reversed to create an observable echo signal at time 2T ,
Sφ(2T ) = Tr[ρφ(2T )ρ(0)], where

ρφ(2T )=U†SE(T )Rx(φ)USE(T )ρ(0)U†SE(T )R†x(φ)USE(T ).

The Fourier transform of Sφ(2T ) gives the correlation am-
plitudes, |Cn(T )|2, as shown in Fig. 2b. A map of the corre-
lation production is obtained by following the changes in the
correlation amplitudes as a function of T , depicted in Fig. 2c.
If we consider the spread of correlations occurring in consec-
utive time steps, correlation order n contributes to orders n+1
and n− 1 in the next time step.

At time T , the amplitudes |Cn(T )|2 provide a snapshot of
the system-environment correlations. The distribution of the
correlation orders weighted by |Cn(T )|2 can be approximated
with a Gaussian shape. We use the second moment of the cor-
relation amplitudes

∑N
n |Cn(T )|2n2, that is the width of this

distribution, as a measure of the extent of correlations between
the central spin and the environment. This quantity is referred
to as “average number of correlated spins” or “average Ham-
ming weight” of the spin system, and it is related to the QFI.

In its most general form, the QFI is defined as [6],
FQ(ρx) := 4∂2xD

2
B(ρx0

, ρx)|x=x0
, where the Bures dis-

tance D2
B(ρ, σ) := 2[1 − f(ρ, σ)] measures the distance be-

tween two close density matrices ρ and σ, with f(ρ, σ) =
Tr[
√√

ρσ
√
ρ] being the fidelity. In the MCD experiment,

the second derivative of our observable echo signal Sφ(2T )
in equation (??), with the rotation angle φ replacing the real
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FIG. 2: The multi-spin correlation detection (MCD) experiment.
Various stages of the MCD experiment are sketched in the panel a.
The plot for the correlation amplitudes in panel b displays the dis-
tribution of the system-environment correlations at a chosen time T .
The time evolution of the correlation amplitudes |Cn(T )|2 in panel
c indicates the spread of correlations between the system and envi-
ronment. The error bars, corresponding to the inverse of the signal to
noise ratio are very small and not visible in panel c.

parameter x, is related to the second moment of the correla-
tion spectra,

− ∂2Sφ(2T )

∂φ2

∣∣∣∣
φ=0

= − ∂2 Tr[ρφ(2T )ρ(0)]

∂φ2

∣∣∣∣
φ=0

= − ∂2 Tr[ρφ(T )ρ(T )]

∂φ2

∣∣∣∣
φ=0

= −2

N∑
n=0

∂2einφ|Cn(T )|2ρ2n
∂φ2

∣∣∣∣
φ=0

= −2

N∑
n=0

n2|Cn(T )|2. (6)

For a quantum system in the pure state, this quantity is equal
to the QFI and for a many-body system with mixed states,
Gärttner et. al. showed that it gives a lower bound on the
QFI [19].

In Fig. 3, we show the evolution of the average Hamming
weight. The curve indicates that as time passes, quantum in-
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FIG. 3: Flow of quantum Fisher information. The second moment
of the distribution of multi-spin correlations (Hamming weight) and
the largest correkation order as a function of time. The second mo-
ment of the distribution is used to quantify the average size of correla-
tions and the flow of quantum information. The information flow has
a slow initial rate and becomes linear before saturation. The largest
correlation order indicates the size of the fastest growing correlations
in the spin ensemble.

formation is on average shared with a larger subset of envi-
ronment spins or, equivalently, it flows outward from the sys-
tem. The flow of quantum information is not linear through-
out the evolution. It is initially slow, followed by a regime of
linear increase before saturation. The point of saturation de-
pends on the size of the connected group of environment spins
(see Methods). The rate of change of QFI (∂FQ/∂t), has
been proposed as a measure for quantum information flow [5].
Therefore, the slope of the average Hamming weight in Fig. 3
corresponds to the flow of quantum information.

Scrambling of information in the environment
The environment spins interact via the homonuclear dipolar

Hamiltonian

HE = 1cs⊗
N∑
j<k

Ωjk

[
σjZσ

k
Z −

1

4
(σj+σ

k
− + σj−σ

k
+)

]
, (7)

where Ωjk ∝ (3 cos2 θjk − 1)/r3jk is the coupling strength
between the environment spins j and k, and the operators in
parenthesis represent the flip-flop term that swaps the states of
pairs of environment spins. The eigenvalues of this Hamilto-
nian satisfy level statistics given by random matrix theory (see
Methods), as in quantum systems with chaotic classical coun-
terparts. Consequently, the scrambling of information within
the environment is expected to take place very fast.

To analyze the sensitivity of quantum information to scram-
bling in the environment, we used the echo experiment out-
lined in Fig. 4a. In this experiment, the evolution interval
T , where only the coupling between the system and the en-
vironment is effective, is followed by a scrambling window of
length τ , where only the environment spins interact and the
propagator is UE(τ) = e−iHEτ . The observable echo signal
amplitude at 2T+τ is S(2T+τ) = Tr[ρ(2T+τ)ρ(0)], where

ρ(2T+τ)=U†SE(T )UE(τ)USE(T )ρ(0)U†SE(T )U†E(τ)USE(T ).

The signal S(2T + τ) for a fixed scrambling window τ can
be written as the OTOC function

Fτ (T ) = Tr[W †τ (T )ρ(0)Wτ (T )ρ(0)] (8)

where we defined the initial density matrix ρ(0) as the V (0)
operator in equation (1) and

Wτ (T ) = U†SE(T )U†E(τ)USE(T ). (9)

The operator V (0) = ρ(0) commutes with Wτ (0) = UE(τ).
The information that is shared with the environment in the
course of time T can get scrambled during τ . The length of
the scrambling window τ characterizes the strength of the en-
vironment perturbation. The level of sensitivity of quantum
information to perturbations in the environment is reflected by
the non-commutivity between V (0) and Wτ (T ) for T > 0.

In Fig. 4b the results for the OTOC experiment are pre-
sented for various evolution and perturbation times. When
τ = 0, the state of the central spin is completely refocused
(revived) and Fτ=0(T ) = 1 for any T . This happens because
during the evolution time, the information initially encoded in
the central spin is not lost, but is simply stored in the form
of multi-spin correlations between the system and the envi-
ronment spins from the connected group. By reversing the
evolution, the information can be recovered by the system.

The refocusing degrades and the echo amplitude decays as
τ increases. During the scrambling window, the flip-flop term
of HE exchanges the states of pairs of coupled spins in the
environment. As a result, the subsequent evolution under the
inverse of the system-environment Hamiltonian can only par-
tially revive the initial state. This situation is aggravated by the

Prepare initial 
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Evolve under the 
system-environment 
Hamiltonian during T 

Evolve under the 
inverse of the 

system-environment 
Hamiltonian during T 

Evolve under the  
environment Hamiltonian 

during the mixing window τ 

a 

b
Measure signal 

FIG. 4: The OTOC function measures the sensitivity of quantum
information to environment perturbations. Sketch of the steps
involved in the OTOC experiment is depicted in a. The decay of
the echo amplitude as a function of the scrambling window length
τ for different values of the evolution time T is shown in b. For
small perturbations (short τ ), the central spin for most molecules
gets refocused and the OTOC is nearly independent of T , while for
large perturbations, the OTOC decays significantly with T .
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existence of the non-connected group of environment spins,
which do not develop correlations with the central spin dur-
ing T , but may have their states swapped with those from
other environment spins during the scrambling window. In-
formation that is shared with the non-connected group can-
not be recovered, which ultimately leads to the loss of quan-
tum information in the environment. It is in general expected
that quantum information is more sensitive to perturbations if
more information is shared with the environment.

Inspired by the not always linear flow of quantum informa-
tion in Fig. 3, we now compare the behavior of the OTOC as
a function of the evolution time T in Fig. 5a with the OTOC
as function of the average Hamming weight in Fig. 5b.
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FIG. 5: The OTOC decays exponentially with the extent of infor-
mation in the environment. Panel a depicts the OTOC as a function
of the evolution time T and b as a function of the average Hamming
weight. Each curve in the panels corresponds to a fixed value of the
scrambling window τ (perturbation strength). The data are normal-
ized with respect to the τ = 0 data set. The dashed lines in a and
b are Gaussian and exponential fits, respectively. The exponential
behavior is uncovered by analyzing the OTOC decay as a function
of the average Hamming weight. Because of the environment’s finite
size and the memory effects, the late decay data is better described by
a Gaussian function. Error bars in panel a and b indicate the inverse
of signal to noise ratio.

As seen in Fig. 5a, the OTOC decay in time is well de-
scribed by a Gaussian function. This is expected since the

evolution in the environment during the scrambling window
is governed by an ensemble of UE unitaries. This is similar to
what one finds in free induction decay experiments for envi-
ronment spins, where the signal decay is also Gaussian. There
are also several examples of solid systems with coupling con-
stants from a normal distribution, where the spin signal is well
approximated by a Gaussian function [38, 39].

In Fig. 5b, we shift the perspective and analyze the OTOC
as a function of the average Hamming weight. By doing this,
we remove the effects of the system-environment unitary evo-
lution. This is motivated by the fact that the amplitude of the
echo signal is inversely proportional to the probability of spin
pair flip-flops and the number of correlated spins in the envi-
ronment. The resulting behavior of the OTOC is an exponen-
tial decay corroborated by the exponential fits in Fig. 5b. The
exponential decay indicates that at each time step the average
Hamming weight is the defining factor for the decay rate of
the echo amplitude, regardless of what happened to the sys-
tem at earlier times. This confirms that the average Hamming
weight, or the second moment of the correlation spectrum, is
an appropriate measure for the quantum information shared
with the environment.
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FIG. 6: Effective swap size of the OTOC, decreases exponentially
with τ , as indicated with the exponential fit (dashed line). The error
bars correspond to the errors for the exponential fits in Fig. 5b. Simi-
lar dynamics is observed for swapping coins in a classical coin game
(see Methods).

Figure 6 indicates the effective swap size constants, evalu-
ated from the exponential fits in Fig. 5b. Similar to the con-
cept of decay characteristic time, the effective swap size indi-
cates the average system-environment correlation size neces-
sary for a given perturbation to be effective in decreasing the
echo signal amplitude by a factor of 1/e in Fig. 5b. For the
small scrambling windows τ = 6, 8 µs, there is no such size,
as the perturbation is too small and leaves the environment
unchanged for most orientations of the environment spins.
This results in the unreasonably large values for the effective
swap size in Fig. 6. With the increase of the perturbation
strength, smaller correlations can be scrambled efficiently.
Consequently, the effective swap sizes decay exponentially
with τ . This is in agreement with the decay rates obtained
in a classical coin game designed to simulate the scrambling
dynamics (see Methods). These results indicate the effective-
ness of the environment perturbations in scrambling quantum
information which can be used to prevent quantum informa-
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tion backflow from the environment to the system.

In conclusion, we designed a multi-spin correlation detec-
tion experiment to directly quantify the growth of correlations
between the central spin and its environment. The second mo-
ment of the distribution of correlations provides a measure of
the amount of quantum information shared with the environ-
ment and puts a bound on the flow of QFI in the system.

We also used the OTOC to quantify the sensitivity of quan-
tum information to perturbations in the environment. The
OTOC shows a Gaussian behavior in time, but decays ex-
ponentially with respect to the amount of information shared
with the environment. Our experiment provides a new way
to analyze non-equilibrium quantum dynamics, where instead
of approaching the evolution as a unitary process, quantities
of interest are studied as a function of the flow of quantum
information.

Although the separation of the system-environment evolu-
tion and the scrambling process in the environment enables
us to study the effects of each Hamiltonian with clarity, this
is not a necessary step for the detection of information flow.
In fact, the correlation detection technique developed in this
work can be used in general for any qubit system as long as a
global control of the environment is possible.
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Methods

A. Sample

Triphenylphosphine is a common organophosphorous com-
pound and was obtained from SIGMA-ALDRICH with 99%
purity. To reduce the T1 relaxation time of the protons we
used Chromium(III) acetylacetonate as a relaxation agent. 1
mmol of the sample and 0.13 mmol of the relaxation agent
were resolved in 300 ml of Chloroform-d and left for crys-
tallization over night. The resulting powder was compressed
into a NMR-sphere sample tube which was flame sealed to
best preserve the contents. Using the relaxation agent resulted
in reduction of the proton T1 relaxation time from 630 ± 30s
to 2.5± 0.2s.

B. Spin groups in the environment

The dipolar interaction strength depends on the relative ori-
entation of spins with respect to the static field of the NMR
magnet. The multi-spin correlation development and the in-
formation scrambling in the environment, both depend on the
strength of the dipolar interactions which is determined by the
structure and the orientation of the sample molecules. The
idea of of distinguishing between a group of environment
spins that is connected with the central spin from a group that
is not connected can be explored by considering the number of
spins in the environment with strong couplings to the central
spin. These spins are more likely to become correlated during
the evolution time. Figure 7 plots the average number of envi-
ronment spins correlated to the central spin, with a probability
larger than 1

2 in the MCD experiment. Heteronuclear dipolar
coupling constants are evaluated for 2000 randomly orientated
Triphenylphosphine molecules. For the longest evolution time
in the MCD experiment, T = 532 µs, 11 environment spins
are found to be more likely to correlate with the central spin,
on average.
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FIG. 7: A simulation of 2000 random orientations of the Triph-
enylphosphine molecule is used to estimate the size of the connected
spin group for various evolution times in the MCD experiment.
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C. NMR experiments

The MCD experiment captures a snapshot of the multi-spin
correlations between the central spin and the environment at
a specific evolution time. This experiment is designed to ini-
tiate the growth of correlations from the central spin and also
to use the central spin itself as a probe for detection of the
multi-spin correlated states. Figure 8a shows a two channel
NMR pulse program used for simultaneous control of the cen-
tral spin (31P) and the environment spins (1H) in the MCD ex-
periment. The Cross Polarization (CP) pulse sequence is used
to remove environment correlations and to increase the signal
to noise ratio of the experiment by enhancing the initial polar-
ization of the central spin. Evolution under the heteronuclear
dipolar interaction for time T results in the growth of system-
environment correlations, while the homonuclear dipolar in-
teraction in the environment is averaged out with the MREV-8
pulse sequence. Application of a collective rotation φx on the
environment spins encodes their correlation order as a phase
factor. The π pulse on the central spin, inverts the heteronu-
clear dipolar Hamiltonian to make this an echo experiment
with the refocused signal appearance at time 2T .

Figure 8b sketches the pulse sequence used for measuring
the OTOC decay. In this experiment, the collective rotation of
the environment spins is removed and a scrambling window is
introduced. During this window, the environment spins evolve
under the homonuclear dipolar interaction while the central
spin is decoupled from them. The echo signal at the end of
this experiment gives the amplitude of the multi-spin corre-
lated terms that were not affected by the homonuclear dipolar
interaction during the scrambling window.

1H

31P

Cross Polarization 

π

MREV-8 MREV-8 Decoupling 

Detection 

CP contact 

CP contact 

 CP 

Det. 

 Contact 

Contact 

Scrambling 

Evolution T Evolution T 
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ππ 2 π 2
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b) 

a) 

FIG. 8: NMR pulse sequence for the Multi-spin Correlation Detec-
tion (MCD) experiment is shown in panel a. Panel b displays the
pulse sequence for OTOC measurement with quantum information
scrambling implementation in the environment.

D. Correlation orders vs number of correlated spins

The ladder operators in the x quantization axis are defined

as σiX± = σiY ± iσiZ and as a result σiZ =
σi

X+−σ
i
X−

2i . Each σZ in
equation (4) corresponds to correlation orders of ±1.

In the case of two environment spins correlated to the cen-
tral spin, σZ⊗σZ, the correlation terms produced in the MCD
experiment are

−1

4
(σX+⊗σX+),

1

4
(σX+⊗σX−),

1

4
(σX−⊗σX+),

−1

4
(σX−⊗σX−).

The correlation spectrum for σZ⊗σZ consists therefore of three
peaks positioned at −2,0 and 2 with amplitudes 1

4 , 1
2 and 1

4
respectively.

It is easy to see that having odd(even) number of correlated
spins in the environment, results in a spectrum of peaks in
odd(even) positions with amplitudes of the binomial distribu-
tion. Therefore, the largest observed correlation order always
corresponds to the number of correlated environment spins,
albeit with an amplitude that scales with 1

2n . Consequently,
the width of the correlation order spectrum is more suitable
as a measure for the extent of correlations than the largest ob-
served order.

E. Classical coin game

We have designed a classical game to make a parallel with
the swap dynamics of the environment spins. Consider an ar-
ray of N coins initially set to heads. We randomly flip k of
these coins, where each coin may be flipped only once, to rep-
resent spins in the connected group at time T . If no swap
actions occurs, flipping the same random k coins for a second
time results in the complete return to the initial state. This
is equivalent to a perfect echo of the spin signal at time 2T .
When we add random swap actions between the two flipping
stages, the final state of the coin array may be different from
its initial state. The distant between the initial and final state
of the coin array depends of the number of swaps performed
and the probability of having a swap between a flipped and an
un-flipped coin. The probability of having this sort of “suc-
cessful swap” (ssw) is given by

Pssw = 2
kN − k2

N2 −N
· (10)

For this simple example we are ignoring the cases where the
same two coins swap more than once and we assume that af-
ter each swap the probability of having a successful swap re-
mains unchanged. Therefore the probability of success for m
random coin swaps is considered to be m times the probabil-
ity of success for one coin swap. Consequently, the overlap
amplitude between initial state and the final state of the coin
chain after two rounds of flipping with a round of spin swap
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in the middle is

AOL(m, k,N) :=

(
1− 2m

N
Pssw

)2

=

(
1− 4m

N

kN − k2

N2 −N

)2

. (11)

AOL(m, k,N) is plotted in Fig. 9 for an array of N = 15
coins, which is the number of environment spins, while k is set
according to the average Hamming weights for various evolu-
tion time steps T in the MCD experiment, and m is varied
from 1 to 15. We have fitted the data in Fig.9 with decaying
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FIG. 9: The classical coin game is similar to the scrambling of quan-
tum information in the spin environment. The overlap between the
initial and final state of the coin array decays with the number of
performed coin swaps.

exponential functions to evaluate the effective swap size for
them. The result is plotted in Fig. 10. Similar to the OTOC
experimental results, the effective swap size shows an expo-
nentially decaying behavior, when the number of swap actions
is less than the size of the system.
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FIG. 10: The effective swap size for m > 4 shows an exponentially
decaying behavior, similar to the experimental results for the OTOC.
The dashed line indicates an exponential fit for this part of the data.
For m < 4 the effective swap size is larger than the size of the coin
array, which means that information scrambling cannot be performed
effectively.

F. Chaotic environment

The quantum environment described by equation (3) is
chaotic and therefore a fast scrambler of information. Quan-
tum chaos refers to properties of the spectrum that indicate
whether the classical counterpart of the quantum system is
chaotic. One of the main signatures of chaos is the strong re-
pulsion of the eigenvalues [40]. The energy levels of quantum
systems that are classically chaotic are correlated and prohib-
ited from crossing. This is detected, for example, with the
distribution P (s) of the unfolded spacings s between neigh-
boring levels. In the case of real and symmetric Hamiltonian
matrices, as in our case, the level spacing distribution follows
closely the Wigner surmise,

P (s) =
πs

2
exp

(
−πs

2

4

)
. (12)

We verified that P (s) is indeed coincides with this equation
for a single realization of the dipolar interactions.
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