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The out-of-time-ordered correlators (OTOC), a fundamental concept for quantifying quantum
information scrambling, has recently been suggested to be an order parameter to dynamically detect
both equilibrium quantum phase transitions (EQPTs) and dynamical quantum phase transitions (DQPTSs).
Here we report the first experimental observation of EQPTs and DQPTs in a quantum spin chain via quench
dynamics of OTOC on a nuclear magnetic resonance quantum simulator. We observe that the quench
dynamics of the OTOC can unambiguously detect the DQPTs and the equilibrium critical point, while
conventional order parameters such as the longitudinal magnetization can not. Moreover, we investigate the
two-body correlations throughout the quench dynamics, and find that OTOC can extract the equilibrium
critical point with higher accuracy and is more robust to decoherence than that of two-body correlation. Our
experiment paves a way for experimentally investigating DQPTSs through OTOCs and for studying the
EQPTs through the nonequilibrium quantum quench dynamics with quantum simulators.
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Introduction.—Equilibrium quantum phase transitions
(EQPTs) [1] are one of the most significant phenomena in
many-body physics since it signals new states of quantum
matter. It is accompanied by a nonanalytic change of some
physical observable at a quantum critical point and is well
understood from the paradigm of renormalization group
theory [2]. Recently, dynamical quantum phase transitions
(DQPTs) that emerge in the dynamics of an isolated
quantum many-body systems have attracted extensive theo-
retical efforts [3—12] and experimental interests [13—19].
There are two different types of DQPTs. One type is
witnessed by the nonanalyticity in the rate function of the
Loschmidt echo at critical times [3], which resembles the
nonanalyticity of free energy density as a function of
temperature or other control parameters in the EQPTs.
The other type is revealed by nonanalyticity of some local
order parameters in quench dynamics measured at long
time limit as a function of the control parameter of the
quenched Hamiltonian [20-22]. Both types of DQPTs are
intrinsically dynamical quantum phenomena without equi-
librium counterparts [23].

EQPTs and DQPTs are both connected to the
large quantum fluctuations [1,2] and therefore related to
fast propagation of quantum information in many-body
systems, which can be captured by a recently proposed
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out-of-time-ordered correlations (OTOC) [24-26]. OTOC
is defined as

o(1) = (W(H'VIW(n)V) (1)

for a given physical system described by a Hamiltonian H
and an initial state |y,). Here, W and V are two local
Hermitian operators, where W(t) = UT(1)W(0)U(z) is an
operator in the Heisenberg picture with time evolution
operator U(t) = e~ and (-) denotes the expectation
value over the initial state |y). OTOC has been proposed
to describe dispersions of local quantum information in
quantum many-body systems, termed “information scram-
bling” [26-37]. Moreover, it has triggered numerous
applications in far-from-equilibrium quantum phenomena,
ranging from nonequilibrium statistical mechanics [38],
quantum thermalization [39-42] to black holes [43.44].
OTOC measurements have already been realized in a
variety of systems, including nuclear magnetic resonance
(NMR) [26] and trapped ions [45]. Recently, a theoretical
study [46] suggested that quench dynamics of the OTOC
can be used to detect EQPTs and DQPTs in many-body
systems [47-49]. However, experimental progress on this
OTOC-based detection scheme has been elusive.
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Here, we report the first experimental observation of the
EQPTs and DQPTs from the quench dynamics of OTOC.
Specifically, we simulate short-range Ising models, includ-
ing an integrable model and a nonintegrable model [46], on
a four-qubit quantum simulator with the NMR technique.
By measuring the quench dynamics of OTOC, we observe
that it can clearly detect the DQPTs as well as the
equilibrium critical points both in the integrable and non-
integrable Ising models. Autocorrelation function and two-
body correlations are also measured for experimental
comparison. It is found that autocorrelation function can
not signal the DQPTs, and that while two-body correlations
can also detect equilibrium critical points, it can not achieve
the accuracy and robustness to decoherence as OTOC does.
Therefore, our results experimentally establish OTOC as a
useful probe of both EQPTs and DQPTs.

Quenches in Ising models.—We study the quench
dynamics of ferromagnetic one-dimensional transverse-
field Ising model with periodic boundary condition, as
shown in Fig. 1(a). The corresponding Hamiltonian is
written as
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FIG. 1. (a) Nlustration of the two kinds of sudden quantum
quenches in a periodic one-dimensional ferromagnetic Ising
chain from initial ferromagnetic phase to (i) ferromagnetic phase
(g9 < g.), and (ii) paramagnetic phase (g > g.). (b) Molecular
structure and the Hamiltonian parameters of '*C-iodotrifluoro-
ethylene (C,F;I). The precession frequencies w; and the scalar
coupling strengths are given by the diagonal and off-diagonal
elements in the table, respectively (units in Hz). (c) Quantum
circuit diagram to detect the OTOC F(r) of the one-dimensional
Ising chains in experiments.

N
H==-Y i}, +Acios, + g0, (2)

n=1

where o (a = x, y, z) are Pauli operators on the nth site, J
and A denote nearest-neighbor (NN) and the next-nearest-
neighbor (NNN) couplings, and g is the uniform transverse
field. For a ferromagnetic Ising model (J > 0), we assume
J =1 without loss of generality.

We investigate two kinds of Ising chains: the integrable
version with only nearest interactions, i.e., A = 0, which is
termed as transverse-field Ising chain (TFIC), and the
nonintegrable one with both NN and NNN interactions,
namely axial next-nearest-neighbor Ising model (ANNNI).
Both models serve as paradigms in EQPT [1,10,17,50-52].
The TFIC undergoes a quantum phase transition at the
critical point g, = 1: it stays in the ferromagnetic state for
g <1, and in the paramagnetic phase for g > 1. The
quantum phase diagram is much more complex for the
ANNNI [50-55]. Here, we consider the phase transition
between ferromagnetic and paramagnetic phases in the case
of A = 0.5, where the critical point locates at g. ~ 1.6. The
DQPTs in such Ising models have been theoretically and
experimentally studied by Loschmidt echoes and two-body
correlations [3,13,14,50].

DQPTs are usually investigated by quantum quenches. It
starts from the ground state of an initial Hamiltonian H,
and then evolves under another Hamiltonian H. For
example, in the Ising model in Eq. (2), we choose |w()
as the fully polarized state [111...), which is one of the two
degenerated ground states of initial Hamiltonian with
g = 0. There are two kinds of quantum quenches in the
transverse-field Ising model as shown in Fig. 1(a), depend-
ing on the case g < g, or g > g.. DQPT only occurs in the
second case when the system quenches across ¢..

The autocorrelation function y(7) = (¢5(¢)o%) [1], which
can detect equilibrium dynamics, becomes indistinctive in
the nonequilibrium case. It is proposed that the second
moment of the autocorrelation function [46], i.e.,

F(1) = {3 (1)o503(1)07), (3)

can be used to distinguish the two kinds of quench dynamics.
In fact, this function F(¢) corresponds to the OTOC O(¢) in
Eq. (1) when the two local operators W and V are both chosen
to be o%. In experiment, we set W =V = ¢{. Through
observing the time dependence of F(t), one can obtain the
information about whether the time evolving Hamiltonian H
isin the ferromagnetic or paramagnetic region. Moreover, the
time-averaging OTOC F = (1/1) ['_, F(t)dr also serves as
an order parameter for DQPT: F is nonzero for ferromagnetic
phase and vanishes gradually upon approaching the critical
point, while in contrast it stays zero in the whole para-
magnetic phase. For comparison, the quench dynamics of the
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two-body correlation C(t) =
gated in the experiment.

Experiment.—The experiments are carried out on a
Bruker 600 MHz spectrometer. The physical system is
the ensemble of '*C-iodotrifluoroethylene (C,F;I) dis-
solved in d chloroform. This system has good performance
in control, and was previously used for demonstrating the
first OTOC measurement experiment [26]. The '3C nuclear
spin (Qubit 1) and the three !°F nuclear spins (Qubits 2—4)
constitute a four-qubit quantum simulator. Each nuclear
spin corresponds to a spin site in the Ising model. The
natural Hamiltonian of the sample is

4 4
Hyvr = = Z% Z

where w; /2 is the Larmor frequency of the ith spin, J; ; is
the scalar coupling between the ith and jth spins. Molecular
structure and the NMR Hamiltonian parameters of the
sample are given in Fig. 1(b).

Because |y) is an eigenstate of 67, the OTOC in Eq. (3)
can be rewritten as

F(1) = (w(0)loilw (1)), (5)

with |y (7)) = e'65e™H|y). In other words, to measure
the OTOC throughout the quench dynamics, we need to
initialize the system to the fully polarized state |y), then
apply a unitary transformation U(f) = e''6ie~#" and
finally measure the expectation value (o]) of the final state.
The whole experimental process is illustrated in Fig. 1(c).
The experiment starts from a fully polarized state, and the
method for implementing the desired time-reversal evolution
is modified from the previous OTOC experiment [26]. The
major task of the experiment is to simulate the unitary
operation U(1).

Given the target Hamiltonian H, we divide the quench
dynamics into M discrete time steps, and record the
instantaneous OTOCs at time t =kt (k=0,1---M —1).
The unitary evolution U(r) can be decomposed into a
sequence of unitary transformations: a time evolution
operator e~ a single qubit rotation ¢ and a backward
time evolution ¢’/¥*, The key point of the unitary evolution
lies in the realization of the two operators e~ and e/,

(65(1)o5(2)) is also investi-

~

(4)

\

Utilizing the Trotter-Suzuki decomposition formula, e~
can be simulated approximately by
e—iHT ~ [e—iHXﬁr/Ze—iHuﬁ‘re—in(Sr/Z]m (6)

where the evolution time 7 is divided into m segments with
equal time length 6t =7/m. Here, H, = —g> *_ o7,
H, = 4_ o6 for the TFIC model and H

—[Zﬁzl o ”“ + A>"* | 6%67"2] for the ANNNI model.
e~ 1H:5t/2 and e =% can be realized through optimized

radio frequency pulses combined with the NMR refocusing
technique. The reverse time evolution e/* can also be done
in a similar way. In experiment, to improve the control
accuracy, we engineer the unitary evolution U(¢) with a
shaped pulse optimized by the gradient ascent technique
[56]. The width of the shaped pulse for each U(t) is 40 ms
with theoretical fidelity above 99.5%.

Integrable TFIC model.—We first study the quench
dynamics in the TFIC. We consider two different quenches
as shown in the upper panels of Fig. 1(a): (i) quenching
from g =0 to g = 0.5 and (ii) quenching from g =0 to
g = 1.5. The whole evolution is divided into M = 12 steps
with fixed time increment 7 = 0.5, and the experimental
results are shown in the upper panels of Fig. 2(a). Only the
real parts of the OTOC F(¢) are measured in experiment. In
both quenches, F(¢) starts from F(t =0) = 1 at t = 0 and
then decays due to the information spreading. Obviously,
the long time behavior of the two cases are quite different.
For g = 0.5 where the Hamiltonian is in the ferromagnetic
region, F(t) oscillates as a function of time but is always
positive. In contrast, for g = 1.5, F(¢) oscillates around
zero [57].

From the behavior of F(7), we can readily differentiate the
dynamical ferromagnetic phases and paramagnetic phases,
i.e., there will be a DQPT in between. For comparison, we
measure the time evolution of the autocorrelation y(z) =
(65(t)o}) and two-body correlation C(t) = (o7 (t)o5(1))
during the quench dynamics, with the experimental
results shown in the middle and lower panels of Fig. 2(a).
The quantum circuit and the experimental procedure
to measure y(¢) and C(f) are put in the Supplemental
Materials [58]. In theory, for quantum quench from the
polarized state [111...), x(1) = (o (t)o]) = (o7(¢)) van-
ishes with time because the quantum system is heated by the
quenching process. Indeed, we observe that y(7) oscillates
around zero in both quantum quenches [the middle panels
of Fig. 2(a)], which indicates that the autocorrelation
function and magnetization cannot be used to signify the
two different dynamical quantum phases, and thus cannot
detect DQPTs. The bottom panels of Fig. 2(a) show that the
behavior of two-body correlation C(¢) is similar to that of
OTOC F(t) except that C(r) oscillates around 1/2 [13] for
g= 1.5, which locates in the paramagnetic phase.
Therefore, we have experimentally confirmed that the
OTOC and two-body correlation can detect different
dynamical quantum phases and the DQPTs, while the
autocorrelation function cannot.

Furthermore, we study how the long-time average of
OTOCs F changes with the transverse field g. We vary g
from 0.1 to 1.9 with increment 0.1. The experimental results
are shown in the top panel of Fig. 3(a). In the ferromagnetic
phase, F'is nonzero and eventually vanishes when approach-
ing the equilibrium critical point g = 1. In the paramagnetic
phase, F stays zero. This result confirms the validity of using
the long-time averaged OTOC as an order parameter to
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FIG. 2. Experimentally measured OTOC F(f) (top panels), autocorrelation y(¢) (middle panels), and two-body correlation C(r)
(bottom panels) of the quantum quench dynamics as a function of time 7 in (a) TFIC model with A = 0 and (b) ANNNI model with
A = 0.5. Both systems start from the fully polarized state |y) and then undergo evolutions governed by the Hamiltonian H(g). The dots
are the experimental data, the solid lines are the numerical simulation results, and the error bars are calculated from standard deviations

of repeated experiments.

detect DQPTs as well as to locate the corresponding
equilibrium quantum critical point. The fluctuation beyond
the critical point in the simulation result (blue dashed line) is
due to the small size of the system. We implement numerical
simulations in larger systems (N >9), and find that the
fluctuation is much lower (red solid line). The experimental
long-time average of two-body correlations C are shown in
the bottom panel of Fig. 3(a), which indicates a phase
transition near the equilibrium critical point but not as
obvious as that of OTOC and stabilizes at C — 1/2 finally
[13]. From both the experimental and numerical results of
the two-body correlation and OTOC, it can be seen that
OTOC gives a more accurate critical point than two-body
correlation in the integrable TFIC model. Moreover, OTOC
is also more robust against decoherence noise in detecting
DQPTs by numerical simulations [58].

Nonintegrable ANNNI mode.—We now turn to the non-
integrable ANNNI model. Two different quantum quenches
are investigated: from g = 0 to g = 0.5 and from g = 0 to
g = 2.0. The dynamics is divided into M = 15 segments
with duration of each segment set as = = 0.2. The exper-
imental OTOCs F(t) are shown in the top panels of Fig. 2(b),
and the y(¢) and C(t) are also measured for comparison,
shown in the bottom panels of Fig. 2(b). From the results, it
can be seen that, the autocorrelation function cannot dis-
tinguish different dynamical phases and the DQPTs, while
the OTOC and two-body correlation work fine. The long-
time averaged OTOC and two-body correlation as functions
of the quenched parameter are experimentally observed in
Fig. 3(b), where gis varied from 0.1 to 2.4. Similar behaviors
with the TFIC model are observed for the ANNNI model: F
takes a finite value at the ferromagnetic phase, gradually

approaches zero when ¢ approaches the critical point
g. ~ 1.6, and finally stays zero throughout the paramagnetic
region. This is an evidence that OTOC in quench dynamics
can be served as an order parameter to locate the equilibrium
quantum critical point in the nonintegrable cases, beating the
autocorrelation function. The numerical simulation for
N =9 (red solid line) is also given. The result of two-body
correlation is shown in the bottom panel of Fig. 3(b), it
appears as a signature of phase transition near the critical
point. The OTOC is a more precise probe of the critical point
than that of two-body correlation in the nonintegrable

() T T (b)
——— 4-spin Fhum |
"h o dospin Fexp oo

9-spin Fyum |

FIG. 3. Long-time averaged OTOC F (top panels) and two-
body correlation C (bottom panels) as a function of the transverse
field strength g in (a) TFIC model and (b) ANNNI model. The
blue dots and the solid lines represent the experimental data
and numerical simulation results, respectively. The red dots
represent the phase transition critical points of the two models
between the ferromagnetic phase and the paramagnetic phase,
respectively. The red lines are the simulation results with N =9
for comparison.
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ANNNI Ising model, and is also more robust against
decoherence than two-body correlation [S8].
Conclusion.—In this Letter, we present the first exper-
imental observation of EQPTs and DQPTs from quench
dynamics of OTOC in both integrable and nonintegrable
Ising models on an NMR quantum simulator. Therefore,
our experiment unveils the important correlations between
the OTOC and DQPTs. Moreover, our experiment dem-
onstrates the feasibility of experimentally studying the
EQPTs by performing a dynamical nonequilibrium meas-
urement without carrying out the challenging initialization
of the true many-body ground state. In addition to quanti-
fying the information scrambling and diagnosing chaotic
behavior of quantum many-body systems, our experiment
establishes the OTOC as a faithful probe for DQPTs and
EQPTs. The work here focuses on the short-range Ising
model. To extend to long-range models, it turns out that
much larger scale quantum simulators are necessary for
detecting dynamical critical points with sufficient accuracy
[58]. Therefore, for future work, we anticipate that the
intriguing relations among OTOCs, EQPTs, and DQPTs
for long-range interacting many-body systems of one and
higher dimensions will be investigated via experimental
platforms like trapped ions and Rydberg atoms.
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