o
OPEN a ACCESS Universitit Augsburg
OPUS AUGSBURG w k Universititsbibliothek

Unconventional critical exponents at dynamical
quantum phase transitions in a random Ising chain

Daniele Trapin, Jad C. Halimeh, Markus Heyl

Angaben zur Veroffentlichung / Publication details:

Trapin, Daniele, Jad C. Halimeh, and Markus Heyl. 2021. “Unconventional critical
exponents at dynamical quantum phase transitions in a random Ising chain.”
Physical Review B 104 (11): 115159.
https://doi.org/10.1103/physrevb.104.115159.

Nutzungsbedingungen / Terms of use: licgercopyright
S,
Dieses Dokument wird unter folgenden Bedingungen zur Verfiigung gestellt: / This document is made available under th A )\
conditions: I %.\ =
Deutsches Urheberrecht ﬂ?;,' | &
Weitere Informationen finden Sie unter: / For more information see: & A
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/ i :


https://doi.org/10.1103/physrevb.104.115159
https://www.uni-augsburg.de/de/organisation/bibliothek/publizieren-zitieren-archivieren/publiz/

PHYSICAL REVIEW B 104, 115159 (2021)

Unconventional critical exponents at dynamical quantum phase transitions in a random Ising chain

Daniele Trapin,1 Jad C. Halimeh ®,2 and Markus Heyl !
' Max-Planck-Institut fiir Physik komplexer Systeme, Néthnitzer Strafe 38, 01187 Dresden, Germany
2INO-CNR BEC Center and Department of Physics, University of Trento, Via Sommarive 14, 1-38123 Trento, Italy

® (Received 29 June 2020; revised 29 August 2021; accepted 15 September 2021; published 27 September 2021)

Dynamical quantum phase transitions (DQPTSs) feature singular temporal behavior in transient quantum states
during nonequilibrium real-time evolution. In this work we show that DQPTs in random Ising chains exhibit
critical behavior with nontrivial exponents that are not integer valued and not of mean-field type. By means of
an exact renormalization group transformation we estimate the exponents with high accuracy eliminating largely
any finite-size effects. We further discuss how the considered dynamical phenomena can be made accessible in
current Rydberg atom platforms. In this context we explore signatures of the DQPTs in the statistics of spin
configuration measurements available in such architectures. Specifically, we study the statistics of clusters of
consecutively aligned spins and observe a marked influence of the DQPT on the corresponding distribution.

DOLI: 10.1103/PhysRevB.104.115159

I. INTRODUCTION

The advances in quantum simulators over the last decade
have provided experimental access to the real-time dynamics
of quantum matter at an unprecedented level of control. This
has led to the observation of many-body localization [1-3],
time crystals [4-7], the quantum Kibble-Zurek mechanism
[8-13], dynamics in gauge theories [14-18], prethermal-
ization [19-22], and various concepts of dynamical phase
transitions [23-28]. A fundamental property of the quantum
states generated through a nonequilibrium process is that they
cannot be captured with a conventional thermodynamic de-
scription. As a consequence, elementary equilibrium concepts
such as phases and phase transitions require a generalization
to the dynamical realm.

In this context, dynamical quantum phase transitions
(DQPTs) have been introduced as an attempt to lift the notion
of phase transitions and criticality to the dynamical regime
[29-33]. As opposed to conventional transitions, which are
driven by external control parameters, these DQPTs are sig-
naled by singular behavior as a function of time and are
therefore occurring due to drastic internal changes as a sys-
tem evolves temporally. In some cases it has been rigorously
shown that such DQPTs can follow the equilibrium paradigm
of continuous phase transitions [34—44]. However, the found
associated critical exponents have typically been integer val-
ued or of mean-field type [45—47]. Thus, it has remained as a
central open question whether some generic quantum mod-
els exist exhibiting DQPTs with critical behavior featuring
nontrivial exponents belonging to more exotic universality
classes.

It is the central goal of this work to show that DQPTs
in random one-dimensional Ising chains with bond disorder
show critical behavior associated with a nontrivial exponent.
Using an exact real-space renormalization group treatment,
we find that the dynamical analog A(¢) of a free energy density
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follows a temporal scaling form A(¢) ~ |(t —t.)/t.|* close
to a DQPT at time 7, with o = 0.1264(2). We argue that
the considered real-time scenario is accessible with current
experiments in Rydberg atoms trapped in optical tweezers
[48-52], where the random couplings in the Ising chain can
be created by a suitable random spatial arrangement of the
atoms in real space. In this context we further explore whether
signatures of the DQPTs in experimentally accessible quan-
tities other than A(f) can be observed. A particular feature
of these experiments is that single shots of a measurement
yield spin configurations of all the individual Rydberg atoms,
whose statistics we study via the occurrence of clusters with
M consecutive aligned spins. We find that the associated
probability distribution function p(M,t) exhibits a distinct
temporal signature of DQPTs.

It is a key challenge in the field of nonequilibrium real-
time dynamics of quantum matter to characterize transient
quantum states, as they cannot be described in terms of en-
sembles, as is the case in equilibrium or for many steady states
appearing in the asymptotic long-time limit. In this context,
the theory of DQPTs has been introduced [29,53] as a concept
to provide a general framework for the identification of dy-
namical phases and their mutual transitions even without the
possibility of an ensemble description. The central quantity
within this theory is the Loschmidt amplitude

L(1) = (Yole™ ™ %), ey

which is nothing but the overlap between the initial state |y)
before and its time-evolved version |y (¢)) = exp(—iH?t)|¥o)
after the quench. On a formal level, £(z) assumes the form
of a complex partition function. As a natural consequence, it
is natural to introduce an effective free energy density (also
termed rate function):

1
M) = - In[|£(1)[*]. 2)
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In close analogy to equilibrium, where phase transitions are
associated with singular behavior in free energies, a DQPT
occurs whenever A(¢) becomes nonanalytic. Here, however,
this nonanalytic behavior happens as a function of time and
therefore as a consequence of drastic internal changes during
the dynamics and not as a function of an external control
parameter, as is the case for equilibrium transitions. In the
meantime it has been explored extensively to which extent
properties of conventional phase transitions can be general-
ized to DQPTs [30]. It is of particular importance that DQPTs
can follow the equilibrium paradigm of continuous phase
transitions involving scaling and universality. Concretely, this
has been shown for one-dimensional Ising chains using ex-
act renormalization group transformations where the exact
fixed points and their critical behavior have been identified
[34]. While for many models a close analogy between the
equilibrium phase diagrams and DQPTs have been observed
[54,55], also exceptions have been found such as in the case
of long-range Ising models [56,57], where the corresponding
DQPTs have been termed anomalous. Importantly, DQPTs
have not only remained a theoretical framework, but they have
also become of significant experimental interest. DQPTs have
been observed in a trapped ion experiment [23], where the
dynamics of the transverse Ising model were simulated and it
was possible to measure the rate function A(#) [23]. Further,
DQPTs have been explored in systems of ultracold atoms [24],
quantum walks [58,59], nitrogen-vacancy centers in diamond
[27,60], topological nanomechanical systems [61], and super-
conducting qubits [62].

This paper is organized as follows. In Sec. II we intro-
duce the main model we use for our analysis. In Sec. III we
compute the Loschmidt echo in terms of the complex Ising
partition function, and then numerically extract the critical
exponent associated with the nonanalytic cusps arising in the
Loschmidt return rate. In Sec. IV we present an experimen-
tally inspired scheme in order to detect signatures of DQPTs
based on projective measurements of spin configurations.
Also in the spirit of experimental relevance, we add in Sec. V
a weak random longitudinal field in our model to investigate
the effect of possible noise on our results. We finally conclude
and propose future investigations in Sec. VI.

II. MODEL AND QUENCH

In this work we consider the one-dimensional quan-
tum nearest-neighbor Ising model with uniformly distributed
random site-dependent spin-spin coupling given by the
Hamiltonian

N N
ZJanan_H ZZa,f—thU;. 3)
n=1 n=1

There are three parameters appearing in the Hamiltonian (3):
J,, is the random spin-spin coupling assuming its value from
a probability density function uniformly distributed between
—0.5 and 0.5. &, and h, are the longitudinal- and transverse-
field strengths, which take on a constant value. o/, o? are the
Pauli matrices acting on the lattice site n € {1, ..., N}, with
N the total number of sites in the chain. Periodic boundary
conditions are considered in the following.

The system for ¢ < 0 is prepared in the ground state of the
Hamiltonian (3) at vanishing longitudinal field /, and spin-
spin coupling J,, for each n. This leads to the ground state

Vo) =¥t =0)) =] =1 —=n). “

The quench in the system is performed at 1 = 0 when the
transverse field &, is switched off while the longitudinal one
(h;) and the spin-spin coupling J,, are switched on.

III. DYNAMICAL QUANTUM PHASE TRANSITIONS

The particular quench introduced in Sec. II has already
been studied in the past [63] and it was observed that close
to the critical time of the emerging DQPT, the rate function
could be consistent with a power-law behavior of the kind
[A(#) — A(t.)| ~ |t —t.]|*. One of the main goals of this work
is to numerically provide an accurate estimate of the critical
exponent . We achieve this because, for the quench consid-
ered, the Loschmidt amplitude can be written as a complex
partition function of the classical random Ising chain [34,40].

A. Complex Ising partition function

To see this, consider the initial state (4), which can be
written as an equally weighted superposition of eigenstates
of the z basis: [yp) =272 > < Is%), where |s°) is of the
form |sy, ..., sy), with s, =%, |. As a consequence, replacing
this expression of the initial state into the definition of the
Loschmidt amplitude, and noticing that the final Hamiltonian
is diagonal in the z basis, all the interference terms vanish
[((s*)|H|s%) = 0 if |s%) # |(s*))] and thus only the diagonal
elements remain. Therefore, the Loschmidt amplitude can be
recast into the complex partition function

L(t) = ZLNTr e 1, 3)

In the uniform limit of such a problem, transfer matrix tech-
niques allow for an exact solution of the free energy in the
thermodynamic limit N — oo [64,65]. A few changes have to
be taken into account at the level of the transfer matrix when
computing the Loschmidt amplitude since we are dealing
with a time-evolved state [66] and a random site-dependent
parameter in the Hamiltonian. The final result yields

1
L(t) = Z—NTr(IQ ... Kn), 6)

where K, is the transfer matrix describing the interactions
between two neighboring sites. In order to obtain Eq. (6), we
define

K(0y, Opy1) = eiJnttTuGu+1+%’(hn0n+hn+1(fn+|)’ (7)

where, for the sake of notational brevity, we have omitted the z
superscript in the associated Pauli matrices. Accordingly, the
final expression of £(¢) in Eq. (5) can be written as

1
z(z)=2—N > ) K(o1.02)K(02.03) % ...

1=%1 oy==%1

x K(on_1, on)K (o, 01). ()
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FIG. 1. (a) Effective free energy A as a function of time for
system size N = 2%, obtained with &, = 0.25. (b) Effective free
energy A as a function of At =t — 1. in the vicinity of the critical
time 7. = 4. The results are shown for three different system sizes:
N = 24,216 218 At the critical time 7., A exhibits a nonanalytical
pattern. (c) In[AX] as a function of In[A¢], where AL = A(¢) — A(z,).
The resulting plot looks like a straight line, suggesting a power-law
relation between AX and Ar. (d) Logarithmic derivative of A. It
assumes an almost constant value which is the slope of the line in
panel (c) and the value of the critical exponent «. The red line is
the best fit of the form d In |AA|/d In |At| = a + b| At|° of the points
obtained for N = 218,

Considering K (0,,, 0,,11) as entries of the 2 x 2 matrix K,, (see
Appendix) and introducing two states o and o~ defined as

e o

it turns out that one can write

N

1 1

L) = 55 Z(a“1 VKK ... Kyo® = 2—NTrl_[Kn. (10)
aj==% n=1

B. Critical exponent

In our quench protocol, we can reach very large sys-
tem sizes in performing a spatial decimation renormalization
group (RG) on the Loschmidt amplitude through merging
together two consecutive lattice sites. The result can still be
described with a transfer matrix of the same form of the initial
problem, but with different parameters. After the iteration of
N — 1 RG steps, it turns out that the Loschmidt amplitude is
given by the product of N — 1 scalars multiplied by the trace
of a2 x 2 matrix. More details are provided in the Appendix.
Exploiting this technique, we can reach very large system
sizes (N ~ 22%), immensely reducing finite-size effects which
in general severely undermine the estimation of critical expo-
nents. The results presented in Fig. 1 have been obtained using
h, = 0.25 and averaging over 3000 random realizations. We
have checked that the same conclusions hold also for other
values of the longitudinal field /,. In Fig. 1(a) we show the
effective free energy A(f) as a function of time. In the plot
one can see the two times: 47 and 87, when A(t) exhibits
sharp features—clear consequences of the underlying DQPT

of the quench considered. In Fig. 1(b), we zoom into the
vicinity of the critical time observed in panel (a), where on
the x axis we consider now the distance to the critical time:
At =1t —t.. We show the result for three different system
sizes: N = 24,216 218 Tn order to understand how the ef-
fective free energy scales in the vicinity of the critical time,
we focus on Fig. 1(c) where we show In |AX| vs In |A¢|, with
AX = A(t) — A(t.). The almost-straight line observed sug-
gests a polynomial relation |A(¢) — A(t.)| ~ |t —t.|*, where
« is the critical exponent. Although any system close to the
critical point is subjected to severe fluctuations which affect
the estimation of the critical exponent, in our case we achieve
a good accuracy because of the large system size considered.
In order to very accurately estimate the value of o, we look
at the logarithmic derivative of A(¢). The result is shown in
Fig. 1(d), where we see that « is not yet constant on the whole
considered time interval. Nevertheless, upon restricting the
range of Ar around the critical time, very good convergence
is achieved toward a value of

a = 0.1264(2). (11)

The error here is calculated as the standard deviation of the
distance of the points in Fig. 1(d) for N = 2'® from their
best fit with a + b|Az|°. This functional form follows directly
from scaling behavior expected at critical points, where |AX|
assumes the structure |At|4 4 g|At|® + - - -, with real positive
coefficients B > A, and g a real constant. Thus, for small Az,
it can be shown that

din|AA]
din|At]

dIn|AA|
d|ar]
dln (At + g|At[B)
d|At]
(B — A)g|Ar [P
1+ g|At|B4
~A+ (B—A)glAt]P. (12)

|Ar]

~ |Ar]

—A+

At very small |Af| (i.e., very close to the critical point),
this behavior shows a visible deviation from our data, which
we attribute to both finite-size corrections and the inherent
imprecision in determining the exact value of the critical
point. The dependency of o on At is evident when trying
to get the critical exponent as the slope of the best linear
fitting procedure on the data for N = 2'® in Fig. 1(c). The
result yields o = 0.13258(7), which can be considered as an
average of the value of the critical exponent in the whole
At range considered. As expected from Fig. 1(c), this value
is affected by the dependency of o on At and it is slightly
higher than the asymptotic result « = 0.1264(2) for At — 0.
Since the critical exponent is obtained in the limit of Az — 0,
in experiments one should measure the value « = 0.1264. In
fact, this is the numerical result inferred from Fig. 1(d) in
the limit At — 0. The other result presented in this paper,
o = 0.13258(7), shows that the numerical value of the critical
exponent may depend on the time interval At considered.

It is worth noting here that Ref. [63] finds a different value
of o ~ 0.2. The main objective in that work was to show
analytically and numerically that disordered models can still
exhibit DQPTs, and the maximal number of sites used there
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FIG.2. 6(M,t) = —%V In[|p(M, t)|] as a function of time and of
cluster size M. Around 7., and for large values of M, the underlying
DQPT affects 8(M, t), which starts to assume relatively large num-
bers. This is a consequence of the fact that 8(M, t) tends to X in the
limit of M ~ N and the effective free energy A shows a cusp atz,.

was only N = 45000, much smaller than what we use here
(N = 2'%). Moreover, the fit used in Ref. [63] was a crude
one, as is clear from Fig. 3 of that paper. In our present work,
extracting the critical exponent was the main objective, and we
accordingly directed our numerical efforts toward achieving
that. It is this reason why the exponent here is much more
accurate than that in Ref. [63].

IV. CLUSTER SIZE

Having shown that quantum quenches in random Ising
chains support DQPTs with unconventional exponents, we
now aim to explore signatures of these unconventional DQPT's
in other physical observables.

Here, we orient along recent advances in experimental
quantum simulation platforms such as in systems of Rydberg
atoms [50-52], where the nonequilibrium dynamics of ran-
dom Ising models as in Eq. (3) can be potentially realized [67],
as we will discuss in more detail in our concluding discussion
in Sec. VI. Naturally, these architectures provide access to the

(a) 097 (b)
1.3
b=-0.475
c=-1.02

x h=0
h=0.1
mmmm h=0.07
—— h =0.04
m— = 0.01
-0.2 0 0.2 0 2.5 5
t—t. |At] he

FIG. 3. (a) Effective free energy A(¢) in the vicinity of the crit-
ical time 7. for different values of the longitudinal field h: h =
0,0.01, 0.04,0.07,0.1. The system size considered is N = 219 In
the limit 2 = O the cusp is clearly visible, while increasing the value
of h, the pattern becomes more and more smooth. (b) AA as a func-
tion of At, rescaled by 4’ and h°, respectively, for different values of
h, where AL = A(t) — A(t.) and At =t — t.. The curves for different
h collapse onto each other when the exponents are b = —0.475 and
c=—1.02.

system properties through projective measurements of spin
configurations in a given orientation on the Bloch sphere of
each of the qubits. Here, we will consider the case where
the projection is along the x-spin direction of each individual
atom. After multiple measurements such experiments provide
naturally access to the statistics of spin configurations, e.g., for
our time-evolved state | (¢)). Importantly, this also includes,
in principle, the Loschmidt echo itself, as it is nothing but
the probability to find at time ¢ the quantum state |y (¢))
in the spin configuration |[yg) = | — --- —y); see Eq. (4).
Measuring |£(t)|?, i.e., the probability that the measurement
outcome is a single cluster of — pointing spins, is only fea-
sible for quantum systems with a limited number of degrees
of freedom N, as L(t) = exp[—NA(t)] is exponentially sup-
pressed. Smaller clusters of — pointing spins can be identified
with fewer experimental resources. In the following, we are
thus interested in theoretically characterizing the statistics of
such clusters and to provide a link to the underlying DQPTs
in our setup.

To be specific, a cluster of size M refers to a spatial region
with M consecutive spins aligned in the positive x direction,
while the two spins at the edges of this string are pointing
along the negative x direction, e.g., <1, ]_[2/[:21 =, M-
For this reason we introduce the on-site projectors

P =1—=u)=nl (13)
ﬁ;(q_ = | <) (< |, (14)
onto the states | —,) and | <—,), respectively. The probability

of finding a cluster of size M at an evolution time ¢ in the chain
is

M. 1) = (Y ()| By 1y (1)), (15)
where
By = <n) (<~ 1P | <ps) (< w1 |
=Py Pas it (16)
with
M
Ay =115 (17)
n=1

We consider now N = 27 and we compute
1
OM, 1) = —= In[p(M, )], (18)

in the vicinity of the critical time. The result is shown in Fig. 2,
where we see that the underlying DQPT exhibits a marked
influence on the probability distribution function p(M, t). In
particular, a clear pattern arises for large values of M.

In fact, when M approaches N, we notice that 6(M, 1) —
A(t). This fact can be understood by noticing that for M ~ N,
the contributions of the two projectors py~ and p;,, | become
less and less relevant and, therefore, (M, t) approaches the
effective free energy A(¢). This asymptotic equality holds
since the Loschmidt echo, given by |£(¢)|%, can be written
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in terms of the projector in Eq. (17), with M = N:
L@ = [(Wole™ P 1yro) 1> = (¥ (0)Wo) (Yol Y (2))

N
= (Y @)l Hﬁ,TIW(tD = (WP 1Y @).  (19)
n=1

Consequently, (M, ¢t) must reproduce the nonanalytical pat-
tern for t = ¢, which is a mark of the DQPT and well visible
in the color plot. Importantly, the nonanalytic structure at
M = N controls 8(M, t) in a large region for M < N.

V. ADDING A PERTURBATIVE RANDOM
LONGITUDINAL FIELD

Up to now we have studied the dynamics of the ran-
dom Ising chain for homogeneous longitudinal fields. In the
following we will now investigate the influence of a weak
inhomogeneity, which is also a particular experimental rele-
vance because imperfections can likely induce such random
fields such as for Rydberg atoms; see Sec. VI for a more
detailed discussion. We therefore now study DQPTs for the
extended Hamiltonian

N
H,=H — th(n)o,f, (20)
n=1

where the site-dependent random longitudinal field hf(n),
with n=1,...,N, is independently drawn from a uni-
form probability distribution centered around 0: hf(n) €
[—h/2, h/2] with h setting the disorder strength.

We consider the same quench protocol used in Sec. III.
Using the same methodology introduced in Sec. IV, we de-
termine the effective free energy A(t). We show the results in
Fig. 3(a) in the vicinity of the critical time for N = 2!° aver-
aged over around 3000 random realizations. While for 7 = 0
we see the same DQPT as studied before, this singular feature
is smoothed out with increasing A. This is consistent with
recent renormalization group considerations, suggesting that
the random longitudinal field is a relevant perturbation [40]
meaning that its presence causes the system to be attracted
to a different fixed point. From an alternative perspective,
however, the instability of the underlying fixed point implies
universality and scaling, even in the presence of this relevant
perturbation, which one can make use of. In this context, the
value of h characterizes the distance from the critical point.
Consequently we expect to observe some scaling collapse
of the curves for different values of 4 in the vicinity of the
critical time upon appropriately rescaling both the distance
At =t —t, to the critical time as well as the distance AA =
A(t) — A(t.) from the singularity in the effective free energy,
by A’ and h¢, respectively. This analysis is shown in Fig. 3(b),
where the values of the exponents b and ¢ are chosen in such a
way to achieve a data collapse for different 4. It turns out that
the exponents are

b= —-0.475,

Our analysis provides encouraging hopes for a successful
experimental realization of such a quench protocol. In fact,

although the random longitudinal field smears out the nonan-
alytical pattern of the effective free energy at the critical time,
the underlying DQPT at & = O still manifests in the scaling
properties of A(z).

VI. CONCLUDING DISCUSSION

In this work we have investigated DQPTSs in random Ising
models. Using an exact large-scale renormalization group
transformation we have identified with high accuracy the ex-
ponent of the DQPT. As opposed to previously studied cases,
where typically integers of mean-field type exponents have
been found [30,45-47], we observe in the present model that
the exponent is nontrivial.

As already anticipated, the considered nonequilibrium sce-
nario appears feasible within current platforms of Rydberg
atoms trapped in optical tweezers. In particular, these systems
allow us to approximately realize the desired target Hamilto-
nian in Eq. (3). The Rydberg interaction generates an effective
interaction V = Zn#m Vvn |t — rm|‘6(o,f + 1)(o: + 1) be-
tween the spin degrees of freedom. Upon tuning the positions
r, of the Rydberg atoms using the optical tweezers, it is
possible to realize effective random and inhomogeneous in-
teraction potentials J,, = Viwn /|1 — ruti |6 [67]. In principle,
also longer-ranged couplings are present due to the alge-
braic dependence of the interaction potential. However, due
to the large exponent in the respective power law, further
distant couplings are strongly suppressed and can be neglected
on the timescales considered in our nonequilibrium setup.
Importantly, the specific form of the Rydberg interactions
implies that an inhomogeneous spatial configuration of atoms
also leads to inhomogeneous magnetic field contributions
Iy = Von(IFae1 — Fal ™0 + |70 — 7np1/~%). While it might be
possible in the future to compensate for these random longitu-
dinal fields with additional locally applied fields, in the short
term their presence appears unavoidable and consequently
our analysis in Sec. V directly relevant. Furthermore, Ryd-
berg atoms allow the projective measurements considered for
the characterization of cluster sizes in Sec. IV, so that the
presented results appear experimentally accessible in current
experiments.

For the future, it would be an interesting aspect to use the
introduced methodology to study critical exponents in other
models such as the one-dimensional Potts model with random
couplings, which in the homogeneous case has already been
investigated using similar techniques [36]. A further interest-
ing route might be to study two-dimensional Ising models,
where the Loschmidt amplitude can still be identified with a
complex classical partition function [34]. Such a mapping is
still possible for random couplings, where solutions for the
classical problem are known [68,69] and might be extended
to the nonequilibrium dynamical context.
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APPENDIX: LARGE N FOR THE RATE FUNCTION A(¢)
1. Transfer matrix

Here, we shall explain in detail how we compute the rate
function A(¢) for large system sizes. As mentioned in the main
part of the paper, the initial state we are considering is the one
described in Eq. (4), while the Hamiltonian is given in Eq. (3),
with A, = 0. Since this Hamiltonian is diagonal in the z basis,
we are able to write the Loschmidt amplitude in the form of
Eq. (8). The associated terms K (o,, 0,,+1) form elements of
the 2 x 2 matrix

Kn - Cn <xn1yﬂl xnz1n1> s
XnZn Xy Yn
with x, = e ", y, = ¢ nthi) and z, = 7 =) The
factor C, is equal to unity in this case, but its inclusion
here is useful, because when performing spatial RG transfor-
mations on the Loschmidt amplitude, its value will change
upon application of the RG steps. We notice that in the
uniform limit J, =J, h, = h, Vn € {1, ..., N}, the transfer
matrix (Al) yields the well-known result for the partition
function of the uniform Ising model.
Using the definition of the vectors o *(~) given in Eq. (9),
we obtain the following identities:

(AD)

K(1,1)=(cH)TKo ", (A2)
K(1,2)=(c")TKo™, (A3)
K2,1)= (67 )Ko", (A4)
K(2,2)=(0")TKo ™. (A5)

Taking these equalities into account, we can rewrite the
Loschmidt amplitude of Eq. (8) as

1
L) = o Zi e Z (0K 0% (0*)TKyo* x

ay==%

X (YT K10 (0 )TKyo ™

1
=y Z (6*)TK; Z 0% ()T Ko™ x
C(]=:|:

O(2=:|:

o X (YK Z o ()T Kyo™

ay==%

1
= 3% Z (6" )TK (K> ... Kyo™
aj=*

N

1 1
= oy Tr(Ki ... Ky) = 2—NTrHKn,
n=1

(A6)

where we have used the completeness relation of the states
+(=)
o™

2. Spatial RG

We now perform a spatial RG transformation merging to-
gether two consequent lattice sites. For the Ising model, the
transfer matrix (A1) keeps the same form after performing
one RG step. Subsequently, we multiply consequent transfer
matrices, K,K,1, and enforce that the result has the same
form of the transfer matrix K, which is now a function of new
couplings J, h. The equality will set the new couplings J, i
(and consequently X, $, and ) in terms of the initial parameters
J, h. This recipe is known as the RG flow equations of the
problem.

Explicitly, we have to compute the equation K,K, | =
Kn,n+1:

1,-1

— —1 -1 -1
Xn Yn XnZy ‘xn lyn+l
CnCn+l< —1 +
Xnln X, Yn Xn+13n+1
a—la—1 A a—1
A X Vm Xmy,
=C, ).
X Ym

KimZm
The matrix multiplication in Eq. (A7) leads to the following
four equations:

PN

—1
xn+1zn+1>

-1
xn+1yn+l

(A7)

= ([xnynxn+1yn+1]_] +ynZ,1_])’n+1Zn+1)CnCn+1, (A8)

9mﬁm
émj}mzm = (ynzny;ilx;il + xny,:lyn+lzn+l)CnCn+l ) (A9)
Conm A P -1 —1,.-1
F (yn X, Yn+1Z,41 T YnZ, yn+1xn+1)cncn+17 (A10)
om
Conlm -1 1 -1
~ = (Ynzn)’n+lzn+1 + v, xnyn+1xn+1)CnCn+l- (A11)
m
Dividing Eq. (A11) by Eq. (A8), we get
—1 1, -1
32,%, _ YnZnYn+12,41 ‘ll'yn xl‘ly;i[+1xn+1 ‘ (A12)
[XnYnXnt 111~ + YnZy  Ynt+1Zn+1
Similarly, dividing Eq. (A9) by Eq. (A10) yields
-1 -1 -1
Z X, X Z
22 — i);’ ViyllH—l n+_11 nYn 7)1)nt11 n+1 ’ (A13)
Yn Xn yn+1Z,,+1 +y"Zn yn-Hx’H‘1
and dividing Eq. (A10) by Eq. (A8) leads to
ORI P s N T A S At U MR
Ym = 1 1 P (A14)
[xnynxl1+lyn+1] +ynzn Yn+13n+1 Xm
From Eq. (A9) we compute
A o _ C.Cpy1
Con = Mzl + 50y, Y1 zem1) . (ALS)
YmZm

We here make a brief comment on the subscript m of the
new couplings appearing in the left-hand side of Egs. (A12)—
(A15). At the beginning the chain has N sites. After one RG
step, the number of effective sites is halved and consequently
also the number of new couplings O, where the operator O
in the previous step can be equal to C, x, y, z. We have for
example 01 = 0102, 02 = 0304, veey 01\//2 = 01\/,101\/. More
generally 0, = 0,0, with2m =n + 1.

The RG analysis presented above turns out to be very
useful to compute the Loschmidt amplitude numerically for
large system sizes. Indeed, Eq. (A6) states that the Loschmidt

115159-6



UNCONVENTIONAL CRITICAL EXPONENTS AT ...

PHYSICAL REVIEW B 104, 115159 (2021)

amplitude is given by the product of N matrices. On the
other hand, after one RG step the Loschmidt amplitude can
be written as a product of N/2 matrices:

N/2

1 .
L(t) = T [[&.C. (A16)
n=1
Performing another RG step we obtain
N/2 N/4
(A17)

L(t) = ziN [T161 [T &G
n=1 m=1

Let us suppose that N = 2™, with M € N. Consequently, after
M — 1 RG steps the effective chain has only one site and the

Loschmidt amplitude is given by a product of N — 1 scalars
multiplied by the trace of a single 2 x 2 matrix:

| M2 N/4 N/8
_ RG RG RG:
to =g [l Ta*T1ag
n=l1 m=1 p=1

2
x 1_[ C}}GM—ZCRGM—I Tr(KRGM—l )
1=1
N—-1

1
= Te(KR) TR,

o~ (A18)

n=1

where CRY" is the coefficient associated with the nth site after
r RG steps.

[1] M. Schreiber, S. S. Hodgman, P. Bordia, H. P. Liischen, M. H.
Fischer, R. Vosk, E. Altman, U. Schneider, and I. Bloch,
Science 349, 842 (2015).

[2] J. Smith, A. Lee, P. Richerme, B. Neyenhuis, P. W. Hess, P.
Hauke, M. Heyl, D. A. Huse, and C. Monroe, Nat. Phys. 12,
907 (2016).

[3] J.-y. Choi, S. Hild, J. Zeiher, P. Schaufl, A. Rubio-Abadal,
T. Yefsah, V. Khemani, D. A. Huse, 1. Bloch, and C. Gross,
Science 352, 1547 (2016).

[4] S. Choi, J. Choi, R. Landig, G. Kucsko, H. Zhou, J. Isoya,
F. Jelezko, S. Onoda, H. Sumiya, V. Khemani et al., Nature
(London) 543, 221 (2017).

[5] J. Zhang, P. W. Hess, A. Kyprianidis, P. Becker, A. Lee, J.
Smith, G. Pagano, I. D. Potirniche, A. C. Potter, A. Vishwanath
et al., Nature (London) 543, 217 (2017).

[6] J. Rovny, R. L. Blum, and S. E. Barrett, Phys. Rev. Lett. 120,
180603 (2018).

[7] J. Smits, L. Liao, H. T. C. Stoof, and P. van der Straten, Phys.
Rev. Lett. 121, 185301 (2018).

[8] X.-Y. Xu, Y.-J. Han, K. Sun, J.-S. Xu, J.-S. Tang, C.-F. Li, and
G.-C. Guo, Phys. Rev. Lett. 112, 035701 (2014).

[9] M. Anquez, B. A. Robbins, H. M. Bharath, M. Boguslawski,
T. M. Hoang, and M. S. Chapman, Phys. Rev. Lett. 116, 155301
(2016).

[10] L. W. Clark, L. Feng, and C. Chin, Science 354, 606 (2016).

[11] J.-M. Cui, Y.-F. Huang, Z. Wang, D.-Y. Cao, J. Wang, W.-M.
Lv, L. Luo, A. del Campo, Y.-J. Han, C.-F. Li et al., Sci. Rep.
6, 33381 (2016).

[12] A. Keesling, A. Omran, H. Levine, H. Bernien, H. Pichler, S.
Choi, R. Samajdar, S. Schwartz, P. Silvi, S. Sachdev et al.,
Nature (London) 568, 207 (2019).

[13] L. Xiao, D. Qu, K. Wang, H.-W. Li, J.-Y. Dai, B. Déra, M.
Heyl, R. Moessner, W. Yi, and P. Xue, PRX Quantum 2, 020313
(2021).

[14] E. A. Martinez, C. A. Muschik, P. Schindler, D. Nigg, A.
Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P. Zoller
et al., Nature (London) 534, 516 (2016).

[15] F. Gorg, K. Sandholzer, J. Minguzzi, R. Desbuquois, M.
Messer, and T. Esslinger, Nat. Phys. 15, 1161 (2019).

[16] C. Schweizer, F. Grusdt, M. Berngruber, L. Barbiero, E.
Demler, N. Goldman, I. Bloch, and M. Aidelsburger, Nat. Phys.
15, 1168 (2019).

[17] A. Mil, T. V. Zache, A. Hegde, A. Xia, R. P. Bhatt, M. K.
Oberthaler, P. Hauke, J. Berges, and F. Jendrzejewski, Science
367, 1128 (2020).

[18] B. Yang, H. Sun, R. Ott, H.-Y. Wang, T. V. Zache, J. C. Halimeh,
Z.-S. Yuan, P. Hauke, and J.-W. Pan, Nature (London) 587, 392
(2020).

[19] M. Gring, M. Kuhnert, T. Langen, T. Kitagawa, B. Rauer,
M. Schreitl, I. Mazets, D. A. Smith, E. Demler, and J.
Schmiedmayer, Science 337, 1318 (2012).

[20] T. Langen, S. Erne, R. Geiger, B. Rauer, T. Schweigler, M.
Kuhnert, W. Rohringer, I. E. Mazets, T. Gasenzer, and J.
Schmiedmayer, Science 348, 207 (2015).

[21] B. Neyenhuis, J. Zhang, P. W. Hess, J. Smith, A. C. Lee, P.
Richerme, Z.-X. Gong, A. V. Gorshkov, and C. Monroe, Sci.
Adv. 3, 1700672 (2017).

[22] K. Singh, C. J. Fujiwara, Z. A. Geiger, E. Q. Simmons, M.
Lipatov, A. Cao, P. Dotti, S. V. Rajagopal, R. Senaratne, T.
Shimasaki, M. Heyl, A. Eckardt, and D. M. Weld, Phys. Rev.
X9, 041021 (2019).

[23] P. Jurcevic, H. Shen, P. Hauke, C. Maier, T. Brydges, C.
Hempel, B. P. Lanyon, M. Heyl, R. Blatt, and C. F. Roos, Phys.
Rev. Lett. 119, 080501 (2017).

[24] N. Fldaschner, D. Vogel, M. Tarnowski, B. S. Rem, D.-S.
Liihmann, M. Heyl, J. C. Budich, L. Mathey, K. Sengstock, and
C. Weitenberg, Nat. Phys. 14, 265 (2018).

[25] J. Zhang, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H.
Kaplan, A. V. Gorshkov, Z. X. Gong, and C. Monroe, Nature
(London) 551, 601 (2017).

[26] S. Smale, P. He, B. A. Olsen, K. G. Jackson, H. Sharum, S.
Trotzky, J. Marino, A. M. Rey, and J. H. Thywissen, Sci. Adv.
5, eaax1568 (2019).

[27] K. Yang, L. Zhou, W. Ma, X. Kong, P. Wang, X. Qin, X. Rong,
Y. Wang, F. Shi, J. Gong, and J. Du, Phys. Rev. B 100, 085308
(2019).

[28] T. Tian, H.-X. Yang, L.-Y. Qiu, H.-Y. Liang, Y.-B. Yang,
Y. Xu, and L.-M. Duan, Phys. Rev. Lett. 124, 043001
(2020).

[29] M. Heyl, A. Polkovnikov, and S. Kehrein, Phys. Rev. Lett. 110,
135704 (2013).

[30] M. Heyl, Rep. Prog. Phys. 81, 054001 (2018).

[31] A. A. Zvyagin, Low Temp. Phys. 42, 971 (2016).

[32] M. Heyl, Europhys. Lett. 125, 26001 (2019).

115159-7


https://doi.org/10.1126/science.aaa7432
https://doi.org/10.1038/nphys3783
https://doi.org/10.1126/science.aaf8834
https://doi.org/10.1038/nature21426
https://doi.org/10.1038/nature21413
https://doi.org/10.1103/PhysRevLett.120.180603
https://doi.org/10.1103/PhysRevLett.121.185301
https://doi.org/10.1103/PhysRevLett.112.035701
https://doi.org/10.1103/PhysRevLett.116.155301
https://doi.org/10.1126/science.aaf9657
https://doi.org/10.1038/srep33381
https://doi.org/10.1038/s41586-019-1070-1
https://doi.org/10.1103/PRXQuantum.2.020313
https://doi.org/10.1038/nature18318
https://doi.org/10.1038/s41567-019-0615-4
https://doi.org/10.1038/s41567-019-0649-7
https://doi.org/10.1126/science.aaz5312
https://doi.org/10.1038/s41586-020-2910-8
https://doi.org/10.1126/science.1224953
https://doi.org/10.1126/science.1257026
https://doi.org/10.1126/sciadv.1700672
https://doi.org/10.1103/PhysRevX.9.041021
https://doi.org/10.1103/PhysRevLett.119.080501
https://doi.org/10.1038/s41567-017-0013-8
https://doi.org/10.1038/nature24654
https://doi.org/10.1126/sciadv.aax1568
https://doi.org/10.1103/PhysRevB.100.085308
https://doi.org/10.1103/PhysRevLett.124.043001
https://doi.org/10.1103/PhysRevLett.110.135704
https://doi.org/10.1088/1361-6633/aaaf9a
https://doi.org/10.1063/1.4969869
https://doi.org/10.1209/0295-5075/125/26001

TRAPIN, HALIMEH, AND HEYL

PHYSICAL REVIEW B 104, 115159 (2021)

[33] T. Mori, T. N. Ikeda, E. Kaminishi, and M. Ueda, J. Phys. B:
At., Mol. Opt. Phys. 51, 112001 (2018).

[34] M. Heyl, Phys. Rev. Lett. 115, 140602 (2015).

[35] C. Karrasch and D. Schuricht, Phys. Rev. B 87, 195104
(2013).

[36] C. Karrasch and D. Schuricht, Phys. Rev. B 95, 075143 (2017).

[37] 1. Homrighausen, N. O. Abeling, V. Zauner-Stauber, and J. C.
Halimeh, Phys. Rev. B 96, 104436 (2017).

[38] J. Lang, B. Frank, and J. C. Halimeh, Phys. Rev. B 97, 174401
(2018).

[39] J. Lang, B. Frank, and J. C. Halimeh, Phys. Rev. Lett. 121,
130603 (2018).

[40] D. Trapin and M. Heyl, Phys. Rev. B 97, 174303 (2018).

[41] B. Zunkovi&, M. Heyl, M. Knap, and A. Silva, Phys. Rev. Lett.
120, 130601 (2018).

[42] J. C. Halimeh, M. Van Damme, V. Zauner-Stauber, and L.
Vanderstraeten, Phys. Rev. Research 2, 033111 (2020).

[43] T. Hashizume, I. P. McCulloch, and J. C. Halimeh,
arXiv:1811.09275.

[44] T. Hashizume, J. C. Halimeh, and I. P. McCulloch, Phys. Rev.
B 102, 035115 (2020).

[45] Y. Wu, arXiv:1908.04476.

[46] Y. Wu, Phys. Rev. B 101, 064427 (2020).

[47] Y. Wu, Phys. Rev. B 101, 014305 (2020).

[48] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran, H.
Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner et al.,
Nature (London) 551, 579 (2017).

[49] A. Browaeys and T. Lahaye, Nat. Phys. 16, 132 (2020).

[50] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc, T. Macri, T.
Lahaye, and A. Browaeys, Nature (London) 534, 667 (2016).

[51] H. Kim, Y. J. Park, K. Kim, H.-S. Sim, and J. Ahn, Phys. Rev.
Lett. 120, 180502 (2018).

[52] D. Barredo, H. Labuhn, S. Ravets, T. Lahaye, A. Browaeys, and
C. S. Adams, Phys. Rev. Lett. 114, 113002 (2015).

[53] M. Heyl, Phys. Rev. Lett. 113, 205701 (2014).

[54] J. C. Budich and M. Heyl, Phys. Rev. B 93, 085416
(2016).

[55] A. Dutta and A. Dutta, Phys. Rev. B 96, 125113 (2017).

[56] J. C. Halimeh and V. Zauner-Stauber, Phys. Rev. B 96, 134427
(2017).

[57] V. Zauner-Stauber and J. C. Halimeh, Phys. Rev. E 96, 062118
2017).

[58] X.-Y. Xu, Q.-Q. Wang, M. Heyl, J. C. Budich, W.-W. Pan, Z.
Chen, M. Jan, K. Sun, J.-S. Xu, Y.-J. Han et al., Light Sci. Appl.
9, 7 (2020).

[59] K. Wang, X. Qiu, L. Xiao, X. Zhan, Z. Bian, W. Yi, and P. Xue,
Phys. Rev. Lett. 122, 020501 (2019).

[60] Y. Wang, W. Ji, Z. Chai, Y. Guo, M. Wang, X. Ye, P. Yu, L.
Zhang, X. Qin, P. Wang, F. Shi, X. Rong, D. Lu, X.-J. Liu, and
J. Du, Phys. Rev. A 100, 052328 (2019).

[61] T. Tian, Y. Ke, L. Zhang, S. Lin, Z. Shi, P. Huang, C. Lee, and
J. Du, Phys. Rev. B 100, 024310 (2019).

[62] X.-Y. Guo, C. Yang, Y. Zeng, Y. Peng, H.-K. Li, H. Deng, Y.-R.
Jin, S. Chen, D. Zheng, and H. Fan, Phys. Rev. Applied 11,
044080 (2019).

[63] J. C. Halimeh, N. Yegovtsev, and V. Gurarie, arXiv:1903.03109.

[64] K. Huang, Introduction to Statistical Physics (CRC Press, Boca
Raton, FL, 2009).

[65] S. Sachdev, Quantum Phase Transitions (Cambridge University
Press, New York, NY, 2011).

[66] F. Andraschko and J. Sirker, Phys. Rev. B 89, 125120
(2014).

[67] M. Marcuzzi, J. Minar, D. Barredo, S. de Léséleuc, H. Labuhn,
T. Lahaye, A. Browaeys, E. Levi, and I. Lesanovsky, Phys. Rev.
Lett. 118, 063606 (2017).

[68] G. Forgacs, W. F. Wolff, and A. Siit, Phys. Rev. B 31, 6089
(1985).

[69] R. Shankar and G. Murthy, Phys. Rev. B 35, 3671(R) (1987).

115159-8


https://doi.org/10.1088/1361-6455/aabcdf
https://doi.org/10.1103/PhysRevLett.115.140602
https://doi.org/10.1103/PhysRevB.87.195104
https://doi.org/10.1103/PhysRevB.95.075143
https://doi.org/10.1103/PhysRevB.96.104436
https://doi.org/10.1103/PhysRevB.97.174401
https://doi.org/10.1103/PhysRevLett.121.130603
https://doi.org/10.1103/PhysRevB.97.174303
https://doi.org/10.1103/PhysRevLett.120.130601
https://doi.org/10.1103/PhysRevResearch.2.033111
http://arxiv.org/abs/arXiv:1811.09275
https://doi.org/10.1103/PhysRevB.102.035115
http://arxiv.org/abs/arXiv:1908.04476
https://doi.org/10.1103/PhysRevB.101.064427
https://doi.org/10.1103/PhysRevB.101.014305
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/nature18274
https://doi.org/10.1103/PhysRevLett.120.180502
https://doi.org/10.1103/PhysRevLett.114.113002
https://doi.org/10.1103/PhysRevLett.113.205701
https://doi.org/10.1103/PhysRevB.93.085416
https://doi.org/10.1103/PhysRevB.96.125113
https://doi.org/10.1103/PhysRevB.96.134427
https://doi.org/10.1103/PhysRevE.96.062118
https://doi.org/10.1038/s41377-019-0237-8
https://doi.org/10.1103/PhysRevLett.122.020501
https://doi.org/10.1103/PhysRevA.100.052328
https://doi.org/10.1103/PhysRevB.100.024310
https://doi.org/10.1103/PhysRevApplied.11.044080
http://arxiv.org/abs/arXiv:1903.03109
https://doi.org/10.1103/PhysRevB.89.125120
https://doi.org/10.1103/PhysRevLett.118.063606
https://doi.org/10.1103/PhysRevB.31.6089
https://doi.org/10.1103/PhysRevB.35.3671

	Unconventional critical exponents at dynamical quantum phase transitions in a random Ising chain
	Daniele Trapin, Jad C. Halimeh, Markus Heyl
	Nutzungsbedingungen / Terms of use:
	licgercopyright  


