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Nonequilibrium quantum phase transitions in the Ising model
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We establish a set of nonequilibrium quantum phase transitions in the Ising model driven under monochromatic
nonadiabatic modulation of the transverse field. We show that besides the Ising-like critical behavior, the system
exhibits an anisotropic transition which is absent in equilibrium. The nonequilibrium quantum phases correspond
to states which are synchronized with the external control in the long-time dynamics.
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I. INTRODUCTION

One of the more intriguing hallmarks of many-body
systems is that at zero temperature quantum fluctuations can
drive the system to a drastic change of state, commonly known
as a quantum phase transition (QPT). A paradigmatic model
for QPTs is the one-dimensional Ising model [1]. Recently,
experimental realizations of one-dimensional spin chains have
been suggested, where a quantum simulation of the system
close to the phase transition is possible, and a wide freedom on
the control of the parameters is achieved [2-7]. The quantum
control of many-body systems by a driving field has attracted
considerable interest, both theoretical and experimental, with
workers from very different communities beginning to look
at driven models [8—17]. The possibility of manipulating the
quantum state of a system by means of a classical external
control allows one to explore novel states of matter and
effective interactions which are absent in equilibrium [16—19].
In the presence of an external control, quantum resonances
and symmetries play an important role [20-23]. In particular,
as a consequence of a generalized parity in the extended
Hilbert space [20], under the effect of periodic driving the
tunneling can be slowed down or totally suppressed in a perfect
coherent way, a phenomenon commonly referred to as coherent
destruction of tunneling (CDT) [24,25]. Rather recently, the
extension of this concept to many-body systems has been
addressed in the context of the Mott-insulator—superfluid
transition in ultracold systems both theoretically [ 13] as well as
experimentally [15], and in a two-mode Bose-Hubbard model
with time-dependent self-interaction strength [11].

The dynamics of one-dimensional spin chains has been ad-
dressed extensively when the system is driven slowly through
the critical point [26-28], where there is a diverging relaxation
time and correlation length, and the dynamics cannot be
adiabatic in the thermodynamic limit. As a consequence of this,
the final state of the system consists of ordered domains whose
finite size depend upon the velocity of the parameter variation
[29]. A nontrivial oscillation of the magnetization [30] and
the connection between symmetry and CDT [31] has been
investigated in a finite size periodically driven Ising model.
Furthermore, under the effect of a nonadiabatic external con-
trol of the transverse field, the Ising chain exhibits dynamical
freezing of the response [32,33], and synchronization with the
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external driving in the asymptotic dynamics as a consequence
of destructive interference in time [34].

Our aim in this paper is to describe the nonequilibrium
behavior of a one-dimensional Ising model under the effect
of a nonadiabatic monochromatic transverse field from the
perspective of quantum criticality. In particular, we describe
the dynamics by means of an effective Hamiltonian which
simulates the dynamics of an undriven system. We show that in
the asymptotic dynamics the nonequilibrium quantum phases
correspond to states of the system which are synchronized with
the driving. In contrast to previous works [32-34], however,
we describe the role of many-body CDT in the critical behavior
by investigating signatures of criticality both in the laboratory
frame as well as in the rotating frame.

The paper is organized as follows: In Sec. II we discuss
the equations of motion and describe quantum resonances by
considering the excitation spectrum of the undriven system. In
Sec. III we describe the physics of the system by means of the
rotating wave approximation (RWA) and discuss signatures
of criticality based on the description of the quasienergy
dispersion and CDT. In Sec. IV we describe the quantum
dynamics in the laboratory frame by considering the quantum
evolution of the system when it is initialized in a paramagnetic
ground state. Furthermore, we study signatures of criticality
by considering cycle-averaged expectation values of physical
observables. Finally, a discussion of the results is presented in
Sec. V.

II. QUANTUM RESONANCES IN THE ISING MODEL

The periodically driven transverse Ising model describes
the dynamics of N interacting two-level systems in a time-
dependent transverse local field [32-34]

N N
Hit)y=—g0)) o =1 ooty (1)

i=1 i=1
where of are Pauli matrices at the ith site and we assume
periodic boundary conditions o' = oy, for « € {x,y,z}. In
the following we shall consider J > 0, and a monochromatic
modulation of the transverse field with a static contribution
g(t) = go + g1 cos Qt. Associated with the Hamiltonian equa-
tion (1) is a conserved parity IT, such that [A(t),[1] = 0, which
is given by

N
1= ®a;‘. )
i=1
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In the thermodynamic limit N — oo, the undriven Ising
model (g; = 0) exhibits a second-order QPT at g5 = J from
a symmetric paramagnetic phase (go > J) to a symmetry-
broken ferromagnetic phase (gop < J) [1]. Our aim in this
paper is to study the new aspects of criticality under the effect
of driving.

In this section we provide the basics on the formalism used
to describe the time-dependent Ising model. In particular, we
find a resonance condition related to m-photon processes under
the effect of driving.

A. The dynamic Bogoliubov—de Gennes equations

In this paper we consider the restriction of the Hamiltonian
equation (1) to the subspace with even (+) number of fermionic
quasiparticles (see Appendix A). After a Jordan-Wigner
transformation and a discrete Fourier transform of Hamiltonian
equation (1) we obtain

A() =Y {2[8(t) — J cos kl(cfer + ! yep) — 28(1)}

k>0
+ Y 27 sink(cfel, +ee) =Y @), (3)
k>0 k>0

where c,t and ¢, are fermionic operators [1]. For finite size
N of the spin chain, the quasimomentum is restricted to k €
{£%, £ %, ..., W}. In the following, we focus on the
thermodynamic limit N — oo, where we have —m < k < .

Even if we prepare the system initially in a ground state of
the undriven model, under the effect of nonadiabatic external
driving, the system will experience transitions to excited states.
Rather recently, a formalism has been developed to deal with
this kind of dynamical situation [14,26-28]. The idea is based
on the fact that Hamiltonian equation (3) conserves momentum
and parity. As a consequence, we can use the BCS ansatz for
the evolution of the quantum state of the system

|V.1) = ®[uk(t)|lfk»lk> + v()]0-. 0k) ], “4)

k>0

which implies that for a given quasimomentum k, the
quantum evolution is restricted to the Nambu subspace
{11_x,1%),10_¢,0¢)}, consisting of doubly occupied |1_4, 1)
and unoccupied |0_,0) states of +k fermions [27,28,35].

The matrix representation of the operator I:Ik(t) in the
Nambu subspace is given by

w(t) — 20, Ag )

A —u())’
where Hy(¢) is the Bogoliubov—de Gennes (BdG) Hamiltonian,
wy =2J cos k, Ay =2J sin k, and u(¢) = 2g(¢). By defin-
ing the spinor \If,f(t) = (uj(t),v; (1)), and considering the BCS
ansatz equation (4), it is possible to show that the coefficients
uy(t) and vy (r) should satisfy the differential equation

Hi (1) = ( ®)

d
i W) = H ()W), (6)

which constitutes the dynamical version of the Bogoliubov—de
Gennes equation [26]. At this point we have translated the
many-body problem into the solution of the time-dependent
Schrddinger equation for an effective two-level system. Under
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periodic driving, the Floquet theorem states that the solution
of Eq. (6) can be written as

W(1) = Ape O + A 1O @1),  (7)

where @,(Ci)(t) denote the Floquet modes corresponding to

the quasienergies —2/2 < 8,((i) < Q/2. Furthermore, in the
extended Hilbert space R ® 7, where R is the Hilbert space of
square integrable functions and 7 is the space of time-periodic

functions, the Floquet states satisfy the eigenvalue problem
He® (1) = e D (1), @®)

where A € {+,—}, szHk(t)—iik% is the Floquet—

Bogoliubov—de Gennes (FBdG) Hamiltonian, 5,9) are the

quasienergies, and the Floquet modes d>§k)(t +T7T)= <I>§(’\) )
have the same period T =2n/Q as the external driving
[20-23].

B. Resonance conditions

In the thermodynamic limit, the Ising model is characterized
by an infinite set of collective excitations. Under the effect of an
external driving, the possibility of multiphotonic resonances
arises [20,22,23]. To study such quantum resonances, let us
consider the system in the absence of driving g; = 0. In this
case, the Floquet modes and the quasienergies become the
stationary states ¢,f and the excitation spectrum e,ii) = —w; £
€;, of the undriven system, respectively [22,23]. Therefore, the
solution of Eq. (6) can be written in the form of Eq. (7) as
follows:

) ()
Vi) =are” g paeT g ©)

(+)

The energy gap is givenby AE; = ¢, — e,E_) = 2¢;, where

ex = 2v/(go — J cos k)2 + (J sin k)2. (10)

In the semiclassical theory of light-matter interaction, we
can interpret a Floquet state as a light-matter quantum state
containing a definite, though very large, number of photons
[20]. Multiple transitions between quantum states of the spin
chain that are not directly coupled by the interaction can occur
by means of intermediate states with a different number of
photons present [20-22]. In particular, m-photon transitions
occur when the condition

AE, = mSQ, (11)

with integer m satisfied. For a parametric oscillator with
fundamental frequency €, Eq. (11) is the usual resonance
condition [36]. In Floquet theory, Eq. (11) implies the existence
of a crossing between the single-particle energy levels €; and
—e€, when the energy spectrum is folded into the Brillouin
zone [20]. Such a crossing occurs at the wave vector
2 2 m\2

M) , (12)

ko = £ arccos
2g0]

where the resonance condition is fulfilled, as depicted in
Fig. 1(a). Figure 1(a) depicts the energy dispersion relation
of the undriven system, and the continuous lines in Fig. 1(b),
the corresponding folding of the energy spectrum into the first
Brillouin zone —2/2 < ¢, < /2. In this paper we focus on
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FIG. 1. (Color online) (a) Typical gapped energy spectrum =e;
of the undriven system corresponding to the paramagnetic phase
8o > J. In this case, the energy dispersion is slightly curved because
the curvature is proportional to the spin-spin interaction strength J.
(b) The continuous lines depict the spectrum =¢; when it is folded
into the first Brillouin zone; the crossing at k = =k is related to a
two-photon resonance. The dashed lines represent the quasienergy
spectrum ¢y, for a driving amplitude g,/ 2 = 1. The parameters
arem =2, J/Q2 =0.01, and go/ 2 = 0.505.

the weak spin-spin coupling limit go,€2 >> J. In this limit the
multiphoton resonance condition reads

mS2

80 = 4 (13)

Such resonance condition will be used in the next section
to perform a description of the system based on an effective
time-independent Hamiltonian which is valid for parameters
close to a multiphotonic resonance.

III. PHYSICS IN THE ROTATING FRAME

The dynamical BdG equations allow us to investi-
gate the full quantum evolution of the driven system. As
we are interested in the asymptotic quantum dynamics and the
description of critical signatures, it is convenient to describe
the dynamics of the system in a rotating frame. In the weak
spin-spin interaction limit, it is possible to neglect the fast
oscillations in the rotating frame, and a description of the
system based on the description for time-independent systems
is possible via an approximate effective Hamiltonian.

A. The rotating wave approximation and the
effective Hamiltonian

Motivated by the m-photon resonance condition in the weak
spin-spin coupling limit, Eq. (13), we perform a description of
the system based on the rotating wave approximation [21]. Let
us perform a unitary transformation of Hamiltonian equation
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(1) into a convenient rotating frame via the unitary operator

N
U™ (t) = exp (iotm(t) Zgix) — 1_[ Ulim)(t)

i=1 k>0

= [ Jexpl—2iamt)(cier + c yee = D1 (14)
k>0
where o, (1) = m(2/4)t +
the dynamics is governed by the Hamlltoman H () =
[O™OIHU™(), where H=H(t)—it =Y, (H=
> k>0[Hk(t) — il E] is the Floquet Ham11ton1an. The explicit
form of this operator is given by

= sin Qf. In the rotating frame

N N
A J
H™(1) = —s™ Z ol — E{l + cos[4a,, (1)1} Z 07074,

i=1 i=1

7 N
- E{1 — cos[4a,, ()]} Z 07074

i=1

N
J . .
+§s1n[4am(t)] E oio},

i=I

N
J . y _z
+ 5 sin[4a,, ()] ; o7 of\ (15)
where the detuning ™ = gy — m(£2/4) describes how far the
system is from resonance, and m is an integer that denotes
the order of the multiphotonic resonance [20]. By using the
identity

[o.¢]
exp(iz sin Q) = Y Ji(z)exp(il <), (16)
l=—00
where J;(z) is the /th-order Bessel function [37], the Hamil-
tonian equation (15) can be written in the form
H™(1) = Z h"™ exp (inQ). (17)
In analogy with the standard RWA of quantum optics, we
obtain an approximate Hamiltonian to describe the mth reso-
nance by neglecting all the terms in H(¢) with oscillatory
time dependence: H"(r) ~ fzg"). This approximation is valid
as long as the condition

4
8 J Ton ( é‘) <Q (18)

holds [21].
Finally, we obtain the time-independent effective Hamilto-
nian

N

pm) (

hg" = =5 ot —
i=1

N
3 (1oiar,, + 1Mol ),

i=1

19)
where the parameters J = 2[1+ (—l)mjm(%)] and
J = 211 — (=1)" J,,(*81)] denote effective anisotropies in

the rotating frame. Interestingly, the effective Hamiltonian
equation (19) corresponds to an exactly solvable model, i.e.,
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it is unitarily equivalent to the XY anisotropic spin chain in a
transverse field [38—40]. However, in our case, the anisotropies
depend upon both the order m of the resonance as well as the
driving amplitude g;. Therefore, the driving amplitude of the
local field now plays the role of a new parameter that influences
the criticality of the system.

B. Signatures of criticality in the rotating frame

Under the RWA, the Hamiltonian fzg") and the Floquet
Hamiltonian H = A ) —is a - are isospectral operators, which
implies that the eigenvalues of the effective Hamiltonian
correspond to the quasienergies. As we show in Appendix B—
similarly to the Ising model [1]—after a Jordan-Wigner trans-
formation, and a discrete Fourier transform, the Hamiltonian
equation (19) can be written as follows:

D 128" — w)efer + ¢ er) —
k>0

+ Z( l)mAkjm ( )(ckC_k +c_ kck)

k>0

— Zh(m)

k>0

h(m) 8(m)]
(20)

The matrix representation of /)
given by

in the Nambu subspace is

m 280m 2wy,
ka - m 1
(=D Ap T (2)

The Hamiltonian equation (20) can be diagonalized via a
Bogoliubov transformation

ZSkm <Vka - %)

k>0

(- l)mAkJm(i)
—28m ? > @D

A = (22)

where

2
Ekom = 2\/(5(’”) — J cos k)2 + [ij ( ) sin k:| (23)

Furthermore, the quasienergies are defined (modulus €2) by
the equation

+ mQ
8;(“,)1 = —wp £ & m+ -

as defined in Eq. (8). The quasienergy gap in the fermion
picture is given by AE; , = =Epm — 8k = 28k m- Therefore
when the gap closes, modulus €2
exhibits a behavior which resembles the dynamics of a critical
quantum system. The dashed lines in Fig. 1(b) depict the
quasienergy dispersion relation for g; # 0. We observe that
the driving lifts the degeneracy giving rise to an anticrossing.
Based on the well-known results for the time-independent XY
model that we summarize in Appendix B, we find that the
system described by the effective Hamiltonian equation (19)
exhibits an effective nonequilibrium Ising-like QPT along the
critical lines |§™| = J, and a nonequilibrium anisotropic QPT
along the lines where jm(%) = 0, as long as the condition
|87 < J holds. The gapless quasienergy excitation spectrum
for parameters along the critical lines is a direct consequence of

(24)
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FIG. 2. (Color online) Nonequilibrium quantum phase transition
in the driven Ising chain in a time-dependent transverse field g(¢) =
80 + g1 cos Qt. (a) depicts the quasienergy dispersion relations ¢,
for parameters in the ferromagnetic phases FMZ and FMY, and along
a critical line. (b) depicts the phase diagram of the nonequilibrium
phase transition around the m = 2 resonance as a function of the
driving amplitude g, and the static local field go. The white zones
represent the paramagnetic phase. Correspondingly, the blue (dark
gray) zones represent the ferromagnetic phase FMZ and the green
zones (light gray) the ferromagnetic phase FMY. (c) depicts the
effective asymmetries in the z direction .IZ("’) [blue (dark gray) curve]
and y direction J{™ [green (light gray) curve] as a function of the
driving amplitude g;. For this plot, we have considered J/ 2 = 0.01.

coherent destruction of tunneling [24,25], i.e., of the existence
of a generalized parity symmetry in the extended Hilbert space
R ® 7, where R is the Hilbert space of square integrable
functions and 7 is the space of time-periodic functions [23].
Figure 2(a) depicts the character of the quasienergy ex-
citation spectrum ¢y , for parameters in the ferromagnetic
phase FMY, along the critical line, and in the ferromagnetic
phase FMZ, respectively. Figure 2(b) depicts the phase
diagram for the nonequilibrium QPT in the neighborhood
of the two-photon resonance. The white zones in the phase
diagram correspond to the effective paramagnetic phase and
are defined by the inequality J < |8/| < [8") ], for m = 2,
where 8" denotes the maximum detuning for which the RWA
is still valid. The anisotropic transition is characterized by two
ferromagnetic phases, i.e., for JZ(’") > J}(,’") the system is in a
ferromagnetically ordered phase along the z direction FMZ,
while it is the other way around in the FMY phase. In the
particular case 8™ = 0, the effective Hamiltonian equation
(19) is unitarily equivalent to the XY model in the absence of a
transverse field. Therefore, in this special case the system only

exhibits the conventional anisotropic transitions between the
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ferromagnetically ordered FMZ and FMY phases. In Fig. 2(c)
we plot the effective asymmetries J. Z('”) and J ;’") as a function of
the driving amplitude g; in the case of a two-photon resonance.

IV. PHYSICS IN THE LABORATORY FRAME

A. Quantum evolution of an initial paramagnetic state

As we previously mentioned, the eigenvalues of the
effective Hamiltonian correspond to the quasienergies of
the system. However, the corresponding eigenstates do not
necessarily correspond to Floquet modes. In order to obtain the
Floquet modes, one should apply a unitary transformation back
into the laboratory frame. In so doing, the positive-quasienergy
Floquet mode around the m-photon resonance in the Nambu
subspace is given by

i(mS/26) 7 7(m) cos(¢k,m) )
e U (t)( .
¢ — sin(gy.m)
- (eim”’(’”mg/ 2 COS(¢>k,m)), (25)

— el 2en O+ DM gin (g, )

O (1) =

and, correspondingly, the negative-quasienergy Floquet mode
is given by

o)

k,m

(1) = ™2 1 ( Slﬂ(¢k,m))

Cos(d)k,m)
e—il20n(O=m2/2)0) gipy
_ ( (¢k,m)> ’ (26)

2o (MR o5y 1)

where

—(=1)" AT (28)
28 — oy '

tan(2¢y,m) = 27
Now, let us investigate the quantum evolution in the laboratory
frame around the m-photon resonance when the system is
initialized in a paramagnetic state of the undriven model with
all the spin polarized along the x axis

¥, 0) = () 104,0%). (28)
k>0
Restricted to the Nambu subspace for a given 0 < k < 7,

such an initial state corresponds to the spinor lI/,:m(O) =
(uz,,(0),v;,,(0)) = (0,1), whose quantum evolution is given
by

UM (t)exp (— ik 1) Wy (0)
= — i)Wy (1) + cos(@r) VL (1), (29)

Wiem (1)

. (F)
where W(1) = e’ ®(") (1) denotes the Floguet states

s k,m
restricted to the Nambu subspace.

B. The dynamics of the transverse magnetization

By using the exact quantum evolution of the initial
paramagnetic state, we are able to calculate the dynamics of
physical observables in the laboratory frame. The transverse
magnetization density M, (¢) gives us information about the
occurrence of a macroscopic polarization of the spins along
the x axis. Let us consider the expectation value M, (t) =
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% (Ym,t] ZlNzl 07 |¥m,t) close to the mth resonance,

Tdk .
M. (1) = —/ — U, (O () Wi (1)
o T

"dk ., )
1-2 — sin“ (&g p,t) Sin“ QLo ),  (30)
0 T

where

1 0Hy 1 0
< = —-—= 1
o (k) 2 920 <0 _1), (3D

and H; is the FBAG Hamiltonian equation (8). Figure 3
depicts the dynamics of the magnetization density in the
thermodynamic limit calculated using RWA (black curve). In
particular, Fig. 3(a) shows the dynamics for parameters in the
nonequilibrium paramagnetic phase, Fig. 3(b) at the Ising-like
critical line 8™ = J, and Fig. 3(c) for the ferromagnetic phase
FMZ. We observe that in the paramagnetic phase the system

(a) 1.00 fy 0.960
0.99 M) gome
H 0.954
0.98 » 1130 1150 1170 1190 ]
097 ' t [units of 1/Q]
M, (t) KT NP enEG——
0.95¢ i
0.94 |
0.93 L. - . : :
(b) 1.00 f3 ' ! T 07367
b Mt 0.732
0.95 ( ) 0.728
090+ 1130 1150 1170 1191_:
¢ [units of 1/22] ]
M,(t) 0.85¢
0.80

0.75} e

B

(C) 1.0 |5 ' ' " o6 ]
M.(1) 068
Mt 0.67

0.9 H 0.66 1

1130 1150 1170 119
# [units of 1/2]

0 200 400 600 800 1000 1200
t [units of 1/€)]

FIG. 3. (Color online) (a) Time evolution of the dimensionless
magnetization density M,(f) in the thermodynamic limit (black
curve) and exact numerical result for a finite system consisting
of N =100 spins [green (light gray) curve] for 0 <t < 2007,
where T =2m/Q2 is the period of the external driving. Time
evolution for parameters corresponding to (a) the nonequilibrium
paramagnetic phase (8 > J), for m = 2, where (g,/2,80/ Q) =
(1,0.515), (b) the Ising-like critical line (8" = J), for m = 2, where
(g1/ 2,80/ 2) = (1,0.510), and (c) time evolution for parameters
corresponding to the nonequilibrium ferromagnetic phase (FMZ)
(8™ < J), for m = 2, where (g,/ 2,80/ ) = (1,0.505). The insets
show the detail of the magnetization curves. We have considered
J/ 2 =0.0l.
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exhibits a stationary state which corresponds to a polarized
state along the local field direction. In contrast, for parameters
corresponding to the critical line and the ferromagnetic phase
FMZ, the state is not totally polarized along this direction.
Furthermore, at the Ising-like critical line, the magnetization
density does not exhibit oscillations. The green curve (light
gray) in Fig. 3 depicts the result of exact numerical calculation
(see Appendix C) of the magnetization density for a finite size
system N = 100.

In this dynamical scenario the connection with criticality
is not obvious. Rather, signatures of quantum criticality in the
laboratory frame may appear in the asymptotic dynamics. Let
us consider now the time evolution of the expectation value of
a general observable

N T dk
o@) = (‘ﬁm,ﬂohﬁm,f) Z'/) _lpllt,m(t)okqjk,m(t)- (32)
(

2
In general, following the argument established in [34], it is
possible to show that O(¢) = OP"(¢) + O"(¢), where

™ dk :
o=y [ Siarlefaloele 63
Jo

is the periodic contribution to the expectation value, which
corresponds to synchronization with the external driving.
Here we consider A, = —sin[¢y,,] and A_ = cos[¢y m].
Correspondingly,

O (1) = /O CfT—kRe{A*jrA,e‘z"skvm’[dnf) OO @) (1)}
(34)

denotes the transient component, which decays to zero in the
long-time limit as a consequence of destructive interference in
time [34]. Therefore, the system tends to synchronize with
the external control in the long-time limit. The particular
case 8 =0 for m = 0 has been discussed in Ref. [32]
in the context of freezing of the response in a many-body
system. In this case, the system only exhibits the conventional
anisotropic transition, which is reflected in the behavior of
the magnetization dynamics. Furthermore, the anisotropic
critical lines Jy(4g1/<2) =0 are related to the effect of
maximal freezing discussed in Ref. [32]. We conclude that
in the asymptotic dynamics, the Floquet modes determine the
quantum critical behavior, as we discuss in the next section.

C. Cycle-averaged expectation values in Floquet eigenstates

We now define cycle-averaged expectation values of phys-
ical observables. In the case of a time-dependent Hamiltonian
H(1), the energy is not conserved. Therefore, to describe
signatures of the quantum phase transition in the laboratory
frame we define the averaged energy H™® in the Floquet state

l(ni)(t) ®k>0 |\Ijk m(t) as

A® = f d / dk ,E*,,Z(ﬁ] H(DW (1)

f dt / dk( [q)(i)(t)] ii,f,(t)>

(35)
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By using the analytic expressions for the Floquet modes,
Egs. (25) and (26), we obtain the expression

() T dk me2
H~ == — | ek + —— cosQer.m) | - (36)
0 2 ’ 2 ’

On exact resonance 8™ = 0, we obtain an analytical expres-
sion for the cycle-averaged energy

Sepel ()]

where E[z] is the complete elliptic integral of the second kind
(see Appendix B). This result confirms our prediction based
on the description of the system in the rotating frame (see
Fig. 2). The cycle-averaged energy exhibits singularities at
the zeros of the Bessel function, i.e., jm(%) =0. This is a
clear signature of a critical nonequilibrium behavior. Finally,
we calculate the cycle-averaged transverse magnetization in
the Floquet mode |W()(7)). By considering the extension of
the Hellmann-Feynman theorem for Floquet theory [22,23],
we can compute the cycle-averaged magnetization M in
terms of derivatives of the quasienergies as follows:

T dy ndk (i) Hy (&)
| [ sl (5) v

/ dk deg)
~Jo 2w 0z

Figures 4 and 5 show the cycle-averaged expectation values of
observables. Similarly to the undriven case, the system exhibits
nonanalyticities in the second derivative of observables—as
can be seen in the corresponding insets—thus resembling a
continuous phase transition. Such nonanalyticities arise as a

02
0.1
0.0
-0.1

m [umis of ﬂ

H® = (37)

e =

T dk
:F,/ — cosQCar.m). (38)
0 T
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&5
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FIG. 4. (Color online) Cycle-averaged energy H™ as a function
of the driving amplitude g;. (a) For parameters in nonequilibrium
paramagnetic phase (8 > J), form = 2, where gy/ 2 = 0.515. (b)
For parameters inside the ladder of ferromagnetic phases (8¢ <
J), for m =2, where gy/ <2 = 0.505. The insets depict the second
derivative of the cycle-averaged energy as a function of the driving

amplitude g;. We have considered J/ 2 = 0.01.
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FIG. 5. (Color online) Cycle-averaged dimensionless magneti-
zation Mé_) as a function of the driving amplitude g;. (a) For
parameters in the nonequilibrium paramagnetic phase (8 > J), for
m = 2, where go/ 2 = 0.515. (b) For parameters inside the ladder of
ferromagnetic phases (8™ < J), for m = 2, where g,/ Q = 0.505.
The insets depict the second derivative of the cycle-averaged magne-
tization as a function of the driving amplitude g,. The parameters are
m=2and J/Q = 0.01.

consequence of CDT [24,25], and therefore, from the gapless
quasienergy spectrum.

V. CONCLUSIONS

We have investigated the nonequilibrium critical behavior
in a driven one-dimensional transverse Ising model. We find
that the fundamental signature of critical behavior is the
existence of a gapless quasienergy spectrum, which is a direct
consequence of CDT. The role of coherent destruction of
tunneling in nonequilibrium QPT has been explored either
theoretically or experimentally in the context of driven
superfluidity [13,15]. In this paper, we show that CDT induces
a critical behavior which resembles a second-order QPT. In
particular, the symmetry which is broken corresponds to a
generalized parity in an extended Hilbert space R ® 7', where
‘R is the Hilbert space of square integrable functions and 7 is
the space of time-periodic functions. In this nonadiabatic sce-
nario, the short time dynamics is governed by transient effects
that tend to zero in the asymptotic limit as a consequence
of destructive interference [34]. The long-time dynamic is
governed by the Floquet modes, therefore the nonequilibrium
quantum phases correspond to states which are synchronized
with the external control.

By means of a Kramers-Wannier self-duality transfor-
mation [41,42], it is possible to map Hamiltonian equation
(1) into a dual periodically driven Ising model with time-
dependent exchange interaction. Therefore, the study of the
nonequilibrium QPT in the Hamiltonian equation (1) allows
one to get a physical picture of the corresponding QPT in the
dual model.

A possible experimental implementation of our model
could be achieved based on a configuration of superconductor

PHYSICAL REVIEW A 86, 063627 (2012)

quantum bits with programmable spin-spin interaction [2];
such a setup allows for a high degree of control of the system
parameters. We anticipate that under an adiabatic change of
the static local field g and the driving amplitude g; our model
could be interesting in the context of quantum annealing, as
the effective Hamiltonian equation (19) corresponds to the X Y
model. Another experimental setup can be realized by means
of cold atoms [3,4,7], and in fully C-labeled sodium butyrate
using liquid state nuclear magnetic resonance [43,44].
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APPENDIX A: DESCRIPTION OF THE PERIODICALLY
DRIVEN ISING MODEL FOR FINITE SIZE

In this section we introduce the fundamental tools used in
the solution of the Ising model following the methods and
the notation of Ref. [26]. Let us consider the Hamiltonian
equation (1) in the case of even number of lattice sites N. For
convenience, we use the Jordan-Wigner representation of the
Pauli matrices

—1 -2,
o; =1 ZCJ-C],
j—1

o) = —i(c) —epn [ —2¢]en,
=1

(AL)

i—1
oi = (cl+epnJa —2cfen.
=1

Under this representation of the angular momentum algebra,
the parity operator equation (2) acquires the form

N
f1=T]a -2cke). (A2)

j=1
Using this parity operator we are able to define projectors
on the subspaces with an even (+4) and odd (—) number of
fermionic quasiparticles as follows:

Pr=L1a+1).

3 (A3)

The projectors Py satisfy the usual properties of orthog-
onal projection operators such as P, +P_ =1, P,P_ =
P_P_ =0, and (P+)* = P.. Using these properties and the
algebra of fermionic operators it is possible to show that the
Hamiltonian equation (1) can be decomposed as follows:

H(@) =P AP0OP, +P_ AP, (A4)
where
N N
A® @) = —g0)Y (1 —2cfer) = 7D (el —eixe],y +eivn).
i=1

i=1 i=

(A5)
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To perform the splitting we have defined antiperiodic boundary
conditions in the even (+4) subspace cy+; = —c; and periodic
boundary conditions in the odd (—) subspace cy 4+ = c;. Inthis
paper we focus on the projection H™" in the even subspace.
Translational invariance suggests the use of the discrete Fourier
transform

e_lﬂ/4 Z ckeikn’

VN S

which is compatible with the antiperiodic boundary
conditions when k € {+£Z, & 32 . 4+ @®=DT} The dis-

crete Fourier transform maps H*) into Hamiltonian equation

(3).

(A6)

Ccy, =

APPENDIX B: THE QUANTUM PHASE TRANSITION IN
THE ANISOTROPIC XY SPIN CHAIN IN A
TRANSVERSE FIELD

Here we consider the critical behavior in a model described
by the Hamiltonian

N N
H=—h) of =) (Lofof, + 1,0]0},), B
i=1 i=1
which is unitarily equivalent to the Hamiltonian of an
anisotropic XY spin chain in a transverse field [38—40].
Similarly to the Ising model, after Jordan-Wigner trans-
formation, and a discrete Fourier transform, the Hamiltonian
equation (B1) in the even subspace (the subspace with an even
number of fermionic quasiparticles) acquires the form

A =Y "{2[h — (J. + Jy) cos k)(cfex + ¢! ye_y) — 2h)
k>0

+ Y20 = Jy)sin k(e + cgep).
k>0

(B2)

The diagonalization of this Hamiltonian is completed after a
Bogoliubov transformation,

. Lo
H:ZEk(Vlek_z),

k

(B3)

where

E; = 2\/[h — (J. + Jy)cos k2 + [(J. — J,) sink]2.  (B4)

The system exhibits an Ising-like QPT along the lines |k| =
J.+J, and an anisotropic QPT along the line J, = J,,
providing that |k| < J, + J,. The anisotropic transition is
characterized by two ferromagnetic phases, i.e., for J, > J,
the system is in a ferromagnetically ordered phase along the z
direction FMZ, while it is the other way around in the FMY
phase. Similarly to Ref. [38], we consider a reparametrization
of the asymmetries

J = gu +),
L 7 . (BS)
y = 5( V)»

where y is a dimensionless parameter characterizing the
degree of anisotropy in the zy plane. Under this reparametriza-

PHYSICAL REVIEW A 86, 063627 (2012)

tion, the Ising-like critical lines correspond to || = J, and the
anisotropic transition occurs at y = 0, as long as |h| < J.

Interestingly, in the absence of a transverse field, i.e., for
h = 0, the scaled ground-state energy can be written in the
thermodynamic limit as

1 Ey;
Eg=— lim — —
N—oo N . 2

™ dk
—J/ — 1= =y?)sin’k

_p 2T

2J

— = E[1 -y, (B6)
T

where E[z] is the complete elliptic integral of the second kind
[37]. The scaled ground-state energy exhibits a nonanalyticity
of the second derivative at the critical line of the anisotropic
transition y = 0 [38], which is a generic characteristic of a
second-order QPT [1].

APPENDIX C: NUMERICAL CALCULATION OF THE
EXPECTATION VALUES

By using the BCS ansatz, Eq. (4), we can solve the
Schrodinger equation for the Ising model in terms of the
solution of the Schrodinger equation for an effective two-level
system described by the BdG Hamiltonian equation (5),
which is parametrized by the quasimomentum k € {£%, +

W g Wby
In the numerical calculation we assume that the system
is prepared initially in the unoccupied state |0_;,0;), which
implies that \I/,I(O) = (u(0),v;(0)) = (0,1). After numerical
integration of the dynamical BdG equation (6), we find the
spinor Wi (). To calculate the scaled expectation value of
the transverse magnetization M, (t) = %(ZINZ , 0;) fora given
system size N, we use the formula

2
M1 = == 3 10O o (010

k>0

(ChH

In the last expression we have used the definition of o (k)
given in Eq. (31). For example, to calculate the dynamics of
the system for N = 4, we perform the numerical integration

of Eq. (6) for k € {%,37”}. Based on the solution of this

equation we find the solution of the Schrodinger equation for
Hamiltonian equation (1) using the BCS ansatz

[V,t) = |Yrja,t) @ |¥3r/a.t), (C2)
where

[Wrast) = lg/a@|1 _zja,1a) + v7/a(®)10_7/4,074)] (C3)

and

[V3r a,t)
= [U3n /a1 374,137 /4) + V37741037 /4,037 74} ].
(C4)

063627-8



NONEQUILIBRIUM QUANTUM PHASE TRANSITIONS IN . ..

[1] S. Sachdev, Quantum Phase Transitions (Cambridge University
Press, Cambridge, England, 1999).

[2] M. W. Johnson et al., Nature (London) 473, 194 (2011).

[3] J. Barreiro, M. Miiller, P. Schindler, D. Nigg, T. Monz,
M. Chwalla, M. Hennrich, C. F. Roos, P. Zoller, and R. Blatt,
Nature (London) 470, 486 (2011).

[4] J. Simon, B. S. Bakr, R. Ma, M. E. Tai, P. M. Preiss, and
M. Greiner, Nature (London) 472, 307 (2011).

[5] R. Coldea, D. A. Tennant, E. M. Wheeler, E. Wawrzynska,
D. Prabhakaran, M. Telling, K. Habitch, P. Smeibidl, and
K. Kiefer, Science 327, 177 (2010).

[6] S. Mostame and R. Schiitzhold, Phys. Rev. Lett. 101, 220501
(2008).

[7] S. Trotzky, P. Cheinet, S. Folling, M. Feld, U. Schnorrberger,
A. M. Rey, A. Polkovnikov, E. A. Demler, M. D. Lukin, and
I. Bloch, Science 319, 295 (2008).

[8] A. Altland, V. Gurarie, T. Kriecherbauer, and A. Polkovnikov,
Phys. Rev. A 79, 042703 (2009).

[9] A. Polkovnikov, K. Sengupta, A. Silva, and M. Vengalattore,
Rev. Mod. Phys. 83, 863 (2011).

[10] W. H. Zurek, U. Dorner, and P. Zoller, Phys. Rev. Lett. 95,
105701 (2005).

[11]J. Gong, L. Morales-Molina, and P. Hinggi, Phys. Rev. Lett.
103, 133002 (2009).

[12] C. D. Graf, G. Weick, and E. Mariani, Europhys. Lett. 89, 40005
(2010).

[13] A. Eckardt, C. Weiss, and M. Holthaus, Phys. Rev. Lett. 95,
260404 (2005).

[14] L. Goren, E. Mariani, and A. Stern, Phys. Rev. A 75, 063612
(2007).

[15] H. Lignier, C. Sias, D. Ciampini, Y. Singh, A. Zenesini,
O. Morsch, and E. Arimondo, Phys. Rev. Lett. 99, 220403
(2007).

[16] N. H. Lindner, G. Refael, and V. Galitski, Nat. Phys. 7, 490
(2011).

[17]J. L. Inoue and A. Tanaka, Phys. Rev. Lett. 105, 017401
(2010).

[18] V. M. Bastidas, C. Emary, B. Regler, and T. Brandes, Phys. Rev.
Lett. A 108, 043003 (2012).

[19] L. Jiang, T. Kitagawa, J. Alicea, A. R. Akhmerov, D. Pekker,
G. Refael, J. I. Cirac, E. Demler, M. D. Lukin, and P. Zoller,
Phys. Rev. Lett. 106, 220402 (2011).

[20] J. H. Shirley, Phys. Rev. 138, B979 (1965).

PHYSICAL REVIEW A 86, 063627 (2012)

[21] S. Ashhab, J. R. Johansson, A. M. Zagoskin, and F. Nori, Phys.
Rev. A 75, 063414 (2007).

[22] T. Dittrich, P. Hinggi, G. Ingold, B. Kramer, G. Schon, and
W. Zwerger, Quantum Transport and Dissipation (Wiley-VCH,
Weinheim, 1998).

[23] M. Grifoni and P. Hanggi, Phys. Rep. 304, 229 (1998).

[24] F. Grossmann, T. Dittrich, P. Jung, and P. Hanggi, Phys. Rev.
Lett. 67, 516 (1991).

[25] F. Grossmann and P. Hanggi, Europhys. Lett. 18, 571 (1992).

[26] J. Dziarmaga, Phys. Rev. Lett. 95, 245701 (2005).

[27] V. Mukherjee, U. Divakaran, A. Dutta, and D. Sen, Phys. Rev.
B 76, 174303 (2007).

[28] V. Mukherjee, A. Dutta, and D. Sen, Phys. Rev. B 77, 214427
(2008).

[29] T. W. B. Kibble, J. Phys. A 9, 1387 (1976); Phys. Rep. 67, 183
(1980); W. H. Zurek, Nature (London) 317, 505 (1985); Acta
Phys. Pol. B 24, 1301 (1993); Phys. Rep. 276, 177 (1996).

[30] S. Miyashita, K. Saito, and H. De Raedt, Phys. Rev. Lett. 80,
1525 (1998).

[31] K. Hijii and S. Miyashita, Phys. Rev. A 81, 013403 (2010).

[32] A. Das, Phys. Rev. B 82, 172402 (2010).

[33] S. Bhattacharyya, A. Das, and S. Dasgupta, Phys. Rev. B 86,
054410 (2012).

[34] A. Russomanno, A. Silva, and G. E. Santoro, Phys. Rev. Lett.
109, 257201 (2012).

[35] Y. Niu, S. B. Chung, C. H. Hsu, I. Mandal, S. Raghu, and
S. Chakravarty, Phys. Rev. B 85, 035110 (2012).

[36] V. 1. Arnold, Mathematical Methods of Classical Mechanics
(Springer-Verlag, New York, 1978).

[37] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical
Functions with Formulas, Graphs and Mathematical Tables,
edited by M. Abramowitz and I. A. Stegun (Dover, New York,
1972).

[38] E. Lieb, T. Schultz, and D. Mattis, Ann. Phys. (NY) 16, 407
(1961).

[39] E. Barouch and B. M. McCoy, Phys. Rev. A 3, 786 (1971).

[40] J. E. Bunder and R. H. McKenzie, Phys. Rev. B 60, 344 (1999).

[41] 1. Peschel, J. Stat. Mech. (2004) P12005.

[42] M. M. Wolf, G. Ortiz, F. Verstraete, and J. I. Cirac, Phys. Rev.
Lett. 97, 110403 (20006).

[43] J.-S. Lee and A. K. Khitrin, Phys. Rev. A 71, 062338 (2005).

[44] J.-S. Lee, T. Adams, and A. K. Khitrin, New J. Phys. 9, 83
(2007).

063627-9


http://dx.doi.org/10.1038/nature10012
http://dx.doi.org/10.1038/nature09801
http://dx.doi.org/10.1038/nature09994
http://dx.doi.org/10.1126/science.1180085
http://dx.doi.org/10.1103/PhysRevLett.101.220501
http://dx.doi.org/10.1103/PhysRevLett.101.220501
http://dx.doi.org/10.1126/science.1150841
http://dx.doi.org/10.1103/PhysRevA.79.042703
http://dx.doi.org/10.1103/RevModPhys.83.863
http://dx.doi.org/10.1103/PhysRevLett.95.105701
http://dx.doi.org/10.1103/PhysRevLett.95.105701
http://dx.doi.org/10.1103/PhysRevLett.103.133002
http://dx.doi.org/10.1103/PhysRevLett.103.133002
http://dx.doi.org/10.1209/0295-5075/89/40005
http://dx.doi.org/10.1209/0295-5075/89/40005
http://dx.doi.org/10.1103/PhysRevLett.95.260404
http://dx.doi.org/10.1103/PhysRevLett.95.260404
http://dx.doi.org/10.1103/PhysRevA.75.063612
http://dx.doi.org/10.1103/PhysRevA.75.063612
http://dx.doi.org/10.1103/PhysRevLett.99.220403
http://dx.doi.org/10.1103/PhysRevLett.99.220403
http://dx.doi.org/10.1038/nphys1926
http://dx.doi.org/10.1038/nphys1926
http://dx.doi.org/10.1103/PhysRevLett.105.017401
http://dx.doi.org/10.1103/PhysRevLett.105.017401
http://dx.doi.org/10.1103/PhysRevLett.108.043003
http://dx.doi.org/10.1103/PhysRevLett.108.043003
http://dx.doi.org/10.1103/PhysRevLett.106.220402
http://dx.doi.org/10.1103/PhysRev.138.B979
http://dx.doi.org/10.1103/PhysRevA.75.063414
http://dx.doi.org/10.1103/PhysRevA.75.063414
http://dx.doi.org/10.1016/S0370-1573(98)00022-2
http://dx.doi.org/10.1103/PhysRevLett.67.516
http://dx.doi.org/10.1103/PhysRevLett.67.516
http://dx.doi.org/10.1209/0295-5075/18/7/001
http://dx.doi.org/10.1103/PhysRevLett.95.245701
http://dx.doi.org/10.1103/PhysRevB.76.174303
http://dx.doi.org/10.1103/PhysRevB.76.174303
http://dx.doi.org/10.1103/PhysRevB.77.214427
http://dx.doi.org/10.1103/PhysRevB.77.214427
http://dx.doi.org/10.1088/0305-4470/9/8/029
http://dx.doi.org/10.1016/0370-1573(80)90091-5
http://dx.doi.org/10.1016/0370-1573(80)90091-5
http://dx.doi.org/10.1038/317505a0
http://dx.doi.org/10.1016/S0370-1573(96)00009-9
http://dx.doi.org/10.1103/PhysRevLett.80.1525
http://dx.doi.org/10.1103/PhysRevLett.80.1525
http://dx.doi.org/10.1103/PhysRevA.81.013403
http://dx.doi.org/10.1103/PhysRevB.82.172402
http://dx.doi.org/10.1103/PhysRevB.86.054410
http://dx.doi.org/10.1103/PhysRevB.86.054410
http://dx.doi.org/10.1103/PhysRevLett.109.257201
http://dx.doi.org/10.1103/PhysRevLett.109.257201
http://dx.doi.org/10.1103/PhysRevB.85.035110
http://dx.doi.org/10.1016/0003-4916(61)90115-4
http://dx.doi.org/10.1016/0003-4916(61)90115-4
http://dx.doi.org/10.1103/PhysRevA.3.786
http://dx.doi.org/10.1103/PhysRevB.60.344
http://dx.doi.org/10.1088/1742-5468/2004/12/P12005
http://dx.doi.org/10.1103/PhysRevLett.97.110403
http://dx.doi.org/10.1103/PhysRevLett.97.110403
http://dx.doi.org/10.1103/PhysRevA.71.062338
http://dx.doi.org/10.1088/1367-2630/9/4/083
http://dx.doi.org/10.1088/1367-2630/9/4/083



