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Floquet Majorana fermions appear as steady states at the boundary of time-periodic topological phases of
matter. In this work, we theoretically study the main features of these exotic topological phases in the periodically
driven one-dimensional Kitaev model. By controlling the ac fields, we can predict topological phase transitions
that should give rise to signatures of Majorana states in experiments. Moreover, the knowledge of the time
dependence of these Majorana states allows one to manipulate them. Our work contains a complete analysis of
the monochromatic driving in different frequency regimes.
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I. INTRODUCTION

In recent years, the phases of matter with topological
origins have received intense attention in the field of solid-
state physics [1-7]. In topological superconductors, these
phases result in elementary excitations with non-Abelian
statistics [8,9]. The bulk-boundary correspondence shows how
differences between bulk topologies give rise to edge states
localized at the boundaries [10].

Driven systems constitute a fruitful arena to study topolog-
ical states of matter because they exhibit topological features
that are richer than those of time-independent systems. Of
particular interest are periodically driven systems, which have
many close analogies with static systems [11-16]. Floquet
eigenstates and quasienergies are similar to eigenstates and en-
ergies of static systems, but the periodicity of the quasienergy
spectrum introduces new features unique to periodically driven
systems [12,15,17-20]. In fact, the complete characterization
of the topology of a time-periodic Hamiltonian requires the
search for new topological invariants [12,21-23].

In this work, we propose an analytic approach to describe
the topological phases of a driven chain of spinless fermions
with p-wave superconductivity, i.e., the one-dimensional
Kitaev model [8]. The end states emerging in driven topolog-
ical superconductors are called Floquet Majorana fermions,
because they are the analogous counterpart for Majorana
fermions in static systems [8,24-30]. The characterization
of these excitations allows one to design protocols for
their manipulation, which is potentially relevant for braiding
operations, which are essential for fault-tolerant quantum
computation [31]. Furthermore, periodic driving opens a new
avenue to detect these elusive particles [19,32].

In recent years, some works have addressed the effect
of ac driving fields in topological superconductors. Most
of them are restricted to the high-frequency regime. Those
addressing lower frequencies are mainly focused on numerical
treatments [17,31,33,34]. A more complete analysis was
done in the cases of periodically kicked systems [35] and
steplike periodic pulses [20], including the definition of new
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topological invariants, while the harmonic driving is treated
just numerically [35].

In contrast to previous works, in this paper we develop
a complete analysis of monochromatic driving for different
frequency regimes, which is more feasible in experiments.
Our analytical treatment allows us to characterize different
topological phases by means of effective Hamiltonians in
rotated reference frames. Furthermore, we address different
ways to drive the Kitaev chain, giving rise to a variety of
topological quantum phase transitions (TQPTSs), which could
be experimentally tested.

The correspondence between the Kitaev chain and the
one-dimensional transverse Ising model [36] is used mainly
as a mathematical tool to simplify the analysis and to set a
different framework to probe the phase transitions. In this
sense, our results not only have relevance in the field of
topological states of matter, but they also provide insight into
quantum magnetism under nonequilibrium situations [37-40].

The simple characterization of the driven system for
arbitrary frequencies by means of rotations of frame is the
most important result of our work. This allows us to obtain
the wave function of the Majorana end states in an easy
way and to understand the role of the quasienergies in the
TQPTs. Moreover, we show that the driving protocols allow
one to manipulate the effective interactions between different
neighbors, generating effective models that are difficult to
implement in time-independent systems. Apart from this,
we establish a connection between the effective interactions
generated in the Kitaev model under the effect of driving and
the magnetic interactions in the Ising model.

In Sec. II, we introduce the model and describe the main
tools used in this paper. In particular, the behavior of Floquet
states and the Magnus expansion under a rotation of the
reference frame is studied in detail. In Sec. III, we analyze
the case of an ac driven chemical potential. In this section,
we present a thorough discussion of the methodology used
to determine the TQPTSs, based on effective Hamiltonians in
different frames. In Secs. IV and V, we consider different
driving protocols and discuss the emergence of exotic phases.
In particular, we discuss the effective long-range interactions
arising under the control of the tunneling amplitude.

©2014 American Physical Society
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II. MODEL AND TOOLS

The system we analyze consists of a chain with N > 1
sites. Each site j can be either empty or occupied by a
spinless fermion f;. It consists in the driven version of the
one-dimensional Kitaev model [8],

Hy =" Z(zf fi-

w(t)

)——Z(f fir +He)

A N
-~ % S (L +He, (1)
j=1

where ((t) is the chemical potential, w(#) is the tunneling,
and A(r) is the BCS superconducting pairing between nearest
neighbors in the presence of driving. In the case of periodic
boundary conditions, fyy+; = fi, we can use a discrete Fourier
transformation to obtain the bulk Hamiltonian,

() — u(t) — w(r)cosk —iA(t)sink
K0 = < iA(r)sink —u(t) + w(t)cos k)

= [u(t) — w(r) cosklof + A(r)sink o}, )

where o} for A € {x,y,z} are the Pauli matrices in Nambu
space. Correspondmgly, we can write Eq. (1) as H(t) =
D a0 \If H, (t)Vy, where \IJ' (fk , f—x) and fj are fermionic
operators in reciprocal space [41].

The undriven model, ie., w(t) = o, w(t) = wy, and
A(t) = Ay, undergoes a TQPT [8]. Given that Ay > 0,
the system exhibits a topologically nontrivial phase when
o < wo and a topologically trivial behavior as long as
o > wo. The Hamiltonian has particle-hole and time-reversal
symmetry [36,42], and therefore the different topological
phases can be classified by means of the value of a bulk
Z topological invariant, which corresponds to the winding
number

1 T
W= 2—/ dex, 3
T Jn

where tan ¢, = Agsink (g — wo cos k)~!. The winding num-

ber is W = 1 in the nontrivial phase and W = 0 in the trivial

one. A chain in the nontrivial phase with open boundary

conditions exhibits Majorana modes localized at the ends [8].

The Hamiltonian of the driven XY model in an external
transverse field
N

1
H() = =5[]

j=1

— LWoioi,, — Jyojol ] @

can be mapped exactly onto the Kitaev Hamiltonian in
Eq. (1) by means of a Jordan-Wigner transformation [41].
The time-dependent anisotropies are related to the tunneling
and the superconducting gap as J,(t) = [w(¢) + A(#)]/2 and
Jy(t) = [w(t) — A(#)]/2. In the time-independent case, there
is a correspondence between the magnetic phases of the spin
system and the topological phases of the fermion model, i.e.,
the paramagnetic phase is related to the trivial phase, and the
ferromagnetic phase corresponds to the nontrivial phase [43].
Under monochromatic driving, new magnetic phases arise,
corresponding to new topological phases in the fermionic
system.
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A. Floquet theory under rotation of the reference frame

We analyze the effect of a periodic time dependence of
the Hamiltonian in Eq. (1). In this case, H(t + T) = H(t)
(with T =2n/w the period of the driving), therefore the
Floquet theory is applicable [44-46]. By using the Floquet
states |y, (¢)) = e~*“7|¢,(t)), the time-dependent Schrodinger
equation becomes an eigenvalue equation for the Floquet
modes |¢,(t + T)) = |¢,(t)), referred to as the Floquet
equation,

[H(1) — i3;]1¢(1)) = €,|u(1)). &)

The operator H(t) = H(t) — i9, is the Floquet Hamiltonian,
its eigenvalues are the quasienergies ¢€,, and the eigenvectors
|¢,(¢)) are the Floquet modes. The index v corresponds to
the band index. The quasienergies €, are not uniquely defined
[44-46]. Therefore, we restrict them to the first Brillouin zone
—w/2 <€, <w/2

To simplify the resolution of the Floquet equation, one
should find an appropriate rotating frame in which a simple
effective Hamiltonian can be defined, as we describe below.
First of all, we will clarify the effect of a rotation of frame
in the Floquet formalism. In the rotating frame, given by the
unitary transformation S(z), the Floquet equation becomes
[H(t) —i0,] §,(1)) = €,|¢,(1)), where the Hamiltonian in the
new frame is

H(t) = STOH0)S() — iS'(1)S(1), ©)
and |, (1)) = ST

'(1)|¢,(2)). As a consequence, the quasiener-
gies do not change, but the periodicity of the Floquet modes
does,

ot + T)) = STt + T)S@)|Gu (1)) (N

The one-period time-evolution operator makes a state evolve
as U(T,0)|¥(0)) = |y (T)). Apart from Eq. (5), the quasiener-
gies can also be obtained from the eigenvalue equation
U(T,0)|¢,(0)) = e~'T|¢,(0)). If we are working in a rotated
frame, we can use Eq. (7) to obtain the eigenvalue equation
for the one-period evolution operator

U(T,0)|¢,(0)) =

As a consequence of this, the relation between quasienergies
€, and eigenvalues of U(r,0) depends on the matrix S.
A common method to study time-dependent systems is to
calculate the eigenvalues of the one-period evolution opera-
tor [44—46]. Equation (8) shows the relationship between these
eigenvalues in an arbitrary reference frame (given by S) and
the quasienergies.

e T ST(T)S(0)|$,(0)). ®)

B. Magnus expansion for effective Hamiltonians
Once we are in the most suitable reference frame, we define
a time-independent effective Hamiltonian H.¢ such that
U(T.0) = exp(—i H"T), ©)

with A (r) periodic in time. The Fourier decomposition H (1) =
> » €'’ H), allows us to write a power series expansion in

% for the time-independent Hamiltonian, referred to as the
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Magnus expansion [47,48],
~off - 1 -~ - 1 - .
H" = Hy + —[Hy,H] — —[Hy,H_1]
w w

—l[ﬁ—l,ﬁl]-i-“' (10)

w
with an infinite number of terms. This series is only useful if
it converges with a finite number of terms. The convergence
is given by the condition fOT |H@)|dt < m, where ||H(@)|
is the Euclidean norm of the Hamiltonian, as is discussed in
Refs. [47,48]. At this point, the choice of the frame of reference
is relevant, since the Hamiltonian in different frames H (¢) has
different convergence conditions.

The previous explanations are valid for general time-
periodic Hamiltonians. In particular, the expansion Eq. (10)
can be used for a Bogoliubov—de Gennes Hamiltonian in
Nambu space. In this case, the transformation into the rotating
frame factorizes as S = ., Sk. For a given k, we can use
Eq. (6) to obtain the transformation of Hamiltonian Eq. (2) into
the rotating frame H, (1) = S,i H(t)S; — iS,ISk(t). Therefore,
the convergence condition reads

T
/0 1A (n)ldr < 7. Y

In Nambu space, Eq. (8) implies the eigenvalue problem for
the Floquet modes,

O(T.0)|du s (0)) = e T SHT)S(O)lbur(0)),  (12)

where €y k is the vth band quasienergy dispersion, |4, (0)) =
Q=0 190.4(0)), and U(T,0) = @), Ui(T,0).

III. DRIVING THE CHEMICAL POTENTIAL

We focus here on the study of the topological properties of
the Kitaev model with a time-dependent chemical potential.
Therefore, we assume w(t) = wy, A(t) = Ay, and u(t) =
o + 5t cos wt, where 119 is a constant term and 5t is the
amplitude of the driving.

As the Kitaev model is described by a Bogoliubov—de
Gennes Hamiltonian, the solutions give the spectrum of ex-
citations. Due to the particle-hole symmetry, these excitations
come in pairs such that creating an excitation with energy £
is equivalent to annihilating the excitation with energy —E.
It means yglGS) = y_g|GS), where |GS) is the vacuum
of excitations fulfilling yg|GS) =0 V E > 0. Given this
symmetry, a zero-energy excitation will fulfill the Majorana
condition yy = yg . In the driven case, excitations come also

in pairs y(t) = J/L (t), where € is the quasienergy. Due to the
periodicity of the quasienergies, not only € = 0 but also € =
+% excitations fulfill the Majorana condition yp ¢ = yOT, 0 [17].
Therefore, a complete phase diagram has to take into account
possible closings of the quasienergy spectrum at quasienergies
€ = +%,as well as € = 0. Furthermore, both quasienergy gaps
can support Majorana end states, and the topological phase
is characterized by two Z topological invariants (Z x Z). In
the following, we present a method based on reference frame
transformations to find the topological phase diagram of the
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Hamiltonian Eq. (1). Moreover, our method provides the wave
function of the Majorana excitations.

A. Reference frame choice

Let us consider first the convergence of the Magnus
expansion in the laboratory frame H(t) = H(t). We calculate
the first harmonics of the Hamiltonian Eq. (2):

1 T
Hk,() = — / dl/Hk(l/)
T Jo

= (o — wo cosk)of + Agsink o},

1 (7 ‘
His = / dt’ Hi(t)e ™"
0

- %a,f. (13)

Regardless of the value of the quasimomentum k, the first term
of the Magnus expansion Hj  is already a good approximation
if the frequency is much larger than the bandwidth T = pg +
wy and the driving amplitude p,. We will show below that by
means of a rotation of frame, the convergence regions can be
increased.

We work with a whole family of rotating frames given
by the transformations S,:a(t) = /%% with 0,(1) = %21 +
’2‘—; sinwt fora € {0, =1, =2, ...}. For o = 0, we obtain the
transformation into the interaction picture. The Hamiltonians
in the rotating frame are

Hi(t) = (Mo - ? — wp cos k) of —iAgsink 2% Vgt
+ iAgsink e 2% Mg (14)
Given that S,:a(T)Sk,a(O) = ¢!*7% Eq. (12) becomes

Ui (T,0)|¢y 4 (0)) = e+ &% |G, 1(0).  (15)

This leads to the eigenvalue equation for the effective bulk
Hamiltonian in Eq. (9),

A1k O) = (60 = 05) 1BusO). (10

which implies that the quasienergies and the eigenvalues of
the effective Hamiltonian are related by a % shift. Due to the
periodicity of the quasienergies, this shift is relevant just in the
case of odd values of .

For a given «, the transformed Hamiltonian of Eq. (14)
has different regions of convergence, determined by the

condition in Eq. (11). The Fourier components I:I,f‘ p =
L[l dt' B (e " of H(t) are given by
I:I,ffp = (Mo _Ye W COS k) 8,007
2
— iAgsink Jp_q (%) a,j'
+ iAgsink J-pq (%) o7 a7

where 7,(x) is the nth — order Bessel function. We remark
that the eigenvalues of the Hamiltonian in Eq. (14) do not
depend on the amplitude . Then, the convergence condition
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3,
a=0
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w/T a=1
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O_I T T
0 0.5 1
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FIG. 1. (Color online) Regions of convergence of the Magnus
expansion of I:I,f‘(t) for @ € {0,1,2,3,4} as a function of g and w. To
obtain a convergent Magnus expansion, the Hamiltonian A (¢) has
to fulfill the convergence condition Eq. (11) for all the values of k. At
high frequency w > 2t, the series of H(¢) converges. For @ < 21,
the successive f],f‘ (t) have convergent series for some values of pig.
We consider a fixed bandwidth T = o + wy.

Eq. (11) is w-independent. Figure 1 depicts the regions of
convergence of the Magnus expansion for successive I:I,f‘ ().
The series of ﬁ,?(t) converges in the high-frequency regime
w > 2t. For w < 27, the successive Hamiltonians ﬁ,ﬁ‘ (1) have
convergent series for different values of pg.

By obtaining a frame where the Hamiltonian has a conver-
gent Magnus series, we are able to get an approximation of the
full quasienergy spectrum from the eigenvalues of the time-
independent Hamiltonian of Eq. (10). Moreover, the effective
Hamiltonian allows a simple description of the TQPTs. Within
the regions of convergence, the effective Hamiltonian can be
approximated by the zeroth-order term of Eq. (10). Thereby,
we can use Eq. (17) with p = 0 as a zeroth-order effective
Hamiltonian,

Ifjlfff’“ = (Mefr — Wo cOSk) 0 + Aegrsink o, (18)

which is an effective Kitaev model with per = po — %> and
Aetr = AT -a(E).

It is instructive to understand the form of the effec-
tive Hamiltonian in Eq. (18) in terms of Pauli matrices
in real space. After a Jordan-Wigner and discrete Fourier
transformation, we obtain an effective time-independent XY
Hamiltonian [41],

N N
~ off.at Meff x 1
geffe — _ 2" Z ol =7 (wo + Aeff)z 0074
j=1 =
. N
-2 (wo — Aetr) Zaijij' (19)
j=1

Apart from the existence of a paramagnetic phase, the
effective anisotropies in Eq. (19) can be tuned to generate a
ferromagnetic phase in the z direction (FMZ) or the y direction
(FMY), as is discussed in Ref. [39]. In terms of Jordan-Wigner
fermions in real space, the effective Hamiltonian Eq. (19)

PHYSICAL REVIEW B 90, 205127 (2014)

reads

N N—1

Freff,a eff w

B = BN Qf] f = D= 5 Y (F] f + He)
=1

2 2 j=1
A N-1
ff
- ; >l +He. (20)
j=1

The bulk topological invariant is the winding number, which
for the effective Hamiltonian Eq. (18) becomes W, =
1/27 fozn dof, where tan ¢ = Aegrsink (Uefr — wocosk)™".

There is a trivial-nontrivial TQPT at o — "‘7“’ = wy, where
the winding number changes from W, =0 to # 0. In ad-
dition, in the nontrivial region, there are TQPTs between
different topological phases at critical lines defined by
j_a(%) = 0. The different topological phases are classified
by the winding number W, = sgnJ_, (). Figure 2(a) depicts
the phase diagram for o« =0 and Fig. 2(b) depicts it for
a=1.

0 —
0.25 0.5 0.75 1
MO/T

FIG. 2. (Color online) Phase diagram of the Kitaev Hamiltonian
of Eq. (1) with time-dependent chemical potential wu(t) = o +
&L cos wt. The white region is topologically trivial (W = 0), while
the other ones are nontrivial (W # 0). (a) In the frequency regime
w > 21, I:IkemO is used to calculate the bulk invariant W, for all values
of wug, because the series of ﬁ,?(t) converges. Transitions between
the topological phases Wy = +1 and —1 occur at zeros of .70(%).
(b) For w = 1.57, the series of ﬁ,}(t) converges for o > 0.57. The
trivial phase appears for (1o > 0.8757 and transitions between phases
W, = 1 and —1 take place at zeros of . J; (%). (c) Depicts the extension
of the phase diagram shown in (b) for @ = 1.5t to smaller values
of po. Besides the phases W, =0, &1, we find new topological
phases that are described by two topological invariants (Wy, W),
corresponding to the effective Hamiltonians ﬁfff'o and I:I,fff‘l. We
consider a fixed bandwidth T = g + wy.
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The family of effective Hamiltonians given by Eq. (18) can
close only at zero quasienergy, while the quasienergies present
also closings at € = 5. The shift of Eq. (16) implies that a
Hamiltonian with even « will describe closings of the gap at
€ = 0 and a Hamiltonian with odd « closings of the gap ate =
+%. By now, we have found regions of the parameter space
that can be described with only one effective Hamiltonian
I:Ike e for every k. Consequently, in these regions only one of

the gaps (¢ = 0 or %) can close. However, it is possible to use
two effective Hamiltonians at the same time, e.g., ﬁf“’“ and

I:Ike et o get a full convergence of the Magnus series in such
a way that one of the Hamiltonians reproduces the 0 gap and
the other one reproduces the % gap. In the following, we probe
that this is possible and show where it can be used and how it
works.

B. Combination of frames

Looking at the convergence of the Magnus expansion, we
realize that even when the series of FI,f‘ (t) does not converge
for all k values, it is possible that it converges for some k values
while I:I]f’“(t) converges for the rest. In that case, a complete
convergence is possible using both. This concept increases the
size of the regions that can be studied analytically in a good
approximation.

This motivates the use of two effective Hamiltonians to
classify the topological features of the system. Therefore,
we use two invariants W, and W, , which give a complete
topological description encoded in the pair (W,,Wy41). In
these cases, there are TQPTs at zeros of both Ja(%) and
JaH(%). An example of this situation is shown in Fig. 2(c)
for w = 1.57, in which we extend the phase diagram of
Fig. 2(b) to smaller values of . Figure 1 shows that for
o > 27 the Magnus series of H(¢) converges independently
of k and po. However, for values of k in a neighborhood
of k =0, the Magnus series converges even for a lower
driving frequency o = 1.5t. This allows us to extend the
phase diagram of Fig. 2(b), because the series of ﬁkl(t) also
converges for values in the neighborhood of k = 7 in the
region 0.257 < o < 0.57. In Appendix A, we discuss the
features of the phase diagrams of Fig. 2 and compare them with
the numerical result, obtaining a good agreement. Moreover,
all the critical lines of the TQPTs are explained in detail from
an analytic approach.

C. Majorana end states

The bulk-boundary correspondence involves the existence
of end states localized at the boundary between different
bulk topologies. In this section, we find the time evolution
of the Majorana end state at the boundary between a nontrivial
topological phase and the vacuum.

Let us assume that one of the effective Hamiltonians
Eq. (18) converges in a particular region of the parameter
space, as is depicted in Fig. 1. In the case of open boundary
conditions, we can use the Majorana operators az;_; = f; +

fand ay; = —i(f; — f]) as defined in Ref. [8] to write the

PHYSICAL REVIEW B 90, 205127 (2014)

effective Hamiltonian Eq. (20) as follows:

N

ryeff, Meff .

H =76 E (iazjazj 1 —1)
j=1

. N—1

i(wo + Aetr) -

- E 2jA2j+1

4 ‘ J%2]
Jj=1

N-—1
i(—wo + Actr)
- ;azﬂaw. @1

In the limit peg > |wo + Aete|,| — wo + Aegr| there are no
zero-energy excitations. In the case per < |wo — Aesr| and
Aegf >~ —wy the third term dominates and the zero-energy
excitations a, and a,y_; with bulk invariant W, = —1 do not
appear in the Hamiltonian, but they define the nonlocal fermion
f = %(az + iarn—1), which is topologically protected [8,9]. In
the case of a semi-infinite chain with a large number of sites
N > 1, we can obtain time evolution of the left end state in
the laboratory frame,

P(t) ~ —i(fre %O — flei% ), (22)

In the case in which pesr < |wo + Aegr| and Aegr =~ wy, the
second term dominates and the Majorana operators a; and
apy do not appear in the Hamiltonian [8]. Similarly to the
previous case, they are combined into a nonlocal fermion f =
%(al + iayy). In this regime, the system possesses the bulk
invariant W, = 1, and the time evolution of the mode localized
at the first site reads

y(t) & fre %0 4 fleite®, (23)

Interestingly, at discrete times ¢t = n7T, the edge states of
Egs. (22) and (23) are given by y(nT) =~ —(—1)"*i(f1 — ff)
and y(nT) = (= 1)"(f1 + flT), respectively.

For a finite chain with N sites, the numerical calculation
explained in Appendix B allows us to obtain the Floquet
Majorana modes

N

W) = Y [un(t) f; + vi(0) 1. 24)

i=1

To compare our analytical results with numerical calculations,
we consider Egs. (22) and (23) for o = 1. In this case, the
quasienergy gap closes at € = +w/2. Therefore, to obtain the
edge states for a chain with N = 60 sites, we numerically
calculate the coefficients u;(¢) and v;(t) for a state with
quasienergy € = +w/2, as we explain in Appendix B. By
assuming a fixed bandwidth 7 = g + wy, we perform the
calculation for the parameters w = 1.57 and py = 0.757.

To verify that Eq. (22) gives us the correct stroboscopic
dynamics for y(nT), we plot the imaginary part of the
coefficients u;(¢) and v;(¢) in Fig. 3(a). One can see that at
discrete times t = nT they are approximately in agreement
with our analytical results. In addition, Fig. 3(b) depicts the real
part of u;(¢) and v;(¢) at discrete times and shows qualitative
agreement with the stroboscopic evolution y(nT) obtained
from Eq. (23). The states spread along the vicinity of the end,
because the solution of Egs. (22) and (23) is only exact in the
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FIG. 3. (Color online) (a,b) Temporal stroboscopic evolution of
the stationary left end state for a finite chain with N = 60 sites.
The color indicates the value of coefficients #; and v; in Eq. (24)
(I corresponding to the left Majorana end mode) for the first five sites.
For a frequency w = 1.57, we have performed numerical calculations
in the case of a driven chemical potential u(t) = o + 5+ cos wt with
o = 0.757. (a) Depicts the evolution for % = 1, being ,7,1(%) <0,
and (b) for £ = 4.5, when J_;(£L) > 0. The stroboscopic dynamic
agrees with the predicted one. (c) Shows the evolution of coefficients
i; and ©; [Eq. (26)]in case ;o = 0.37 and £ = 1 imposing the initial
condition I'(0) = f; at r = 0. The predicted double period electron-
hole oscillations are observed. We consider a fixed bandwidth
T = o + Wo.

limit wo = Ao J-1(8) > o — 5, but the weight of the states
along the chain decreases exponentially.

In a case with end states in the gaps € = 0 and € = w/2,
we require the use of the effective Hamiltonians A"

and I:I,fff’“H. For instance, in the phase with the invariant
(Wp, W) = (1, —1), there are two Majorana end states, one in
each gap,

Veo(t)  f1e7 00 4 fleif0®),

. - (25)
Vees (t) ~ —i(fre "D — fle®),

for parameters w = 1.57, po =0.37, and pu;/w = 1. The
fact that two nondegenerate (in quasienergy) end states are
present in the system generates interferences characteristic of
ac-driven topological systems [17,18]. To see the interference
of states in both gaps, we are interested in the study of the
time evolution of the system for a given initial condition.
According to the approximated Majorana modes, if the initial
excitation is I'(0) = fi, it can be written as I'(0) =~ [y.—o(0) +
i¥e=2(0)]/2. Therefore, the evolved excitation is known to be
() = [Ye=o(t) +iye—2(2)]/2 at all times. At discrete times
t =nT the system exhibits a doubly periodic stroboscopic

;
dynamics T(nT) ~ L[1 +(=1y'T+ L1 - (=1)"]. In Ap-
pendix B, we explain how to obtain the evolved excitation
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after an imposed initial condition, written as

N
L) = Y (@) fi + 50 1. 26)

i=1

We show the predicted doubly periodic oscillations in Fig. 3(c),
where we plot the real part of the numerically obtained
coefficients ii;(¢) and 0;(¢) of I'(¢) in Eq. (26) at discrete times,
for the initial condition I'(0) = f;. These oscillations are due
to the interference of states in both gaps.

IV. DRIVING THE TUNNELING AND BCS PAIRING

In this section, we apply the findings of the preceding
section to study the Kitaev model considering a different
driving protocol, which introduces different phases with more
end states. We consider the Kitaev chain of spinless fermions
f; given in Eq. (1) with a constant chemical potential 1o and
time-periodic tunneling and BCS pairing such that w(r) =
At)y=J@)=Jy+ % coswt. Using the equivalence of the
Kitaev and Ising models and a duality transformation, the
resolution of the problem is straightforward.

After a Jordan-Wigner transformation, this model corre-
sponds to the one-dimensional Ising model in an external
magnetic field,

pox~ . J0) ¢
0
H() = - j§=lﬁ i ]ZZI ojojs (27

which follows directly from the Hamiltonian Eq. (4) with
u(t) = po, J.(t) = J(t), and J,(t) = 0. Under the duality
transformation 07" = u;ju;,, 0f = Hig;ipg [43], we get what
is called the dual Hamiltonian of Eq. (27),

N

N
t
HP(1) = —% S =S . @9
Jj=1 j=1

which is exactly the corresponding Ising model to the system
studied in the preceding section with () — J(¢) and A(¢) =
w(t) — Ko in Eq. (4)—in this case, however, written in terms
of the Pauli matrices u*. This means that the quasienergy
spectrum is the same, and by performing the inverse duality
transformation to the effective Hamiltonians in Eq. (19), we
obtain the effective Hamiltonians for the new driven system
Eq. (27). The effective spin model reads

N N
Ijleff__Jeff oz _ Mo 1+ ﬁ Z j
S= g oo g e K
j=1 -

N
jz Ji x
i 0 IR
=1

where Jois = Jo — % The last term is a three-spins interac-
tion, which in the spinless fermion basis is a second-neighbor
interaction term that will give rise to a new topological phase
with winding number W, = 2.

The phase diagrams for the present configuration are like the
ones found in the previous section (Fig. 2), but with a different
value of the topological invariants. The phase diagram in the

high-frequency regime is shown in Fig. 4(a). It is important to
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FIG. 4. (Color online) Phase diagram for @ > 2t in the case
of u(t) = o, (@) A@) =w)=J@)=Jo+ ]‘ coswt, (b) w(t) =
wo + 3 coswt, and A(r) = Aq. The white reglon is topologically
tr1v1al(W = 0), the light-orange (W = 1) and blue (W = —1) regions
are nontrivial phases with one end state, and the brown region
(W = 2) is a nontrivial phase with two end states.

notice that the trivial region in the static case (J; = 0) becomes
nontrivial in the high-frequency regime. In Fig. 4(a), the bulk
invariant can be tuned from trivial (W, = 0) to nontrivial
(W, = 2), depending on the strength of the driving. In contrast
to this, in the case of a driven chemical potential, the trivial
region remains trivial at high frequency independently of the
strength of the driving.

In the case Jer > o, the chain supports end states given
in Eq. (23), while no end states are present if Jeg < o
and j_a(%) > 0. To study the existence of end states
in the new phase [Je < o and j_a(%) < 0], we write
the second-neighbor interaction term in terms of Majorana
operators [8] azj_1 = f; + ij and ax; = —i(f; — f;) as
Hxiy, jA2j—2a2j41. Therefore, if the chain is semi-infinite,
the Majorana operators a; and a3 will not appear in the
Hamiltonian, being therefore two Majorana end states:

Va(t) fle*i@x(f)_’_ flfei%(l)’

| _ (30)
y(t) = fre™ 0 4 fle® O,

To sum up, we have found an effective Kitaev model with
second-neighbor tunneling and BCS pairing, and, conse-
quently, a topological phase hosting two Majorana end states.

V. DRIVING THE TUNNELING

Finally, and for completeness, we are interested in the
consequences of a driving just of the tunneling term of
the Kitaev model Eq. (1). We consider a constant chemical
potential (9, BCS pairing Ay, and a monochromatic driving
of the tunneling strength w(r) = wo + %' cos wt.

In this section, we obtain a solution in the high-frequency
limit by means of a transformation into the interaction picture
Sy = €0coskoi where 0(1) = %L sin wt. The high-frequency
effective Hamiltonian is

ﬁ,fff = (o — wocosk)af + Agsink Jy (ﬂ cos k) o}
w
3D
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The transition between trivial and nontrivial phases takes place
at ;o = wy. More gap closings are found when Jy( % cosk) =
0 and po — wo cos k = 0. This implies jo(% wio) =0, as long
as o < wo. The high-frequency phase diagram is shown in
Fig. 4(b).

Despite its apparent simplicity, the Bogoliubov Hamilto-
nian Eq. (31) contains a rich physical meaning. The first
term of Eq. (31) is trivial in the sense that it describes the
local term proportional to the chemical potential o and the
tunneling between nearest neighbors with amplitude wy. The
second term, however, generates new features of the BCS
pairing, which arise from effective long-range interactions
in real space. To understand the nature of these interactions
arising in Eq. (31), let us consider the BCS term

A ,
- 2_10 Zsink Jo (% cosk) (=t S — fkaik)‘
k
(32)

Performing the inverse Fourier transformation in order to
obtain the real-space representation is not straightforward due
to the k dependence in the argument of the Bessel function.
However, we can use the expansion of the Bessel function in
power series of its argument,
2m
4

Z“‘ (=D" (w
—F— | =— COS
m!2 \2w
oo 2m 2m
§ § ( 1)m Zm i(m—r
- Wll2 ( ) (r >82( )k’ (33)

m=0
where the binomial theorem was used. After some manipula-
tions, we get

j=1m=0r=0

Jo (zi) =

2m

+ H.c.),

m.r

Conr (f] fla, = 1 fLis
(34)

with coefficients

=D (w " 2m
C’"*’_2<m!)2<ﬂ> <r> 2

This means that V is an effective BCS interaction term with a
neighbors range given by

am,r:2(m_r)+l’

36
by =2(m —7) — 1. (56

Finally, the Hamiltonian in real space can be simplified to

e =20 Z(zf £ —1)——Z(f fio1 +He)

j=1

A N N

-5 Z g)(f] fl, +He), (37
j=11=13
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FIG. 5. (Color online) BCS interaction strength g; as a function
of w;/w for neighbors / = 1,3,5,7,9. Notice that the sign of the

. . . -1
interaction is (—1) 7 .

where the strength of the BCS interaction between [th
neighbors is given by the function g;(w):

[—1 [+1
s =2[p(57) =0 ()
D)= Con-a- (38)
m=0

We show the function g;(w;) in Fig. 5. As expected, for small
w; the first-neighbor interaction is larger. However, as the am-
plitude of the driving increases, the next-neighbor interactions
become important. Since the sign between the first-neighbor
and third-neighbor interaction is opposite (Fig. 5), the winding
number changes sign, as was shown in Fig. 4(b).

In the reciprocal space, the Hamiltonian Eq. (37) reads

N
AT = (1o — wocosk)of + Ao Y gi(wy)sinkl oy, (39)
1=1,3...

which shows how the driving allows us to engineer exotic
phases of matter. Finally, we derive the expression of the long-
range BCS interaction arising in Eq. (37) in terms of Pauli
matrices in real space. This allows us to obtain the effective
spin model,

N N
eff MO x Wo 7,7z y_y
H™ = > E o; 1 E (oj0j+1+0jaj+1)
j=l1 j=I1
N N
Ay
_ -V IAqX < SV AgX LY
2 E E g/(wl)(oijJUjH ajMNajH),
j=11=1,3,...

(40)

where M} = o', - - - 0/, _,. Long-range spin interactions are
generated by means of the ac driving of the tunneling, which
in the spin basis corresponds to a time-periodic anisotropy
between the Z and Y directions [see Eq. (4)].

The Kitaev chain is a simple model that considers spinless
fermions. A physical realization of this model is a one-
dimensional wire with Rashba spin-orbit interaction, Zee-
man splitting, and proximity-induced s-wave superconduc-
tivity [29]. In this realization, the periodic variation of the
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chemical potential in the wire is possible by means of an
alternating gate voltage applied to the substrate, as suggested
in [33]. Another proposed realization of the Kitaev chain
consists in using semiconductor quantum dots coupled to
superconducting grains [49]. In this setup, the access to
the other parameters is more suitable because the relations
between the experimental and effective parameters are more
simple [50]. The advantage of our analytical approach is that
it allows us to easily predict the TQPTs at any frequency
regime, i.e., not only in the high-frequency regime but also at
intermediate and low frequencies. Our approach allows for a
comparison with future experiments performed in a full range
of frequency regimes of the external driving, as long as we
restrict ourselves to the studied convergence regions.

VI. CONCLUSIONS

We have discussed the nonequilibrium TQPTSs in the Kitaev
model with three different driving protocols. In all the cases,
we focus on the effect of monochromatic control of the
parameters, which is a realistic driving. By means of rotations
of frame, we get a completely analytical description of the
topological phase diagram in a wide range of frequencies
for some values of the parameters. Moreover, we are able
to provide an approximated wave function of the Majorana
end states.

The equivalence between the Kitaev model and the Ising
model allows us to use a simple duality transformation to relate
the previous results with the resolution of a Kitaev chain whose
tunneling and BCS parameters are varied in time harmonically.
In this case, new features are found, such as the appearance of
two Majorana end states at high frequency.

Finally, by only driving the tunneling, very interesting
effective models with long-range superconductivity arise.
Our analysis addressing three different ways of driving with
harmonic time-dependent potentials gives a full picture of the
consequences of the topological phases at arbitrary frequen-
cies. It allows us to design the most efficient way to search
signatures of Floquet Majorana fermions by appropriated drive
of the system. Moreover, we briefly explain the equivalence
of these properties in the spin chain basis, emphasizing the
novelties detected.
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APPENDIX A: EXPLICIT DESCRIPTION OF THE
COMBINATION OF FRAMES

In this Appendix, we discuss the phase diagram of Fig. 2
for w = 1.57. We analyze in more detail the origin of each
TQPT and calculate the critical lines numerically in order
to check the validity of our approximated method used in
Sec. III. In Fig. 6(a), the critical lines corresponding to the 0
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FIG. 6. (Color online) Phase diagram for w = 1.57 in the case of
adriven chemical potential. The dark lines show the closings of (a) the
0 gap, (b) the 5 gap, and (c) both gaps. The whole topological phase
diagram is given by (c), which agrees perfectly with the analytical
result in Fig. 2.

gap of quasienergies are shown, while the critical lines of the
 gap are represented in Fig. 6(b). The dark lines indicate the
occurrence of TQPTs. The combination of both gaps provides
the whole topological phase diagram depicted in Fig. 6(c).
By means of the method developed in the main text, we
are able to explain the different phases present in this phase
diagram. In the regime vt < w < 27 and for any value of %,
the convergence condition of Eq. (11) for I:I,f‘zl(t) can be
reduced to g > 0.57. On the other hand, the trivial-nontrivial
transition occurs at jto — 5 = wo, which implies io = 5 + .
By fixing the frequency, @ = 1.57, we predict TQPTs at zeros
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|
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FIG. 7. (Color online) Phase diagram for v = 0.97 in the case of
a driven chemical potential. The dark lines show the closings of (a)
the O gap, (b) the % gap, and (c) both gaps. The diagram (c) in the
right part is the same as the diagram for w = 1.5t but changing the
zeros of J, by zeros of 7} and the zeros of 7} by zeros of 7, (t = 1).
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of the Bessel function Jl(%), which occur at values % €
{3.8,7.0,10.2, ...}, in the regime 0.57 < py < 0.875t shown
in Fig. 6(b). For smaller values of jo, we need to use H2=(t)
and I:I,f‘zl(t), as we explained in Sec. II, and consequently we
predict TQPTs at zeros of Jo(£!) and J;(£) as in Fig. 6(c).

‘We show also in Fig. 7 the same calculation for v = 0.97, in
order to see that for large values of 1 the analytical approach
is useful. For %t < w < 7, the Magnus series of ﬁ,fzz(t)
converges if 1o > 7 + 5. For @ = 0.97, this value is po >
0.7257. On the other hand, the trivial-nontrivial transition
occurs at (o — @ = wy. This means py = % + % =0.957.
Then, for values 0.7257 < puop < 0.957, the phase diagram
shows TQPTSs at zeros of %(%), which appear at values
% € {5.1,8.4,11.6, ...}, as is shown in Fig. 7(c). For smaller
values of wg, we predict TQPTs at zeros of %(%) and
T (%). However, for even smaller values of (i, our analytical
approach is not valid anymore and the phase diagram is more
complex.

APPENDIX B: NUMERICAL CALCULATION
OF TEMPORAL EVOLUTION

In this Appendix, we want to give more details about the
numerical calculation of the temporal evolution shown in
Fig. 3. Following the seminal paper of Kitaev [8], one can
write the Hamiltonian Eq. (1) as a quadratic form in terms of
the Majorana operators a,; and as;_1,

. 2N
H@) = 2 ) iy (v, B1)
Lr

where M (t) is a time-periodic real antisymmetric matrix. Mo-
tivated by a previous work [35], we calculate the Heisenberg
equations of motion for the Majorana operators,

2N

= i[H()a)] =) My(t)a.(t).

r=1

day(t)
dt

(B2)

Following Refs. [8,35], we construct the column vector A =

(a1,az, . ..,ay)", which allows us to write Eq. (B2) as follows:
dA(t
df ) = M(@)A(t). (B3)

Now we can build the evolution operator such that
U(t,0)A(0) = A(¢). Invoking Floquet theory [44], we look for
Floquet states of the form W;(¢) = e~ Y,(t) with Floquet
modes Y,;(¢) = Y,(t 4+ T) satisfying the eigenvalue equation
U(T,0)Y;(0) = e T Y;(0). Our aim is to obtain the Ma-
jorana field operators corresponding to the end state with
quasienergies ¢, = 0, £ 3. In so doing, we just need to find the
corresponding Y(¢) such that U(T,0)Y;(0) = Y;(0) for the
€7 = 0 gap, and U(T,0)Y(0) = eT ™ Y;(0) for the ¢; = +9
gap. These Majorana field operators can be written in terms of
complex fermions,

N
Vi6) = Y Tuip () fr + vi (O £,

r=1

(B4)
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In the main text, for simplicity, we have dropped the index / in
the definition of the Majorana mode of Eq. (B4). The coeffi-
cients u;(¢) and v; (¢) are shown in Figs. 3(a) and 3(b) for differ-
ent cases, and they are in agreement with the predicted ones.
Given an initial condition T'(0) = f; = [a;(0) + ia,(0)],
the evolution is known to be I'(t) = [a;(¢) + iax(t)], written

PHYSICAL REVIEW B 90, 205127 (2014)

in a general form as

N

L@ =Y a0 fr + 0,0 f]]. (BS)

r=1
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