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The effect of the modulation of a high-frequency ac magnetic field parallel to the dc one (longitudinal
pumping) by the lower-frequency ac field acting on quantum spin systems is considered for closed and open
systems. For most magnetically ordered spin systems, the modulation causes the oscillation of the threshold of
the parametric instability of spin waves as a function of the amplitude and the frequency of the modulation.
On the other hand, our results for quantum spin systems with fermionic eigenstates imply that the modulating
field causes the combined resonance and the modulation of the magnitude of time-dependent oscillations of the
magnetization and the absorbed by the system power of the ac field for the closed system and for the open system

in the dynamical and the steady-state regimes.
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I. INTRODUCTION

During recent years the interest in the dynamics of quan-
tum systems has grown considerably. Quantum many-body
systems out of equilibrium usually do not follow the general
principles of equilibrium systems. Standard ensembles of sta-
tistical mechanics use, as a rule, only few conserved values of
the dynamical system and basically describe the behavior after
relaxation. Instead, the time evolution of quantum-mechanical
expectation values depends on time through a large number
of parameters of the considered quantum many-body system.
Studies of nonequilibrium dynamics of quantum many-body
models are necessary for the fundamental understanding of
how statistical physics emerges under the unitary time evolu-
tion. Such studies can inform us about the rates of spreading
of correlations and entanglement in quantum many-body sys-
tems. Fundamental problems related to such time evolution
include (but are not limited to), quantum quenches, equili-
bration, thermalization [1], prethermalization [2] in closed
systems, generalized Gibbs ensemble [3], periodically driven
quantum systems, dynamical quantum phase transitions [4],
and the effect of damping on the quantum coherence in open
systems.

Periodic changes of some parameters of a quantum system
lead to a unitary time evolution, and the final (long time) state
strongly depends on the type of system. Probably, the prime
example of such a time evolution under the periodic driving
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is the use of the Floquet theorem [5] for many-body quantum
systems [6]. Notice that, for studies of quantum condensed-
matter many-body systems, powerful experimental techniques
have been developed recently, including the ultrafast THz
pulse technique [7], and experiments in pulsed fields [8].
On the other hand, studies of the time evolution of many-
body systems out of equilibrium are also very important in
the context of experiments on ultracold atoms, trapped ions,
or superconducting qubits in quantum computers [9]. Such
synthetic quantum many-body systems can serve as a very
good testing ground for the exploration of nonequilibrium
dynamics, because the coherence there is maintained for much
longer times than for usual condensed matter.

Unlike higher-dimensional models, their low-dimensional
quantum spin counterparts permit us to obtain exact (non-
perturbative) results [10]. The necessity of nonperturbative
studies in one-dimensional quantum systems is caused by
the enhanced quantum and thermal fluctuations there, due
to the features in the density of states [11]. It is known
that the one-dimensional quantum spin models can describe
not only real one-dimensional spin systems [12], but also
topological superconductors [13,14] and ultracold atoms in
one-dimensional optical traps [15]. Low-dimensional quan-
tum spin models often reveal properties of quantum spin
liquids. In the latter the magnetic order is suppressed down
to the lowest temperatures due to the frustration of spin-
spin interactions and/or enhanced quantum fluctuations in
low-dimensional systems [16]. In many quantum spin liquids
emergent magnetic excitations are fermions (as a rule they
carry fractionalized spin), instead of magnons (bosons, which
carry spin 1) for ordered magnetic systems. Notice that while
bosons have their classical counterparts, fermions, instead,
have a totally quantum nature.

Modulation of the periodic driving in quantum many-body
systems can provide additional very important information
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about the nature of the time evolution of such a system out
of equilibrium for both closed systems, where only dynamical
processes emerge, and in open systems, where the damping
is caused by the processes, which take the energy from the
considered system. In this paper we study the effect of the
modulation of a high-frequency ac magnetic field parallel to
the dc one (the so-called longitudinal pumping) by the lower-
frequency ac field, acting on quantum systems. We show
that the modulating field produces the combined resonance
at the frequency of the pumping and (several) frequencies
of the modulating field, together with the modulation of
characteristics of the considered systems as a function of the
magnitude and the frequency of the modulating field. For most
of magnetically ordered spin systems, the modulation of the
longitudinal pumping yields the oscillation of the threshold
of the parametric instability of spin waves as a function
of the amplitude and the frequency of the modulation. For
quantum spin systems with fermionic eigenstates, which carry
fractional spin (characteristic for the wide class of quantum
spin liquids), the modulating field causes the modulation of
the time-dependent oscillations of the magnetization and the
absorbtion by the system power of the ac field, unlike the
exponential growth of the number of spin waves for magneti-
cally ordered systems. Two main examples of the considered
quantum spin systems are spin-1/2 chains and the honeycomb
Kitaev spin model (in the ground state). We have shown
that the magnetic moment for the closed system oscillates
in time with the combined frequency of the pumping and
n frequencies of the modulation, and the smaller Rabi-like
frequency. Similar behavior persists in the dynamical regime
of the open system. On the other hand, in the steady-state
regime of the open system, the Rabi-like oscillations are
damped. Magnitudes of all those time-dependent oscillations
are modulated by the modulation ac field. The power of the
ac field, absorbed by the quantum system, also oscillates as a
function of the magnitude and the frequency of the modulating
field.

II. MODULATION OF THE LONGITUDINAL PUMPING
BY THE LOWER-FREQUENCY FIELD

Let us start the consideration of the problem with the
Hamiltonian of the quantum spin system,

Ho=— > (SIS + 1, S!S) + J.SiS3%) — gusH S5,
ij i

ey

where J,, J, and J;, are exchange integrals, and S7, S}Y, and S;
are operators of x, y, z projectors of the quantum spins situated
at the sites j, g is the g factor, up is the Bohr magneton,
and H is the external dc magnetic field. Formally we can use
any lattice and any values of i and j; however, in reality the
exchange interaction is often limited by the nearest-neighbor
coupling. Let us act on the considered spin system by the ac
magnetic field polarized linearly, with the polarization parallel
to the direction of the dc field (so-called longitudinal pump-
ing). Suppose also, that the high-frequency ac magnetic field
is modulated by the low-frequency field. The Hamiltonian of

the considered system becomes H = Hy + H,, where

M, = —gush(t) ) S
7

—guplhcos (@) + hycos (0] Y S5, (2)

J

where w and h are the frequency and the magnitude of the
longitudinal pumping with fiw ~ J, , ., gugH . In the standard
situation in experiments, the magnitude of the pumping is
much smaller than the frequency, gugh < hw. Q and h,, are
the frequency and the magnitude of the modulating rf mag-
netic field. For standard spin systems the resonance frequency
of the ac field is usually from several GHz to several THz,
i.e., it is in the radio frequency range, or in the infrared or
far-infrared range. The frequency of the modulating field in
experiments is much smaller than that of the longitudinal
pumping Q < o, i.e., it is the rf field. In our consideration
we do not use such a strong inequality for the value of the
modulation frequency, considering only 2 < w.

A. Dynamics and Kinetics of quantum closed and open systems

To describe the dynamics of our quantum system we can
find the solution of the nonstationary Schrédinger equation
for the wave function for the pure system (or the Liouville
equation for the density matrix for the mixed system), and
then average the considered operator with the obtained time-
dependent wave function or density matrix. The Liouville
equation for density matrix p has the form

ihp =M, pl, 3

where [.,.] denotes the commutator. In the pure state the
Schrddinger equation for the pure state wave function is used.
Such a behavior is characteristic for a closed system (for the
pure system).

As a rule, however, the spin system is not isolated. There
exist processes, which take the energy from the system, i.e.,
relaxation processes. The reason for the relaxation of the
density matrix is the interaction of the considered system with
some environment; such an interaction takes energy from the
system. In that case the considered system is the open one. For
the studied quantum spin system the lattice (i.e., the elastic
subsystem of the crystal) can serve as such an environment.
The dynamics of the density matrix of the open system for
general Markovian processes is described by the Lindblad
master equation [17] (here we write it in the diagonal form)

N2—1

. . 1
ihp=[H,pl+i)_ v (.c,-pc} +51L]L5, p}), )

j=1

where N is the dimension of the system, {.,.} denotes the
anticommutator, and the orthonormal and traceless operators
L ; are the Lindblad (jump) operators. For y; = 0 the Lindblad
equation is, obviously, the Liouville equation. In the model of
random collisions [18], one can write the Lindblad operators

as L; = ,/(po)jjlj){j'l, and suppose that all y; are equal,
which yields

ifp =[H, pl + iky(po — p). 5
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Such a form of the master equation was first suggested by
Karplus and Schwinger [19]. It was used to describe the
relaxation processes of quantum systems under the action of
the ac electromagnetic field. It describes the interaction of the
considered system with the bath, with the relaxation of the
density matrix to pg in the steady state.

The approximation used implies equal relaxation times
for all eigenmodes of the system. It is equivalent to the
Bloch form of relaxation in the theory of the nuclear mag-
netic resonance [20]. Two relaxation times as in the Bloch
approach can be easily introduced in the above scheme by
using different relaxation rates for diagonal and nondiagonal
components of the density matrix. One can also generalize
the approach using, e.g., Torrey’s phenomenological theory
[21], which adds diffusion processes to the Bloch equations.
It is possible to show that the effect of the linear relaxation
in the Bloch form is similar to the effect of the relaxation in
the Landau-Lifshitz form for magnetic systems [22]. Here we
are interested mostly in the homogeneous response and can
neglect the spatial dependence of relaxation. The substitution

o' = pexp(yt) yields
ihp' =M, p'l + iy poexp (y1). (6)

Naturally, it is possible to use other forms of the Lindblad
operators. However, the choice of those jump operators is not
very essential for the goal of the present study: the effect of
the modulation of the parametric pumping. Different forms of
those operators can, in principle, yield results different from
the obtained (see below) results. However, we believe that
the Bloch-Karplus-Schwinger-like form of the relaxation is
generic for spin systems under periodic time-dependent per-
turbations, and our results describe the generic situation with
the modulation of the parametric pumping in the considered
systems.

B. Effective Hamiltonian

Then let us transfer the explicit time dependence of the
Hamiltonian to the exchange-caused terms by the unitary
transformation p’ = U, p; Ul_l with

Ui

.8MUB 7
exp IT/h(l‘)dtZSj ,
J
[H1, p1] + iy U; ' poUy exp (y1),
Jx+Jy + o—
H] == —Z|:<Tsl Sj
ij

I —J, 2
+ = exp [i% f h(t)dti| S+t

ihpy

+H.c.) + JszSE} — gusH Y _ s, @)
J

where Sf =5+ iij . Such a situation is known as the para-
metric pumping (the parameters of the Hamiltonian depend
periodically on time).

Then we can use the standard series

o]

exp [izsin ()] = Y Ju(z) exp (inwt), )

n=—0oo

where J,(z) is the Bessel function. For gugh < ho we
can approximate Jo(2guph/hw)~ 1 and J,(2gugh/hw) ~
(2guph/hw). Then the time dependence can be approximated

as
2 2gugh

exp | i gMB/h(t)dt ~ T+ et

h hw

x Y Ju(x)exp (inQt), (9)

n=—0o

sin (wt )j|

where z = 2gugh,,/h2. Now taking into account that
giph < liw we keep in H; only the terms which do not
depend on & and the linear in gugh/hw terms, see below.
Notice that all above procedures can be applied to the spin
system of any space dimension and of any value of the site
spin S. These results can be obviously generalized to spin-spin
interactions of any radius.

C. Quantum systems with bosonic excitations

Now our aim is to diagonalize the part of ; which does
not depend on A. It is impossible in general to study the
modulated parametric pumping for the general quantum spin
system. The standard way to study its low-energy dynamics is
the spin-wave approximation. We can use, e.g., the Holstein-
Primakoff representation of spin operators via bosonic ones
[23]. The operators of spin projections can be approximately
presented as

$i=S—blb;, ST ~~2Sb;, S;~25bl, (10)

with b; and b} being bosonic operators of destruction and
creation. After the Fourier and Bogolyubov transformations,
the Hamiltonian H; (up to a constant term) takes the form

nph
Hi~ Y (ekc.tck + ghf) PBRAC!

k n=—00

X [Bie @D ey e+ H.c.]), (1)

{lgugH + 25J. — S(x+Jy)cos(k)]* —
|BiJo(2)|?}!/? is the energy of a magnon, ¢y and cli destroys
or creates the magnon, and By = —iS(J, — J,) sink [here the
intersite distances are supposed to be unity, and we use the
shorthand notation f(k) = f(ky, ky, k;)]. The condition of the
resonance 2ex = h(w + n2) is determined by the smallness
of the magnitude h, guph < hiw. We drop the terms like
{exp[—iw 4+ nQ2)t]ckc—k + H.c.}, using so-called resonance
approximation [24]. It means that we consider exactly terms,
explicitly dependent on time, which produce the nonzero
contribution to the linear response. The remaining terms
with an explicit time dependence can be omitted due to the
smallness of the magnitude of the ac magnetic field % (their
contribution can be, in principle, calculated in the framework
of the perturbation theory).

where ¢, =
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The same result, i.e., Eq. (11), can be obtained within the
macroscopic approach for the magnetically ordered system
by using the spin-wave approximation [25]. Namely, suppose
that the considered spin system is magnetically ordered. For
the magnetically ordered system we can approximately re-
place the operators of spin projections in Eq. (25) by their
average values. It means that the quantum spins are replaced
by the classical vectors of the site magnetic moments (due
to the magnetic ordering), and the quantum Hamiltonian is
replaced by the classical density of energy. Then, dynamics
of the classical vectors of the magnetic moments (i.e., of
the order parameters of the magnetically ordered system) is
described by the Landau-Lifshitz equation of motion. There,
magnetic moments move in the effective field, which is the
variation of the density of the energy with respect to related
magnetic moments. This approach is equivalent to the use
of the mean-field approximation in quantum mechanics [26].
Suppose that, due to gugH > SJ;, SJ,, SJ; the site mag-
netic moments of the considered ordered magnetic system
are directed mostly along the z axis. Then we can consider
small deviations of magnetic moments (i.e., spin waves) and
linearize the obtained equations of motion for those small
deviations. The density of the energy, bilinear in such small
deviations, can be diagonalized by the Fourier transform and
the unitary transformation. Spin waves behave like bosons.
They are often considered to be equivalent to magnons in
magnetically ordered systems. For classical vectors of mag-
netic moments in magnetically ordered systems the number of
states of their projections is infinite, unlike the finite number
for a quantum spin. It is the reason why magnons in the
magnetically ordered systems behave as bosons. Finally, using
the resonance approximation, we get the density of the energy
of spin waves in the same form as Eq. (11).

Now we use the unitary transformation U, = exp{[—i(w +
nQ)t/21) ", c}:ck}, with p; = UspoU; !, which yields

ihpy = [Ha, pa] + iliy Uy 'U ' poUyUs exp (),

T [CARCESEO W

Kk
h

+ g::; ;Jn(Z)(Bkckcfk + H.C~):|~ (12)

There can be several values of n = 0, £1, £2, ... for which

the value 7%i(w + n€2)/2 is inside the band of magnons €;. H,
is the quadratic form of Bose operators. It follows from the
equations of motion for ¢k and cT_k that the increment (decre-

ment) of the time dependence of the cx and cik (and, hence,
of the average with the density matrix or with the ground-state
wave function at 7 = 0 of the number of magnons (Clck))
depends on whether the value —{gy — [/i(w + n2)/2]}* +
|gshBiJ,(z)/hw|* is larger (smaller) than (%iy)?. In reso-
nance we can neglect the term {gx — [/i(w + n2)/2]}>. Then
for any y there exists the threshold value of the magnitude of
the ac field &.: For the magnitude of the ac field larger than that
threshold value, & > h., the number of magnons in the system
grows with time exponentially (and the linear relaxation cannot
limit such a growth). Such a parametric instability [25] is
observed in many magnetic systems [27]. The threshold value

of the field is [28]
€x

he = heo [max,|J,(2)17", (13)

€klz—0
where A is the threshold value in the absence of the modulat-
ing field, at h,, = 0. We see that the threshold value oscillates
as a function of h,,/2. The maximum values of k. as a
function of the modulation frequency and/or magnitude are
determined by |J,,(z)| = |J,+1(2)|, and the condition for min-
imum values is J,(z) = 0. Such oscillations of the threshold
of the parametric instability under the modulated longitudinal
pumping were observed in magnetically ordered systems [29].

D. Quantum spin systems with fermionic eigenstates

From now on we limit our consideration by the low-
dimensional quantum spin systems with site spins § = 1/2,
for which we can use the fermionic representation of spin
operators, unlike the bosonic one in the Holstein-Primakoff
or quasiclassical approximation used above. For example,
for the spin-1/2 chain with nearest-neighbor interactions af-
ter the well-known Jordan-Wigner transformation [30], and
the Fourier transformation, the time-independent part of the
Hamiltonian H; can be written as

N(J; +2gupH)
4

Je +
H—
# 3 ot =5
Jx - Jv .
+i 2 = sin (k)Jo(z)(d_rdy — H.c.)i|

_JJVZZ

ki +ho =k +ks

Hiing = —

Jy T
cos (k) + J; |d, di

cos (ki — ky)d| d} di,di,.  (14)

where the fermion operators dj (d,j ) destroy (create) the
spinless fermion with the quasimomentum k, and N is the
number of sites in the chain (the interspace distance is taken
to be unity). Remember that we consider the magnitude of
the pumping field to be much smaller than the exchange con-
stants, gugh < Jy, Jy, J;. Hence we can take into account the
interaction between fermions in the dynamical mean-field-like
approximation; see, e.g., Ref. [31]. Notice that for J, = 0 the
fermion form of the Hamiltonian (14) is exact. It corresponds
to the XY spin chain or, in our particular case, to the transverse
field Ising chain.

In the main approximation with respect to the small param-
eter guph/hicw we will not take into account the pumping field
h in the self-consistency equations. Our answers, see below,
imply that the results (the change of the magnetic moment
due to the ac field and the absorbed power of the ac field)
even in the main (zero) approximation in the self-consistency
equations, are already proportional to that small parameter, or
the square of it. Hence, the next order in gup/fiw in the self-
consistency equations will produce only small in gugh/hw
corrections to the obtained results.

Let us introduce the parameters

§ = <S/) r= 2<S§S;€+1 + S?‘S_);-&-l)’
g =2(siS%,, — SIS, (15)
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which satisfy the self-consistency equations

1 Ak Ek
s = — — tanh ,
2N &k 2kpT

1 Ay cos (k) &k
= S anh [ E ),
r=-y 2 . (Zk T)

T B
i By sin (k)Jy(2) &k
= —— ————— " tanh , 16
T=7N Xk: & <2kBT) (16)
where
Je+J,
Ay = gupH + 2sJ, — < —; y_ rJZ> cos (k),

. -,x_-lv .
B, = —i 3 = + qJ, ) sin (k),

ec = /A2 + IBUPR ). (17)

In Eq. (17), T is the temperature, kg is the Boltzmann
constant, and brackets denote the Gibbs averaging with the
Hamiltonian H g ~ Zk 8ka;£ak + C, where the fermion op-
erators aj (a,t) are destruction (creation) operators, in which
H 1ing is diagonal in the dynamical mean-field-like approxima-
tion, and C is the operator-independent value. Then the Hamil-
tonian H; can be written in the resonance approximation as

gish
H, =~ Z |:8ka;£ak + lgh:) Z Ju(2)

k n=—00

X (Bra—_yai exp [i(w + nQ)t] — H.c.):|. (18)

Here Ay, By, and g, are determined from Egs. (17) via the
solution of self-consistency equations (16). In the general case
of nonzero J,, Jy, J; we can solve Egs. (16) analytically, e.g.,
for high temperatures kg7 >> max(g;). The solution is

o= gusH ’
4kgT — 2J,
A Je +Jy ~ (Jx — Iy)Jo(2)
4kgT +J.° 4kgT —J,
Ap gMBH<1 + 2kJ;T>
B (Jx + Jy) cos (k) <l 3 i)
2 ksT )’

Bk"i"/—

.(Jx = Jy)sin (k)Jo(z) J,
! 2 <1 + 4kBT)’ (19)

where J, < kgT. However, more interesting is to study
the low-temperature regime, in which correlations of the
one-dimensional spin system can manifest themselves.
Unfortunately, even in the ground state the solution of
Egs. (16) is complicated (it can be presented as the com-
bination of elliptic integrals). However, the simple solution,
as we will show below, reveals some main features of exact
results for spin-1/2 chains, at least in the ground state. We can
consider the case H = 0 (with s = 0), in which the following

relation holds
(Jx — Jy)JO(Z)
2

These relations mean that (r+ g)J, = J;[1 — Jo(2)]/2 +
Jy[1 4+ Jo(2)]/2 for the plus sign, and (r —q)J; = J,[1 +
Jo(2)1/2 + Jy[1 — Jo(2)]/2 for the minus sign. The self-
consistency equations are simplified to

1 Je+J, F2rJ
Fetg=~tanh (22 TEY oo
2 4kgT

with g = r for the plus sign, and ¢ = —r for the minus sign.
The transcendental equations (21) can be solved graphically,
and the solution exists for any temperature range. It is easy
to show that the solution leads to the onset of a critical tem-
perature, below which the magnetic ordering can take place.
It is, of course, the artifact of the mean-field nature of the
dynamical mean-field-like consideration. The critical nonzero
temperature must not exist for a one-dimensional spin system
with the nearest-neighbor interactions with gapless excitations
[11]. Here, on the other hand, excitations are gapped. We
know that the Ising chain and the XY chain reveal ordering
in the ground state [32]. For T = 0 the simple solution of the
self-consistency equation (21) corresponds to r =g = 1/2,
or r =—q=1/2, related to J, = J[1 — Jo(2)]/2 4+ Jy[1 +
Jo(2)1/2, or J; = Ji[1 + Jo(2)]/2 + Jy[1 — Jo(2)]/2. The so-
lution manifests the spin ordering for x (y), components of
spins at T = 0, expected [32] for J, # J,. Such an ordering
is similar to those of the Ising or XY chains [32]. Notice,
however, that mean field features of the used dynamical
approximation imply mean-field values of correlation expo-
nents. The renormalization of those exponents can be taken
into account, e.g., in the bosonization approach [33]. The main
features of the above shown results will be kept, though.

We can also consider the S = 1/2 honeycomb Kitaev
model [34] for the case H = 0. We rewrite the time-
independent part of the Hamiltonian #; exactly by using
the transformation to fermion operators of creation and de-
struction df and d (for our purpose it is convenient to use
the Dirac representation for fermion operators). It is the
two-dimensional generalization [35,36] of the Jordan-Wigner
transformation [30]. To represent spin operators with spinless
fermion operators we can use [35]

SII = d;'[,z exp Z didei,k + ZdiT,di,z ,

i,k<j i<l

T+
+ql. = :l:% Frl.. (20)

$3, =dldj—1/2,
So =t (22)

Here the indexes j, [ denote the column and row of the brick
lattice equivalent to the honeycomb lattice [35]. For each pair
of Dirac fermion operators d and d! two Majorana fermion
operators a and f can be defined as a;; = i(d;r ;= d} ;) and
fii= dJTl +dj; when j+1[ is even, and a;; = d}l +dj;
and f;; = i(djTJ —d;;) when j+1 is odd. It turns out that
the values o; = if;;fj;+1 defined on each vertical bond are
conserved [34,35]. The Hamiltonian 7, can be written (using
more convenient enumeration of bonds instead of columns
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and rows) as the Hamiltonian of the Fermi gas on the brick
lattice with the site-dependent chemical potential

= Z[Jx(d} +d)dl,; —djz) +

x (d] +d;)d]

T —djss) + 20.0;(2d1d; — 1),

(23)

where j stands for the position of the z bond, § connects two
z bonds, and crosses a y bond (similar definition holds for
%), aj = £1 (a; commutes with d; and dT for any j and
j)). Notice that similar result (with dlfferent notations) was
obtained in the original paper [34], i.e., the result does not
depend on the numeration, as must be. This transformation is
exact, and it is valid for any J, J;, J;. In the sectors with fixed
a; the diagonal form of the Kitaev model can be obtained
after the Fourier and Bogolyubov transformations. Performing
similar calculations for the time-independent part of H;, we
see that it has the BCS-like form with the energy

ek = \/Af + |Bk|2J5 (2), (24)

where Ay = +J; + J; cos k, + Jy cos ky and By = i[J, sink, +
Jy sinky]. The spectrum is gapless for e =Sl < <+
Jy, and gapped otherwise.

We see that, formally (up to the definition of the wave
vector; from now on we denote k — k for simplicity), the
Hamiltonian H, is written in the same form for the quantum
spin chain and for the Kitaev honeycomb spin model (notice
the Z, field o; present in the latter). Then the Hamiltonian H,
can be written in terms of normal modes of the Hamiltonian
Hiind, cf. [37],

gsh
H, ~ Z <8ka}:ak +i cmlj)

k

Zjn(Z)
X {Bra_ray exp [i(w + nQ)t] — H.c.}). (25)

Notice that the pumping term related to the operator Z S“
can change homogeneously the sign of «; of the 0r1g1nal
Hamiltonian [37].

Here we have also used the resonance approximation, i.e.,
we have considered exactly only terms explicitly dependent
on time and which produce the nonzero contribution to the
linear response (25). When doing so we fixed the value of n by
the resonance condition 2¢; = h(w + n<2). We have dropped
the terms like a_gag exp[—i(w + n€2)t], because their con-
tribution is smaller than the kept ones. We see that the
modulation of the longitudinal pumping yields the combined
resonance, in each elementary process of which two energies
of the elementary excitation of the quantum spin model are
equal to the energy of the photon of the pumping plus the
energy of n photons of the modulating rf field.

Now we can use the unitary transformation p; =

UrpoU;™! with U = exp{—il(o 4+ n)1/2] Y, ala}, which

yields
ihpy = [Ha, p2] + iliyUy ' U poUrUs exp (yt),

Hz — Z([sk — M}azak
k

hByJ,
_HZgMB Cl; (2)

[a_ra; — H.c.]). (26)

The unitary transformation U, is used to remove the ex-
plicit time dependence from the Hamiltonian: It is equivalent
to the transfer to the rotating frame and standard for the
consideration of the time-dependent periodic permutations
in spin systems, analogous to the Floquet case. There can
be several values of n = 0, £1, £2, ... for which the value
h(w+ n2)/2 is inside the band of &;. The choice of n
is, therefore, determined by that resonance condition in the
framework of the resonance approximation used.

Finally, we can diagonalize the Hamiltonian H, by using
the Bogolyubov transformation, and then use the unitary
transformation p, = U3,00U\_1, where U; = exp(—%Hzt).
The solution for the time dependence of the density matrix
can be presented in the form

p = V(t)poV ' (t)exp (—yt), -

<y,
0 !

p = Vi) / 'V poV (e OV (),
—00

t> 9y (27)

where V (x) = U;(x)U,(x)Us(x). The dynamics of the closed
system for y = 0, or the open system in the dynamical regime
t € y~! is determined by the first line of Eq. (27), while
the second line defines the steady-state regime (for the open
system) at ¢t > y .

II1. RESULTS FOR SPIN SYSTEMS WITH
FERMIONIC EIGENSTATES

Let us calculate the magnetization per site of the system
caused by the modulated ac magnetic field. For the Kitaev
model we limit ourselves to the ground state, which is fixed
by the sector with all a; = —1 [34,36,38]. It is related to the
positive sign in front of J; in A;. The homogeneous change of
the sign of «; due to the pumping can produce the negative
sign of J, (homogeneously). In the following we consider
the response of the system to the pumping for the fixed sign
of J,. Obviously, in the zero-temperature limit the density
matrix pg is reduced to the ground-state wave function. To
calculate the ac field-induced magnetization of the Kitaev
system, we use the following relation [37]: For spin operators
in the neighboring sites j and j' of the lattice it is easy

to show that (1/2)(S; + 87) = 2(\/2 4+ 2a; + 2(\/2 — 20 —
V2 + 20 )dITd ;. The proof of the relation uses the definition
of spin operators and properties of the fermionic Majorana
and Dirac operators.

Assume that the density matrix relaxes to the state
po, which is the Gibbs distribution with Hijg [19].
Let us define AM®=M*— M§, where M{ = (1/2N)
>, tanh(ey/2kpT )(Ay/€i) is the value of the magnetization
per site for h=h, =0, N is the number of sites,

174408-6



MODULATION OF THE LONGITUDINAL PUMPING IN ...

PHYSICAL REVIEW B 101, 174408 (2020)

AM* = ZnM(") exp(—yt) in the dynamical regime, and
AM? =" M in the steady-state regime, where the sum
is over all possible n, for which the resonance condition
A(w + n2) = 2¢; holds.

We get
Zn,(2)J?
Mz(in) _ & ughd,(2)J5(2) Ztanh &k
Nhw P 2kpgT
Bi|? 2 hAJ,
| 1;| {[1 _ cos (Zth)]|:— guphAJ,(z)
Skh Q% hw
h Q
+ <8k — %) cos[(w + nQ)t]i|
+ €y sin (22;1) sin [(w + nQ)t] } . (28)
We use the notation 5y = {[gx — fi(w +nQ)/2]* +

(2gph/hw)?|Bi|*J?(2)}V/%. In the steady-state regime
we obtain

4¢* ught, (2)J3
Mo = U J(Z)JO(Z)Ztanh( & )
@ k

NTi 2kpT
| By |* { [—ZgMBhJo(Z)Ak
X
e[ + (v /2)] hiw

+ <8k — w) cos [(w + nQ)t]]

+ %y sin [(@ + nS2)r] } (29)

In both Egs. (28) and (29) for the Kitaev honeycomb model
we limit ourselves with the ground state, thus we replace

Ek Ek

tanh — —. (30)
2kpT el

J

Ek
tanh
an <2kBT

In the thermodynamic limit N — oo we replace N™!' >, —
7' [ dk in the case of the spin chain, and N™')", —
@r*)~ [ dke [7_dk, for the two-dimensional Kitaev
model. For the closed case we can use the expression for the
dynamical regime, with y = 0.

We see that, in the dynamical regime ¢ < y !, the mag-
netization of the quantum spin system oscillates with the fre-
quency o + n€2, modulated by the Rabi-like low frequencies
Q. The latter in resonance are determined by the magnitude
of the pumping, i.e., they are much smaller than w + n<.
Generically, closed interacting periodically driven quantum
systems heat up to an infinite temperature state at long times
(both for bosonic and fermionic systems). In our approach the
density matrix of the system without external time-dependent
perturbation was used as the initial condition (it is standard
for similar problems). Namely, that procedure prevents the
system from the heating to the infinite temperature state. On
the other hand, in the steady-state regime ¢ > y~!, relax-
ation “smears out” the Rabi-like oscillations, with only high
frequency (with @ + n€2) remaining. The magnitude of the
oscillations for n # 0 is smaller than the main resonance (in
the absence of modulation) for n = 0.

The power of the ac magnetic field, absorbed by the quan-
tum spin system is Q = (H),,, where we use the definition
of the time average A, () = lim;_, o 7! fot dtA(t). In the
resonance approximation we obtain that, in the dynamical
regime and for the closed system Q — 0, and in the steady-
state regime for the open system, we get Q = Y, Q" with

2y (guph)*J2(2)J3(2)(w + nQ)
Nw

&k |Bi|?
h . @1
x Xk:tan <2kBT>gkh2[sz§+(y/2)2] @D

On the other hand, if we use the value pg, determined by
the Hamiltonian H, then one has to replace the following in
Eqgs. (28)-(31):

Q(n) —

2|Bil*Ac[Jo(z) — J3 ()]

&
— tanh 1-—
2kgT

.2
50 sin (8kt)],

€kl

(32)

where 81(3 = (A,% + |By|)'/2. Obviously for &, = 0, i.e., for z = 0 we obtain g = 81(3, hence AM*® = M;O) in the closed regime,
and AM? = M9 with Q = Q© in the steady-state open regime, as it must be.

Several important particular cases

We present here several results for two most important cases of quantum spin systems with fermionic eigenstates, namely,
the one-dimensional Ising chain and the Kitaev honeycomb model. For the latter we limit ourselves with the ground state, with
the fixed values of &, see above. Below we consider the situation, in which py is determined by the Hamiltonian H,.

For the Ising chain (i.e., J, = J, = 0) we obtain for the case 2gugH > J, (i.e., the Ising chain is in the disordered state) in
the steady-state regime (i.e., for the open case) for the steady-state value of the magnetic moment, caused by the pumping

28usV>J3(2) [(Q% +y?) + (2 4+ yH)]'?
(20 = QP =4V 13 (@2 +y20Q2 +72) +29.9_ + 2y +4V2]12

-1, (33)

A(M")

av
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where V = 2gughlt,(z)J./hw and hQ2y = h(w + nQ2) — 2gupgH =+ J,. The expression for the absorbed power of the pumping in

this case can be written as

o ~ yhz(a) + nQ)sz./g(Z)

[(Q1 +y?) + (@2 + y)]'/?

—-1]. (34)

AoupHI(2 = QP =4V o @2 1y2)(@2 +92) +20,0 +22 + 4V

For the opposite case 2gugH < J,, i.e., the Ising chain is
in the ordered state, the results for the steady-state magnetic
moment, caused by the pumping, and the absorbed power
of the pumping can be written in the form of Egs. (33)
and (34), respectively, with the replacements 7Q21 — fi(w +
nQ) — J, £ 2gupH, and 4gugH — 2J, in the expression for
the absorbed power. Notice that, at high temperatures kg7 >
maxk(g,?), the expression for the absorbed power can be ob-
tained for both limiting cases 2gugH > J, and 2gugH < J,
by the replacements 4gugH or 2J, by 8kgT , respectively.

Figure 1 shows the behavior of the addition to the ground
state magnetic moment of the Ising chain withJ, = 1 at H =
0 as a function of gupghy and time for the case of the closed
system. For that situation, naturally only one value of n is
related to the resonance situation. We see that the oscillations
in time with the frequency w + n<2 are modulated by the small
Rabi frequency. Also, the magnitude of the time-dependent
oscillations is modulated by the amplitude of the modulating
field A,,.

On the other hand, Fig. 2 shows the behavior of the steady-
state addition to the ground-state magnetic moment of the
same Ising chain as a function of gugh,, and time for the
case of the open system. It is clearly seen that the modulation
of oscillations with small Rabi-like frequency is smeared
out. However the modulations, related to the interference of
oscillations with frequencies w and 22 are more pronounced,
comparing with the closed system. Notice also smaller scale

AMS?

200

300

400
t
h

FIG. 1. The addition to the ground-state magnetic moment per
site of the Ising chain in the case of the closed system with J, =1,
caused by the ac magnetic field. The used parameters are gugh =
0.01, iw = 0.8, 2 =0.1,n = 2.

(

of oscillations of the magnetic moment, comparing with the
open case. It turns out that, unlike the closed-system situation,
the growth of the modulating amplitude #,, does not cause
such a strong decrease of the magnitude of the oscillations.
Figures 3 and 4 present results of calculation of the absorbed
power of the modulated ac magnetic field for the Kitaev
honeycomb spin model at 7 = 0 in the gapped regime (J, =
1, J, =0.5, J; = 2) and in the gapless regime (J, =1, J, =
0.1, J; = 0.5), respectively. For the Kitaev model we used the
summation over all k belonging to the subset of the Brillouin
zone such that —k is out of that subset [36]. We used the
small value of the modulation frequency 72 = 0.01, so that
the resonance conditions are satisfied for several values of n.
In both figures one can clearly see oscillations of the absorbed
power as a function of £,,. The values of additional peaks with
respect to the case h,, = 0, cf. [37] (corresponding to larger
values of n) decay with n. Figure 3 manifests absorption for
the frequency larger than the gap value, while in Fig. 4 the
absorption exists for small values of w, including zero.

We see that, in the general situation the modulation of the
pumping field results in the oscillating of the magnetic mo-
ment in time with the combined frequencies w + n<2 instead
of w for h,, = 0. Also we see that the amplitude of the modu-
lation of oscillations in time, as well as the renormalization of
the steady-state value, about which oscillations in time persist,
AM?, oscillate with the value 2gugh,,/hS2, decaying with n,
as determined by the Bessel functions Jy(z) and J,(z) [for
all possible values of n, defined by the resonance condition
h(w + nQ) = 2¢;]. For AM? both in the open and closed

AM @) -0.025-

-0.050+

FIG. 2. The steady-state addition to the ground-state magnetic
moment per site of the Ising chain for the case of the open system.
The same parameters as in Fig. 1 are used with iy = 0.01.
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—

7.5 /’

- |’ /
Q/(gugh)* ° i
i
2.5 _{(_/‘“'/I f l) | (|
Lo
0 1 h
0 5 2 guB m
10
hw

FIG. 3. Absorbed power of the modulated magnetic pumping
field by the Kitaev honeycomb spin model at 7 = 0 in the gapped
regime (J, = 1, J, = 0.5, J. = 2). The frequency of the modulated
field is 72 = 0.01.

regimes we have for the case of the density matrix determined
by the Hamiltonian Hipq,

AM?

— W J2 Jn(2), 35
AME (hy = 0) 0(2) En () (35)
and for the absorbed power in the open regime,
0 2 2
— & ] J s 36
Gim =5~ RO L (36)

where the summations are over all possible values of n,
determined by the resonance condition. Notice that J_,(z) =
—J,(z), so the contributions of the combined resonances
with equal positive and negative values of n are less pro-
nounced for the magnetization, but not for the absorbed
power, proportional to the square of the Bessel function.
In addition, in resonance the magnitude of oscillations
with the frequencies w + n€2 oscillates with gugh,,/h2 in

Q/(gughy’

FIG. 4. The same as in Fig. 3 but for the Kitaev model in the
gapless regime (J, = 1, J, = 0.1, J, = 0.5).

15

FIG. 5. The relative values of the averaged-in-time addi-
tion to the magnetic moment caused by the parallel pumping
AM: /AM?, (h, = 0) (the dashed black curve) and the absorbed
power Q/Q(h,, =0) (the solid red curve) of the quantum spin
system with fermionic eigenstates as a function of 2gugh,,/h<2 for
n=0,1,2.

both closed and open regimes. Also, in the closed regime
the frequencies of the Rabi-like oscillations in resonance
are (2gugh/hw)|By||J,(2)] € o + n<2, and the magnitudes
of those time-dependent oscillations also oscillate with
guph,, /h<2. For example, if only n = 0, 1, 2 satisfy the res-
onance condition, the behavior of AM?, /AM?Z, (h, = 0) and
Q/Q(hy,, = 0) is shown in Fig. 5.

Notice that if AMZ or Q are equal to zero for some
values of guph,,/hS2, those values are determined by the
small nonresonance terms ~“gugh/hw, which can be taken
into account within the perturbation theory.

We stress that the modulation of the ac pumping field for
quantum spin systems with fermionic eigenstates (which carry
fractional spin 1/2, unlike magnons or spin waves, which
carry spin 1) yields modulation of the magnitudes and fre-
quencies (in the closed regime) of infinitely many oscillations
in time of all possible modes, interference of which produces
a complicated picture, with possible decay of oscillations even
for the closed system and in the dynamical regime for the open
system, see below. Such a behavior is, probably, characteristic
for quantum spin liquids with fermionic eigenstates. On the
other hand, for magnetically ordered spin systems (or for
disordered ones) with bosonic eigenstates, the modulation of
the pumping field results in the oscillation of the threshold of
the parametric instability of spin waves or magnons, above
which the number of magnons or spin waves grows exponen-
tially with time (for the noninteracting magnons such a growth
cannot be limited by the linear relaxation).
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IV. SUMMARY

In summary, we have shown that the modulation of a
high-frequency ac magnetic field parallel to the dc one by
the lower-frequency ac field, acting on quantum systems,
produces combined resonances with the resonance condition
h(w + n2) = &, where ¢g; is the energy of fermion eigen-
states, and the modulation of their characteristics as a func-
tion of the ratio of the magnitude and the frequency of the
modulating field. When obtaining the results, the condition
guph <K hiw was used. For most of magnetically ordered spin
systems, the modulation of the longitudinal pumping yields
the oscillation of the threshold of the parametric instability of
spin waves as a function of the amplitude and the frequency
of the modulation. For quantum spin systems with fermionic
eigenstates the modulating field causes only modulation of
the time-dependent oscillations of the magnetization and the
absorbtion of the system power of the ac field, unlike the expo-
nential growth of the number of spin waves for magnetically
ordered systems. Two main examples of such quantum spin
systems are spin-1/2 chains (notice that interaction between
fermions in our study was taken into account at the mean-
field level), and honeycomb Kitaev spin model (in the ground
state). We have shown that the magnetic moment for the

closed system oscillates in time with the combined frequency
of the pumping and n frequencies of the modulation, and
the smaller Rabi-like frequency. Similar behavior is shown
to persist for the dynamical regime of the open system. On
the other hand, in the steady-state regime of the open system,
the Rabi-like oscillations are damped. We predict that the
magnitudes of all mentioned time-dependent oscillations have
to be modulated by the modulation rf field. We have also
shown that the power of the ac field, absorbed by the quantum
spin system, also oscillates as a function of the magnitude
and the frequency of the modulating field. The oscillation of
the magnetic moment and absorbed power for the combined
resonances can help to clarify the characteristics of quantum
spin systems. Fermionic eigenstates, which carry fractional
spin, are characteristic for many quantum spin liquids, and
we suppose that the effect of modulation of the longitudinal
pumping in quantum spin liquids with fermionic excitations
will be similar to the one considered in our study.
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