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Nonlinear response of the Kitaev honeycomb lattice model in a weak magnetic field
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We investigate the nonlinear response of the Kitaev honeycomb lattice model in a weak magnetic field using
the theory of two-dimensional (2D) coherent spectroscopy. We observe that at the isotropic point in the non-
Abelian phase of this model, the nonlinear spectrum in the 2D frequency domain consists of sharp signals
that originate from the flux excitations and Majorana bound states. Signatures of different flux excitations can
be clearly observed in this spectrum, such that one can observe evidences of flux states with 4-adjacent, 2-
nonadjacent, and 4-far-separated fluxes, which are not visible in linear response spectroscopy such as neutron
scattering experiments. Moreover, in the Abelian phase we perceive that the spectrum in the frequency domain
is composed of streak signals. These signals, as in the nonlinear response of the pure Kitaev model, represent
a distinct signature of itinerant Majorana fermions. However, deep in the Abelian phase whenever a Kitaev
exchange coupling is much stronger than the others, the streak signals are weakened and only single sharp spots
are seen in the response, which resembles the dispersionless response of the conventional toric code.
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I. INTRODUCTION

In a quantum spin liquid (QSL) [1-11], quantum fluctu-
ations overcome the conventional magnetic orders even at
very low temperature. Accordingly, the description of QSL
state falls beyond the framework of the traditional description
of magnetic phases. Novel concepts such as emergent gauge
fields, fractional spin excitations, and practical potential for
the realization of reliable quantum memories have kept the
study of QSL as an important topic since the introduction
of QSL by Anderson in 1973 [12]. In the search for QSL
phases, the Kitaev honeycomb lattice model (KM) [13] with
the exact QSL ground state has opened a promising route to
realize a QSL phase in real materials [14-21]. According to
Kitaev’s parton construction, where each spin on the lattice
is replaced by four Majorana fermions, the bond-dependent
Ising interactions of the initial Hamiltonian are turned to the
hopping Hamiltonian of Majorana fermions in the presence of
emergent Z, gauge fields. Applying a weak magnetic field on
KM, the gapless excitations become gapped and the system
is effectively described by the Kitaev model in the presence
of three spins interacting term, which we call the extended
Kitaev honeycomb lattice model (EKM) for short that is still
exactly solvable [13]. The applied magnetic field enhances the
phase diagram of EKM to show both Abelian and non-Abelian
gapped phases. In the non-Abelian phase, the presence of any
2n gauge fluxes imposes n Majorana bound states within the
gap, which are fingerprints of the non-Abelian anyons in this
model [13,22].

The signature of fractional excitations in the Kitaev QSL
state has been exhibited with a broad continuum observed
by the conventional dynamical probes [23-30]. Merely the
observation of continuum spectrum in the QSL candidate ma-
terials [31-39] does not determine without ambiguity whether
the continuum is due to fractionalized excitations or damp-
ing of usual quasiparticles or other linewidth broadening
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mechanisms. Duo to the presence of strong geometrical frus-
tration or competing interactions in such materials, the broad
continuum response may have a completely different ori-
gin from the physics of quantum spin liquids [40]. Hence,
introducing new probes and approaches to extract further
information and getting clear identifications of fractional ex-
citations is of utmost importance in this area of research.
In this respect, the study of nonlinear responses using the
two-dimensional coherent spectroscopy (2DCS) [41-49] can
provide clear signatures of fractional excitations [50]. Re-
cent study on the 2DCS of Kitaev model shows distinct
signatures of matter Majorana fermions and gauge field ex-
citations in the form of diagonal streak signals and their
intercepts in 2D frequency domain, respectively [51]. Ac-
cording to this technique, one can reveal distinguishable
spectroscopic characteristics of different types of gapped spin
liquids [52], signatures of interactions in many-body quan-
tum systems [53-58], and extract different relaxation times
in quantum systems with quenched disorders [59]. Very re-
cently the 2DCS of one-dimensional Ising model has been
investigated by implementing matrix-product state numerical
simulations [60,61]. Nonlinear responses of KM in the con-
text of high-harmonic generation (HHG) have been studied
theoretically [62] and anomalous behavior of the Kitaev spin-
liquid candidate «-RuCl; for static nonlinear susceptibilities
has also been reported [63]. It has been shown that the any-
onic statistic of quasiparticles can be revealed by nonlinear
pump-probe spectroscopy [64]. Moreover, within nonlinear
responses, the system is driven to higher excited states, so
more states are involved and one can extract further informa-
tion about the system.

In this paper we investigate the extended Kitaev model to
shed more light on its low-energy properties as a QSL and
answer few questions: What are the differences between KM
and EKM in terms of nonlinear response of 2DCS? How
the anyons and flux excitations show up in the nonlinear
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spectrum of EKM both in its Abelian and non-Abelian
phases? In this respect, we explain the nonlinear magnetic
susceptibility in terms of 2DCS in Sec. II. Moreover, to ex-
plicitly determine the physical and unphysical states in the
Kitaev’s parton construction, we consider the labeling of spins
and periodic boundary conditions introduced in Ref. [65] and
find the relevant physical states of EKM in Sec. III. We present
our numerical results in Sec. IV, where the driving pulses and
the recorded magnetization have the same polarization. In the
latter section, we explain that the diagonal and off-diagonal
streak signals, which exist in the response of the pure KM
at the isotropic point [51], are no longer dominant in the
EKM (where they appear with a tiny strength), instead there
exist sharp signals due to the in-gap bound states, which have
large contribution to the response. We also observe signatures
of different configurations of the flux states, such that some
flux states with 4-adjacent, 2-nonadjacent, and 4-far-separated
fluxes which are not visible in the linear response, manifest
their contribution in the nonlinear response. These are new
signatures of the non-Abelian anyons that can be detected by
2DCS technique. Moreover, we inspect the cause of two dif-
ferent responses in the Abelian phase of EKM. We conclude
and discuss about our findings in Sec. V.

II. TWO-DIMENSIONAL NONLINEAR SPECTROSCOPY

The definition and mathematical expression of the non-
linear magnetic susceptibility are given in this section. The
sample is imposed to two linearly polarized magnetic im-
pulses in directions &, and ég with 7; time delay, i.e., B(t) =
B,8(t)é, + Bgd(t — t1)ég. After the second pulse we wait
a time interval v, when the magnetization in y direction
is measured, Mgﬂ(rl + 15). In order to eliminate the linear
contributions in the response, two separate experiments are
performed with a single pulse B, or By to measure the magne-
tizations MJ (t; + 1) or Mg (t1 + 72). Finally, the nonlinear
response M is extracted by removing the linear magnetiza-
tions:

Myt + 1) — MY (11 + )
—M;;(‘Cl + ). @))

M (11 + 1) =

We assume that the system is prepared in its ground state and
the magnetization of ground state is zero, which is the case for
QSLs. The weak magnetic field is coupled to the magnetiza-
tion A » = —B(1) - M, which is considered in the framework of
perturbation theory [51]. Hence, the nonlinear magnetization
is obtained as follows:

M (ti + 12)/2N = BBy g (12, 1)
+ ByBuBu Xy (12, 71, 0)
+ BpByBaxsy (12, 0. 11) + O(BY),
@)
where N is number of unit cells. The nth-order susceptibility

is obtained from the (n + 1)-points correlation functions

@),y

X (1) = — ZRe [057 (. )], B

where

Q4 (12, T1) = (M) (11 + )M (1))M} (0)).
0 (12, 1) = —(M] (2] (1 + M (0)), (4

and
L&
Xped (721,00 = = 3 I [RT (00, 70, )], (5)
L
X;;)ay(fzy 0,71) = ¥ Zlm g,;(f(fz, 0,m)]. (6
I=1
in which

1
RO (13,10, 11) =

o M (1 + )M (1 + 12 +13)M(0)),

Bna

RO (13,10, 1)) = O] (t)OM] (t + 2 +l3)Mﬂ(l1 +1)),

Bna

4
RV (13,10, 11) =

g (ty + 12+ )M (11 + )M (1M (0)),

(N

(py )
RO (13,12, 11) = (M (OM] (11 + 6)M] (11 + 12 +13)M] (11)),
h )
a1y )

where n = « or 8 and the subscript I means the magnetization
is calculated in the interaction picture. As we expect from the
sequence of the magnetic impulses and the recorded signal
after them, in the interaction picture the magnetizations MI(“),
M[(ﬁ), and M,(V) always appear at times (0), (¢; 4+ 1,), and (¢; +
1) + 13), respectively.

III. MODEL

The extended Kitaev model describes spin-% degrees of
freedom on the honeycomb lattice that are composed of the
pure Kitaev terms along with three spin interactions. This
model is an effective theory, which is obtained by a perturba-
tive expansion [13], to explain the effect of a weak magnetic
field on Kitaev model:

Hpg = — ZJ 5e6% —K Y 66l6l. (8)

(ik)a,(kj)p
yla,p

In the last term the two bonds (ik), and (kj)g share the
common site k. Following Ref. [65], we will consider the
same labeling of spins and boundary conditions for the lattice,
that is a honeycomb lattice with periodic boundary conditions
in the direction of two base vectors Lie; and L,e, + Me,
[see Fig. 1(a)]. In this geometry, the number of unit cells is
N =LL,.

For each plaquette p [Fig. 1(a)], the product of spms Slttlng
which commutes with Hamiltonian and with other plaquette
operators [Wp, Wp/] = 0. Using the Kitaev parton construc-
tion, each spin is constructed with four Majorana fermions,
the three static l;f l;f, and I;f and the dynamic ¢&; as
follows [13]:

6 = ilS‘;@,», a=2x,Y,z. 9
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FIG. 1. (a) The honeycomb lattice with L; =L, =3 and M =
0 according to the explanations in the main text, where u (1, u'”)
labels the unit cells (dashed parallelogram). The red links in direction
Lie; denote the successive terms Er[a"”éf(i” in the topological loop

operator WL,. which also is sketched in (b) for clear observation.

Using this representation we can rewrite the Hamiltonian
(Hgg) in terms of Majorana fermions,

i PO
Hex ({w;}) = 3 %Jau(ij)dcicj

i

- EK ' Z €ay ik, Uiy, CiCs

(K} (KD
yla,p

gy, = ibYb°, (10)

where €4, is the Levi-Civita symbol. Since [Hgx, fjp,] =
0 and [#@},, #ij,] =0, for a given set of the bond vari-
ables {u(j, = %1}, the Hamiltonian is reduced to a hopping
problem of Majorana fermions, which can be solved exactly.
u;; is an emergent Z, gauge field, which makes the Hilbert
space to be factorized into gauge |G) and matter | M) sec-
tors. The physics of the spin Hamiltonian Hgg is determined
by the flux conﬁgurationg W, = ]_[<i Jyeap Ui {-}, where different
gauge (bond) configurations {u;;} could give the same flux
configuration. At a fixed flux sector the Hamiltonian takes the
following compact form [26]:

i, . . F M ¢
emtis (G ). o

where ¢4 (g is the column vector of all matter Majorana
fermions on A (B) sublattice. M is the first-neighbor hopping
matrix, while F' and G are the second-neighbor hopping ma-
trices. In order to diagonalize Hgx ({u;;}) in each flux sector,
we introduce complex gauge and matter fermions that act on
matter and gauge sectors, respectively [23]:

Ju. = %(514/4 +iCu)s  Ru. = %(bfm - ibfw)v
N 1,4 A ~ 1/2 .
Ry =500 —i0p), Ry = 5(D)a — ibyp).  (12)

According to our notation, p labels the unit cells and p,, a =
X, Y, z, indicates the x/y/z bond in that unit cell, which are

shown in Fig. 1(a). The gauge configuration {u;;} is deter-
mined by the occupation number of gauge fermions using the
relation dj, =1—2%,, Xj,- Hence, the Hamiltonian in

each flux sector in terms of complex fermions ( f ) takes this
form [26]:

— .
HEKZE(fo)<AhT _Ah*>(]}[k>, (13)

h=MT +M)+i(F-G), h'=h
A=M" —MY+i(F+G), AT =-A. (14)

where

Using the Bogoliubov transformation U, as has been de-
scribed in Refs. [26,66], the final Hamiltonian is diagonalized

as
1
5D e (15)

ey

Here, ¢, > 0 is the matter excitation energy and &Z (ay) is the
canonical fermionic creation (annihilation) operator. The last
term in Eq. (15),

HEK = E Sn&;&n —
n

where

D>

E:—%ansn, 17)

is the ground-state energy (i.e., without matter excitations) in
each flux sector.

A. Projection operator and the physical states

Representation of a spin with four Majorana operators has
doubled the dimension of Hilbert space on each site of lattice
[8]. Therefore, not all states in the extended Hilbert space
(Hek) belong to the original physical spin Hilbert space. The
states in the extended Hilbert space can be classified into
physical and unphysical states by introducing the projection
operator P [13]:

2N A
. 1+ D; R PPN
P = - ! s ith D; =b’¥b)-b§Ai,
E( 2 ) w1 [ lc
[Wonys) = PIW,). (18)

Within a straightforward calculation we find that the pro-
jection operator can be written in the form [67,68]

P P,
R 1+D
Py = +T (19)

where D = ]_[121:\'l D; and S sums symmetrically over all
gauge-equivalent {u;;} configurations. For physical (unphys-
ical) states we have D = +1 (—1). It has been shown that the
operator D depends on the following values and parities [65]:

D = (—1)" det(Qu)%ty #a, (20)
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where 8 = L; + L, + M(Ly — M) and Q, is obtained by di-
agonalizing the Hamiltonian (see Appendix A). Moreover, 7,
and 7, are the number parity of bond and matter fermions.

B. Physical ground state

The Wilson loop operator Wi associated with any closed
loop I" on the lattice is a constant of motion for the Hamilto-
nian (8) [13,69]:

D AU A0 A QK ACK) 5 Qi) & i)
Wr =6,"6;"6;"6,"...6,"6", 2D
where {i, j, k, ..., [} refer to the sites on the loop and «;;y =

X, y, z shows the type of connecting link (ij), i.e., the Wilson
loop is the product of x/y/z—Ising interactions on x/y/z links
of the loop. The flux (plaquette) operator Wp is an elementary
closed-loop operator such that any contractible closed-loop
operator W on a torus can be constructed by multiplying a
sequence of Wp. On a torus (2D lattice with periodic bound-
ary conditions), there are two noncontractible (topological)
closed-loop operators that can not be construed by the product
of plaquette operators. For example, in a system with the
boundary condition M = 0, these loop operators are WLI and
WLZ as shown with the red links in Figs. 1(a) and 1(b). The
eigenvalues of these operators are /; = +1 and [, = £1. So,
for any flux configuration {W,}, there are four topologically
inequivalent states, namely, [{W)}, [1, [5).

According to the Lieb’s theorem [70], we look for the
physical ground state (D = +1), in the O-flux sector {W, =
+1,V p}. For simplicity, we consider a system with L; = L,
being an even number and M = 0. Four topologically inequiv-
alent states for the O-flux sector can be constructed with the
following gauge configurations:

W, = +1}, +1, +1) = S|G) M),

W, = +1}, +1, —1) = Sg _(ZHIGIM ™),

(W, = +1}, =1, +1) = Sg_ (HIGIM ™),

W, =+1}, -1, —1) =Sg__(xHNIGIM 7). (22)

where |G) is the vacuum for the complex gauge fermions
defined by the standard gauge configuration {u;; = +1} and
IM*+) is the vacuum for matter fermions in this gauge
configuration. The operator g;,;, ( %) is the product of cre-
ation operators for complex gauge fermions which construct
the gauge configuration with a specific topological label
(I1, ) and |[M"%) is the vacuum for matter fermions in
the aforementioned gauge configuration g1,12()A(T)|Q). The
prime on the matter state | M’]‘l2) indicates that this state
may have matter excitations, which depend on the factor
(—1) det(Q,)7t, defined in Eq. (20). We have plotted the
value of (—1)? det(Q, )7, versus K in Fig. 2 for the gauge
configurations defined in Eq. (22) at the isotropic point J, =
Jy, =J, = 1. According to Eq. (20) and Fig. 2, to reach a
physical state with D = +1 the state with topological label
(41, +1) must have an odd parity for matter excitations,
while the other topological ground states have zero matter
excitation. Based on our numerical evidences, we expect that
for all even and odd values of the geometric parameters L,

——(+1, +1)

FIG. 2. The value of (—1)? det(Q,)#, versus K for the four
topological distinct states introduced in Eq. (22) labeled by (/1, L).
The exchange couplings are in the non-Abelian phase with J, = J, =
J. = 1 for a periodic system of L; = L, = 56, M = 0.

L,, and M, the odd-parity constraint for physical states with
label (+1, +1) in the O-flux sector holds in the entire area
of non-Abelian phase of the extended Kitaev model, similar
to the pure Kitaev model [71]. Accordingly, the states in
Eq. (22) with minimum energy must have the following matter
configurations:

)
IMT7) = IMT7),
IMTF) = M),
IM™7) = IM). (23)

It means the energy of [{W, = +1}, +1, +1) is E® + ¢\,
while the energy of the other three states is E©, which is
given by Eq. (17) within the 0-flux sectors and sio) is the

first matter excitation in the same flux sector. Given 850) >0
for any finite and nonzero value of K, the energy of the 0-
flux state with the label (41, +1) is higher by the fermionic
gap than the other three states in the ground-state manifold.
Therefore, the topological ground state in the non-Abelian
phase of the extended model is threefold degenerate as defined
in Eq. (23) in agreement with the results presented in Ref.
[72] using the Jordan-Wigner—type transformation. It has to
be mentioned that in Ref. [72] the transformation is in the
original Hilbert space of the model and there are no unphys-
ical degrees of freedom. Moreover, the non-Abelian phase
supports three types of quasiparticles, namely, vacuum, Ising
anyons, and fermions. Hence, in the framework of topological
quantum field theory the ground state on a torus has threefold
degeneracy [73]. In the Abelian phase of the model, we ob-
served that for even values of L; and L, with M = 0, the factor
(—1)? det(Q,)7#, is always equal to +1 for all topologically
inequivalent states, i.e., in this case, |M'*+) = |M*+), and
the ground-state subspace is composed of four degenerate
states.

In order to calculate the nonlinear response of the system
in the Abelian and non-Abelian phases, we can choose any
state from the ground-state manifold because for 2DCS as
a local probe, topologically inequivalent ground states are
indistinguishable.
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IV. NONLINEAR RESPONSE

The two-dimensional nonlinear susceptibilities introduced
in Eq. (2) are calculated for the extended Kitaev model at
polarization («, 8, y) = (z, z, z). For the mentioned polariza-
tion, the second-order susceptibility is exactly zero because
by insertion of the resolution identity in the correlation func-
tions Ql(gl;‘y, the overlap of flux sectors of the intermediate
states vanishes [51]. We have used the few matter fermion
approach, specifically the single matter fermion approxima-
tion [24], which shows that the dynamical structure factor for
small K’s within this approximation gives almost the same
results as the exact Pfaffian approach. To elaborate on this,
it suffices to insert the resolution of identity into jo&y cor-

relation functions. For example, consider R{})<(1,, 71,0) =
R (w2, 11, 0) = R (12, 1, O):

RUPA(1y, 71, 0) = (M} (0) LM (1) 1M (11 + 12)1M; (0))
= > > (GIZ,|P)(PZ,|0)(Q|Z|R)

nvip POR

X (R|Zp|G>e[[EPTI+EQTZ_ER(TI+TZ)]’ (24)

where Z,, = 6%, + 67 is the sum of the Pauli z matrix of the
two spins on the uth cell. Moreover, |G) is the ground state,
|P), |Q), and |R) represent an eigenstate of the Hamiltonian.
The matrix elements appearing in Eq. (24) are the same for
other R{!>* functions, which differ only in the phase factor.
The eigenstates with different flux sectors are orthogonal to
each other, hence, the matrix elements in Eq. (24) are nonzero
only for the four ZM operators with the following sequence of
indices: ZuZnZpZoms ZnZnZmZn, and ZyyZpZZ,. The last case,
in the single matter approximation, produces a term which
grows linearly with the system size. However, according to
Eq. (2), the nonlinear susceptibilities are independent of the
system size, hence, we exclude this contribution [51]. The two
former cases result in the following matrix elements:

> {GIZu PPl 2010 ) Q11 20 IR (R, |2, G)

nv
D (GIZIP,) (Po1 2,41 Q) (Qu |20 IR ) (R, 12,1 G, (25)
y7ay

According to the single matter approximation we choose the
states in Eq. (25) as follows:

1G) = Sg4—(RNIGIM™),
IR.) = 8! g+ (ADa16)IMI™)  (2-flux state),
10u) = SR R 8- (GDIGIMST)  (2- or 4-flux state),

(26)

where &, denotes a fermion creation operator in the 2-flux
state |R,) and |M;_), IM:{; )} are the vacuum for matter
fermions. In our calculations, we consider the state with
topological label (+1, —1) for the ground state of nonlinear
response in the Abelian and non-Abelian phases.

A. Results

The Fourier transform of two-dimensional nonlinear mag-
netic susceptibilities, x3**(w2, @1, 0) and x5 (ws, 0, wy),
are shown in Fig. 3 for a system with (33 x 33) unit cells,
Je=Jy=J,=J=1and K = 0.2. We use the fast Fourier
transformation to obtain the Fourier spectrum from time do-
main [74]. In the non-Abelian phase of the model, the energy
of a flux state depends on the distance between its vortices
[22,75]; accordingly the states |Q,,) in the nonlinear response
can be classified into three classes: 4-adjacent, 2-nonadjacent,
4-far-separated, as depicted in the middle panel of Fig. 3.
By considering the contribution of states in each of these
classes individually, we can determine the origin of sharp
peaks in the observed response. The origin of each peak in
the response in terms of the mentioned classes is indicated
by the corresponding arrows in the middle panel of Fig. 3. A
black arrow pointing to a spot in response stipulates the origin
of that signal comes only from the mentioned excitations,
while the dashed arrow indicates an excitation which has the
main contributions to the signal. The observation of peaks
corresponding to flux sectors with 4-adjacent, 2-nonadjacent,
and 4-far-separated fluxes is a new signature of flux excita-
tions that does not appear in the linear responses. Due to
the fact that the extended model has a gapped spectrum, a
system with (33 x 33) unit cells is large enough to reach the
thermodynamic limit for K = 0.2. The finite-size effects are
discussed in the Appendix (see Fig. 7), where we present
the difference between physical responses in Fourier space
for different system sizes. As the system size increases to
L = 33, the aforementioned difference becomes almost zero,
which convinces us to reach enough large system sizes. The
three energy scales Ay, A, and § can be extracted from the
nonlinear response, as depicted in Fig. 3,

A] — (E(4—far) _ E(O)) _ (E(2-nonadj) _ E(O))

— E(4-far) _ E(Z-nonadj),
A, = E@ad) _ p©)
5= (852) L E® _ E(O)) _ (E(4—far) _E® _ 852)) ~ 2852),
27

where E@2d)  pCmnonad) - apng G- are the ground-state
energy of the flux states depicted in the middle of Fig. 3.
Moreover, 8%2) is the in-gap energy of two-adjacent flux
state. For the considered parameters in Fig. 3 we obtain
(A1, Ar, §) = (0.434,0.894, 0.758). The signature of an in-
gap bound state § can be also detected in the linear response as
a sharp peak in the dynamical spin structure factor [26], while
A1 and A, are new signature of flux states of the non-Abelian
anyons, which appear only in the nonlinear responses.

We have also obtained the nonlinear response of the
Abelian phase. The Fourier transform of the third-order sus-
ceptibilities for the Abelian phase is presented in Fig. 4. In all
plots of Fig. 4 we keep J, = 1 and K = 0.2, the couplings in
Figs. 4(a) and 4(b) are / = J, = J; = 0.3 and the system has
N = 44 x 44 unit cells, while in Figs. 4(c) and 4(d) we have
J=J,=J;,=0.05and N = 28 x 28 unit cells.

We observe weak diagonal signals (the first and third quad-
rants) and strong shifted diagonal signals (the second and
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FIG. 3. Two-dimensional nonlinear response in frequency domain at the isotropic point (Jy = J, = J, = 1) in the non-Abelian phase with
K =0.2.(a) Xz(z}z)’z (wy, w1, 0). (b) XZ(;;*Z(wz, 0, w;). The dashed arrow indicates that the main contribution to the signal magnitude comes from
the corresponding flux states. The solid arrows indicate that the signal comes only from the corresponding states. The black dots in the (4-far)
class in the middle panel mean that the flux separation is equal or more than two plaquettes. The maximum signal peak is normalized to 10.

fourth quadrants) in Fig. 4(b) for J = 0.3 in x£)*(w,, 0, wy).
The diagonal signals come from the R<(w,,0, w;) ex-
pression, in which there are two delta functions with peak

frequencies:

w; =FEy—E; — 852), wy=FEy—E, — 8;,2), (28)
where &2 are the matter excitations in the 2-flux state

[R)/|P). rWhenever |R) = |P), there is a constructive interfer-

ence for matrix elements [51], which leads to the diagonal
signal (nonrephasing signal) w; = w,. Moreover, the expres-
sion Rgf)*z(wz, 0, w) is responsible for the shifted diagonal
signals, which contains two peaks at

w1 =FE), — Ey+ 8;,2), w) =FE4—E, — @, (29)

r

This leads to the strong streak signal (rephasing signal) w; +
wy, = E4 — Ej for |R) = |P) due to constructive interference.
This signal intercepts w, axis at E4 — Ej.

However, in Fig. 4(d), at J = 0.05 the diagonal signal does
not show up and the shifted diagonal signal is very weak,
where only sharp spots appear in the responses. To investigate

this difference, we examine the absolute value of (RM|ZM|G)
as a relevant matrix element to the nonlinear response versus
J within the single matter approximation, for the three excited
states labeled by r = 1, 2, 3. The excited states are expressed
by IRY)) = S g+ ()& |G)|M,_) as given in Eg. (26).
A simple expression for this matrix element is given in
Appendix B. Figure 5(a) shows the first matter eigenvalue 550)
in the 0-flux state |G) as well as |(R/([)|ZM|G)| forr=1,2,3
corresponding to the lowest excitation modes 5’;, 5;, and 5; in
the two-flux state |RY)) and their corresponding eigenvalues
852), 8;2), and eéz). The coupling J in Fig. 5(a) varies from 0
to 1, which is shown by the dotted white path in Fig. 5(b). We
anticipate that in the Abelian phase for K = 0.2, the diagonal
and shifted diagonal signals to appear in the range 0.1 < J <
0.5 because low-energy excitation modes have almost equal
contributions to the response, which leads to a continuum of
spots. However, for 0 < J < 0.1, the excitation mode r = 1
has the dominant matrix element compared with the other
excitation modes. Hence, the main contribution comes from
r =1 and, as a result, we only observe sharp spot in the

(a) -10 -5 0 5 10 (b) -10 -5 0 5 10 (C) -10 -5 0 5 10 (d) -10 -5 0 5 10
—a — [ — ] —l

34 3 3 34

2 2 2 2 L R(23)

1 | 1 1 1
30 Rr(1.2) 3o 30 Rr(1.2) 3o
-1 | -1 -1 -1

-~ LY
-2 -2 -2 -2
-3 -3 -3 -3
=2 0 2 22 0 2 22 0 2 =2 0 2
w1 w1 w1 w1

FIG. 4. Two-dimensional nonlinear susceptibilities in frequency domain at an anisotropic point in the Abelian phase with K = 0.2. (a)
X2 (w2, w1, 0) and (b) x5 (w2, 0, w) with J, = 1, J, = J, = 0.3. (¢) x2* (w2, @1, 0) and (d) x5 (s, 0, wy) with J, = 1, J, = J, = 0.05.
In (b) and (d) the shifted diagonal signals intercept w; and w, axes at |E4; — Ey| = 0.276 and 0.125, respectively. The magnitude of the

maximum peak of susceptibility in all plots is normalized to 10.
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2.0 4 aF 2.0
A (a) A 0 A
A -2 &
MErA " a &
", . O A
1.5 a e Fr1.5
' ° s
a ~
a — (RPIZe)
a ~
'y — [(RP|21/G))| A
4 'y N & L
1.0 2 — (ROI1Zi06)] . 1.0
F 3 &
Fy &
F 3 F Y
A‘ ‘A
0.5 A “ e_........._______"-o.s
i
0.0 —_— : - - - - - 0.0
00 01 02 03 04 05 06 07 08 09 10
_Jy _ I
J=7=7

Jy:Jz:U JT:JZO

FIG. 5. (a) The evolution path versus J for the lowest eigenvalue
in the O-flux sector (¢\”), 2-adjacent flux sector (¢*)), and the ma-
trix element |(R£fil |Z,L=1 |G)| for the three lowest excitation modes
r=1,2,3 in the two-flux state |R§')). By increasing the size of
the system, the fermionic gap 850) is closed at the phase transition
point J = 0.5 in (a). These presented data come from a system with
Ly =L, =56, M =0. (b) The phase diagram of extended Kitaev
model in the plane J; + J, + J, = const, where the dotted white line

shows the evolution path of part (a).

response function. According to Fig. 5(a), we anticipate that
in the non-Abelian phase for K = 0.2 and J > 0.6, the pattern
of nonlinear spectrum is formed by sharp spots, similar to
what we see in Fig. 3 for the isotropic case. We have plotted
the nonlinear response along the white path of Fig. 5(b) for
several values of J in Fig. 8 of Appendix D, which justifies
our statement. For details, see Appendix D.

The presence and absence of streak signals in the nonlinear
response of the Abelian phase of EKM can also be understood
in terms of an effective theory where J, > J;, J;, K. Deep
in the Abelian phase [close to the corners of the triangle in
Fig. 5(b)], the effective Hamiltonian of EKM is the Kitaev
toric code, where the first nonzero term appears in the second-
order perturbation theory (see Appendix E). The toric code
has sharp charge (e) and flux (m) excitations without any
dispersion. Therefore, it is reasonable to observe sharp peaks
in the nonlinear response of Figs. 4(c) and 4(d). However, by
digressing from the toric code limit (away from the corners),

the excitations become dispersed and the streak signals appear
as discussed earlier and presented in Figs. 4(a) and 4(b).

V. DISCUSSIONS AND CONCLUSIONS

‘We numerically studied the nonlinear response of extended
Kitaev model in its Abelian and non-Abelian phases by us-
ing two-dimensional coherent spectroscopy. The numerical
computations are restricted to finite systems with periodic
boundary conditions with the lattice geometry, which has been
introduced in Ref. [65] in order to explicitly determine the
physical and unphysical states of the Kitaev solution. This is
important because physical quantities must be calculated in
the physical subspace.

The nonlinear response of the pure Kitaev model at the
isotropic point [51] has diagonal and shifted-diagonal streak
signals in the 2D frequency space w;-w,; however, in the
extended Kitaev model, these streak signals are very weak
and practically no longer exist, where only sharp spots are
seen in the response. The sharp spots are only due to flux
excitations and in-gap bound states. Away from the triangu-
lar phase boundary in the non-Abelian phase including the
isotropic point of the extended Kitaev model we expect similar
sharp spots in the nonlinear response. Distinct signatures of
different flux excitations can be discerned within the nonlinear
spectroscopic approach. These features of flux excitations can
not be observed in the linear response.

In the Abelian phase, distinct signatures of fractionalized
quasiparticles appear in the nonlinear response. For two sets of
parameters J, = J, = 0.3 and J, = J, = 0.05 with J, = 1 and
K = 0.2, we obtain relatively different nonlinear responses.
In the former case, there are strong streak signals which are
signatures of dynamical Majorana fermions (¢;) in addition
to their w; and w, intercepts as indications of nondynamical
Majorana fermions (l}}‘, lAJf , l;f) While in the latter case, where
one of the Kitaev exchange couplings is much stronger than
the others, the streak signals are very weak and only sharp
spots show up. The mentioned sharp spots are signature of an
effective behavior in terms of conventional toric code. It looks
like a crossover between two different dynamical responses in
the Abelian phase.

The general form of our presented results is similar to the
nonlinear spectroscopic fingerprints of gapped spin liquids,
which have been reported in Ref. [52]. The difference stems
from the fact that in the EKM there are two types of excita-
tions, flux excitations (similar to e and m excitations in toric
code model) and matter excitations that change energy scales
and shift the sharp spots in the responses. If we ignore the
matter excitations in our calculations, for instance discarding
85; in Eq. (29), we will obtain the same responses as in Ref.
[52]. It has to be stressed that the time-reversal symmetry is
broken in EKM in contrast to the models considered in Ref.
[52].

The nonlinear responses presented in this work may be
applicable to Kitaev quantum spin-liquid candidates in weak
magnetic fields. We did not take into account the effect of
finite temperature, disorders, and interactions that could be
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relevant to explain experimental results, which are proposed
for future works.
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APPENDIX A: THE Oy MATRIX

In order to specify the physical and unphysical states by
determining the sign of the D in Eq. (20), we first construct
the O, matrix. This is achieved by using the Bogoliubov trans-
formation U that diagonalizes the Hamiltonian in Eq. (13) as
follows:

h A (e O f\_(a
o )= %)) =)
1
_Ezgna

(AD)

= H,=)_ e,
n

where € is a diagonal matrix with entries ¢, > 0. Because a
and a' are Hermitian conjugates of each other, the matrix U
can be generally written as

X* Y*
o=(3 %)

The matrix U can be derived from eigenvectors of the Hamil-
tonian. Suppose that V" is an eigenvector of the Hamiltonian

with eigenvalue ¢,
n
v=()

where x"* and y" are N-dimensional column vectors. Due to the
particle-hole symmetry EH,E~' = —H,, W, = EV, is also
an eigenvector for the Hamiltonian with the eigenvalue —¢,,

(A2)
(A3)

n [l n n O 1 n* i
W' = BV" = (K =<1 O>V ZG"*)' (A4)

Using the fact that the eigenvectors of H, are the column
vectors of U ™!, we have

1 F L R ¢ L €
v _<y1 I (AL S A
(AS5)
|
62 él
6’4 62
: a3
<5A) Con 4
~ )= N =Rl : |, R.=
CB C1
¢3
Con—1 Con

[N e)

S = O

Since U is a unitary matrix, the matrices X and Y in (A2) are
given as follows:

Xx=u' ... N vy=0% ..M. (A6)
The physical and unphysical states are determined by specify-
ing the sign of D operator D = (—1)? det(Q, )7, ., where

Ty = Ty Ty, Ty
N-1 N—1
#y = [ 10 =28}, 200 = [ T iBuabiis = [ [ tn.
u=0 u=0 "
N—-1
o =[]0 - 2aja) = (— D)Xkl (A7)
k=0

and Q, is an orthogonal transformation defined in Ref. [65] as
given below,

(B, B, By, By, By BY) = (61,82,83, ..., en)Qus (A8)

where » and & are fermion operators that are related to the
canonical fermion operators according to the relations

AT

A 1 5/ -E!/ 1 l;/ -];//
ak—z(k‘i‘lk), ak_i(k_lk)

(a1 i\(F
at) =2\t —i)\p)

To find tl}e Qu matrix, we need to find the transformation
between b'/b” and é,/ép fermion operators. First, we use
Egs. (12) and (16),

(#)=v(7) (F)=30 @)
= (#)=3( 5)@E)

Then, we take into account Egs. (A9) and (A10), which lead
Im[B]

to
B\ _ (e , _ ( RelA]
<]3”>_Q”(63)’ Q“_(—Im[A] Re[B])’ @&l

where A =X 4+ Y and B = X — Y. According to the labeling
of fermion operators within each unit cell we have

(A9)

D>

(A10)

1 0 0 0 0 O
0 1 0 0 0 O
0 0 0 O 0 0 1
0 0 0 O 0 0 O ’
0 1 0 O 0 0 O
0 0 0 O 0 1
2N x2N

(A12)
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(a) (I, 1) = (+1,-1)

1 2 1 2

(b) (,12) = (~1,+1)

FIG. 6. Gauge configuration for two degenerate ground states with different topological labels for a finite system with L; = L, = 4 and
M = 0. (a), (b) Show the gauge configuration that we adopted for g, _(%")|G) and g_,(%7)|G), respectively. The black string links represent
the topological loop operators Wy, and Wy, , which are reduced to the product of u;;s on these links in a fixed gauge configuration. The red links

show the position of links, where u;; = —1.

b, b, 1

/ //

b, lZl

. /

2
B\ _ |5 by 0
(&) =3 == | ==1o

| :
by : 0

. E,
)\ 0

Finally, using Eqgs. (A11), (A12), and (A13), we arrive at the
desired relation

A A ~ ~ ~ ~ 1 T
LDy By = (@1, 60,83, ..., en)[R) QLR ]

— 0. =[R,'OR]". (Al4)

A
b). 5, ..

With this important matrix we can find the parity &, =
I—[f::, i, aCup in terms of the parity of canonical matter
fermions [65]:

e = det(Qu) . (A15)

APPENDIX B: GAUGE CONFIGURATIONS, MATRIX
ELEMENTS, AND R’ CORRELATION FUNCTIONS

According to Sec. III B, the ground state |G) in the non-
Abelian phase has a threefold degeneracy on a torus with
topological labels (+1, —1), (—1,+1), and (—1, —1). Fig-
ures 6(a) and 6(b) show the gauge configurations g, _ (% ")|G)
and g_.(¥7)|G) for a finite system; designed by red links
uijy, = —1. The gauge configuration g__(%")|G) is obtained
by taking into account the gauge configurations presented

0000 .. 000
01 0 0 0 0 0
00 0 0 0 1 0
100 0 0 0 0 (A13)
0 1 0 00 0
000 0 0 0
2N x2N

(

in Figs. 6(a) and 6(b), simultaneously, ie., g__(§") =
g Ng+ (1D

To calculate the matrix elements in the correlation func-
tions REQZ*Z, it is necessary to find the relation between the
matter ground states of different flux sectors. Let | Mp,) and
|Mp,) be the ground states of flux sectors F; and F, respec-
tively. Creation and annihilation operators in each sector are
given as follows:

an) — (% YEY(L). (eR) = (% ) (S
a, Ye, Xr)\fT) \aj Ye, XgJ\fT)

B1)
which are related to each other by the transformation
<&_{FZ> — (X;z,ﬂ ‘y;;z,F]) &fl ( ;2,F] y;z,F1>
ar, Yer Xer)\ax) \Yern Xer
T +
_(XEXe +YEYE  XpYp +YEX E2)
XpYE +YpXE  XpX[ 4+ VeV,
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According to Refs. [26,66], the two ground states obey the

relation
—Lal Fr, pa}
|MF2>: |det(XFz,F1)|e 2R 7 2T R |MF|>7
TFZ»FI = X?z_,llvl ‘y;zfl : (B3)

Moreover, we need to write Z,, in terms of gauge and matter
Majorana fermions

2y =654+ 675 = ibualun + ibuptus = R (i8un + Cup)
+ X (iCua — Cup)- (B4)

We present the details of calculations of the matrix ele-
ments that we need to obtain the response in the Abelian and
non-Abelian phases. With the gauge configurations that we
adopted for the ground states in these phases, the matrix ele-
ments will have the same structures and relations. Therefore,
we focus on the states in Eq. (26). For simplicity, we ignore
the index 4+— on these states. The matrix element (PM|ZM|G)
in the matter sector is reduced as

(PulZ,|G) = (M &y (i€ua + 2um)IM). (BS)

By using Egs. (A10) and (B2), we write these operators in
terms of the canonical matter fermions in the 0-flux sector,
itua + Eup = 2i[Y] 0, + X 4l ],

& =X}, ol + Y500 (B6)

W FrF
|

Therefore,
, , . T
(Pul2,,|G) = 2i/Tat X, IX], (M| [1 — ST i+ }

x X0 el + Y5 a0 IM),

w,rr'

. I . .
= 2i,/[det(X,)IX,, [XL + 3T, - ?,jy;)} -

sr

(B7)

and according to Eqgs. (B2) and (B3), ¥, = X:‘[lyz, X, =
X,X"+Y, Y, andY, = X, YT +Y,X". With the implemen-
tation of the identity T:yz — TJyL = 2()(,:1 - XL), we
arrive at the simple relation

(Pu1Z,|G) = 2iy/| det(X, )X X r (B8)
By performing similar steps, we get
(Ro1Z,1Qpuv) = 2iy/1det(X,, )] 1Y, X5 L Lurs
where X, = XX, + VY] (B9)

The existence of translational invariance in the zero-flux
state |G) in the Abelian and non-Abelian phases allows us
to replace ) ,, by N}, 8, in Eq. (25). Finally, as an
example, one can arrive at the following summation for
R (1, 11, 0):

222
N

r=I1

N
RIP(1y, 71,00 =N Y _ (IEM-EaIm { Y GIZIPY(PUZ, Q1) Y e TR0, 2, IRy ) (R 1 24| G)

v#1L p=1

N
+ 3 GIZ PP QL)

p=l1

where E(1v) and E, are values of Eq. (17) for the state |Q;,)
and 2-flux state |Py), |P,), |R}).

APPENDIX C: FINITE-SIZE EFFECTS

Here, we show that the finite-size effects in the nonlin-
ear responses are weak and a system size of 33 x 33 unit
cells (2178 spins) represent a reasonable result for the non-
linear susceptibilities in the thermodynamic limit. The top
row of Fig. 7 shows the difference value of the normal-
ized susceptibility XZ(ZSZ,)’Z (ws, w1, 0; L) for two different sizes.
Figure 7(a) represents the difference XZ(;Z)'Z(a)Z,wl,O;L =
15) — XZ(;Z)'Z(a)z, w1, 0;L = 7) and similar results have been
plotted in Fig. 7(b) for L = 27,15 and Fig. 7(c) for L =
33, 27. The color bar shows a decrease in the absolute value
as the size increases, which justifies our claim. Similar val-
ues have been plotted in the bottom row of Fig. 7 for
X2 ¥ (w2, 0, wy; L), where Fig. 7(d) shows the results for L =
15,7, 7(e) for L = 27, 15, and 7(f) for L = 33, 27. The weak
finite-size effect is expected since the underlying system is

gapped.

S e TR 0,12, R RZG) |

(B10)

APPENDIX D: RESPONSE FUNCTION VERSUS
EXCHANGE COUPLING

In order to further confirm our statement about the pres-
ence or absence of the streak signals in the Abelian phase of
our model (cf. the last part of Sec. IV A), we have plotted
the nonlinear susceptibility in Fig. 8 for several values of J
along the white path shown in Fig. 5(b). In these plots, J =
% = j—x and K = 0.2, the top panel shows Xz(gz)'z(a)g, w1, 0)
and the bottom panel represents x3<(w,, 0, w;).It has to
be mentioned that the plots in Fig. 8 represent unnormal-
ized data that are indicated by their corresponding color bar,
which shows the evolution of the response function with
respect to J. The plots for J = 0.05 show sharp spots re-
vealing the contribution from a single excitation, while the
plots for J = 0.25,0.45 represent streak signals of several
excitation modes. For the finite size of the underlying lat-
tice L1 = L, = 28, the plots of J = 0.65 show the crossover
from the streak signals to sharp peaks of the flux excita-
tions in non-Abelian phase, where the latter become obvious
for J = 0.85.
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¢1(a) ¢1(b) ¢1(c)
4 1 4 4 1
; E 3
2 7 0.25 2 0.1 2 1 27 0.05
3 04 ollaie 0 i 0.00 3 0 e 00 3 01 W et 0.00
- " -0.25 -2+ o1 -21 -0.05
" ¥ ;
-4 4 -4 -4
-6 -6 -6
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
w1 w1 w1
6 6 6
(d) (e) (f)
44 4 4 4
2 | 0.2 21 I 0.1 2 1 ! 0.05
3od ‘= —_— Ly b 0.0 3 0 b 00 3 0- : b= 0.00
] - —02  —27 i —01 27 = -0.05
-4 -4 -4
—6 -6 —6
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
w1 w1 w1

FIG. 7. The difference between susceptibilities at two different finite sizes of system at the isotropic point with K = 0.2. The top row shows
the results 2 (ws, w1, 0;Ly) — x 2% (ws, w1, 0;Ly), for (a) Ly = 15,L; = 7, (b) L, = 27, L; = 15 and (¢) L, = 33, Ly = 27. As the size of

22T

the system is increased the difference of susceptibility at two successive sizes is reduced strongly. The bottom row exhibits similar results for
X2 (@2, 0, 015 L) — x2¥(w2, 0, w15 Ly), where L, and L; are, respectively, (d) 15,7, (e) 27, 15, and (f) 33, 27. Some streak signals can be
seen in the above plots. Although these signals are present in the response of Fig. 3 they are so weak that are revealed only by subtracting the
response at two successive system sizes.

APPENDIX E: EFFECTIVE HAMILTONIAN which two spins on the z link are aligned up or down (| 11)
. .. or form the degenerate ground-state subspace with the
Let us consider an extreme limit and assume J; = J, = ene|rll¢)))5 =-—NJ. "ig"he two ﬁimensional rouﬂd state sub
K =0 in the EKM. For J, > 0, the spin configurations in gy Fo = “ £
-5000 0 5000 ~10000 0 10000 -5000 0O 5000 -10000 © 10000 -20000 0O 20000
[ — | — [ — [ — [ —
49 7=005 497=025 497 =045 497=065 497=085
2 2 2 2 2
50 50 504 301 H 301
-2 -2 -2 -2 1 -2
_4-l T T T T _4-| T T T T _4-| T T T T _4-l T T T T _4-I T T T T
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
w1 w1 w1 w1 w1
417=005 497=025 497=045 497=065 497=085
2 ! 2 2 2 2
50 So S0 f [ $0 - Food 5o
-2 1 -2 -2 -2 -2
_4_| T T T T _4_| T T T T _4_| T T T T _4_| T T T T _4_l T T T T
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
w1 w1 w1 w1 w1

FIG. 8. The top and bottom panels show susceptibilities x 2 (w2, w1, 0) and x<(w,, 0, w;), respectively. They are unnormalized 2D
nonlinear response for several values of J = 0.05, 0.25, 0.45, 0.65, 0.85 along the white path of Fig. 5(b). In all plots the lattice geometry is
Li=L,=28and M = 0.
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(c)
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i

FIG. 9. The strong links of EKM form an effective lattice in the large-J; limit (J, > J, J,, K). (a) The large-z links are shown graphically
with thick gray bonds and 7}*'s are Kitaev exchange interactions. (b) The gray circles represent the effective spins on the effective square lattice
constructed with the dashed lines. (c¢) The act of effective Pauli operators on an effective spin is shown schematically.

space (on each z link) can be considered as an effective spin
| ) or | {) on the lattice, which is shown in Fig. 9(b). The
effective Pauli matrices act on the effective spins as sketched
in Fig. 9(c). For nonzero values of J,, J;, and K, and in a
perturbative regime where J, J;, K < J;, the Hamiltonian of
the system is written as H = Hy + V,

Hy=—J. ) T,

iez links
— X y rosy Af
V-t Y T -0 Y T K Y 6relsl,
iex links i€y links (ik)a,(kj)p
yla,p

(EL)

where T;* = 66}. The three-spin interactions can also be
written in terms of 7,*’s. For instance, consider the plaquette
p1 in Fig. 9(a), where all possible three-spin interactions are

expressed in the following,
AVAXAZ AZAVAX AZA AXAZ

5X525Y 25 555257 4 5
—K(a1 0,03 + 05,050, + 030,05 + 0,050¢ + 050407

/\z/\y/\_x
+%01‘72)

=iK(['T ]+ [LTi] + [IiT5] + [ 15T
+ LT+ [TT), (E2)
where we used the square brackets to indicate the distinction
between three-spin interaction terms and the interactions in
the first and second terms of V. Suppose that Py and Qy are the
projection operators onto the ground-state subspace and ex-
cited states of Hy, respectively. By using the Brillouin-Wigner

perturbation approach the effective Hamiltonian of the system
with energy E = Ej is

Hee = PyHoPy + Py)V Py + P0VG6VP0 + P()VG&VGEJVPO
. (E3)

where G|, = ﬁQo is the Green’s function.

The nth order of perturbation term (He(f’?) along with some
of the interaction terms are given in the following,

HY =0, (E4)

K?
@2 _ _ .
H_;/ = const 2 Ei Ops

[V [T5T) ] and [T [T T5 ], (ES)

J.K* JK?
3 _ Y y )
H,; = const <4J12 + 413) Ei Op:s

R [t ®6)

K* +J2K> + J7K> + I3 T?

16J3 ) Z Or

[BEGEIE RG] (BTG 7]

@) _
H_’ = const — (

x TITY, T TETTY, .. (E7)

 AZAZ(AXAVY(AYAXY 1
where, for example, Q,, = 6;62(6{6;)(6;6;) will be equal

t0 25, Tioun Fiesi Tiighe 10 terms of the effective Pauli matrices
on the plaquette p; as shown in Fig. 9(b) [13]. Unlike the
pure KM, the first nonzero term in the perturbation expansion
appears at the second order since the three-spin interactions of
the EKM are made up of two Kitaev interactions (E2). With
an appropriate unitary transformation, Hegr in terms of Q’pis is

transformed into the Kitaev toric code [13].
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