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The spin-1/2 Heisenberg chain coupled to a spin-S impurity moment with anti-periodic boundary condition is studied
via the off-diagonal Bethe ansatz method. The twisted boundary breaks the U(1) symmetry of the system, which leads to
that the spin ring with impurity can not be solved by the conventional Bethe ansatz methods. By combining the properties
of the R-matrix, the transfer matrix, and the quantum determinant, we derive the 7—Q relation and the corresponding Bethe
ansatz equations. The residual magnetizations of the ground states and the impurity specific heat are investigated. It is found
that the residual magnetizations in this model strongly depend on the constraint of the topological boundary condition, the
inhomogeneity of the impurity comparing with the hosts could depress the impurity specific heat in the thermodynamic
limit. This method can be expand to other integrable impurity models without U (1) symmetry.

Keywords: Bethe ansatz, impurity, topological spin ring
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1. Introduction

Recently, considerable attention has been drawn by the
theory of impurities in both the Kondo problem and the
topological state, and many new developments have been
reported.'~%1 We know that the impurities play an important
role in the strongly correlated electron systems, and even a
small amount of defects may change the properties of the elec-

7-101 Then it is very important to construct the

tron systems.|
integrable systems including the impurities. Many impurity
models with free end boundary conditions have been consid-
ered previously. Frahm and Zvyagin studied the effects of a
boundary magnetic field and an impurity spin coupled to an
open spin chain by means of Bethe ansatz method.!'!! Wang
proposed an open spin-1/2 Heisenberg chain coupled with
two impurity spins sited at the ends, and exactly solved this
model for arbitrary impurity spin and arbitrary exchange con-
stants between the bulk and the impurities using Bethe ansatz
method."”! The integrable impurity problem of the Heisen-
berg chain with periodic boundary condition was first consid-
ered by Andrei and Johannesson.!!3] They studied the inte-
grable case of a spin S > 1/2 embedded in a spin-1,/2 Heisen-
berg chain. Subsequently, the problem was generalized to ar-

141 In contrast to the

bitrary spins by Lee and Schlottmann.
periodic boundary conditions in the integrable impurity mod-
els, the anti-periodic boundary conditions are especially in-
teresting, which are tightly related to the recent study on the
topological states of matter. [1>16]

Since the Yang and Baxter’s pioneering works, 711 the
quantum Yang—Baxter equation, which defines the underlying

algebraic structure, has become a cornerstone for constructing

DOI: 10.1088/1674-1056/ab8886

and solving the integrable models. The T—-Q relation method
and the algebraic Bethe ansatz method developed from the
Yang—Baxter equation have become two very popular methods
for dealing with the exact solutions of the known integrable
models.?”) Although the algebraic Bethe ansatz method is
a powerful tool exhibiting a rich mathematical structure, its
implementation for models without U(1) symmetry still has
an obstacle. The main obstacle applying the algebraic Bethe
ansatz to these models lies in the absence of a trivial refer-
ence state. Significant progress has been made recently for
the integrable models without U (1) symmetry. For example,
a promising method for approaching such kind of problems
is Sklyanin’s separation variables method which has been ap-

5.[2122] Another important ad-

plied to some integrable model
vance was made by Cao et al.,’?>?! who proposed the off-
diagonal Bethe ansatz method to approach the exact solutions
of generic integrable models either with or without U (1) sym-
metry. The central step of this method lies in the construction
of the T-Q ansatz with an extra off-diagonal term. For the
integrable models with impurities, on one hand the twisted
boundary breaks the U(1) symmetry of the system, on the
other hand the introduction of the impurity adds the freedom
degree of the system, which make it difficult to resolve the im-
purity model without U (1) symmetry. A systematic method is
still absent to derive the Bethe ansatz equations for integrable
impurity models without U (1) symmetry.

It is known that the behavior of a single magnetic im-
purity in the one-dimensional spin-1/2 Heisenberg model
as well as the behavior of a single Kondo impurity in a
three-dimensional free electron host is described by simi-
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lar Bethe ansatz theories.!”! The spin-1/2 magnetic impu-
rity manifests the total Kondo screening with Fermi liquids-
like low temperature behavior of the magnetic susceptibil-
ity and specific heat.[?”] The effects of impurity scattering
on the surface of topological insulators have been investi-
gated extensively.[?839 A key issue is to determine the con-
ditions for the stability of the current-carrying states at the
edge of the sample,l3!3?] as this is the feature that most di-
rectly impacts prospect for future applications in electron-
ics and spintronics.[33] Therefore, it is worthwhile to inves-
tigate the effects of impurity when the impurity locates at
the twisted boundary. In this paper, we consider the Heisen-
berg spin ring with a Mobius-like topological boundary con-
dition coupled to a spin-S impurity. The Hamiltonian of the
model is H = Hy + Hj, which was first solved by Andrei and
Johannesson, 3]

1 1 oy
Hy= fJZa, 0‘,+1+2J(6N0'1 oy 0] — 0507),

2 2 1
Himp =J<257+1) [UN'S+0'N+1 'S+§{0N-S70N+1 -S}

—S(S—&-l)aN-aNH}, (1)

where Hy describes the host spin chain, Hjy, is the interac-
tion of the chain with the impurity, o'; = (07, G; ,05) are Pauli
matrices, S is the spin operator of spin-S. The {, } denotes an
anticommutator. Here, we consider the anti-periodic boundary
conditions oy, ; = 670607 (¢ = x,Y,2), that is, the spin on the
N-th site connects with that on the first site after rotating a
angle along the x direction and forms a kink in the spin space.
The impurity is assumed to be located on the kink (between the
Ist and N-th sites), and interacts with both neighboring sites.
We use the T—Q relation, together with some addition prop-
erties of the transfer matrix, to determine the complete set of
the eigenvalues and Bethe ansatz equations of the transfer ma-
trix associated with the Hamiltonian under certain constraint
of the boundary parameters.3*! The aim of this paper is to ex-
pand the off-diagonal Bethe ansatz method, and investigate the
impurity effects in the topological spin ring.

This paper is organized as follows. Section 2 serves as an
introduction of our notations and some basic ingredients. We
briefly describe the inhomogeneous topological spin ring with
a spin-§ simpurity. In Section 3, base on the properties of the
transfer matrix and the quantum determinant, we drive the in-
homogeneous T—Q relation for the eigenvalue of the transfer
matrix and the corresponding Bethe ansatz equations. In Sec-
tion 4, the impurity effects on the ground state and the thermo-
dynamic limit for different impurity parameter c are discussed.

Concluding remarks will be given in Section 5.

2. Transfer matrix

Let Vo, V1,...
numbers C. The V; indicates the auxiliary space and the

, Vv be 2D vector spaces over complex

tensor product V] ® --- ® Vy indicates the quantum space,
where V; corresponds to the j-th site of the spin chain with
j=1,2,...,N. On the tensor product V) ® V;, we define the
R-matrix

1
Roj(u) =u+ FM+naoo-S;, 2

where u is the spectral parameter, 7] is the crossing parameter
(without loss of generality, we put 1 = 1). The S; is either
a spin-1/2 or an impurity spin-S at site j. Integrability re-
quires that the R-matrix satisfies the following Yang—Baxter

equation:

Rio(u)Riz(u+ p)Ro3 (1) = Roz(1)Riz3(u+ w)Ri2(u).  (3)

Using the R-matrix, we introduce the local transform matrix

Lyj=1® - ®Rp;®---1. Define the monodromy matrix of

the system
1/2 2 1/2
Tow) = L) (u—03) L2 —On 1) - - L P —00) LN u—0)
_ (A) B(u)
= (et o) @
with {6|j = 1,...,N} being some generic site-dependent in-

homogeneity parameters, and ¢ a constant. The transfer matrix
with anti-periodic boundary condition is given by

t(u) = trg oy To(u) = B(u) + C(u), Q)

where trp means tracing the auxiliary space 0. In order to con-
struct the Hamiltonian describing the interaction of the chain
with the impurity of spin S, we consider

T =g [ G Lgl; (u— W)L (u— )L (u—0)] . ©)

Note that the impurity can interact only with the neighbour
sites, and the couplings are different. The coupling between
the N-th site and the impurity is the normal interaction, and the
coupling between the 1st site and the impurity is the twisted

interaction. The Hiy,, can be obtained via

dInT*(u ,
T() |u:0,{9j:0} _J(Gl)\(lciv_cl)\llcly_clflo-lz)‘ (7)

With the help of Egs. (2), (4), and (5), the first order derivative

of the logarithm of the transfer matrix gives the Hamiltonian

dlInt(u
MW oty ®

Himp=J

HZH()—I—Himp =J

Both the Lax operator and monodromy matrix satisfy the
Yang—Baxter relation

Rix(u; — uz)Lglj/Z) (uy )Lglj/z) (u2)

L(l-m(uz)L(l-/z)(ul)Rlz(ul —uz), ®)

Rualn =)L) ()L (u2) = L) (@) L) (un) iz 1 =), (10)
R12(u1—u2)T1( 1)1 (uz) = To(u2) Ty (uy )Ri2(uy —uz). (11)

067501-2



Chin. Phys. B Vol. 29, No. 6 (2020) 067501

It is easy to show that the R-matrix also satisfies the following
relations:

Initial condition:  R12(0) = Pyy, (12)

Unitary relation: Ry (u)Ry (—u) = (1—u?) x id, (13)

Crossing relation:  Ry2(u) = ViR, (—u— 1)V,
V=—_io, (14)
PT-symmetry: Ry2(u) = Ry (1) = R}5? (u), (15)
Z-symmetry: 6105 Ri2(u) = Ri2(u)o{ 05
for o =ux,y,z, (16)
Fusion condition: Rjp(£1) =41+ Py, 17

where Pj; is the permutation operator and #; denotes transpo-
sition in the i-th space.With the help of the Yang—Baxter re-
lation, we can easily deduce the following commutation rela-

tions:
[A(u),A(V)] = [B(u),B(V)] = [C(u),C(V)]
:[D(u),D(v)]:O, (18)
AWBY) = Y LBVAW) + —BWA(Y), (19
D@wBK) =" LD - L BuDWY),  @0)
C(u)B(v) = B(v)C(u) + —— [D(u)A(V) = D(V)A(u)]. (21)
Define the pseudo vacuum state |0) as Gj+ |0) =S7]0) =0, we
obtain
C(u)|0)=0, A(u)[0)=a(u)|0), D(u)|0)=d(u)|0), (22)
where a(u) = TT)_, (u—60;+1)(u—c+1/2+S), and d(u) =
H]jyzl (u—0j)(u—c+1/2—S). The Yang—Baxter relation

of the R-mareix leads to the fact that the transfer matrices
with different spectral parameters commute with each other:
[1(u),t(v)] =

the conserved quantities of the corresponding system, which

0. Then #(u) serves as the generating function of

ensures the integrability of the model.

3. Off-diagonal Bethe ansatz solutions

We suppose that |¥) is an eigenstate of 7(u) and indepen-
dent of u, and has #(u)|¥) = A
tation relations Eqgs. (18)—(21), the following useful formulas

(«)|¥). Base on the commu-

can be derived: 3!
C(u)B(t1) -~ B(un)|0)
= ZM;HB 17)[0) + ZMk,B H (1)[0),  (23)
=1 =1
ﬁél sﬁ
with
My = g(u, py)a(u)d (uy) | [ (g o) f (s )
J#l
+g(t,u) () [ TS () f (s ),
J#

My = d (a8, ti) g (e, w) f (W, ) TT o o bt f (i, 1)

J#kl
+d (a8, )8 (Ui, ) f (L, thr)
< T s ) f (s 1), (24)
J#k,l
where f(u, ;) = ”;fl;;] and g(u, ;) = ﬁ We define
F({p;}) = (P|IT}=; B(1;)|0) and set Fy = (¥|0) = 1. Us-

ing the define of the pseudo vacuum state, we have A (u) =
(¥|B(u)|0). Obviously, the eigenvector |¥) is independent of
the spectral parameter u, thus the eigenvalues of #(u) can be
determined by the relation between A (1) and F,(y;). From

the following relation:

Fi(u)=A(u),
Fy(u, ) =A(u)A () — Mo,
F(u, i, i) = A @) A(n) A () — My Ata)— Mo Ap)— Moy Au),
n+1( {:U'I}J 1, HA ,LLJ i lﬁ/\ ,LlJ
- ]?H
— Y M A(u )H (1), (25)
k>1 j;é_kl

we note that the dependence of the functions F,(u) on u is
solely determined by the operator B(u), and A(u) is a de-
gree N polynomial of u. Hence A (u) can be write as A (u) =
Ag H?’Zl(u —zj), where A is a constant and z; are roots of
A(u) with A(zj) = 0. There are N + 1 unknowns Ay and
{zjlj=1,...,N}. If there are N + 1 equations, A (1) can be de-
termined completely. In order to get some function relations of

the transfer matrix, we evaluate the transfer matrix #(u) at the

particular points 6; and 6; — 1. Due to a(6; — 1) =d(6;) =0
and Fyy1 = 0, we have the following relation:
(9]7 u)a
Au) = Z T Hf 6,u) f(6;,6,). (26)
j=1 ( j) 1#j
Putting u = 6; — 1, we obtain the following relation:
A(0)A(68;—1)=—a(6,)d(8;—1), j=1,....,N. 27)
The quantum determinant A, (u) = —a(u)d(u— 1) is indepen-

dent of the representation basis, however it is related with the
boundary conditions. Next we consider the transposition of

the monodromy matrix in the auxiliary space

750 (u) = Loy (u—6y) - L (u— 01)Lis(u—c).  (28)

With the intrinsic properties of the R-matrix given in Eqs. (14)

and (15), we deduce that
T (u) = (—)NWy ' Los(—u+c—1)

X Lot (—u+61—1)---Loy(—u+ 6y —1)Vp. (29)

067501-3



Chin. Phys. B Vol. 29, No. 6 (2020) 067501

Then we find

_ c)][Oll'”’N-H

T, ™0 = [Lon(u—6y) -+ Loy (u— 61)Los(u
= (—=D)" M Log(—u+c—1)
X Loi(—u+6;—1)---Loy(—u+ 6y —1). (30)
For the anti-periodic boundary condition, the transfer matrix
satisfies the relation
(N () = (= 1)V (—u—1). (31)

This relation Eq. (31) indicates that A (u) = (—1)NA(—u—1)
for a finite site N, which has been proved by the direct diago-
nalization of (u).1%%! The above relations Egs. (25), (27), and
(31) completely determine the eigenvalue A (u), we propose
the following T—Q relation for A (u):

_ Qir(u—1) gy, Q2(ut1)
Alu) = e'a(u)=——= 0> (@) —e d(u)in(u)
( )d(u)
—_— 32
ol )Ql( )02 (u)’ G2
where
M M
(u— 1)), w—vj).  (33)
J:1 j:l
The &(u) is an adjust function, and & (u) = e* — e “~! for

odd N, M = (N+1)/2 (foreven N, M = N/2+1). The corre-

sponding Bethe ansatz equations can be obtained as

—pj—1
a(u;) = —eé(:_)Qz(ﬂj+ 1)02(1;), (34)
d(v;) = g:’,)gm— DOI(v). (35)

Generally, the Bethe roots distribute in the whole complex
plane with the selection rules f; # py, 4; # vy, and 4; # v +1,
which ensure the simplicity of “poles” in the T—Q ansatz. The
eigenvalues of the Hamiltonian (1) take the following form:

1 28J
= . 36
Z<N1+l vj)+(S+1/2)2—62 (36)

4. Ground state and impurity specific hetat

The interaction between the impurity and the spin ring
depends on the parameter ¢, and ¢ could be real or imaginary
values. Therefore, we discuss the ground state properties for
different ¢ values with the standard method proposed by Yang
and Yang.!!”! Note that the distributions of the roots {u;} and
{v;} are not independent, which essentially are decided by
the selection rules of elementary excitation at the anti-periodic
boundary condition of the system. In the homogeneous lim-
its 8; — 0, with the help of Egs. (34) and (35), we obtain the
following Betha ansatz equations:

(/.L i+ 1 >N S+ l)
mj+1 )

c—Mji—(S+;
cHHi+(S+5

o 2ilm(uy) T (g/+ﬁz+2> <l~11+ﬁz+1>7 a7
Mj+u+2) \uj+u+1

and the energy eigenvalues

M 1 1 287
E=—J —
Z <u,-+1 +u,~+1>+(s+1/2)2—c2’

where [1; indicates the conjugate of ;.

(3%)

First, we consider the case of imaginary ¢ = i{. The ex-
change interaction between the impurity and the spin ring is
always positive corresponding to antiferromagnetic coupling.
All the modes of {u;} take imaginary values in the ground
state to minimize the energy. We set ; = A; +i7;, and intro-
duce the following function:

0 (l> = lln
n i

Taking the logarithm of Eq. (37), we obtain

L _ 1 /L /il Y 2
N 27:{6(/1,-+1>+ 9(1 +85+1/2 TN

1 ¢ Y= % Y=
N;9<lj+l;+2>+9<lj+)q+l> , (40)

where [; are some integers (or half-integers). Define

k=5, {9 (111)+19(A+}/S+C1/2>+2y

—y =1 )} “n

—129< >+6<
N&= \A+A+2 A+A+1

Then Zy(A;,v;) =1;/N gives the Bethe ansatz equation (37).
Note that /; are related to not only the parity of N and M

7L—in_
A+in

(39)

but also the distribution of the roots, which are decided by
the topological boundary. For the ground state, I; must take
consecutive numbers around zero symmetrically. In princi-
ple, each possible /; may correspond to a solution {;} of the
Bethe ansatz equations. However, those solutions may not be
occupied. We treat the occupied solutions as ’particles” and
the unoccupied solutions as “’holes”, and define a density func-
tion for the ground state py (x) = dZy(x)/dx = p(x) + p"(x),
where p(x) and p"(x) are the densities of the particles and
holes, respectively. From the selection rules, we know that
the distribution of the Bethe roots in the ground state is on a
straight line, which means that all the imaginary modes have
the same value. Therefore, we can take ¥ as a constant in the
ground state, and only consider the distribution of A. The den-
sity function can be written as

1
pn(A) = ¢7()‘+1)+N¢'yfé‘<l +54+1/2)
1 M
3 L Orn A+ M+ 2) + by (A A+ 1), (42)
=1
1 2n

where (P” (x) = %m

state satisfies ij pn(A)dA = M/N, where A is the cutoff

. The density function at the ground

067501-4
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of the A modes. Normally, A is decided by the dressed en-
ergy €(=A) = 0, and indicates the boundary of the Fermi
sphere. >3] Here we only consider the case A = . Follow-

37]

ing the standard procedure outline elsewhere,?’! we obtain

the residual magnetization of the ground state M, = S, which
means that the impurity can not be screened. 3!

For the case of real value c, the coupling between the im-
purity and the spin ring can be ferromagnetic or antiferromag-
netic for |c| < S+ 1/2 and S+ 1/2 < |c|, respectively. Ob-
viously, there exists a critical point |¢| = S+ 1/2, which cor-
responds to a quantum phase transition to a non-Fermi liquid
quantum critical region. When S+ 1/2 < |c|, the real modes of
patRe{p;} =c—(S+1/2) can exist in the ground state. With
a similar discuss, the self magnetization of the ground state is
M, = S, which means that the impurity can not be screened.
When S+1/2 > |c
purity and the bulk is in the antiferromagnetic region, and

, the exchange interaction between the im-

no bound state can exist in the ground state. In this case,
the residual magnetization of the ground state My = S —1/2,
which means that the impurity moment is partially screened
(for S > 1/2).

In order to investigate the impurity effects in the thermo-
dynamic limit, we consider a special case of c =i and u; =
iy; to investigate the thermodynamic of the present model.
In the thermodynamic limit, in the leading order of O(N~!),
equation (40) takes the form

pu(1) =010~ [ 2oy —7)+ 01— )] pw(¥)a¥ - 43

Equation (43) can be resolved by the Fourier transformation,
and the contributions of the impurity and the anti-periodic
boundary to the density are

1

ps(Y) = —————,
COSh(S?ng)
Mol L[ o™
Pal¥) = 2cosh(my)  4m) 142e @+e®

Therefore, the impurity contribution to the low temperature
specific heat reads
CS:l 72/ 1 6%(Y)6€5(7)/T ay.
4 cosh(my) (1 + ees(/T)2
—4(S+1)J

(=8 +(@2S+1)*
analytically expression of temperature specific heat for nor-

(45)

It is hard to obtain the

where ¢eg(y) =

mal § and S, however, we can give some numerical results by
applying the approximate calculations (see Fig. 1).

From the above discussion, we conclude that the impurity
can not be screened for the antiferromagnetic cases. The impu-
rity moments only can be partially screened for the ferromag-
netic case. The coupling interaction of the impurity is differ-
ent to that in the one-dimensional quantum system with U(1)
system.!'?! The topological boundary condition will produce

a finite boundary energy described by a phase factor, which
constraints the interaction between the impurity and the spin
kink. The screen behaviors of the impurity strongly depend
on the competition between the quantum fluctuation and the
constraint of the topological boundary condition. When the
impurity parameter c is a pure imaginary value, the contribu-
tion of the impurity on the specific heat mainly depends on the
impurity spin, and the effects of the anti-periodic boundary are
depressed in the thermodynamic limit. From Fig. 1, we note
that the peak of specific heat moves down gradually with the
increase of {, which means that the inhomogeneity of the im-
purity comparing with the hosts could depress the contribution
of the impurity on the specific heat. These results are similar
to the situation for the Kondo problem in a Luttinger liquid
predicted by Furysaki and Nagaosa.!*! The Kondo coupling
in this model indicates the topological nature of the system.

0.12 0.12
0.10 0.10
0.08 0.08f |

T 0.06 < 0.06]
0.04 0.04f
0.02} 0.02

oLZ 0

0 0.5 1.0 1.5 2.0

Fig. 1. The impurity specific heat Cs as a function of temperature 7' for the
system with the impurity spin-1/2 (a) and the impurity spin-1 (b), where the
impurity parameter §{ = 0.5,1,1.5.

5. Conclusion

The spin-1/2 Heisenberg chain described by the Hamil-
tonian (1) with anti-periodic boundary condition is studied via
the off-diagonal Bethe ansatz method. The crucial ideal of the
off-diagonal Bethe ansatz method is to construct the function
relations between the eigenvalues of the transfer matrix and
the elements of the monodromy matrix. The eigenvalues of
the transfer matrix are given in terms of the 7—Q relations,
and the Bethe ansatz equations are given by the regularity of
the eigenvalue. Based on the Bethe ansatz equations, we inves-
tigate the distribution of roots and the residual magnetization
in the ground states by the usual method. >3 It is found that the
screen behavior of the impurity strongly depends on the topo-
logical boundary condition, the anti-periodic boundary condi-
tion contributes a finite boundary energy described by a phase
factor. The selection rules of Bethe roots decide the proper-
ties of the ground states and the elementary excitation of the
topological spin ring, which indicates the topological nature of
the system. In the thermodynamic limit, the impurity contri-
bution to the specific heat is also investigated, and the results
indicate that the thermodynamic properties can be adjusted by
the impurity parameters. When the impurity does not inter-
act with the boundary fields, the function relation between the

067501-5
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eigenvalue and the quantum determinant still holds via some

properties of the R-matrix and K-matrices. In this case, this

method can also deal with the impurity integrable models with

arbitrary boundary conditions, which will be investigated in

our next work.

References

(1]
[2]
(3]

[4]
[3]
(6]

(71
(8]

[9]

[10]
[11]
[12]
[13]
[14]
[15]

[16]

Kondo J 1964 Prog. Theor. Phys. 32 37

Anderson P W 1970 J. Phys. C 3 2436

Bayat A, Bose S, Sodano P and Johannessonm H 2012 Phys. Rev. Lett.
109 066403

Wagner C, Chowdhury T, Pixley J H and Ingersent K 2018 Phys. Rev.
Lett. 121 147602

Choo K, Keyserlingk C W von, Regnault N and Neupert T 2018 Phys.
Rev. Lett. 121 086808

Noguchi R, Takahashi T, Kuroda K, Ochi M, Shirasawa T, Sakano M,
Bareille C, Nakayama M, Watson M D,Yaji K,Harasawa A, Iwasawa
H, Dudin P, Kim T K, Hoesch M, Kandyba V, Giampietri A, Barinov
A, Shin S, Arita R,Sasagawa T and Kondo T 2019 Nature 566 518
Stashans A and Rivera K 2016 Chin. Phys. B 33 97102
LiY,XuB,HuS Y,Li YL, Li QL and Liu W 2015 Chin. Phys. B 32
67502

Jiang F X, Xi S B, Ma R R, Qin X F, Fan X C, Zhang M G, Zhou J Q
and Xu X H 2013 Chin. Phys. B 30 047501

Nadri F, Mardaani M and Rabani H 2019 Chin. Phys. B 28 017202
Frahm H and Zvyagin A A 1997 J. Phys.: Condens. Matter 9 9939
Wang Y P 1997 Phys. Rev. B 56 14045

Andrei N and Johannesson H 1984 Phys. Lett. A 100 108

Lee K J B and Schlottmann P 1988 Phys. Rev. B 37 379

Xia Y, Qian D, Hsieh D, Wray L, Pal A, Lin H, Bansil A, Grauer D,
Hor Y S, Cava R J and Hasan M Z 2009 Nature Phys. 5 398

XuSY, XiaY, Wray L A, Jia S, Meier F, Dil J H, Osterwalder J, Slom-
ski B, Bansil A, Lin H, Cava R J and Hasan M Z 2011 Science 332
560

[17]
(18]
[19]
[20]

[21]
[22]
[23]

[24]
[25]
[26]

(271

[28]
[29]

[30]

[31]

(32]
(33]

[34]
[35]

[36]
[37]
[38]
[39]

067501-6

Yang C N 1967 Phys. Rev. Lett. 19 1312
Baxter R J 1971 Phys. Rev. Lett. 26 832
Baxter R J 1972 Ann. Phys. 70 193

Baxter R J 1982 Exactly Solved Models in Statistical Mechanics (New
York: Berkeley) pp. 180-185

Niccoli G 2013 Nucl. Phys. B 870 390
Niccoli G 2013 J. Math. Phys. 54 053516

Cao J P, Yang W L, Shi K J and Wang Y P 2013 Phys. Rev. Lett. 111
137201

Cao J P, Yang W L, Shi K J and Wang Y P 2013 Nucl. Phys. B 875 152
Nepomechie R 12013 J. Phys. A: Math. Theor. 46 442002

Yang K H, Song B, Wang Y P and Han R S 2002 Chin. Phys. Lett 19
111

Bai X F, Zhao Y W, Yin H W and Eerdunchaolu 2018 Acta Phys. Sin.
67 177801 (in Chinese)

LuHF LuHZ, Shen S Q and Ng T K 2013 Phys. Rev. B 87 195122

Shen Y, Dong J Q and Xu H B 2018 Acta Phys. Sin. 67 195203 (in
Chinese)

Wu X Y, Han W H and Yang F H 2019 Acta Phys. Sin. 68 087301 (in
Chinese)

Hu XL, ZhaoR X, Deng J G, Hu Y M and Song Q G 2018 Chin. Phys.
B 27037105

Shao S Q, Zhou K Z and Zhang Z D 2019 Chin. Phys. B 28 070501

Eriksson E, Strom A, Sharma G and Johannesson H 2012 Phys. Rev. B
86 161103(R)

CaoJ P, Yang W L, Shi K J and Wang Y P 2014 Nucl. Phys. B 886 185

Korepin V E, Bogoliubov N M and Izergin A G 1993 Quantum inverse
scattering method and correlation functions ( Cambridge: Cambridge
University Press) pp. 137-169

Galleas W 2008 Nucl. Phys. B 790 524

Takahashi M 1971 Prog. Thero. Phys. 46 401

Shi L P and Xiong S J 2009 Chin. Phys. B 26 067103
Furusaki A and Nagaosa N 1992 Phys. Rev. Lett. 69 3378


https://academic.oup.com/ptp/article/32/1/37/1834632
https://iopscience.iop.org/article/10.1088/0022-3719/3/12/008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.066403
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.066403
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.147602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.147602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.086808
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.086808
https://www.nature.com/articles/s41586-019-0927-7
https://iopscience.iop.org/article/10.1088/0256-307X/33/9/097102/meta
https://iopscience.iop.org/article/10.1088/0256-307X/32/6/067502/meta
https://iopscience.iop.org/article/10.1088/0256-307X/32/6/067502/meta
https://iopscience.iop.org/article/10.1088/0256-307X/30/4/047501
http://cpb.iphy.ac.cn/article/2019/1969/cpb_28_1_017202.html
https://iopscience.iop.gg363.site/article/10.1088/0953-8984/9/45/021/meta
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.56.14045
https://www.sciencedirect.com/science/article/abs/pii/0375960184906753
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.37.379
https://www.nature.com/articles/nphys1274
https://science.sciencemag.org/content/332/6029/560
https://science.sciencemag.org/content/332/6029/560
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.19.1312
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.26.832
https://www.sciencedirect.com/science/article/pii/0003491672903351
https://www.sciencedirect.com/science/article/pii/S0550321313000540
https://aip_scitation.gg363.site/doi/abs/10.1063/1.4807078
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.137201
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.137201
https://www.sciencedirect.com/science/article/pii/S0550321313003507
https://iopscience.iop.gg363.site/article/10.1088/1751-8113/46/44/442002/meta
https://iopscience.iop.org/article/10.1088/0256-307X/19/1/334
https://iopscience.iop.org/article/10.1088/0256-307X/19/1/334
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.67.20180341?viewType=HTML#viewtype-html
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.67.20180341?viewType=HTML#viewtype-html
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.87.195122
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.67.20180703
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.67.20180703
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.68.20190095
http://wulixb.iphy.ac.cn/en/article/doi/10.7498/aps.68.20190095
http://cpb.iphy.ac.cn/article/2018/1930/cpb_27_3_037105.html
http://cpb.iphy.ac.cn/article/2018/1930/cpb_27_3_037105.html
http://cpb.iphy.ac.cn/article/2019/1992/cpb_28_7_070501.html
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.86.161103
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.86.161103
https://www.sciencedirect.com/science/article/pii/S0550321314002090
https://www.sciencedirect.com/science/article/pii/S0550321307006591
https://academic.oup.com/ptp/article/46/2/401/1868396
https://iopscience.iop.org/article/10.1088/0256-307X/26/6/067103
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.72.892

	1. Introduction
	2. Transfer matrix
	3. Off-diagonal Bethe ansatz solutions
	4. Ground state and impurity specific hetat
	5. Conclusion
	References

