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Characterization of localized effective spins in gapped quantum spin chains
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We study properties of localized effective spins induced in gapped quantum spin chains by local inhomo-
geneities of the lattice. As a prototype, we study effective spins induced in an impunity sites doped AKLT model
by constructing the exact ground state in a matrix product state (MPS) form. We characterize their responses to
external fields by studying an extended Zeeman interaction. We also study the antiferromagnetic bond-alternating
Heisenberg chain with defect structures. For this model, an MPS representation similar to that for the AKLT
model, “a uniform MPS with windows,” is constructed, and it gives a good approximation of the ground state.
We discuss the trade-off relation between the window length and the precision of the MPS ansatz. The effective
exchange interaction between the induced spins is also investigated by using this representation.
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I. INTRODUCTION

Collective motions in quantum many-body systems are
one of the most exciting topics in quantum dynamics, which
give the basis of recently developing quantum information
techniques [1-6]. As a typical example of such collective
phenomena in quantum systems, it has been well studied
that localized effective spins are induced in gapped quantum
spin systems. Such structures appear at local inhomogeneities
in lattices, e.g., edges, impurity spins, inhomogeneities of
interactions, etc.

For example, edges and impurities in the S = 1 antifer-
romagnetic Heisenberg chain have been studied extensively
[7-11]. Moreover, localized spin moments at the inhomoge-
neous structure are pointed out in several systems [12,13].

Recently, the coherent dynamics of such a localized mag-
netic structure has been measured in experiments. For ex-
ample, Bertaina et al. [14] measured Rabi oscillations of
the localized spins in (TMTTF),PFq, which was modeled
by the antiferromagnetic bond-alternating Heisenberg chain
(ABAHC). They also discussed the effect of the localized
spins on the ESR spectrum and proposed possible use of the
magnetic structure as a spin qubit.

Under these circumstances, the theoretical analysis of such
localized effective spins becomes more important. In the
present paper, we characterize such effective spins as a col-
lective mode in gapped systems by making use of the matrix
product state (MPS) representation [15-18] and study their
coherent responses to the external field.

As a prototype, we first study the Affleck-Kennedy-
Lieb-Tasaki (AKLT) model [19,20]. The AKLT model is
a frustration-free spin model, and the exact uniform MPS
representation of the ground state exists [21,22]. We dope
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S = 3/2 impurity spins into the AKLT model and introduce
interactions around them with projection operators in order
not to break the frustration-free property. Then, the ground
state exhibits § = 1/2 effective spin structures. By replacing
the tensors at the impurity sites, we can construct the exact
MPS representation of the effective spin states. We call such
MPS structure “a uniform MPS with windows.” By making
use of this MPS representation, we study responses to an
external magnetic field and propose a way of independent
manipulation of two distinct systems (qubits) in two effective
spin systems. We also point out such manipulation is not
possible for more than two spins.

As a more realistic model, we study the ABAHC, which
has the gapped ground state and inhomogeneities cause lo-
calized effective spins. Because this is not a frustration-free
model, the discussions of the AKLT model are not fully ap-
plicable. However, MPS based analyses are still useful in this
case. We studied the ABAHC with weak-weak bond defects
and investigated the interaction between two effective spins
induced by the defects. We obtained the asymptotic behavior
of the interaction strength as a function of the separation by
using the MPS representation with the windows. We also
discuss the trade-off relation between the precision and the
window length, both numerically and analytically.

The present paper is organized as follows. In Sec. II we
study MPS for the AKLT model with impurities as a proto-
type, and in Sec. IIT MPS for the ABAHC are given. Summary
and discussion are given in Sec. I'V.

II. LOCALIZED SPIN STRUCTURE IN THE AKLT MODEL

The AKLT model is an S = 1 antiferromagnetic quantum
spin chain described by the Hamiltonian

. A A 1 .~ 4 2
Hakir = Z |:Si “Sip1 + g(si Sip)* + §i| (1

i

©2019 American Physical Society


https://orcid.org/0000-0001-9156-0078
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.100.195105&domain=pdf&date_stamp=2019-11-04
https://doi.org/10.1103/PhysRevB.100.195105

HAYATE NAKANO AND SEIII MIYASHITA

PHYSICAL REVIEW B 100, 195105 (2019)

i—2 i—1 i i+1 i+2
L R L R L R L R L R

FIG. 1. The schematic picture of the VBS state. Black dots
denote s g and white circles denote the symmetrization operator S.

S,- . S[H + %(S,» . S,-H)2 + % is proportional to ’ﬁf‘lj_:lz, which
is defined as the projection operator onto the spin 2 subspace
of H}=! @ H?7!. Here H; denotes the local Hilbert space at
site i.

For a chain with periodic boundary condition, the ground

state is given as follows:
1
N [+i)
510;)

. _1 Oi
(® S,») |dimer) = Tr|:® |: 310
(2)

1
= | 5l

where the operator ® acts as (X®Y);; = >, Xix ® ¥ ; and

|dimer) denotes a dimer state of virtual S = 1/2 spins

\dimer) = ® 1) N iprL) — Wi T )

: V2
R [ . . .
~7|® _|: It iR |T;,L>|T;,R>] e
- V2= ir) Wi Itir)
The operator S5=! is a symmetrization operator, which makes
two virtual § = 1/2 spins into a § = 1 spin as

1
= )

where (;’1) denotes the combination number. This ground state
is called a valence bond solid (VBS) state and often illustrated
as a schematic picture depicted in Fig. 1.

This state is written in the conventional form of MPS:

Z Tr(HAS") I{s}), (5)
{s} i

with the tensor with three indices

2 1 2
At = \/;(ﬁ, A = —\/;aa Am==\307 ©

Here |{s}) denotes the basis of the system |sj, 52, ..., Sy)
(s; =+, 0, —) and o denotes the Pauli matrices. The coeffi-
cients of (6) are introduced into A to make the state normalized
in the thermodynamic limit.

For a chain with an open boundary condition, the ground
state is obtained by applying the symmetrization operators (4)
on the following state:

N-1
0 ® (® |¢,~,R>|¢,~+,,L>ﬁ|¢i,R>|¢,~+.,L>) ® 5wz, ()

instead of the periodic dimer state (3). Because of the
edge spins sy 1, Sy R, the ground state is fourfold degenerate.
We mention that these S = 1/2 spin degrees of freedom are
localized but not strictly localized around the edges. To make

S §isu)] 535w ise+se),  (4)

i=1
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FIG. 2. The effective spin state with a doped § = % spin.

it clear, let us consider the magnetization profile in the case
of s =syr = 7 and N — oo. Around the left edge, the
profile is given by

1) = ~2(-Y).

Since Y72, —2(—1/3)" = 1/2, this structure can be regarded
as a localized S = 1/2 spin originating from s; 1.

i=1,2,.... ®)

A. AKLT model with impurity spins

Here we consider the AKLT model with a doped S = 3/2
spin, which induces an S = 1/2 localized spin structure. We
tune the interactions around the doped spins to make the
ground state exactly representable in the MPS form. The

o . - 5=3
constructed Hamiltonian acting on (®),_, H;=) ® H, *> ®

(@i HF™ is

.\ A A 1 o 4 2
H= Z [Si'si+1 +§(Si'si+1)2+§i|
i<—1
or 1<i

A 2 A 5
+ |:S_1 S0+ 5(5—1 80)” + §i|

A 2 A 5
+ (881 +=G S+ ©)
7 7
where § denotes an S = 3/2 spin operator. Since the interac-
tion around the impurity is also proportional to the projection
operator, i.e.,

5
A Se=2 . A 2n & 2.5
P 8 -Sipi + 26 - Sip 1) + 3, (10)

the ground state of this Hamiltonian can be constructed in the
same way as that of the uniform AKLT model. The ground
state is schematically expressed in Fig. 2. Let us briefly
illustrate how to construct the MPS representation of this state.
First, we construct a product state of the dimer state (3) and
an extra S = 1/2 spin state |so.c),

|dimer) & |so.c)
St ir)
T , ,
) r[ (% |:_|‘Li,L>|\Li,R>

®[—|T0,L)|SO,C)|¢0,R)
_N/O,L) |s0,c) |¢0.R>

1] Ti,R):|

i) 1ir)
[1o.L)50.c) |T0,R)i|
o.L)s0.c)Tor)

o[ [T i) 11in)ItiR)
®<‘§[—|¢,«,L>|¢i.k> |¢i,L>|¢,~,R>D]‘ b
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The symmetrization operator acting on three S = 1/2 spins
is now given by

8572 ss0) |3 5c) 35 )
1 3
= 3 315+ 8¢ + Sr)- (12)
(% +s1, ;Lsc +SR

_3
By applying (®,,S=H®S, * ® (RS to
|dimer) ® |so,c), we obtain the ground state

o) ZTr [T 4|8 [[ A% |ish.

—N/2<i<0 0<i<N/2
(13)

where ¢'°° = 4, | denotes the index of the S = 1/2 localized
spin corresponding to the unpaired spin sc, and nonzero
elements of B are defined by

+3 4 +1 P 3 _ -
BTz_U R BTZ__ §O’, BTZ—— 50' 5

I 1 -1 1 -3
B = 30 Bii=—y30n Br=—on (9

From now, we consider only in the thermodynamic limit,
ie., N > oo limit of (13) [23]. In this limit, the states
are normalized, and the magnetization profiles of them are
given by

loc| @)y Alocy __ % (i:O) — ;
S =1, Hf@, 15)
(=37 G#0)
(L1840 = —£(i). (16)

We note that ), f(i) = 1/2 is satisfied. Thus we succeeded to
create effective S = 1/2 spins represented by compact tensors
by doping S = 3/2 spins. Here it should be noted that we may
construct the effective spin states by simply introducing S =
1/2 spins [7,8]. However, in this case, there is no compact
representation since the projection method used above is not
available.

B. Response to magnetic field

Now we discuss a response of the effective spin structures
to external magnetic fields described by the Hamiltonian
H @)= > hi@) - Si. For simplicity, hereafter we omit the
argument ¢. First, we consider the case of a uniform magnetic
field #' =h- (3 ;S)). Since [H,H']1=0 and H|c'*) =0,
the dynamics is bounded in the ground state subspace. The
matrix representation of 7{:

<TIOC| |T10L N/loc
< \L100|
is the same as that of the Hamiltonian h - S acting on a single
free S = 1/2 spin. Therefore, the response is the same as that
of free S = 1/2 spin.
In the case of nonuniform external fields, i.e., {h;} is

position dependent, # and H' no longer commute. Here we
assume that the gap above the ground state is large, and

Z hyo® 17)

Ot_.xVZ

the transition to the excited states is negligible. Under this
assumption, we study dynamics only in the ground states.
Then, the matrix representation of H’ is written as

<Tl | loc loc _ eff _«o
) 1) = Zh )

(4] 4
a =X,),2
where we define effective magnetic fields as
T (Dhio
et = 2 e 557 fp, (19)
Too T

Thus, the response can be regarded agam as the same as the
free spin.

This observation indicates that the effective spin acts in the
same way as long as the effective field is the same. Because
of the one-to-many correspondence between h*' and {h;},
we can construct many different {h;}s which generate the
same dynamics. The degrees of freedom of effective fields
suggests the possibility to manipulate multiple effective spins
independently by tuning the distribution {h;}. Thus, in the
following, we study the systems with multiple doped spins.

C. MPS of multiple induced spins

Now we consider the Hamiltonian with multiple S = 3/2
doped spins. By using the above-introduced tensor B, we can
construct the ground state as

|O,loc’. O_]loc)
_ S S S S
o (e 1o )e
{s} i<ji Ji<i<jp
S 5;
~BA TT A [lsh- (20)
Jk<i

The ground state is 2k_fold degenerate, where k is the number
of doped spins.

Here we consider the case of k = 2, and we fix the posi-
tions of doped spins as j; =0 and j, = L > 2. The matrix
elements of the spin operators are given by

(PP ARSIV 1) = 21D + 2D, @)
( lloc lUC|S(+)|TIOL loc> gz(i), (22)
and so on, where
21 = (1 + isi,L)f(i>, o =gl@-i. (23
Now we define u, as

u = [|Tloc loc> |Tloc loc> H]loc loc> |\L10c7 loc)]. (24)

Then, the matrix elements of 71’ is written as

w,H'u,
AR R S N 0
1 hc(l; +ih°r£ hcl‘{ _ h°f§ 0 hcrr] 7ih°f§
= ™ »e - o2 " - o >
A GRR 0 I

0 T+ incft

-3 X e 25)

j=12 aj=x,y,z

eff i peff eff eff
B3 +ih5s —hSh = e
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where we define hgfj =2Y", g;(i)h; . Here it should be noted
that the bases (24) are not orthonormal and the Gram matrix

18
:|7
1—-AL

(26)

1- AL
[ 1+ AL —2A;
G=uwm = oA, 1+ AL

where A; = (—%)LH. Ay can be regarded as a barometer
of the overlap between the magnetization profiles of two
effective spins. Because G is different from the unit matrix
L4x4, the dynamics generated by ' is different from that of
two free S = 1/2 spins.

To amend this difference, we introduce new basis {|51, 6>)}

by linear combinations of {|o]°, 61°¢)} as
. B+ + B-
i, = UQ\/E =u gt gjr y
B+ +B-

27)

1 1 1
ﬂi:i(\/l—ALi\/HSAL)' 28)

Then, the matrix elements of 7' for these new bases are
given by the same form of (25) after redefining A°" as
e (B+hg + BohgfS) — K. Since the number of de-
grees of freedom of {h;} is larger than that of {hsz}, we can
control h¢™ and h§™ independently by tuning {h;}. Thus, these
new basis {|61, 62)} can be regarded as “qubit” states, which
can be controlled independently by the external field.

where

D. More than two spins

Now we study the case when the number of effective spins
becomes larger than two.

First, we consider the case of three spins. We found that
it is impossible to properly define effective fields hgffk =
>, fu(D)h; o and an orthonormal basis set {|51, 62, 63)} which

satisfies
WHn= ) > KTl (29)

j=1.23 aj=x,y.z

In order to show this, we solve the generalized eigenvalue
problem AGv = Hv for

H=u <Z hi,zsl%) w, G=ulu. (30)

If there exists a set of parameters satisfying (29), the eigen-
vectors are independent of the choice of the configuration
{hi .}. To check whether such parameter sets exist or not, we
generated random configurations and solved the eigenvalue
problem numerically. Then we found that different configura-
tions make the eigenvectors different. Thus, we conclude that
the qubit states which can be controlled independently are not
possible for the case with three spins.

This difference can be understood as a consequence of the
scattering phenomena of the transfer matrices made of MPS

(see Appendix C). In the case of more than two spins, as
shown in (C6), multiple scattering more than two times causes
a peculiar matrix element in H. Such scattering processes,
which do not take place in the case of two spins, make the
qualitative difference.

III. ANTIFERROMAGNETIC BOND-ALTERNATING
HEISENBERG CHAIN

As mentioned in the Introduction, effective spin struc-
tures are induced at local inhomogeneities in various kinds
of gapped spin chains. A typical example of such gapped
chains is the spin-Peierls chain, modeled by the ABAHC. Its
Hamiltonian is given by

Fapanc = Y _[1+ (=1)818; - S, (31)

where S denotes an § = 1/2 spin operator. We call the bond
of the strength 1 + |§| “strong bond” and that of 1 — |§| “weak
bond.” The ground state is thought to be in the same phase as
the so-called dimer state. We can define a nonlocal string order
parameter detecting the dimer order [24,25]. These phases
are regarded as the symmetry-protected topological phases
named even-Haldane phase or odd-Haldane phase [26]. Here-
after, we adopt the dimerization parameter as 6 = 0.03. This
value corresponds to the ESR experiment [14] and is suitable
to visualize the magnetization profile of the effective spin
smoothly.
We use a uniform MPS

W) =) v (]_[A‘”"’”‘“>VRI{S}> (32)

{s} icZ

to approximate the ground state. The tensor A € C2xDxD g
defined for every two sites, and v g are boundary vectors with
D complex elements. D is the bond dimension of A. A and
v are chosen to satisfy the normalization (W(A)|W(A)) =1,
where the overline denotes the complex conjugate. To obtain
the ground state, we optimize the tensor A to minimize the
energy (W(A ) H apanc|W(A)). In the present study, we use the
VUMPS algorithm [27] for this purpose. We prepare several
normalized random tensors as initial states of the optimization
and check that the optimized tensors are independent of the
initial choices. It suggests that the obtained states are not
trapped in local minimums of the energy.

The correlation length of the ground state is calculated
by the transfer matrix (7;").a.p.0) = 2 A} AL . The
eigenvalues of TA, A, Aa, ..., are sorted in descending order
of their magnitude. Because of the normalization, | is equal
to 1. We assume |A;| < 1, and the correlation length is defined
by &pux = —1/1n|22].

For the present model, we found D = 130 is large enough
to study the qualitative characteristics of the effective spin
structures, although the extrapolation to D — oo gives a
quantitative difference. The correlation length of the D = 130
MPS is &k =~ 5.055. We also estimate the energy gap AE ~
0.145.
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FIG. 3. The magnetization profile around the defect obtained by
the MPS with N = 0 and N = 25. These two lines almost overlap.
The inset shows the difference between the two profiles.

A. Defects and effective spin structures

Now we study the ground state with a single defect. It is
known that the ground state of the ABAHC has an effective
spin structure around the inhomogeneity [12,13]. Here we
introduce a weak-weak bond defect into the ABAHC. The
lattice structure is schematically drawn as

*—e

where solid and dotted lines denote the strong and weak
bonds, respectively.

We calculate the ground state of this model in the MPS
form. We use the central 2N + 1 tensors, which we call
“window” in the uniform MPS, to express the effect of the
defect. Namely, the variational wave function is given by

| W (A; (B} _y))

— Z V]i( 1_[ ASanSZnJr])B‘E_ZﬁiSZNﬁ»] . Bf:zl.]sfl
{s}

n<—N

X BEB] .. .BE[Z\;V]—JJzN (l—[ Aszu—l,mn)VR|{S}>7 (33)

N<n

where A is the tensor already calculated for the uniform
model. This form can be regarded as the generalization of
(13). The TDVP algorithm [28-31] was used for the optimiza-
tion of {By;;} (see also Appendix A). In the optimization, we
apply a small magnetic field in the z direction in order to break
the degeneracy of the ground state.

We plot the magnetization profiles of the state calculated
for N =0 and N = 25 in Fig. 3. The sum of the profile is
equal to 1/2, and therefore it can be regarded as an S =
1/2 effective spin structure. These two profiles agree well,
and thus we can say that the effective spin structure is well
represented by the MPS (33) even in the case of N = 0.

1073

425)“1’(14? {B[,]};N;A \)>‘

25

=

107 ]

N - i

3 + i

D i |

= | o |
0 5 10 15

N

FIG. 4. The relation between the windows length N and the
fidelity defined by (34). Blue circles denote the data of numerical
calculation with D = 130 and Ny.x = 25. The orange line denotes
A exp(—N/&wux) line. The value of A is chosen to fit the data at
N =0.

B. Trade-off between window length and precision

In the previous section we treated the window length N
as a control parameter of the numerical calculation. Although
the N =0 wave function gives a good approximate state,
N dependence is still an important matter. In this subsec-
tion we study how the difference between |W(A; {B}72_.))
and |W(A; {B[,-]}?’: _y)) behaves as a function of N, where
{B}Y._y denotes the set of 2N + 1 tensors optimized to
minimize the energy for each window length.

To study the N dependence, we plot the fidelity

V/]'_|(ql64;{BUﬂQ§fA%M) W (A (Bi}il_y) | (34)

in Fig. 4. We find that the fidelity (34) decreases with the
correlation length of the bulk as ~ exp(—N/&pyik)-

We believe that this behavior is general and does not
depend on the detail of the model. We give an analytical result
supporting this conjecture in Appendix A.

C. States with two localized spins

Now we study the case with two effective spins in the
ABAHC. The lattice structure is schematically drawn as

*—e [ ] *—o *—0o [ J
0 2L +1

*—o

Because the MPS (33) for N = 0 already approximates the
single effective spin state well, we construct a “man-made”
state of two effective spins as

| W (4; (B)))

= Z VE (1_[ ASZm,-VZmH )BSO
{s}

m<0
« < 1—[ Aszml,Szm>BSZL+l (1_[ A’Zm'sz”’Jr‘)VRHS}%
0<m<L L<m
(35
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triplet of effective spins
tri
JCH(L%[ I]cﬂC (L)

singlet of effective spins

L

FIG. 5. Schematic picture of the energy spectrum of two ef-
fective spins system. The effective exchange interaction breaks the
degeneracy of the ground state.

where {B} denotes the central tensor in (33) for N = 0. This
state corresponds to a triplet state since two effective spins
point in the same direction.

In the ABAHC, effective spins interact with each other, and
this interaction breaks the degeneracy of the ground states, as
illustrated in Fig. 5. We note that the exact degeneracy of the
effective spin states (20) originates from the frustration-free
property of the AKLT Hamiltonian. By making use of (35),
we study the effective interaction as a function of the distance
between two defects. We derive JU(L) as

JS(L) = E(L) — E(c0) ~ exp(—L/&ouic)  (36)
by defining
WP (A (BY)| 7| WP (4; (BY))
(W (A BY)| WP (A: {BY))

E(L) = < (37)

The detail derivation of (36) is given in Appendix B.

Unlike the case of the AKLT model, the effective Hamil-
tonian acting on the site O [the detail definition is given in
(A9)] is modified by the existence of B*%+', and the same
happens on the site 2L + 1. Therefore, even when the state
|W(A; {B})) can represent the ground state with high accuracy,
the accuracy of the man-made state may become worse when
the distance between two effective spins is not large enough.
We check the validity of (35) by a numerical calculation. In
Fig. 6 we plot Jet}if(L) calculated by the man-made state (35)
and by the state optimizing the whole tensors in the window
[0, 2L + 1].Inthe case L > 5 & &y, the interaction was well
reproduced by the man-made state.

Thus, we conclude that the MPS based characterization of
the effective spins is useful for very general cases.

IV. SUMMARY AND DISCUSSION

We have studied localized effective spins induced by inho-
mogeneous lattice structures in gapped quantum spin systems.
As a prototype of such structure, first we studied the AKLT
model with doped S = 3/2 spins. We constructed the exact
MPS representation of the ground state and analyzed the re-
sponse to external magnetic fields. We found that the response
is given by a form of summation of local fields. Thus, by
tuning the distribution of fields, we approximately manipulate
the spins independently. However, if we take into account the
nonorthonormality of the states, the operation interferes with
each other, and the control is no more independent. We found

1070° F y
—A- man-made

~- numerical

1010

1071°

L)

10-20

10722

FIG. 6. The strength of the effective interaction JU% as a function
of the distance between two effective spins. Blue circles represent the
energies calculated by the man-made state (35). After constructing
man-made states, we optimize the states by the TDVP algorithm.
In the optimization, we apply a uniform magnetic field &, satisfy-
ing Jor < h, < AE = 0.145. Orange dots are the optimized energy.
When L larger than 5 ~ &k, the man-made state reproduces the
effective interaction energy well.

that, for the case of two effective spins, we can construct qubit
states which can be manipulated independently. But, we also
found such construction is impossible for the cases of more
than two spins.

As a realistic model, we studied the ABAHC with defects,
which has been studied experimentally, e.g., the work of
Bertaina et al. [14]. The uniform MPS with impurity tensors
can well approximate the ground state of this model as well
as the case of the AKLT model. But, some qualitative dif-
ferences, due to the absence of the frustration-free property,
exists. The precision of the MPS approximation depends on
the window length of the impurity tensors. We discover that
this dependence is dominated by the bulk correlation length
Epuk. We also studied the strength of the effective exchange
interaction as a function of the separation of impurities, which
was found to become small exponentially with the correlation
length &y For studying these characteristics, the MPS based
characterization works well.

In the ESR experiment [14], they found a sharp resonant
peak, which is considered to be attributed to the effective
spins. Besides the sharp peak, they also found a broad struc-
ture, which should be attributed to fast motion, including the
excited state. In the present paper, we confined ourselves in
the states below the gap. In order to explain the experimental
results, we have to take the excited states into account. To
study the effects of the excited states on the dynamics of the
effective spins is a future work.
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APPENDIX A: TDVP ALGORITHM AND ANALYSIS OF THE LENGTH SCALE OF THE WINDOW

In this Appendix we introduce the optimization algorithm for the tensors in the window, e.g., {B(;}._ in (33). This algorithm
is based on the imaginary time evolution and called time-dependent variational principle (TDVP).
Now we consider S = (d — 1)/2 spin chain with the Hamiltonian

H Zh11+1+(hl 10+h10C)
ieZ

— /)f[uniform + ’}:Zl[‘lcl’l]. (A1)
As a starting point, we consider the state with the smallest window size:
|W(A; (B))) = Z v (1"[ AS")BAO (H AS")VRHs}) (A2)
{s} n<0 O<n

where A denotes the tensor which was calculated for the uniform Hamiltonian H"f™ The spectral decomposition of the
transfer matrix 7;' = Y_ A* ® A* is given by

D2
= [r)(] + Y Milr) (i, (A3)
i=2
where (/;| and |r;) denote the left and right eigenvectors of TA, respectively, satisfying (lilrj) = 6; j. Here 1 > |As]| > |A3]--- is
assumed. We also define the associated matrices /; and r; which fulfill
T =Y UWosAi e (e v A - (A4)

5,00 k. k'

B denotes the optimized tensor to minimize the total energy. This optimization can be done by defining effective Hamiltonian
and solve the eigenvalue problem. We define an operator transfer matrix as

T =Y (s hls) (XY @ (XY (A5)

s,t

and shift the origin of the energy as i = h — (I, | 7A|ry). Then, the norm and the matrix elements of # are given by

(W(A; {B)IW(A; {B)) = (L[ TZ ) = Bf:,rr(Neff)(s',zf,r'),(s,l,r)Bf,r, (A6)
(W(A; (BYITLIW(A; {B)) = (L] T Z )" T 1) + (1T e lr) + T ) + I TE DY (TR Ty (A7)
n=0 n=0
D2
= (11|~7;,AAZ T |rk)(lk|TB|rl)+(ll| Titbioelr0) 4 (W T2 e )
k=2
=:(LIBC|
L
+ W7y Z |rk)(lk|u7hAA|rl) (A8)
k=2
—IRIBC)
= Bf:,r/(Heff)(s/,l/,r'),(s,z,r)Bf,,. (A9)

(LIBC| and |RIBC) are called infinite boundary conditions [32-34]. The optimized tensor B is obtained by solving the
generalized eigenvalue problem ANgX = HegX.
Hereafter, for simplicity, we regard |W(A, {B})) as a “vacuum” state and represent it by the following shorthand notation:

|_) = [W(A; {B})). (A10)

When some tensors in |_) are replaced, we only denote the replaced tensors as

| Y% 7% ZVL (]‘[A‘n)BYO( ]_[ A‘")Y“ ]_[ A | Z% HAS" vrl{s}). (A11)

n<0 O<n<i i<n<j j<n
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Now we consider the infinitesimal imaginary time evolution starting from |_). For small Az, this evolution is obtained by
approximating

e ) =) — ATHI) (A12)
by

(A + ATG) - (A ATCR) ) = 1D+ AT Y L), (A13)
—N<i<N

In order to calculate this time evolution, we solve the minimization problem
2

{C[l]}l—_Nzargmm 7—[| +Z| C[Yll]
{CII]}, N
=argmin< > (-Gl + (G + (IR G ))) (Al14)
{C[i]}fvzfzv —N<i<N

However, because of the gauge degrees of freedom, i.e., | sz'] )+ | C[sl’jr‘l] y=1_ (Cm +A%X) )+ |_(C[S;jrll] — XAS+1) ) for

arbitrary D x D matrix X, {Cp;7} is not uniquely determined. Then, we consider the following constrained optimization problem:

{C[il}fv__zv=afgmin{6[f]},-”_N( PN WP+ (LG | + _IF|_C )))

—N<iKN
subject to (_|_Cy ) =0fori# Oand (_CJ_|_Ci ) =0fori ;. (A15)
By introducing ad x D x D(d — 1) tensor (V.);, , satisfying
(\/EW;VL =0, (HDxD|7}‘ZL = (Ip@-1)xp@-nl (A16)
and defining a parameter representation of C* as
v —1 . _
COOly =Y (VI ),V X (VP (A17)
bbb

—1
the constraints in (A15) automatically satisfied for i < 0 sites because (/; |7f &) — T |7;VLX‘M = 0. Here X denotes a D(d —
1) x D matrix. Furthermore, the norm of |_C(X)%_) is given by a simple form as

(LCX)"_|_CcX)_) = (TR 1) = Upwnl Ty 5 pwn) = (Ip@a—1yxpa—1| T3 Ipxp) = Tr(XXT). (A18)

We construct Vi and define C(X )% for i > 0 in the same manner. Then we can solve (A15) for every sites independently:

Ciy = argmin (14 TE ) + (CCP_IRI) + (_IHI_CY])), (A19)
C
Crizoy = CXi)", (A20)
Xjizo) = argmin(Tr(XX ") + (_LCX)"_[AI_) + (_IAI_CE)"_)). (A21)
X

By repeating this step, we simulate the imaginary time evolution starting from |_) as
B (0) - BV (1)) = e ) /lle” )| (A22)

for every N.
The result shown in Fig. 4 suggests that

1 — [(B*>=(00) - - - B*(00)|_B*"(00) - - - B (00)_)| ~ |2|*". (A23)
We analyze the short time behavior, where the dynamics can be regarded as linear, of the left-hand side of (A23), and prove that
1 — [(B=(AT)---B*=(AT)|_B*"(AT)---B¥(AT)_)| ~ AT? AN (A24)

is satisfied if At is small enough. Because Fig. 4 suggests the initial state |_) is close to the T = oo state, we assume that the
linear dynamics (A24) gives the dominant contribution of (A23).

195105-8



CHARACTERIZATION OF LOCALIZED EFFECTIVE SPINS ... PHYSICAL REVIEW B 100, 195105 (2019)

C
WITeN R (m =0

We define €, = { .
Tr(XimXp,;)  (m #0)

, and then the left-hand side of (A24) is written as

B 1+ A7? Z_NgmgN €m
\/1 + Atz Z—oo<m<oo 6’71\/1 + ATz Z—NngN €m

=1- (1 + A7? Z em) (1 — %Arz Z em> (l — %Aﬂ Z em> (A26)

—N<m<N —00<mM<00

1 (A25)

= —AT? Z €m. (A27)

X} 1s obtained by taking 9/ 3X of the right-hand side of (A21). For simplicity we assume m < —2 and define

=y [v{( [1 A)} [{sii<ms), (A28)
1,a

{siti<m+1 n<m+1 )
e =Y [( I1 AS">BS° (HAS")VR} l{si}mei) (A29)
{sitmt1<i m+1<n<0 O<n a1
la)uL = Z Z |:VI (HAsi>:| (1171/2)b’b'(VL)2,’",a|{Si}i<m)’ (A30)
b0 {si}i<m i<m 1,b
la.d e =Y (1), A Isme). (A31)
b, Smt1
Since
[W(A; {B})) = Z la)L ® la)r. (A32)
_CRY )=l ® Xewld, d")ic ® |a')r, (A33)
X 1s obtained as
Xim)aw = (Z(aIL ®(d,d'lc® (a"IR)?':lI‘U(A; {B})). (A34)

Because of the property (A16), if an operator O acts only on the right-hand side sites of site m,
Q- ylall ® (@, blc ® (blr)O|W(A; {B})) vanishes. We now define an m independent matrix

Y Do = (@l ® (. b|L'c)< > h,-_l,,) b\, (A35)
i<m+1
and then X, can be written as
KinDaw = Yara (T " > TE 1) (A36)
D?
= Vo |r) GITE 1)+ Y A" 2 VI GITF ) ~ 2 g (A37)
=0 =1

(A24) is given as a consequence of (A27) and (A37).

APPENDIX B: DERIVATION OF THE ASYMPTOTIC FORM OF THE INTERACTION
We consider the Hamiltonian with two inhomogeneities
H = Huniform + Hl[o_cl’l] + HEC’LJ,_Q]’ (Bl)
and the man-made state

(WP (A (B))) = |- - A BYAY - AR AT Y, (B2)
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We define J'°° = T/ +hlocTA + T T2, and shift the origin of /'°° to satisfy
0 = (W(A; (BYIH™O™ + 7 ||| W(A; {B})) = (LIBC|T |r) + (| T4 IRIBC) + (147" |ry).

The denominator and numerator of E (L) are given as

D?

(WP A {BY| W A (BY) = LITE (T TEIr0) = WITE )W TE ) + > M| TR @I TE 1)

=2
= 1+ O(exp(—L/&pu))-

and
(WA (BY)[H| W A: (BY)
— (LIBC|TB(TA)LTB|I’1) + (ll|j10c(774A)L_17;;B|r1) + (ll|7;;B( ) jlcx:|r )+ (lllTB( ) TBlRIBC)

+ Z(MTB ) T (T T TE I

D? D?

(B3)

(B4)

(BS)

(B6)

(B7)

= (LIBC| T |r) (W T |r) + Y AUIBCI TS r) AT 1r) + (T 1m0 T ) + Y a Gl T )Gl T )
—— —’ ———

(B8)

- =2 - =2
D? D?
+ WITEIrOGIT ) + Y M T I GLT ) + GITE DI TEIRIBC) + Y k(4| T4 ) (i T [RIBC)
T i— T i—
D> L2
+ M2 TR )OI T DT 10 + KO ITE TR ) (TR )
Jj=2 i=0 - -
D* D* L-2
+ Y Y AT WIT DU T O W TS 1)
j=2 k=2 i=0

— 11—

D? _)\’]:_1
=2((LIBC|7;§|r1>+(l.|7;f|RIBC)+(llul“vl)) + Y [T GITE ) + T )T 1))

=0
D2
+ Y M[IBCITS |r) @I TS 1r) + (W T3 |r) (] T IRIBC)]
i=2

D? D> D* L-2

+ D M WIT D GITE ) + (W TR ) AT 0]+ Y Y A W TR )G T rO Ul T ) (BI)

. =2 k=2 i=0
= O[L exp(—L/&pui)]-

APPENDIX C: DETAIL CALCULATION OF THE AKLT MODEL

By using the notation introduced in Appendix A, the transfer matrices of (6) and (14) are given as
Ti' = 1) = 3(r2)(El + [r3)Us| + [ra)a)),
To' =T+ L(r)(] = Ir)(a),
Tt =Tit = 44l = 1)),

Tt = 3(r)0] = Ir)G)).

Now we consider the case of k = 3 of (20). We fix the positions of the doped spins as j; =0, o =L+ 1, j3
To show the difference between k = 2 and k > 2, we consider

A1t D3l parras 1t 3) = BT (T T (T T (T T ).
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Different from the case of k = 2, (C5) contains three times scattering term as

T

T (TME T8 (TA )L' T8
(L] == (L] ——= (L] = (1] = (L] =
xf% x(—% L x% X —

(Co)

2 1 L+L"+2
(@] S (LI T = ——(——) .
()"

2

3

Such terms resulting from many times scattering make it impossible to represent ui?fl’u3 in a simple form as (25).
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