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Abstract

Injecting a single hole into a one-dimensional Heisenberg spin chain is probably the simplest case of
doping a Mott insulator. The motion of such a single hole will generally induce a many-body phase shift,
which can be identified by an exact sign structure of the model known as the phase string. We show that the
sign structure is nontrivial even in this simplest problem, which is responsible for the essential properties
of Mott physics. We find that the characteristic momentum structure, the Luttinger liquid behavior, and
the quantum phase interference of the hole under a periodic boundary condition can all be attributed to it.
We use the density matrix renormalization group (DMRG) numerical simulation to make a comparative
study of the 7—J chain and a model in which the sign structure is switched off. We further show that
the key DMRG results can be reproduced by a variational wave function with incorporating the correct sign
structure. Physical implications of the sign structure for doped Mott insulators in general are also discussed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

How a doped hole propagates in a “vacuum” that is full of quantum spins is a central question
in a doped Mott system [1,2]. On general grounds, one expects a “cloud of spin excitations” to
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be generated to accompany the motion of the hole. In a more conventional/weakly correlated
system, a similar “cloud” forming around a testing particle is usually finite in size, remains fea-
tureless and rigid at low energy, which dresses only the particle’s effective mass. The challenge
arises, however, if the spin cloud becomes neither featureless nor rigid, or in other words, the
motion of the hole becomes strongly-correlated in nature. Generally speaking, a new mathemat-
ical description will be needed here. The issue of the single hole problem has attracted intense
attention since the discovery of the high-7,. cuprate, which is considered to be a doped Mott
insulator [3].

In literature, the one-dimensional (1D) doped Mott systems have been well studied. The exact
Bethe ansatz or the Lieb—Wu solution [4] exists for the Hubbard model at an arbitrary doping
concentration and ratio of the on-site Coulomb repulsion U and the nearest-neighbor hopping
integral ¢. In particular, the 1D #—J model can be solved exactly at t/J — oo [5-7] and t/J =
1/2 [8-11] (J is the superexchange coupling), both of which behave like a Luttinger liquid [12,
13] at finite doping. Numerically, the phase diagram has been also given via exact diagonalization
(ED) [14,15] and the density matrix renormalization group (DMRG) [16] methods. As a matter
of fact, based on the 1D exact solution, Anderson proposed [17] the idea of the unrenormalizable
many-body phase shift, which is argued [ 1,18] to be generally responsible for the Luttinger liquid
behavior in the doped Mott insulator. The quantitative characterization of such phase shift was
later analytically identified [19-21] in the 1D #—J model. The ground state properties of the
doped Hubbard model at U > t or the t—J model at J <« t can be also approximated by the
so-called squeezed spin chain description [6,7,19,20,22-25].

Nevertheless, a simple microscopic understanding is still much needed, even for the simplest
one-hole-doped 1D case. By answering the question raised at the beginning of this paper, one
may gain a deeper insight into the strong correlation nature of the Mott physics, which goes
beyond the specific 1D geometry. Utilizing exact analysis and numerical methods, one hopes to
clearly illustrate the single-hole’s motion in an antiferromagnetic spin background qualitatively
and quantitatively, which are relatively easier to handle in 1D. It may then provide important in-
sights for the problem in two dimensions (2D), which is more relevant to cuprate superconductors
and other strongly correlated materials.

In this paper, we investigate the ground state of the one-hole-doped 1D Heisenberg chain
using the exact analysis, DMRG, and wave function approach based on a variational Monte
Carlo (VMC) method. The main results are obtained as follows. First of all, we explicitly show
that a nontrivial sign structure or phase string emerges once a hole is doped into the Heisenberg
spin chain, which otherwise is statistical-sign free. Since such sign structure is present for any
dimension, the 1D limit provides the simplest example to show its novel consequences. The
detailed analyses will be given in Sec. 2. Secondly, in contrast to a bare hole state created by
annihilating an electron in the half-filled ground state, the true hole ground state differs by a
fundamentally changed momentum distribution, as well as the vanishing single-particle spectral
weight, obeying a power-law scaling with the length of the chain. The phase string induced by
one hole doping, as the singular many-body phase shift contributed by the spins in the vacuum,
is responsible for the above momentum readjustment and the Luttinger liquid behavior. These
will be confirmed by the DMRG simulations in Sec. 3. Furthermore, we show that a variational
wave function constructed by incorporating the correct sign structure or the phase string can
reproduce the DMRG results by using the VMC calculation in Sec. 4. Finally, in the summary
section (Sec. 5), we will also discuss how the phase string sign structure plays a critical role in a
general doped Mott insulator beyond the 1D case examined in the present work.
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2. The model and exact analysis
2.1. The model

In this paper, the main focus will be the ground state properties of a single hole injected into
a 1D Mott insulator. It is described by the —J Hamiltonian, H;_; = H; + H, generally defined
in the Hilbert space constrained by the no-double-occupancy condition as follows

Hy = —t Z (c?acjo +h.c.),
(ij).o

1
Hj:JZ(S,--Sj—Zn,-nj). (1)
(ij)

Here, the operator c;’U creates an electron at site i with spin o, and S; is the spin operator, n; the
number operator, respectively, with the summations running over all the nearest-neighbors (ij)
along the chain.

For a comparative study, we will also consider the ground state of the so-called o -7—J model
[26], Hy.+—y = Hy.; + Hy, in which the superexchange term H; remains the same as in the t—J
model Eq. (1), but the hopping term is modified by

Hoi=—1 Y o(c},cjs +he), )
(ij).o
in which an extra spin-dependent sign o = = is inserted. The distinction between the ground
states of the r—J and the o-r—J models will reveal the critical role of the phase-string sign
structure hidden in the r—J Hamiltonian, which however is precisely eliminated by the sign ¢ in
H,.; in Eq. (2), as to be seen in the following [26].
Finally, these two models may be connected by tuning the spin-dependent hopping integrals
as follows

il il
H’T"i :_ITZCiTCJT -1 Zcilcji + h.c. 3)
(i) (i)

Here, t4 and ¢, are the hopping amplitudes for the up-spin and down-spin electrons, respectively,
and again the constraint n; < 1 in the Hilbert space is always enforced. When t; =1, =1, the
above model becomes the normal 1—J model in Eq. (1). Similarly, when #y =t and ¢, = —1,
this model becomes the o -r—J model in Eq. (2). Then by fixing #4 = ¢ and tuning the hopping
integral ¢|, one may continuously connect these two models to turn on or off the phase string
sign structure. Note that the spin rotational symmetry is slightly broken here in the x—y plane by
the hopping term involving a spin-1/2 in the one-hole-doping case, while the background spins
governed by Hj still obey the spin rotational symmetry.

2.2. The exact sign structure

For one-hole-doped #—J model Eq. (1) on a bipartite lattice, it has been previously demon-
strated that the hopping of the hole will pick up a sequence of signs, i.e., (1) x (—1) x (—1) x
-+, known as a phase string [24,27,28]. Here, the sign =+ keeps track of the microscopic process
of an 1 or | -spin exchanging with the hole at each step of hopping. The exact sign structure of
the r—J model with one hole is precisely given by
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7o = (Nl @)

with Nhl [c] denoting the total number of exchanges between the hole and down spins along a
path ¢ which can be either open or closed.

For example, 7. appears in the single-particle propagator of the hole from i to j as follows
[24,27]

Gin(j,i; E) o< ) teWlel , Q)

where {c} includes all the spin and hole paths with the path weight W[c] > 0 at energy E < 0.
Among {c}, the path of the hole, which connects i and j, is an open one [24,27].
On the other hand, 7, also appears in the partition function [28]

Ziy=Y tZlcl, ©6)

where Z[c] > 0 for any closed path ¢, which is generally temperature- as well as ¢- and
J-dependent.

Furthermore, such phase-string sign structure can be artificially switched off by introducing
the o -r—J model Eq. (2) with inserting a spin-dependent sign o in the hopping term. It is easy to
show [26] that the phase string disappears in the o-f—J model, with t. replaced by +1 in, say,
Eq. (6)

Zoas =y Zlcl, (7)

where the non-negative weight Z[c] for each path ¢ remains unchanged. Similarly 7. is also
precisely eliminated in Eq. (5). Therefore, the r—J and the o -7—J models are solely differentiated
by the presence and absence of the phase string sign structure .. In other words, the distinction
between the two ground states will uniquely reveal the role of the sign structure.

In order to examine the novel role of 7., let us consider in the most simplified case of the 1D
chain, i.e., with an open boundary condition. Here only a self-retracing path will contribute to the
partition function in Z;_; (in order for the whole spin—hole configurations to return to the same
ones in carrying out the trace in Z;_y) such that N, hi [c] in 7. is generally an even number for any
closed path in Eq. (6). Namely Z;_j = Z4.,—; since 7. = 1. Correspondingly, the eigen energies
are also the same for the two models.

However, for such a 1D chain under open boundary condition, t. remains nontrivial for an
open path, say, in the single-particle propagator Eq. (5). In fact, without the interference effect
due to 7, = 1 for a closed path, one may introduce a unitary transformation to “gauge away” the
phase-string signs in the t—J model [24],

eié) = e—i Zi nf’ fl; (8)
where fz,» = Z, 0; (1)n;, with the statistical angle 6; (/) satisfying
+m, ifi <,

0;()) =ImIn(i — 1) = 9

i (1) i—=D 0. il 9
such that

eI — oFiT Yy — (—)Xim (10)

Here, nlh and n; are the hole number and down-spin number operator, respectively.
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Then, it is straightforward to show that the sign-full /—J and sign-free o -r—J models can be
related by such a unitary transformation

H_;=e®H,, e ©, (11)

Consequently, any eigenstate |®),.,_; of the o-t—J model, which has no “sign problem”, can be
used to construct the corresponding eigenstate |\W),_; of the 7—J model of the same energy by

W),y =€) 5. (12)

Although we shall focus on the single hole case below, the above construction is rigorous for an
arbitrary hole concentration of the 1D chain under an open boundary condition [24].

2.3. More detailed sign structure in wave functions

One has seen above that a doped hole in a Mott insulator will generally induce a phase (sign)
shift, which is many-body (dependent on the background spins) and irreparable or unrenor-
malizable (as Z[c], W[c] > 0). The sign structure 7. in Eq. (4) is obviously different from a
conventional Fermi sign structure. It reflects a peculiar quantum “memory” effect of the hole
moving on the quantum spin background. Namely it reflects a long-range entanglement between
the charge and spin degrees of freedom.

In order to further identify the sign structure in the wave function, we start from the undoped
case. At half-filling, both the #—J model and o -1—J model reduce to the same Heisenberg Hamil-
tonian Hj. According to Marshall [29], the ground-state wave function of the Heisenberg model
for a bipartite lattice is real in the Ising basis and satisfies a Marshall sign rule. This sign rule
requires that the flip of a pair of antiparallel spins at nearest-neighbor sites will induce a sign
change in the wave function, i.e., 1] — (—1) | 1. If one introduces the so-called Marshall basis
with the built-in Marshall sign by

1
s} = (=DNac] e e, 10), (13)

where L is the total site number or chain length and NX denotes the total number of down spins
belonging to the sublattice A, it is straightforward to verify that the off-diagonal matrix elements
of H; are non-positive. Then the half-filling ground state of the Heisenberg model, denoted
by |¢0), has non-negative coefficients in the Marshall basis according to the Perron—Frobenius
theorem, namely,

g0y =D c({sh I{s}). (14)
s}

with ¢ ({s}) > 0. Thus |¢g) is indeed sign-free in the Marshall basis {|{s})}.

The single hole doping can be then realized by removing a spin-o (o = %1) from the half fill-
ing singlet state, leading to a total spin Sg,, = —o /2 single-hole state. Starting from the Marshall
basis {|{s})}, one may further construct a new sign-free basis for the single-hole ground state of
the o-t—J mode (see Appendix A): {(—o)icig|{s})}, where the sign factor (—0)! comes from
the Marshall sign associated with site ;. Namely the ground state of the o -t—J Hamiltonian can
be written as

[©)ors =Y ali, {s)) (=0) cigl{s) (15)
i,{s}
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with a(i, {s}) > 0. This is easy to understand as there is no nontrivial sign structure in the o -t—J
model, similar to the Heisenberg model at half-filling.

Then, according to Eq. (12), the ground state of the 7—J model can be precisely constructed
in terms of Eq. (15) as follows (cf. Appendix A):

W)y = ali is) e (—a)iciolls)) . (16)
i{s}

where the many-body phase shift (phase string) operator e=i% is defined by Eq. (10).

2.4. Breakdown of adiabatic continuity
Two ground states, |¥),_; and |®),.,_s, differ by the phase string sign structure ¢'© accord-
ing to Eq. (12). In the following, we explicitly show the breakdown of the adiabatic continuity
between them by examining the #4—,—J model introduced in Eq. (3), which interpolates the t—J
and o -f—J models under an open boundary condition.

We define a sign average, motivated by Ref. [30], to directly “measure” the sign structure of
a generic wave function [y) in a given basis {|ng)}:

> sgn((nrlY) |(nrly)|?
> e RV
The crucial feature in the above definition is that the signs are averaged according to the proba-
bility |(ng|¥)|%. If the coefficients (ng|y) of the wave function in this particular basis have the
same sign, then we have sgnp = 1. Otherwise the coefficients with different signs cancel each
other at least partially, resulting in a relatively small sign average.
For the models we focus on in this paper, the basis states |ng) are chosen to be

ng) = (—0) cio {s}), R=o-1J,
R/ = e_iQi(_o)iCia|{S}>, R = l‘—J,

sgnp = (17

(18)

which are the sign-free bases for the o -t—J model and the —J model, respectively, as discussed
above.

Based on the sign structure analysis there, one can show that the sign average sgn,,,_; defined
above for the #y—t,—J model (z4 =1 is fixed to be positive) is

_| 1/t <0, 19
SN J {(1//(‘%/%)“#(%/%))’ 1/t >0, 19)

where |y (7, /t4)) is the ground state of the 4—¢,—J model with parameter ¢ /4. A similar but
reversed result is expected for the sign average sgn,_;. The sign average sgn, ,_; equals to one
exactly for #; /t4 < 0, because the basis |ns.;_7) is the sign-free basis in this parameter region.
On the other hand, for 7| /¢4 > 0, the sign average measures the overlap between the two ground
states for parameters ¢ /t;. Therefore, a diminished sign average for z /t4 = 0™ (see numerical
results below) indicates the orthogonality of the ground states with parameters | /ty = 0%, ie.,
the discontinuity in connecting the o -t—J model and the —J model.

We perform an exact diagonalization of the t4—;—J model and calculate the sign average
defined in Eqgs. (17) and (18). The results on a chain with length L = 12 are shown in Fig. 1.
More abrupt changes of the sign averages are expected for larger system sizes at the transition
point, which is clearly at ¢ /t4 = 0.
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Fig. 1. (Color online.) The intrinsic sign structure may be measured by a sign average sgny [defined in Eqgs. (17) and
(18)] for the ground state of the ¢4~ —J model, which continuously interpolates the —J and o -—J models as a function
of the ratio 7| /74 (see text). The results here are obtained by the exact diagonalization with a chain length L = 12. Here,
R =1t-J and R = o -t—J represent two sets of basis [see Eq. (18)] used to measure sgnp of the ground state of t4 ¢ —J
model, respectively. Clearly a critical point is indicated at 7| /74 = 0 where the sign structure shows a qualitative change
in the ground state. A first-order-type of transition at this critical point is also to be confirmed by DMRG later.

2.5. Distinct momentum structures

For the 1D chain under an open boundary condition, the single-hole ground state energy does
not depend on the sign structure, due to the absence of the nontrivial phase string 7. for closed
paths as to be verified by a DMRG calculation later. Nevertheless, as shown above, the two
ground states cannot be smoothly connected, which means that the phase string, as captured by
e 7% in Eq. (16), still leads to completely different physical properties of the ground states [24,
31,32], even in the absence of the interference effect.

In the following, we specifically examine the characteristic momenta in terms of the quasipar-
ticle spectral weight Z; and the momentum distribution ny, for the two models. Other properties
related to the sign structure, such as the total spin of the ground state and the ordering of energy
levels for the r—J chain, can be found in Ref. [21].

Firstly we start with the ground state wave function Eq. (15) of the o -#—J chain. The quasipar-
ticle spectral weight is defined as Z; = |ax|?, where a; is the overlap between the ground state
|®)s.,—; and the Bloch-like state |k) = ﬁ > e i ¢; o |¢o) constructed from the ground state of

the Heisenberg model |¢p) by removing an electron:

ay = (k| P)o.1-s

== at she (<o (] ciolio). 0)
i{s}

Because of the fact that a(i, {s}) > 0 and (¢o|cj'gc,-g|{s}) > 0, it is straightforward to see that

the quasiparticle weight Z; must be peaked at k =0 (k =) if 0 =] (0 =1). Note that here o

denotes the spin removed from the half-filling in the one-hole state, i.e., the ground state |®),.;_;

has total spin S5, = —0 /2.
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Table 1

Characteristic momenta determined by Z; and ny,, which are
dependent on the detailed sign structure in the ground states
of o-t—J and t—J models, respectively. Here the single hole is
doped into the half-filling ground state by removing a spin of o.

Models o Zr nit ngy
o-t—J 4 k=m _ _

i PR k=m k=0
=7 I k=+r1/2

Similarly, the momentum distribution ng (¢ = o, ¢ ) of the o -t—J ground state wave function
is given by

Mk = (®le] ,hal Do s g
1 1

1 o
5=l t ;e K= (dlel ¢jol D)ot Q1)
i#]j

where

(@lef, il ®ors =Y a(.{s'Dal. {sh(—0) 7 (~1)
{s}.{s"}

({sHnignjol{s}), a=o0,

22
(s HUSTSTIsY,  a=6. (22)

For « = o (again o denotes the spin removed in the single hole case), the momentum distribution
nie will show a sharp dip (relative to the half-filling) atk = 0 (k = m) if 0 = (¢ =1) because of
a(i, {s}) > 0. On the other hand, if @ = &, there is an another Marshall sign contribution (—1)*/
from ({s’}lSl.:F Sjj.E |{s}). Hence the momentum distribution nys should exhibit a sharp dip at k =
(k=0) at 0 =] (0 =1). These characteristic momenta manifested in Z; and ny for the o -t—J
chain are summarized in the Table 1.

Then we similarly examine the case for the 7—J model. The quasiparticle weight Z; = |ax|?
can be calculated similarly to Eq. (20), with (¢0|cjac,'g|{s}> replaced by (pole 1% c;fgcig [{s}).
Since the ground state |¢g) of the Heisenberg spin chain has an antiferromagnetic correlation,
the phase string effect of e ™% will cause an “unrenormalizable phase shift” [17-20], whose
leading order contribution is given by e*("/27 transforming the characteristic momentum at
k=0 or 7 of the o-r—J model to k = £ /2 in the —J model. The fluctuation effect of e 1%
around e 7/ will further contribute to the power of the vanishing quasiparticle weight at large
L limit as to be discussed in the DMRG and VMC calculations later.

For the momentum distribution, one finds an additional phase string contribution e J in
Eq. (22), which in the leading order approximation, is given by e*(*/2( =) The phase string
effect again shifts the momentum by /2, leading to sharp dips of nyy at k = £m/2. All of
the above theoretical predictions of the peak/dip positions of Z; and n,, based on the sign
structures of the o -r—J model and the r—J model, are given in Table 1, which will be compared
to the DMRG and VMC results in the following sections.

—i€y eié_
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3. DMRG results

The present 1D problem can be accurately studied by the DMRG simulation [33]. Some nu-
merical details are as follows. We shall make use of the conserved quantum numbers, i.e., the
total particle number N = L — 1 and total spin S?, and fix ¢#/J = 3 throughout the paper, setting
J as the unit of energy. The simulation ensures the truncation error of the order or less than
10~ !0 by keeping sufficient number of states (200~6000) and performing at least 40 sweeps for
different boundary conditions. By calculating the quasiparticle weight, we obtain the undoped
ground state first, and then perform enough sweeps to get the one hole ground state by remov-
ing an electron in the center. The off-diagonal measurement Z; = (Wo.pole |c;g W1 hole) are made
after obtaining the converged wavefunction.

3.1. Phase string effect under open boundary condition

Since the single hole doped r—J and o -t—J chains can be connected by a unitary transforma-
tion [see Eq. (11)] under an open boundary condition, the eigen energies are the same for these
two models. Indeed, the ground state energies calculated by the DMRG simulation are shown to
coincide precisely in Fig. 2(a), where the one-hole energy E gh"le is defined by

Eghole — E(l)—hole . E(())—hole’ (23)

where Eé‘h"le and Eg'h"le represent the ground-state energies of the one-hole-doped and half-
filled cases, respectively. Similarly, the physical quantities involving the local diagonal operators,
like the hole density and spin distribution, nf =1 —n; and S7, are also the same on the ground
states of t—J and o -f—J chains as shown in Fig. 2(b).

However, in Sec. 2.4, we have shown that these two ground states, |V),_; and |®)s.,—j, dif-
fering by the phase string sign structure e *% | cannot be smoothly connected by the t—t,—J
model Eq. (3), and there is an abrupt change of the sign average (cf. Fig. 1) at ¢ /t; =0.

In Fig. 3(a), the ground state energy Eg of the #4—f,—J model computed by DMRG is pre-
sented as a function of the ratio 7| /#y. Eo shows a singularity at t| /¢4 = 0 by a sharp jump in the
first-order derivative curve [see Fig. 3(b)]. It indeed implies the breakdown of the adiabatic con-
tinuity between the two ground states by a first-order-type of transition, similar to Fig. | based
on the sign structure.

Even though there is no closed path for the interference effect of phase string to take place
here, the nontrivial effect of the sign structure will still play a critical role in determining the
quasiparticle weight Z; and the momentum distribution ng4 and ny as predicted in Sec. 2.5.

Fig. 4 shows the quasiparticle weight Z; obtained by DMRG. Different peak position ko’s
of Z; here indicate that the momentum structures are totally different in the two models: i.e.,
ko = £ /2 in the r—J model [Fig. 4(a)] vs. ko = 7 and ko = 0 for S, = —1/2 and S}, = 1/2,
respectively, in the o -r—J model [Fig. 4(b)]. These characteristic momentum peak positions in
Zx are consistent with the exact analysis in Sec. 2.5 (cf. Table 1), where different sign structures
are shown to be responsible for the distinction.

Furthermore, a power-law decay of Zj at ko’s in a fashion of Z; ~ L~94 is found for the
t—J model [cf. Fig. 4(c)]. By contrast, Zy, ~ L~923 is identified for the o-r—J model. The
disappearance of Z; at L — oo is usually called the Luttinger liquid behavior.

For the o -t—J model, the vanishing Z;, may be purely attributed to the fact that the spin-1/2
associated with the doped hole can move away to infinite along the chain, i.e., the so-called spin-
charge separation as the spin is gapless in the 1D chain. The charge and spin density distributions
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Fig. 2. (Color online.) (a) The same one-hole ground-state energy E, %;'h(’le vs, the chain length L for the +—J and o-1t—J
models due to the absence of the interference of the phase string under an open boundary condition; (b) The charge and
spin density distributions are also the same for both models. Note that the spin-charge separation is clearly indicated in
such a finite-size system.

in Fig. 2(b) have clearly illustrated this. In fact, if one artificially turns on a gap in the spin chain,
then a spin-charge recombination may re-take place in Fig. 2(b) and consequently a sharp peak
with a finite Z,, which corresponds to a conventional Bloch state, could be recovered.

For the 1—J model, the decay of Z, as a function of L is steeper, because the phase string
e %% will fluctuate around e*"/2 to contribute to an additional power-law decay (cf. Sec. 2.5).
Here the phase string sign structure plays the role of many-body phase shift. It determines not
only the total momentum of the one-hole ground state, but also the non-Fermi-liquid behavior
through its fluctuation.

Similarly the distinct momentum structure is also manifested in the momentum distribution
niq of the electrons as predicted in Table 1. As presented in Figs. 5(a) and (b), one sees that two
sharp peaks (dips) of n4 or n at kg = &7 /2 for the —J model, whereas at ko =7 and ko =0
for the o -r—J model. Moreover, the height of the peak of the momentum distribution 1 — n (ko)
[n(ko) = nygyt + niy ] decays in a power-law fashion as shown in Fig. 5(c). It is again consistent
with that the vanishing quasiparticle weight in the thermodynamic limit is much quicker for the
t—J model because of the phase string factor.
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Fig. 3. (Color online.) The ground state energy Ey of the 4~ —J model as a function of #| /¢4 [(a)], which exhibits a
singularity at 7| /74 = 0 as indicated by the first order derivative of ground state energy [(b)]. It implies the breakdown of
adiabatic continuity between the ground states of the —J and o -1—J models at ¢y /ty = 1 and ¢ /1y = —1, respectively,
and is consistent with the sign structure analysis shown in Fig. 1.

3.2. Phase string interference under periodic boundary condition

The phase string sign structure in the /—J model can be “gauged away” by performing the
phase-string transformation Eq. (8) under an open boundary condition. Correspondingly the
ground-state energies E g;'h‘)le are the same for the models with and without phase string signs, as
shown in Fig. 2.

However, if a periodic boundary condition is imposed, such a unitary transformation no longer
exists. In this case, one expects the quantum interference effect to take place as the hole can
circumvent the closed 1D ring of a finite size. Consequently the energy degeneracy of the t—J
and o -t—J models gets lifted due to the phase string sign structure:

(SE]G_hOIc = E(l}—hole (t—J) _ ElG—hole(a‘t_J)

. 1 ( Ziy )
= lim ——=In{ ———
B—o0 ,3 Ztr-t—J
1 H(ZC‘[CZ[C]>
> Zle]

— lim _% In(z,)z . (24)
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Fig. 4. (Color online.) The distinct characteristic momenta kq’s as determined by the peaks of the single-particle spec-

trum weight Z. (a) The one-hole-doped 7—J chain; (b) The one-hole-doped o -—J chain. Here the single hole state

is realized by removing an up-spin or down-spin, with S%; = —1/2 and Sg,; = 1/2, respectively; (c) Zy, vanishes in

the thermodynamic limit in a power law fashion L™%, with & 2~ 0.49 for the 7—J and o >~ 0.23 for the o -1—J models,
respectively.

which is non-vanishing as long as the phase interference takes place such that (t.) z < 1 (instead
of (t.)z =1 for the open boundary condition). The detailed discussion of the sign structures
of the two models under periodic boundary condition can be found in Appendix B. The energy
difference is shown in Fig. 6(a), where the scaling law is also altered as compared to Fig. 2(a).
Since the phase string sign structure arises from the hole doping, one may detect it directly
by measuring the behavior of the charge. For this purpose, one may insert a magnetic flux ®
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threading through the 1D ring and then compute the ground state energy difference between
d=mwand0,i.e.,
AE%}-hOle = E(l;—hole(cb — 7'[) _ ElG—hOIB(CD — O), (25)

which measures solely the charge sector that couples to the magnetic flux [26].
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state energy change under inserting a flux into the 1D ring [cf. Eq. (25)], AE (1; hole o1 the 1—J model (b) and the o-1—J
model (¢). AE lG'h"le oscillates and decays in a power-law fashion (~ L*3) for the —J chain while it is non-oscillating
and proportional to 1/ L2 for the o'-r—J chain (Ref. [26]).

Fig. 6(b) shows the DMRG result of AE (lih‘)le for the single hole doped 7—J model, which
oscillates and decays in a power-law fashion L3 [cf. the inset of Fig. 6(b)]. The period of the
oscillation in AE lG'hOIe is 4 lattice constant, which matches with the momentum ko = /2.
Such an oscillation itself reflects the phase string signs, which disappears once the sign structure
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is turned off in the o -—J model as shown in Fig. 6(c), where AE g;'h‘)le is proportional to 1/L?
without any oscillation.

4. Variational wave function

So far we have established, via the exact analysis and the DMRG simulation in Sections 2
and 3, that the phase string sign structure is essential in understanding the correct momentum
structure and non-Bloch-wave behavior of a single hole injected into an AF Heisenberg spin
chain.

In the following, we shall further construct a variational ground state wave function based on
the identified sign structure. By a VMC calculation, we show that such a trial wave function well
reproduces the DMRG results, in which the role of the phase string is explicitly illustrated.

4.1. Wave function incorporating the correct sign structure

The general single-hole ground state of the —J chain under the open boundary condition may
be formally written as

W)is = Y onti) [T B ] cio 90 . (26)

where an electron of spin o is annihilated by c;,; from the singlet ground state |¢p) at half-
filling. Besides a single-hole wave function ¢y, (i) which is presumably a smooth function, the

non-Bloch-wave part of the wave function involves the nontrivial sign structure e % identified
in Sec. 2.2, with P; denoting the rest of non-sign-related spin cloud (spin-polaron), in response
to the bare hole state ¢;, |¢o).

According to Eq. (12), the corresponding variational ground state for the o -1—J model is given
by

@)y =Y @n(i)P; i Id0) , 27)

where the phase string sign structure is gauged away, but P; is still present.

The wave function Eqs. (26) and (27) are similar to that previously proposed for the single-
hole ground states of a two-leg ladder case [34]. The latter case is further simplified because the
half-filling two-leg ladder is fully gapped such that the spin-polaron effect described by P; is not
essential for the long-wavelength, low-energy physics, and thus is neglected in Ref. [34]. Then
| @),y there becomes a Bloch-wave state with ¢y, (i) oc el

However, in the present 1D chain case, the spin background is gapless with quasi-long-range
spin correlations in |¢p). In the following, we shall see that P; here will be related to the correc-
tion due to spin-charge separation in the o -r—J model: the spin-1/2 associated with the doped
hole can move away from the charge as a gapless spinon, which merely reflects the fact that the
free gapless spinon already exists at half-filling. P; will be approximately determined based on
the so-called squeezed spin chain construction.

4.2. Squeezed spin chain construction
The ground state of the doped Hubbard model at U >> ¢ or the r—J model at J < ¢ can be

well described by the so-called squeezed spin chain approximation [6,19,20,22,23,25], based on
which the precise phase string sign structure has been first identified in Refs. [19,20,23,24].
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According to the squeezed spin chain approximation [6,19,20,22,23,25], one may construct
the single-hole-doped ground state as follows. Starting from the half-filling ground state |¢¢) and
displacing the spin at site j (> i) to site j + 1 along an infinite-long chain, while leaving the spin
at site j < i unchanged, a vacancy (hole) is then created at site i. The corresponding single-hole
state reads

W)y =Y en(@ T Igo), (28)

where 7; denotes an operation translating all the spins at sites j > i by one lattice constant to
J + 1 along the 1D chain direction. A vacancy or hole is thus inserted at site i, and the hole wave
function ¢y, (i) can be regarded as the only variational parameter once the half-filling ground state
|¢o) is known. In Appendix C, we give an explicit check that the wave function Eq. (28) satisfies
the sign structure requirement of the t—J model. The hole wave function ¢ (i) is also given by
minimizing the hopping energy.

In terms of Eqgs. (13) and (14), one has T; [¢o) = 3"y ¢ ({s}) T; [{s}). with

T; l{s)) — e ]i {s))ss - (29)
Here in the newly defined Marshall basis |i; {s});s with a hole at site 7, the Marshall sign in
!
Eq. (13) is replaced by (—1)NA on the displaced spin lattice excluding the site i, and Eq. (29) is
obtained by noting
! y
(_1)NX = (_1)NL(i)mA+NR(i)mB
= (—1)VitVia

I o.a
= (-D"VieT%, (30)
where L(i) [R(i)] denotes the sites on the left (right) hand side of the site i, and A and B are
the two sublattices of the new lattice. With the hole inserted at site i, the sublattices A and B are
switched for all the sites at j > i in the new (the so-called squeezed) spin chain [6,19,20,22,23,
25].
Comparing Egs. (26) with Eq. (28), one finds the correspondence

Pi cig o) <> (—0)" Y cUsh 15 {s)ss, (31)

{s}
where a sign factor (—o)’ arises from the annihilation of the spin o by ¢;, on the right hand
side, which has already been seen in the exact expression Eq. (16). Therefore, the effect created

by P;, even though sign-free, is still important in 1D due to the gapless spin excitations. In the
next, we outline the VMC procedure based on such variational wave functions.

4.3. Variational Monte Carlo calculation
The variational wave functions Eqs. (28) and (29) can be fully constructed if we know the

ground state |¢p) of the half-filled Heisenberg spin model. The half-filled state |¢g) can be ap-
proximated by the Liang—Doucot—Anderson type resonating-valence-bond (RVB) state as [35]

o) =>_| T] ki | v (32)

v (ij)ev
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Fig. 7. (Color online.) The one-hole ground-state energy for the variational wave function Eq. (28) (at¢/J = 3) calculated
by VMC (red dots) is in excellent agreement with the DMRG (black crosses).

where the valence bond state is given by

|U>ZZ 1_[ €00/ C}LUI "'C20L|0>' (33)

o} \G)ev

The Levi-Civita symbol €5, 5; ensures the singlet paring between spins on sites i and j. h;;’s are
non-negative variational parameters depending on sites i and j belonging to opposite sublattices,
respectively [35]. The most essential property of the RVB state Eq. (32) is that it satisfies the exact
Marshall sign rule [29] for bipartite Heisenberg models.

Based on the RVB approximation of the half-filled ground state |¢g) in Eq. (32), we calcu-
late the physical properties of the single-hole-doped variational wave functions Eqs. (28) and
(29) using the Monte Carlo method [35,36]. The details of the VMC simulations are present in
Appendix D.

The variational ground state energy of the wave function Eq. (28) is shown in Fig. 7, which
is in excellent agreement with that obtained by DMRG. By the VMC, we also calculate the
momentum distributions ny, of the variational ground states, Eqgs. (28) and (29) for the t—J and
o -t—J models, respectively. The results are presented in Fig. 8. The overall shapes of the curves,
in particular the dip positions, are in good agreements with the theoretical predictions in Table |
and the DMRG results in Fig. 5. The peak values of 1 — ngy — ny are also scaled in a power
law fashion as ~ L™ for both models in Fig. 8(c), which are slightly different from the DMRG
results possibly due to the reason that the squeezed spin chain approximation is only accurate at
t > J, but here we considered ¢/J = 3. Furthermore, the variational wave functions constructed
here are in the sector S, = 0 based on the squeezed chain approximation, whereas the DMRG
are calculated in the sector Sg, = 41/2. This may also explain why ny4 and ny are precisely
the same in Fig. 8(a) in contrast to a small relative shift of the DMRG in Fig. 5(a).

5. Discussion
The behavior of a single hole doped into a 1D Heisenberg spin chain has been examined

by combined analytic, numerical, and variational approaches in the present paper. This is one
of the simplest limits of doped Mott systems, involving only a single hole interacting with an
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Fig. 8. (Color online.) Momentum distribution ny, calculated based on the variational wave function Eq. (28) for t—J
model (a) and Eq. (29) for the o -r—J model (b), by VMC with length L = 101 at #/J = 3. The sharp dip positions are
the same as predicted in Table 1 as well as the DMRG results in Fig. 5; (c) The peak of the hole momentum distribution
1—n(kg)=1- Nyt — kg, vanishes in a power law fashion, L ™%, in the thermodynamic limit.

antiferromagnetically correlated spin background. The basic message, not surprisingly, is that
the doped hole does not propagate like a Bloch-wave due to strong correlation.

In particular, we have established a general connection of the Mott strong correlation with
a specific form of many-body phase shift. That is, the hole gains a “scattering” phase shift =
by passing by (exchanged with) each down spin, and therefore accumulates a many-body phase
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string 7. along an arbitrary path c [cf. Eq. (4)]. If the 1D chain is open on the two ends, we have
further proved that t. can be explicitly incorporated into the ground state wave function by a

nonlocal sign structure e 1% [cf. Egs. (16) and (10)].

In a conventional many-body fermion system, the ground state wave function satisfies the
fermion sign structure, which dictates the momentum structure with a Fermi surface satisfying
the Luttinger volume and a finite Zj at the Fermi surface. By contrast, the fermion sign structure
gets completely altered [37] by strong on-site Coulomb repulsion and the new sign structure,

i.e., T, and e~ 1% here, determines the momentum distribution of a non-Fermi-liquid or Luttinger
liquid behavior with vanishing Z; in the large L limit.

As it turns out, the chief role of 7. is not a mass renormalization. As a matter of fact, the
effective mass is even not affected by 7, in the case of an open chain. However, the momentum
structure is completely decided by it. The profile of the momentum distribution shown in Fig. 5
is categorically different from a residual Fermi distribution, even though the Luttinger volume
seems unchanged as compared to a non-interacting electrons of the same density (which does not
distinguish half-filling and one-hole-doping in the thermodynamic limit). In fact, the momentum
distribution is completely flat at half-filling due to the strong correlation. The emergent quasipar-
ticle spectral weight Z, of the hole is found to vanish as ~ L=9% at large chain length L (at
t/J =3) by DMRG. For the periodic boundary condition, the interference effect of 7. has been
also clearly identified.

These results are in sharp contrast with those obtained by switching off the phase string sign
structure. Indeed, in the o -—J model without 7., the characteristic momentum of the hole at ko =
+m/2 is then shifted to 7, and Zy, follows a different scaling law, vanishing slower ~ L7023 ¢
large L. In other words, the sign structure of the #—J model does play a critical role in shaping
the motion of the hole on a quantum spin background and its singular effect must be treated with
a great care. This has been further confirmed by the variational wave function approach based on
the t—J and o -1—J models via VMC in this work.

Since the sign structure 7. has been precisely identified in the #—J model for any dimensions
[24,27,28], one expects that the novel properties of doped Mott insulators, due to the irreparable
many-body phase shift, should persist beyond the 1D case as well as beyond the single-hole-
doping case [37].

For example, recently a single hole doped into a two-leg Heisenberg spin ladder has been
studied by both the DMRG [26,38—41] and a wave function approach [34] based on the VMC. In
this system, the “vacuum” of the spin background is spin gapped at half-filling. So only a finite-
size “cloud” of spin excitations can be created around the doped hole. In the strong anisotropic
or strong rung limit, such a spin cloud or spin polaron effect is indeed found only to renormalize
the effective mass without changing the Bloch-wave nature. But with reducing the anisotropy,
a critical point can be reached [39,40], beyond which the momentum structure is fundamentally
changed accompanied by the charge modulation and the divergence of the charge mass [26,39].
It has been demonstrated that the singular many-body phase shift or phase string 7. becomes
unscreened here and is responsible for these exotic properties [26,34,39,40].

Such a novel phase of the two-ladder system is shown to smoothly persist in the limit of
strong-chain/weak-rung coupling. In the extreme limit of vanishing rung coupling, the two-leg
ladder further reduces to two decoupled 1D ¢#—J chains, with the hole localized within one of the
chains. This corresponds to the single-hole-doped Heisenberg spin chain studied in the present
paper. As compared to the coupled two-leg ladder, there are two basic distinctions in this limit.
One is that the spin background is now gapless in 1D, instead of spin-gapped in the coupled
two-leg case at half-filling. In other words, the spin-polaron effect becomes more important in
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1D, in a form of spin-charge separation even for the o -r—J model. The second distinction is that
in the two-leg ladder there is an important quantum interference effect originated from the hole
transversing from different paths [26], but it is obviously absent in the 1D case. Of course, as
shown in this paper, the nontrivial quantum interference still takes place as a finite-size effect
under the periodic boundary condition, where the hole may reach a lattice site either through a
shorter path or by circumventing the closed ring.

Therefore, the 1D non-Fermi-liquid behavior, the reconstruction of momentum structure in
both 1D and the ladder systems, the charge modulation and possible self-localization [26,39,40]
in a ladder system with the leg number more than one, as well as the strong pairing mechanism
in the even-leg ladder systems [38], have so far all been attributed to the exotic sign structure .
originated from the Mott physics. We expect the same sign structure to play a critical role in a
2D system as well, which might be directly relevant to the high-7, cuprate.
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Appendix A. The exact sign structures of the one-hole ground states of the 1D o -1—J and
t—J models under open boundary condition

In this appendix, we demonstrate that the one-hole ground states of the 1D o-r—J and t—J
models in the sector S, = —o/2 satisfy the sign structures given in Egs. (15) and (16), respec-
tively.

First of all, the off-diagonal elements of the o -t—J model in the basis {(—o) ;o |{s})} are all
non-positive as shown below:

(shely (—0) (=otc] cjo)(=0) ciolls)) = — (=) 1 ({shnign jo(s})
= —t{{s}|nion js|{s})
<0, (A.1)
(sl (—0) (=Gtcfcjo) (=0 ciolls') = (=) T t({s}Ic]s cioclycja (D)
= t({s}ISTSTIs'Y)
<0, (A2)
({s}le) o (—0)" Lsrst (—0) ' eno l{s'}) = i({S}ICT S S7enolfs’h) <0 (A.3)
ho 7 Vi V) ho ) hoRi Oj Cho =Y :
where i and j belong to the nearest neighbors in the o -r—J model and the following property of
the Marshall basis {|{s})} is used:

({s}ISFST1Hs")) <. (A4)

Similarly, the off-diagonal elements of the /—J model in the basis {e’ifzi (—0)icis|{s})} can

e y

be also shown to be non-positive. Here, e i = (—l)NR<i>, where Nlﬁ(l.) =) ,.; niy denotes the
number of down-spins on the right-hand-side of site i. Then, a straightforward manipulation
gives rise to
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((s)le], (~0) () Y501 (~te], 10 (1) V50 (=0 Y i (5))
=0 (=) t({s}Inion jo|is})
= _t<{s}|nianja {s})

<0, (A.5)

(slel, (=0 (=)™ (1], ¢j6) (~ ) VK0 (<o) i 1))

= (o) (=) t({s)Ic]; cinct, i ')
= t({s}IST ST I{s"})
<0, (A.6)

(Us)lc), (—o)" (= 1) (%Sﬁ S,;) (=)0 (=) cpe |(5')

= 2 U(5)Ich, 87 S} eno 15D <0. A7)
According to the Perron—Frobenius theorem, if all the off-diagonal elements of a Hamiltonian
in a given basis are non-positive, then the ground state of the Hamiltonian must have a non-
negative coefficient in this basis. Therefore, similar to the ground state of the Heisenberg model
at half-filling in the Marshall basis {|{s})}, the one-hole ground states of the 1D o-t—J and the
t—J models satisfy Egs. (15) and (16), respectively, with the non-negative coefficient a(i, {s}).
Furthermore, the #y—¢,—J model Eq. (3) (#; is fixed to be positive) has the same sign structure
as the o-t—J model (—J model) if ¢|/t4 <0 (¢, /t4 > 0). Namely, its one-hole ground state
wave function always satisfies the same form as Eq. (15) or Eq. (16), depending on the sign of
t,/t4. Of course, the non-negative coefficient a (i, {s}) > 0 will also depend on the ratio [t /#4].

Appendix B. Sign structures of the o .£—J model and the /—J model under
periodic/anti-periodic boundary conditions

In this appendix, we analyze the sign structures of the o -r—J model and the —J model under
periodic/anti-periodic boundary conditions. We will show that the o -f—J model under periodic
boundary condition is still sign-free. On the other hand, the r—J model under periodic/anti-
periodic boundary condition has an interference effect due to the nontrivial sign structure.

B.1. The o-t—J model

First let us consider the o -t—J model on a lattice with even L:

L-1 L—1
1
Hyig=—t Zl ;O(cjoci+la +hec)+J 21 (Si “Sit1— Znini+1>
1= 1=
1
:
—r}t;tr(cwcw +h.c.)+J<SloSL—Zn1nL>, (B.1)

where n = 1 denotes the periodic or anti-periodic boundary conditions. Under a Marshall
!
transformation Uy, = (—1)V4, which is diagonal in the Marshall basis {|{s})}, the hopping term
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changes according to cT »Citle —> O’CiTg Ci+10, While the superexchange term changes according

to S;r Sf — S S e Therefore, the total Hamiltonian is transformed to

L1
UMHM—JU,L =—t Z Z (C,TUC:'HJ +h.c)

i=1 o
1
+JZ< S(STST +STSE )+ SESE 4nini+1>

1 1
—nt Y (] ero +he) + 7 <—§(51+S; + 878+ 8585 — an) :
o
(B.2)

Under the periodic boundary condition (n = 1), the off-diagonal terms of the Hamiltonian are
always non-positive (with the fermion sign in the hopping term considered for the one-hole
case). We therefore conclude that the one-hole-doped o -f—J model is sign-problem-free not
only under the open boundary condition, but also under the periodic boundary condition. In the
partition function language, the partition function can be written as:

ZPBC = ZZ[c] (B.3)

where Z[c] is non-negative and c is the world-line path of the system.
For the anti-periodic boundary condition (n = —1), the only non-trivial sign comes from the
process that a hole hopping through the boundary. The partition function is

ZABC

26 =2 (= Zlel, (B.4)

¢

where Z[c] is non-negative and N, d is the number of times that the hole crosses the boundary.
Therefore, in the squeezed spin cham approximation, the energy difference between the anti-
periodic and periodic boundary condition AE é hole js merely the energy difference for a Bloch
particle under anti-periodic and periodic boundary conditions. The scaling of the latter is given
by

1

T
AELP o1 — cos (—) X —.
G L) L2

(B.5)
This L~2 scaling of the energy difference is confirmed by the DMRG results in Fig. 6(c).
B.2. The t—J model

Now let us turn to the #—J model under the periodic boundary condition:

H_ J——IZZ(C,UQHU +hC)+JZ<S “Sip1 — g nz+1>

i=1 o

1
—nt Y (] ero +he) +J (51 Sy — me) : (B.6)
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The Marshall transformation Uy = (—1)". A changes the above Hamiltonian to

L—1
UnHi-jUjy ==t )Y o(c} cit1o +he)

i=1 o
- 1
+JZ< S(STST + 8T8 ) + 878 4nini+1>

1 1
—nt ZG(CLCLU +h.c)+J <—§(S1+SL_ + SI_SZ”) + 8785 — me) .
o
(B.7)

Now to absorb the sign in the front of the bulk hopping term, i.e. (fcl.T o Citlo = clT L Citlo, WE

h . . .
perform the phase string transformation Upg = el® = [1; -, (—=D" ™. The Hamiltonian is further
transformed to

L-1
UpsUnHi-g Uy Ups =1 > > (e} civia +hec)
i=1 o
+ zg 1
+JZ (S i1t z+1)+S i+l T gt

—nt ZG(—l)Ni (C-{GCLU +h.c.)
o

J (%(sfsg + 878+ 8587 — %nmL> . (B.8)
Note that the boundary hopping term c-lr »CLo (0 =) and the boundary superexchange term
Sfr S, acquire an additional sign (=DM and —1, respectively. Here (—1)V' denotes the total
number of down spins.

From the analysis above, under the periodic boundary condition ( = 1), the non-trivial sign
is 1] LeLy (tc'l"TcLT) if Ny is even (odd) and (J/2)(S;"S; + S S;). The partition function is
given by

/4
Zioy =y (=)™ Z[e], (B.9)

c

where Z[c] is non-negative and Nde/yi (for N, odd/even) is the number of times that an up/down
spin crosses the boundary. On the other hand, under the anti-periodic boundary condition (n =
—1), the partition function is still Eq. (B.9). But Ndey (N}fdy) is for N even (odd).

Since the number of down spins increases by one, if one increases the chain length L by two,
Nde and Nbdy in the partition function are switched. Effectively, the periodic and anti-periodic
boundary conditions are also switched (the combined quantity 5(—1)"' determines the sign
structure). Therefore, one expects the energy difference between the anti-periodic and periodic
boundary condition AE 1G hole 4 oscillate with increasing L. The DMRG result indeed shows the
oscillation and L3 scaling of the energy difference AE (lgh"le in Fig. 6(b).
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Appendix C. Sign structure of the variational wave functions in Eq. (28)

In this appendix, we will show explicitly that the variational wave function Eq. (28) satisfies
the sign structure requirement of the r—J model. The hole wave function ¢, (i) will be also
determined by minimizing the hopping energy.

Since the spin and charge are totally separated in the squeezed spin chain approximation, the
state obtained from moving the hole from site i to j is exactly the one with hole at j initially.
To be more precise, the matrix element at each step of hopping energy for the /—J model under
Eq. (28), is given by

(WI(=te], c;0))i-s = e (en ) (G0l T ) (—tc],cj0) (Ti1e0))
= o (Den(D)(~1/2) 0, (R}

where 1/2 comes from the two possibilities of the spin on sites i and j. As a result, to minimize
the hopping energy, we choose ¢ (i) (i =1, 2, ---, L) to be the Bloch state for a free particle in
the tight binding model:

\/ % for periodic boundary condition,

2 . i ..
V Iy sin (L—H) , for open boundary condition.

As for the superexchange terms of the r—J model, the off-diagonal terms, such as Si+ Sj_,
always change the number of down spins on A sublattice by one, while leave the relative po-
sitions of the hole and spins unchanged. The Marshall sign mismatch in this process in the
one-hole-doped case is exactly the same as the half-filled spin chain wave function. Therefore,
the off-diagonal terms of the superexchange terms are also non-positive for the hole wave func-
tion basis in the variational wave function |W);_;, which inherits the Marshall sign from the
half-filled ground state |¢g).

Thus, similar to the basis states used in Appendix A, the single-hole wave function basis
{f} |¢o)} in the variational wave function |W),_; in Eq. (28) is indeed the sign-free basis of the
t—J model. Namely the variational wave function |W),_; with non-negative hole wave function
o (i) satisfies the sign structure requirement of the model. The same argument can be apply
to the o -—J model as its one-hole ground state |®),.;—; is connected to |W),_; by a unitary
transformation Eq. (12).

on(i) = (C.2)

Appendix D. Monte Carlo for variational wave functions

In this appendix, we present the Monte Carlo method in calculating ny, for the variational
wave functions |W);_; and |®)s.,—s. The procedures have some similarities to those used in
Ref. [34].

The single-hole-doped basis is constructed from the singlet valence bond state |v) =

2o (]_[(i Hew eai,gj) cLl e CL;L |0) specified by the dimer covering configuration v. By acting

the operator Ty, the spins on site x > h are translated by one lattice constant along X direction,
effectively creating a hole at site 7. We denote this single-hole-doped valence bond state by
|h, v), which is defined on a lattice with L sites (L is odd because of adding a hole site). The
half-filled Liang—Doucot—Anderson type RVB state can be obtained by Monte Carlo as [35,36]
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po) =D wy|v), (D.1)

where wy =[], hij, With non-negative variational parameters ;;’s, is the non-negative co-
efficient associated with the valence bond state |v). The variational wave function |¥),_; for the
squeezed t—J chain is then given by

W= on(h) Y wylh,v), (D.2)
h v

where w, is the same as in Eq. (D.1), and the normalized hole wave function ¢, (%) is chosen
according to Eq. (C.2). Therefore there are in fact no variational parameters to tune in [W),_;.
The normalization of the basis states is given by

HF

(W VR, v) = S (V' [v) = 2o, (D.3)

where N HF is the number of loops in the transition graph of the dimer covers v and v’ at half-
filling. The normahzatlon of the wave function |W),_; is then

NHF,
(WIW)y =Y n(m)* Y (h, vk, v) (Zw(h) ) D wyw, 2
h v,v’ v,v’
HF
= wywy2 Vo’ (D.4)

where we used the normalization of the hole wave function ¢, (h).
From the above formula for the normalization of |W),_;, we can use MC method to calculate
the momentum distribution of |W),_;:

(ka) = (o Char) = Ze‘“’ Nelcja)- (D.5)
‘We should first calculate

(Wlel cjol¥)y _ S on () 3,y wwy (A, Vel cialh, v)
HF
<LIJ|\II>I—J Z /wv/wvz PR

NHF
_ Do Wy wy2 v Tijg (v, v/)7 06

NHF
Zv’v/ wv’wv2 v, v

where we have defined

Tija,v) =Y on()pn(h) HF< Vel ¢jalh. v). (D.7)
o 2N

The positive value wv/wUZNES’ can be used as the distribution weight in the MC procedure. The
quantity Tjjq (v, v’) is averaged over to obtain (cjac ja), and then the momentum distribution
(nke) according to Eq. (D.5).

Now our task is to simplify 7;j, (v, v') in Eq. (D.7) to be calculated numerically. For i = j,
we have
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Tia(0,) = 3 n ) 0) B w2 =Y S = 3 (1 @)
hh N heti
(D.8)

This is simply the probability 1 — ¢, (i)? of finding an electron at site i divided by two, because
of two spin values (¢ = £). On the other hand, for i # j, we have

(W v cfycjalh v) = =8indjw (V' leja) (el li. v)
=—8mdjn Y Sus)w. sy (=D T ns}n((s}))

{s}.si=sj=a

A 1 -
=—8mbjw Y. Suigdu (DT (=DM (DY)

{s}.si=sj=a

Note that in the first line, cja|i ,v) is a half-filled spin state with fermion sign (—1)'~! (coming

from moving c;fa to the i-th place in the sequence cLl e c;rfl SHCIT PP cva) and the Mar-
shall sign n({s};) on the original lattice with L — 1 sites (removing the i site). 8, (s} specifies
the constraint that the summation over the spin configuration {s} should be compatible with the
dimer cover v, i.e., the spins on sites belonging to the same dimer should be opposite. From the
second line to the third line, we simplified the product of the Marshall signs n({s};)n({s};) for
the initial and final valence bond states |v) and |v’): The Marshall signs of the two states for

spins on site x < i or x > j (suppose i < j) cancel each other; The Marshall signs for sites i and

L |
j contribute the factor o/ /~!; The product of Marshall signs for sites i < x < j is (—1)N<"vf'>,
where N is the number of down spins on sites i < x < j for the spin configuration {s}. As a
result, Eq (D 7) can be reduced to

A { L
Tja@. V)= on(Don()—m Y Su(s)du. gy (=D (=DNing 1 (D.10)

2 v/ {v} si=sj=a

fori #j.
For the variational wave function |®),.;_; of the o -—J model, the explicit form in the single-
hole-doped valence bond basis reads

1®)ors = S on ) 3 (=) 5w, |, v), (D.11)
h v

v
where (—l)NRW comes from the phase string transformation connecting the ground states of
the 7—J model and the o-r—J model. Following the same analysis above, we can also use the

HF
positive value wv/wUZvav’ as the distribution weight in the MC simulations, and calculate the
average value of the quantity 74 (v, v'). For i = j, the formula Eq. (D.8) is the same. For i # j,

p
however, there is an additional phase string factor (—I)N(i«i) from sites i < x < j and o from the
site j. The final result is therefore

Tija . 0) = oh(Den()—= Y Bunfs)dur. sy (=D T H o (D.12)
2 v/ {v} si=sj=a

In summary, to calculate the momentum distribution ny, of the wave functions |W),_; and
|®)s.—7, we first simulate a distribution of valence bond states with (unnormalized) probability
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HF
wv/wUZNv,v/ by MC. This procedure is similar to the half-filled case [35,36]. Then T} (v, V') is
averaged over this distribution by using Eqs. (D.8), (D.10) and (D.12). The momentum distribu-
tion is finally calculated following Eq. (D.5).

References

[1] P.W. Anderson, The Theory of Superconductivity in the High-7; Cuprate Superconductors, Princeton University
Press, Princeton, NJ, 1997.
[2] P.A. Lee, N. Nagaosa, X.-G. Wen, Rev. Mod. Phys. 78 (2006) 17.
[3] P.W. Anderson, Science 235 (1987) 1196.
[4] E.H. Lieb, EY. Wu, Phys. Rev. Lett. 20 (1968) 1445.
[5] F. Woynarovich, J. Phys. C, Solid State Phys. 15 (1982) 85.
[6] M. Ogata, H. Shiba, Phys. Rev. B 41 (1990) 2326.
[7] M. Ogata, T. Sugiyama, H. Shiba, Phys. Rev. B 43 (1991) 8401.
[8] B. Sutherland, Phys. Rev. B 12 (1975) 3795.
[9] P. Schlottmann, Phys. Rev. B 36 (1987) 5177.
[10] P.A. Bares, G. Blatter, Phys. Rev. Lett. 64 (1990) 2567.
[11] P.A. Bares, G. Blatter, M. Ogata, Phys. Rev. B 44 (1991) 130.
[12] ED.M. Haldane, J. Phys. C, Solid State Phys. 14 (1981) 2585.
[13] FE.D.M. Haldane, Phys. Rev. Lett. 47 (1981) 1840.
[14] M. Ogata, M. Luchini, S. Sorella, F. Assaad, Phys. Rev. Lett. 66 (1991) 2388.
[15] E. Dagotto, Rev. Mod. Phys. 66 (1994) 763.
[16] A. Moreno, A. Muramatsu, S.R. Manmana, Phys. Rev. B 83 (2011) 205113.
[17] P. Anderson, Phys. Rev. Lett. 64 (1990) 1839.
[18] Y. Ren, P.W. Anderson, Phys. Rev. B 48 (1993) 16662.
[19] Z.Y. Weng, D.N. Sheng, C.S. Ting, Z.B. Su, Phys. Rev. Lett. 67 (1991) 3318.
[20] Z.Y. Weng, D.N. Sheng, C.S. Ting, Z.B. Su, Phys. Rev. B 45 (1992) 7850.
[21] Q.-R. Wang, P. Ye, Phys. Rev. B 90 (2014) 45106.
[22] H. Shiba, M. Ogata, Prog. Theor. Phys. Suppl. 108 (1992) 265.
[23] Z.Y. Weng, Phys. Rev. B 50 (1994) 13837.
[24] Z.Y. Weng, D.N. Sheng, Y.C. Chen, C.S. Ting, Phys. Rev. B 55 (1997) 3894.
[25] H.V. Kruis, I.P. McCulloch, Z. Nussinov, J. Zaanen, Phys. Rev. B 70 (2004) 075109.
[26] Z. Zhu, H.-C. Jiang, Y. Qi, C.-S. Tian, Z.-Y. Weng, Sci. Rep. 3 (2013) 2586.
[27] D.N. Sheng, Y.C. Chen, Z.Y. Weng, Phys. Rev. Lett. 77 (1996) 5102.
[28] K. Wu, Z.Y. Weng, J. Zaanen, Phys. Rev. B 77 (2008) 155102.
[29] W. Marshall, Proc. R. Soc. Lond. A 232 (1955) 48.
[30] D. Poilblanc, Phys. Rev. Lett. 100 (2008) 157206.
[31] H. Suzuura, N. Nagaosa, Phys. Rev. B 56 (1997) 3548.
[32] N. Nagaosa, J. Phys. Condens. Matter 10 (1998) 11385.
[33] S.R. White, Phys. Rev. Lett. 69 (1992) 2863.
[34] Q.-R. Wang, Z. Zhu, Y. Qi, Z.-Y. Weng, arXiv:1509.01260, 2015.
[35] S. Liang, B. Doucot, P.W. Anderson, Phys. Rev. Lett. 61 (1988) 365.
[36] A.W. Sandvik, H.G. Evertz, Phys. Rev. B 82 (2010) 24407.
[37] J. Zaanen, B.J. Overbosch, Philos. Trans. R. Soc., Math. Phys. Eng. Sci. 369 (2011) 1599.
[38] Z. Zhu, H.-C. Jiang, D.N. Sheng, Z.-Y. Weng, Sci. Rep. 4 (2014) 5419.
[39] Z. Zhu, Z.-Y. Weng, arXiv:1409.3241, 2014.
[40] Z. Zhu, C.-S. Tian, H.-C. Jiang, Y. Qi, Z.-Y. Weng, J. Zaanen, Phys. Rev. B 92 (2015) 35113.
[41] S.R. White, D.J. Scalapino, S.A. Kivelson, Phys. Rev. Lett. 115 (2015) 56401.


http://refhub.elsevier.com/S0550-3213(15)00423-X/bib416E646572736F6Es1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib416E646572736F6Es1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4C656532303036s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib416E646572736F6E31393837s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4C69656231393638s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib576F796E61726F7669636831393832s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4F6761746131393930s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4F676174613139393162s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5375746865726C616E6431393735s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5363686C6F74746D616E6E31393837s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib426172657331393930s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib426172657331393931s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib48616C64616E653139383161s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib48616C64616E653139383162s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4F6761746131393931s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4461676F74746F31393934s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4D6F72656E6F32303131s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib416E646572736F6E393050524Cs1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib52656E2D416E646572736F6E31393933s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib57656E6731393931s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib57656E6731393932s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib57616E6732303134s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib536869626131393932s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib57656E6731393934s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib57656E6731393937s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4B7275697332303034s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5A5A32303133s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5368656E6731393936s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5775323030387369676Es1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4D61727368616C6C31393535s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib506F696C626C616E6332303038s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib53757A7575726131393937s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4E6167616F736131393938s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib444D524731393932s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib6C616464657232303135s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4C444131393838s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib53616E6476696B32303130s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib7A61616E656E323031316D6F74746E657373s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5A5A32303134s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5A5A323031347170s1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib5A5A32303134636Ds1
http://refhub.elsevier.com/S0550-3213(15)00423-X/bib4B6976656C736F6Es1

	Exact sign structure of the t-J chain and the single hole ground state
	1 Introduction
	2 The model and exact analysis
	2.1 The model
	2.2 The exact sign structure
	2.3 More detailed sign structure in wave functions
	2.4 Breakdown of adiabatic continuity
	2.5 Distinct momentum structures

	3 DMRG results
	3.1 Phase string effect under open boundary condition
	3.2 Phase string interference under periodic boundary condition

	4 Variational wave function
	4.1 Wave function incorporating the correct sign structure
	4.2 Squeezed spin chain construction
	4.3 Variational Monte Carlo calculation

	5 Discussion
	Acknowledgements
	Appendix A The exact sign structures of the one-hole ground states of the 1D σ·t-J and t-J models under open boundary condition
	Appendix B Sign structures of the σ·t-J model and the t-J model under periodic/anti-periodic boundary conditions
	B.1 The σ·t-J model
	B.2 The t-J model

	Appendix C Sign structure of the variational wave functions in Eq. (28)
	Appendix D Monte Carlo for variational wave functions
	References


