PHYSICAL REVIEW X 10, 041023 (2020)

Single-Particle Spectral Function Formulated and Calculated by Variational Monte Carlo

Method with Application to d-Wave Superconducting State

1,2,3.4,% 14,5

Maxime Charlebois and Masatoshi Imada

'Waseda Research Institute for Science and Engineering, Waseda University,
3-4-1, Okubo, Shinjuku, Tokyo 169-8555, Japan
*Center for Computational Quantum Physics, Flatiron Institute,
162 Fifth Avenue, New York, New York 10010, USA
3Département de Chimie, Biochimie et Physique, Institut de Recherche sur I'Hydrogéne, Université du
Québec a Trois-Rivieres, Trois-Rivieres, Québec G9A 5SH7, Canada
4Department of Applied Physics, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
5Toyota Physical and Chemical Research Institute, 41-1, Yokomichi, Nagakute, Aichi 480-1118, Japan

® (Received 20 December 2019; revised 29 July 2020; accepted 14 September 2020; published 2 November 2020)

A method to calculate the one-body Green’s function for ground states of correlated electron materials is
formulated by extending the variational Monte Carlo method. We benchmark against the exact
diagonalization (ED) for the one- and two-dimensional Hubbard models of 16-site lattices, which proves
high accuracy of the method. The application of the method to a larger-sized Hubbard model on the square
lattice correctly reproduces the Mott insulating behavior at half-filling and gap structures of the d-wave
superconducting state of the hole-doped Hubbard model in the ground state optimized by enforcing the
charge uniformity, evidencing a wide applicability to strongly correlated electron systems. From the
obtained d-wave superconducting gap of the charge-uniform state, we find that the gap amplitude at
the antinodal point is several times larger than the experimental value when we employ a realistic parameter
as a model of the cuprate superconductors. The effective attractive interaction of carriers in the d-wave
superconducting state inferred for an optimized state of the Hubbard model is as large as the order of the
nearest-neighbor transfer, which is far beyond the former expectation in the cuprates. We discuss the nature
of the superconducting state of the Hubbard model in terms of the overestimate of the gap and the attractive

interaction in comparison to the cuprates.
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I. INTRODUCTION

Dynamical properties often provide us with crucial
insights into open issues of strongly correlated electron
systems. In particular, the momentum- and energy-resolved
single-particle spectral function A(k, w), which is propor-
tional to the imaginary part of the Green’s function G(k, @)
with the momentum k and the frequency w, helps us
understand how an electron moves in an environment of
other mutually interacting electrons and provides us with
properties of the excited states, which in turn reveal the
equilibrium properties as well.
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The copper-oxide high-T, superconductors’ spectral
function A(k,®) has been extensively studied by angle-
resolved photoemission spectroscopy (ARPES), which has
greatly contributed to elucidate the properties of super-
conducting as well as anomalous normal metallic proper-
ties, including the pseudogap, Fermi arc, and d-wave
superconducting gap structure itself [1,2].

Numerical methods to clarify the dynamics of the
strongly correlated electron systems have been hampered
by various difficulties such as the fermion sign problem
[3-6] in quantum Monte Carlo methods, and intrinsic
quantum entanglement of electrons at long distances.
Nevertheless, linear response quantities such as the spin
and charge dynamical structure factors—S(k,®) and
N(k, w), respectively—defined below have been studied
by limited methods such as the exact diagonalization (ED)
[7,8] and time-dependent density matrix renormalization
group [9,10]. However, these methods have their own
limitations; namely, they are amenable only in small system
sizes and in one-dimensional lattice structures, respectively.
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In addition to the exact diagonalization, G(k, @) has been
studied by the cluster extension of the dynamical mean-field
theory (cDMFT) [11-13], but the allowed momentum res-
olution is severely limited by the cluster size, usually smaller
than 10 electronic sites. The cDMFT method is generally
combined with a periodization procedure in order to restore
translation invariance, and it provides the data at interpolated
momenta k [14—17]. However, we need to be cautious about
these periodizations, and the results should be regarded as
estimators because the momentum resolution is limited by the
cluster size. This case is true even for inhomogeneous
extension of cDMFT [18,19], where the large supercluster
still retains the self-energy modulation of the original smallest
cluster [20]. The need to study bigger clusters remains.

The recent formulation of the time-dependent variational
Monte Carlo method based on the variational principle
opened a way to study the long-time dynamics [21,22],
but it has not been extensively applied yet to interacting
fermion systems except for in a few examples [23].
Meanwhile, methods of calculating the spin and charge
dynamical structure factors utilizing the variational wave
functions for ground and excited states have been proposed
recently [24-28]. Some attempts have been made to
calculate the excitation spectrum on larger clusters of the
t-J model [29,30].

Here, we formulate a method of calculating the Green’s
function G(k,®) and the spectral function A(k,w®) =
—(1/7)ImG(k, ) and show its accuracy by comparing
with the exact results. It reproduces the feature of the spin-
charge separation and excitation continuum in the one-
dimensional Hubbard model.

The method is applied to the Hubbard model on the
square lattice as well. In the optimized d-wave super-
conducting solution, though it is an excited state in the
competition with the stripe states [31-33], the d-wave
symmetry of the gap structure is correctly reproduced in the
spectral function in this charge-uniform lowest-energy
state. However, the gap amplitude is several times larger
than the size in the experimentally observed gap of the
cuprate superconductors, if we employ a widely accepted
parameter mapping. The effective attractive interaction of
carriers in this state is then estimated again to be extremely
large, on the order of or even larger than the nearest-
neighbor transfer energy ¢ in the Hubbard model. We
discuss implications of the results.

Finally, in the Supplemental Material [34], the reader can
access the fully functional open-source code that was used
to generate the data. The code is an extension based on the
open-source code mVMC [35].

II. METHOD

A. Green’s function

Here, we present a very general scheme to estimate the
one-body Green’s function from the Lehman representation:

G,(k.w) = Gi(k, ) + Gi(k, ), (1)
Gl(k,w) = (Q¢] %ekamy (2)
w+in-Q+H
1

Go(k, @) = (Qex ColQ). ()

ga)+i17+£2—ﬁ]

Note that ¢y, (é]Tm) annihilates (creates) an electron of
momentum k and spin ¢. This approach requires knowledge
of the ground state |Q) of a Hamiltonian & with energy Q.
The “hat” notation is used here to represent an operator as
opposed to any matrix representation. Note that 7 is a small
real number, a Lorentzian broadening factor.

The Lehman representation can be evaluated explicitly
with ED since we have a complete and exact representation
of the Hamiltonian eigenstates, but this technique is limited
to small clusters. To evaluate the Green’s function for the
cases not amenable to the exact diagonalization, we can use
a method similar to the approach used to calculate the spin
and charge dynamical structure factors by exhausting an
important subspace of the Hilbert space for the excitations
[24-28]. In this framework, the time evolutions by the
Hamiltonian in the N —1 particle sector for G(k,w)
[Eq. (2)] and N+ 1 particle sector for G¢(k,w)
[Eq. (2)] are treated within such an important subspace.

Then, the idea of the present method is to restrict the
Hilbert space of the one-particle or hole-excited sector of
the Hamiltonian to a set of vectors:

|h,) = A, B,|Q)  for hole excitations, (4)
lexn) = At Bi|Q)  for electron excitations,  (5)

where An and B, are operators that together conserve the
number of electrons N, and momentum k. Here, |Q) is an
approximate ground state of the N particle sector obtained
by our variational Monte Carlo method for the ground state,
and |hy,) and |ey,) belong to the N — 1 and N + 1 particle
sectors, respectively. Note that for the Krylov basis of
excitation, used in ED, Bn = TJand An = H", where n is the
number of band Lanczos iterations. Usually in ED, at every
iteration of the band Lanczos method, the excited-state
basis is orthogonalized to every other excitation. But it is
possible, and sometimes more convenient, to work in the
nonorthogonal basis.

B. Nonorthogonal basis for excited states

Now, we construct the basis to represent the excited
states |hy,) and |ey,). The excited states employed in the
method introduced below are not necessarily orthogonal to
one another. Although these excitations are not orthogonal,
we can use tools to generate a spectrum with eigenstates
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that are orthogonal. For this purpose, we need to introduce
a number of overlap matrices:

Oﬁ,mn = <hkm|l|hkn>’ Oli,nm = <ekm|1|ekn>’ (6)
where 1 is the identity operator and the matrix notation is
expressed with the indices m and n. It is important to
distinguish the operator notation (with a “hat” here) from
the matrix notation since they are different in a non-
orthogonal basis. Indeed, the matrices Oy, are represen-
tations of the identity operator in this nonorthogonal basis.

Using the same basis, we evaluate the -effective
Hamiltonian matrices:

Hﬁ,mn = <hkm|H|hkn>’ Hﬁ,mn = <ekm|H‘ekn>' (7)
In general, the basis set on the restricted Hilbert subspace

is nonorthogonal, and thus we need to solve the generalized
eigenvalue problem [36] within this subspace as

Hk|Ekl> = EklOk|Ekl>’ (8)

where Hy, and Oy are matrices whose (m, n) components
are given in Eqgs. (7) and (6), respectively, in the basis of
|hyn) or |ex,). The solution of this generalized eigenvalue
problem is represented by the Ith eigenvalue Ey; and the
corresponding eigenstate coefficients of its eigenvector
|Ey;) represented in the basis of |hy,) or |ey,), where
we express them as |El,) and |E{,), respectively, and
describe them as |Ey,;), inclusively. Now, we have an
orthogonal basis of eigenstates of the Hamiltonian. The
orthogonality of the eigenvector |E);) is represented by
(Ex;|Ok|Ex;) = 6;;. The eigenvectors expand the basis of
the subspace defined by the restricted Hilbert space
determined by the choice of nonorthogonal excitations.
We can insert the complete set of this subspace
> 1 1Exi) (Ex;| in both Egs. (2) and (3) to obtain

AT h h | A
Gh(K, o) = Z (Qley, | Ex) (Exlexo|2) 9)

~ wo+in-Q+E},

e _ <Q|6ko'|Elil><Elil‘8I(o'|Q>
Go(k, w) 21: O (10)

Note that |E{,) (|EX))) is the state in the N + 1 (N — 1)
particle sector with momentum k. It is important to keep in
mind that this is an approximation to the Green’s function,
as we restricted the N + 1 or N — 1 particle sector by a
variational form defined below, in addition to the approxi-
mation to the ground state. By increasing the dimension of
the excited subspace, we are able to systematically improve
the representation of the excited states toward the exact one
represented by the full Hilbert space. The accuracy can be

estimated by looking at the convergence of the solution as
we increase the number of variational states [37].

This formalism is general, but in this article, we want to
apply it to obtain the spectral function of the strongly
correlated fermion systems by combining with the varia-
tional Monte Carlo (VMC) method. An alternative deri-
vation of Egs. (9) and (10) can be found in the Appendix A.
This derivation is the one implemented in the software
provided in the Supplemental Material [34].

C. VMC for the ground state

In the variational Monte Carlo method, we postulate
an ansatz, a variational state |y) that can be used to
calculate the physical quantities associated with that state.
To find a good approximation to the ground state, we
optimize the variational state in order to minimize the
energy measured [35,38].

The measurement of any operator A can be done as

iy WIA) G~ WlAR) (xdy)

W= Z (wlv) "
_ X (1;/|A|x> where p(x) = [oxly)
—Zx:/’” why @ MR =y (12

In this equation, the sum > |x)(x| is a complete set of
every possible electronic configuration in the system. For
large systems, however, it becomes computationally unfea-
sible to sum every configuration. Nevertheless, we can still
estimate this sum using a Monte Carlo sampling. The real-
space configurations {xs} are generated with the proba-
bility p(xs). Then,

N 1 A X
A~ e -

where Nyc is the number of Monte Carlo samplings for
the summation over xg, where s is the index to specify the
particle configuration in the real space.

For the ground-state wave function, we employ the
variational state:

lw) = PgPgl$), (14)

N,/2

0= (Saehe) o a9
L.J

Pg = exp (ZQ%W@) (16)

Pj = exp (Zvuﬁ,ﬁj> N (17)

i#]
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where the variational parameters are f;;, g;, and v;;. We
define the variational ground state |Q2) as the state |y) that
minimizes the variational energy E = (w|H|w)/(y|w). To
simultaneously optimize the variational parameters, the
natural gradient method is applied [39,40]. The resulting
ground state |Q) and ground-state energy Q are both
deduced from traditional VMC.

D. Dynamical VMC

Using our knowledge of the ground state calculated from
VMC, we can now proceed to calculate the excitation
spectrum using the Green’s function formalism developed
in Sec. I A. The VMC formalism presented in Sec. 11 C,
namely, Eq. (13), can be used not only to calculate the
ground state but also to sample the matrices in Eqgs. (6)
and (7). From these matrices, it is possible to calculate the
Green’s function using Egs. (8)—(10).

It is hard to generate excited states that reproduce the
Krylov basis since the calculation of A" is very expensive
for n > 1, as every hopping of electron terms in the
Hamiltonian produces a new Pfaffian evaluation. Instead
of A, = H" and B, = I, which would produce the Krylov
basis, we choose a basis where An =17 and B, is a
combination of different charge excitations 71;, [28]. To
be more explicit, the excitation basis we choose in the
expressions of Eqgs. (4) and (5) i8S |hjs,) = &is|win) and
|€ion) = ¢ |win), Where we introduce

|‘//in> = { ‘Q> ) ﬁi6|9‘> ) ﬁi+5,,,6ﬁi+§,’,,a‘g> ) ﬁi+5n.5ﬁi+5,’,,5 |Q> }
(18)

Here, 6, and &), are a combination of different neighbors to
site i for each n. This choice is based on the physical
intuition where the creation of an electron on site i is
influenced by the presence of electrons with both same and
opposite spins on sites i + & and i + &, respectively. This
case is illustrated in Fig. 1 for the two geometries studied in
this article. Generally, we consider only excitations within a
certain range 6 = (6, ,) of a neighborhood of the con-
sidered site i, noted as max (|6, |, [6y|) < Spax, Where Sy is
an integer that specifies the farthest neighbor considered in
any direction. It is implicitly applied to both § and &'. Under
that threshold, we consider every combination of & and &
that generates a unique, new excitation. The excitations
have to be nonredundant (different). Otherwise, they will
lead to singular matrices for Hy and Oy. Note that |e,,,,) is
in the electron-number sector with one electron added to
the ground state, while |h;,,) is in the one-electron-
removed sector.

Equation (18) is the simplest choice of basis to reason-
ably represent the essential part of the low-energy excita-
tion subspace of the Hamiltonian (as demonstrated in the
result section). One might be concerned with whether the
choice of Eq. (18) exhausts the important excited states that

(@) (b) 4=

Cig  Mivdl o *
——i—4

Nits,5

fu.a%
v \

FIG. 1. Geometries of the system studied in this paper. (a) One-
dimensional lattice. (b) Two-dimensional square lattice. The
excitation on site i is correlated with the presence of electrons
on neighboring sites. The charge of the excitation of type
8;1%,-,—,\9) is represented by the red arrow. The charges of the
excitation of type élTﬁﬁHg”_;,ﬁ,-M; +|Q) are represented by the two
blue arrows, and the charges of the excitation of type
é;fzi +5,5Mi+5,0/Q) are represented by the two green arrows.
Here, 6, and &, denote only the difference in position relative to
the site i, only for the excitation illustrated here. If we consider
the excitation n + 1, for example, the values §, and &, would be
different, leading to another “arrow couple” (for green and blue
“arrow couples”). We only show one example of such excitation
per excitation type, for clarity.

n

show up in A(k, ). The benchmark in the later section will
help us to see the relevance of the basis. However, it is also
helpful to examine physical intuition. The basis |e,,,), for
instance, contains ¢ |Q), which is indeed the bare exci-
tation from the ground state in the representation Eq. (3). Of
course, it is not the eigenstate of the Hamiltonian in the
N + 1 particle sector. Therefore, the time evolution of the
eigenstate represented by the denominator of Eq. (3) must
contain other states by considering the correlation effects.
In the ground states, the correlation effects are largely taken
into account by the correlation factors (Gutzwiller and
Jastrow factors, etc.). In the present case, we include
cl ni5|Q) as well as ¢} |Q), which may also be rewritten
as the expansion by n; ¢} |Q) and (1 — n;;)c],|Q). The
former essentially generates the electrons in the upper
Hubbard band, and the latter generates those in the lower
Hubbard band. The basis we employ can then represent the
correlation factor (Gutzwiller factor) efficiently in the
N + 1-electron sector, not only for the lower-energy weight
(lower Hubbard) but also the higher-energy side (upper
Hubbard). In addition, ciﬁn i5N1,/|Q) may essentially
represent the Jastrow factor as well. Since |2) contains
the spin fluctuations in the ground state, the present excited
states contain the same spin fluctuation. Missing in the
present excited state is the one-electron-added state gen-
erated simultaneously by multiple spin scattering from the
ground state. Although it can, in principle, be included in
the present formalism as we discuss in the end of this paper,
we focus on the choice (18) and leave the one-electron-
added state for future study. It is not intuitively clear that we
are able to describe the Mott insulating state with upper and
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lower Hubbard bands. Since the Tomonaga-Luttinger liquid
is well described in the ground state [41], it can describe
states with a vanishing renormalization factor. Later, we
also see that the incoherent continuum can emerge from our
excitation basis.

Using this excitation basis, we calculate the average of

<Wim éio'ej‘(y |l///n > ’ <l//im |€.lk(;6'/ﬂ|l///n> ) (19)

<l//im|6ioj:16;g|l//jn>’ <l//im|6jaf{6jo|l//jn>v (20)
in the real space representation for every i, j combination
(N? terms) using Markov chain Monte Carlo sampling of
Eq. (13) for different simple operators. The details of which
quantities to sample and how to sample them are presented
in Appendix B, along with some details to optimize the
computation speed of the calculation of these excitations.

Once we have these terms, we can Fourier transform
(thanks to the translational symmetry):

1 A A At
Oimn = N_ E ekl r’)<l//im|ciacj‘a‘l//jn>’ (21)
N l]

1 i A Frat

Hli,mn = ﬁZe_lk(ri_rf><Wim‘ciaHCj6|l//jn>7 (22)
s lj

O =37 2 ™ yinlel 2 jolyn).  (23)

N lj

1 : A Pra
Hy . = ﬁZe_lk(ri_rf><l//im‘cj'raHCjo|l//jn>‘ (24)

s l/

These Fourier transforms produces a number of matrices
with as many as twice the number of momentum points.
With these matrices, we solve the generalized eigenvalue
problem [Eq. (8)] for both holes and electrons.

Together with Egs. (1), (9), and (10), we estimate the
Green’s function from the VMC. We call the technique
presented in this section dynamical VMC (dVMC).

E. Summary of the technique

Since this new technique requires multiples steps, we
summarize our algorithm for convenience by listing the
sequential procedure here:

(1) The ground state |Q2) and its energy Q are calculated
using the definition (14) and minimizing Eq. (11)
through the variational Monte Carlo sampling
of Eq. (13).

(2) The terms (19) and (20) are calculated by using
variational Monte Carlo sampling (13) distinct from
the ground-state sampling because |y,) defined in
Eq. (18) constitutes a Hilbert space extended from
the ground state |y) = |Q).

(3) The Fourier transform [Egs. (21)—(24)] is used to
obtain the matrices in Egs. (6) and (7).

(4) We solve the eigenvalue problem Eq. (8) for both
hole and electron excitations and obtain |E},) and
[E5)-

(5) We calculate the Green’s function in Egs. (9) and
(10) by substituting |Q) obtained in step 1 and |E}!))
and |Eg,;) obtained in step 4 above, or through the
application of Eq. (A4), as implemented now in the
dVMC source code provided in the Supplemental
Material [34].

Both variational Monte Carlo steps (1 and 2) take the
most computational time. The computational cost of the
ground-state determination (step 1) scales as Ny x O(N;),
where N, is the number of variational parameters f;;, g;,
and v;; defined in Eq. (14) [35] and Nj is the number of
Monte Carlo samples. Some constraints can and must be
used at times to reduce the degrees of freedom (N,) of the
variational ground states and thus reduce the calculation
time. The computational cost of sampling the terms in
Egs. (19) and (20) (step 2) scales as Ng X Ny X O(NE,) X
O(N*(1 +2N,)), where N, N,, and N, are the number of
lattice points, hoppings for each site, and excitations,
respectively. The excitation scheme [Eq. (18)] offers many
excitations with a relatively low computational cost in
step 2. In Appendix B, we discuss more details of the
optimization of the calculation.

III. RESULTS
A. Model

To examine the accuracy of the present dynamical VMC
method, we show the benchmark test of the standard
Hubbard model with the Hamiltonian

H=—tY e+ UY iy (25)
(i)

l

on the 1D chain and 2D square lattice. The first term
proportional to the transfer # is the kinetic energy, and the
sum is restricted to the nearest-neighbor pair. The second
term represents the on-site Coulomb repulsion proportional
to U. We impose periodic boundary conditions throughout
this paper. In the presentation, the same color scale is used
to make the comparison between different methods and
sizes easier, except for Fig. 7. Unless otherwise specified,
we use parameters U = 8 and the nearest-neighbor transfer
t =1 as the energy unit. We use the broadening factor
n = 0.2. The chemical potential (Fermi level) is determined
so as to meet the occupied part of the integrated spectral
weight with the number of electrons (N, = integer) given
in our canonical ensemble simulation of VMC. Results
obtained by the present method on lattices of N = 16 sites
are first compared to ED results in order to benchmark
the accuracy of the methods in one and two dimensions.
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g(a) ED, 16 sites
: .

(b) dVMC, 16 sites (c) dVMC, 64 sites
: : . : ;

1 0.6

FIG. 2. Comparison of spectral weight for the 1D Hubbard
model at half-filling (L = 16 and N, = 16) calculated by the ED
(a) and by the present method dVMC (b). For the 16-site dVMC
calculation, we considered combinations of every possible
neighbor for the choice of § and & in Eq. (18). Since the size
is small, N = 377 excitations are considered, in total, by
omitting redundant excitations. In panel (c), we show the result
for dVMC with 64 sites. We consider up to d,,,x = 8, resulting in
a total of N, = 426 excitations.

The ED results were obtained using the open-source
software HO [42].

Symmetries are imposed via some constraints in the
variational parameters f;;, g;, and v;; of the trial wave
function. We do not impose any symmetry for the one-
dimensional case, but we impose a 2 x 2 sublattice struc-
ture to allow for a description of the antiferromagnetic
states for the two-dimensional case. Imposing this sub-
lattice structure will prevent the emergence of any stripe or
charge order, for example. Note, however, that it is possible
to study the charge order using VMC [32] and dVMC, but
this is beyond the scope of the present article. The
variational wave function [Eq. (14)] can represent the
Mott insulator due to the doublon-holon binding correla-
tions in the Jastrow factor [43].

B. One-dimensional lattice

In this section, we show the various results for the one-
dimensional Hubbard model. We first test both the Mott
insulator (N = N, ) and the doped Mott insulator in the one-
dimensional Hubbard model by comparing with the exact
diagonalization results for the 16-site chain. The results at

(a) ED, 16 sites (b) dVMC, 16 sites (c) dVMC, 64 sites
T T T T T r : T

0.6
0.5
04
03
02
0.1
0

= winf

FIG. 3. Comparison of spectral weight for the doped 1D
Hubbard model at U/t =8 (L =16 and N, = 14) (b) with
the ED result (a). (c) Results of lightly doped 64-site chain
(N =64 and N, = 56). Here, w =0 is the Fermi level. The
choices of § and & for panels (b) and (c) are the same as in Fig. 2.

half-filling are shown in Fig. 2(b), in comparison with exact
diagonalization results in Fig. 2(a). We see that the present
dVMC results show nearly perfect and quantitative agree-
ment with the Mott insulating nature between the results of
the present method and the ED in terms of the dispersion of
the lower (occupied) Hubbard band below E and the upper
(unoccupied) Hubbard band above E, in terms of their
broadness, relative weights, and the Mott gap sizes.
A direct superposition of the A(k, ) curves for selected
k points is shown in Appendix C in order to provide a more
quantitative comparison.

The results for the 64-site chain are shown in Fig. 2(c),
which gives much higher momentum resolution. Both in
the 16-site and 64-site results, the lower (upper) Hubbard
dispersion below (above) Er splits into two dispersions
around the I' (k =0) and k = z points. The upper, flat
dispersion branch in the lower Hubbard dispersion is
identified as the spinon branch, and the lower, steeper
dispersion branch is identified as coming from the holon
excitation in the analysis of the ARPES data for SrCuO,
[44,45]. The present dVMC calculation correctly captures
the spin-charge separation in the 1D Hubbard model.
We also note that the spin-charge separation at the heart
of the Tomonaga-Luttinger liquid was correctly captured
in Ref. [28].

8(a)U=0 byUu=2 c)U=4 @u=6 eyU=28 ®U=10
I
_—2cosk [
3 0F-a = - o =
4+ 4 F
|
a0 70
k k

FIG. 4. Mott transition calculated from dVMC with 64 sites on the 1D Hubbard model at half-filling. Different panels show different

interaction strengths U.
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(2)4x 4ED (b)4 x 4 dVMC (¢) 8 x 8 dVMC

(010) (ﬂlﬂ) (ﬂ‘,O) (0,‘0) (0,‘0) (ﬂlﬂ) (ﬂlO) (0,‘0) (0,‘0) (ﬂlﬂ) (ﬂ‘,O) (010)
k k k

FIG.5. Comparison of spectral weight A (k, @) in the momentum-
energy plane for the square-lattice Hubbard model at half-filling
(N =4 x4 and N, = 16) calculated by ED (a) and by dVMC (b).
For the 16-site dVMC calculation, we consider combinations of
every possible neighbor for the choice of § and &' in Eq. (18). In total,
N = 377 excitations are taken into account after omitting
redundant excitations. The result of the same quantity for the
8 x 8 lattice is shown in panel (c), which shows an essential
agreement with the result of cluster perturbation theory [47,48].
In panels (a)—(c), A(k, w) is plotted along the symmetric line of the
momentum in the Brillouin zone.

The doped case is shown in Fig. 3. The comparison
between the dVMC result in panel (b) and the ED result in
panel (a) for the doping concentration § = 0.125 again
shows nearly perfect agreement. The same doping for the
64-site systems in Fig. 3(c) shows good agreement with the
result obtained by Kohno using the dynamical density-
matrix renormalization group (DDMRG) for a 60-site
system with the open boundary condition [46,47]. We still
see both the holon and spinon bands. We also note the
presence of the hole-pocket behavior appearing at the
Fermi level [46]. We show the dependence on the number
of excitations taken into account in Appendix D.

Finally, we show in Fig. 4 the Mott transition by varying
the interaction strength U for the half-filled case. At U = 0,
we find exactly —2 cos k, which is to be expected for this
system without an interaction. Note that U = 10 corre-
sponds to the result published with DDMRG [47]. The gap
opens gradually as the interaction U increases from O to 10.
It is to be noted that the Mott gap at U = 2 is not visible
since the Lorentzian broadening factor # = 0.2 smears the
fine structure expected around the Fermi level. This case
explicitly shows that the technique does not have a specific
interaction regime and can perform well in both U limits.
For the rest of the paper, we employ U = 8.

C. Two-dimensional square lattice

In this section, we examine the square lattice, both for the
Mott insulator (N = N,) (see Fig. 5) and the doped Mott
insulator (Fig. 6). Comparison of the dVMC results in
Figs. 5(b) and 6(b) with the exact diagonalization results in
Figs. 5(a) and 6(a), respectively, proves good accuracy of
the dVMC method even for the 2D lattice. The comparison
of the 8 x 8 lattice results in Fig. 5(c) at half-filling and

(a)4x 4 ED (b)4 x 4 dVMC (¢) 8 x 8 AVMC
12 — ; . 0.6
05
8 i W o4
! - e 03
L -~ - 02
4 F 1H o1
3 . - —— d-:‘--‘ 0
- - - - oo - -
4

* (0:0) (n:n) (n:O) (OiO) (0:0) (n:n) (7r:0) (0:0) (0,0) (nin) (7(:0) (Oi())
k k k

FIG. 6. Spectral weight for the doped square-lattice Hubbard
model (N =4 x4 and N, = 14) in panel (b) compared with the
ED result in panel (a). The result of the 8 x 8 lattice with N, = 56
at 12.5% hole doping is shown in panel (c¢). The momentum
dependence is shown along the symmetric line in the same way as
in Fig. 5. Here, @ = 0 is the Fermi level.

Fig. 6(c) at 12.5% hole doping with the result of the cluster
perturbation theory [47,48] and quantum Monte Carlo [49]
shows a fair overall agreement. Note that the results of the
cluster perturbation [47,48] has lower momentum resolu-
tion and should not be taken as a sufficiently accurate
reference. Also, the quantum Monte Carlo results [49] at
half-filling are not at U = 8 but have the same qualitative
features. The incoherent continuum is less clear in QMC
results than our dVMC results, but this is probably an effect
of the analytic continuation of QMC. Therefore, a small
discrepancy does not necessarily mean that the present
results are insufficient.

In both Figs. 5(c) and 6(c), we have employed a 2 x 2
sublattice to constrain the ground state to exclude stripe
orders as well as x-y anisotropies [32]. Figure 6(c) shows
results for a low-energy state, which has a superconducting
order with d,>_,> symmetry. Note that the true ground state
may have the stripe order without any superconducting
order [31-33]. However, the superconducting state is very
close to the ground state and is obtained at least as a
well-optimized metastable state. Therefore, we could
expect to be able to see the intrinsic property of the
superconducting phase when it is stabilized in a realistic
Hamiltonian [50]. The superconducting correlation func-
tion for this state confirms the superconducting long-range
order (see Appendix E).

To have a better view of the superconducting physics, we
obtain results on a bigger cluster. In Fig. 7, we examine a
12 x 12 cluster with the same parameters as in Fig. 6(c).
We see similarities between Figs. 7(a) and 6(c) but with
much more details. To see the detailed structure of the gap,
we first plot, in Figs. 7(b)-7(d), the spectral weight in the
Brillouin zone for energies at and near the Fermi level,
namely, @ = —0.3, 0.0, and 0.3, to estimate the position of
the gap opening (in other words, the locus of the minimum
gap, which should form the Fermi surface when the gap
closes). In principle, the locus of the gap opening can be
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12 x 12 dVMC
12 2 T T

Ak path > w)

+
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0,0) (m,7m)

0,7)  (0,0)
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©,7)  (7,0) (0, )
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FIG.7. Spectral function A(k, ) fora 12 x 12 cluster. (a) Same
view as in Fig. 6(c). (b)—(d) Spectral function for a constant
energy at and around the Fermi level (w = 0.0) plotted in the
Brillouin zone. Energies are, respectively, @ = 0.3, 0.0, and
—0.3. (e)—(g) Spectral function in the momentum-energy plane,
with the momentum following the symmetric line along
(0,7) — (x,0) — (0, 7). The labels of the k axis on the abscissa
in these panels show only the points on the trajectory of white
dots closest to the symmetric points because the white-dot
trajectory is not precisely along the symmetric line. We follow
the maximum intensity lines in the Brillouin zone of the
corresponding panel on the left. The choice of k points in the
path in panel (e) is shown with the white dots in the correspond-
ing panel on the left [panel (b)]. The same is true for panels (c)
and (f) and for panels (d) and (g), but in these cases, we use linear
interpolations to more precisely identify the paths away from the
discrete k points. The superconducting d-wave gap structure is
clearly seen in panel (f). Note that in this figure, panel (a) has the
same color scale as the rest of the paper, but panels (b)—(g) have
another color scale (shown in the top right), in order to see more
clearly the details in the superconducting gap and around the
Fermi level.

inferred from the maximum intensity of A(k, w = 0). The
gap anisotropy can be seen along this trajectory. However,
because of the limited discrete points in the Brillouin zone
allowed for finite-size studies, a better estimate of the gap
opening position is obtained by an interpolation of A(k, @)
between neighboring momentum points using the data at
small but nonzero @ as well. In fact, the rough estimate of
the largest gap indicates that it appears at the antinode with
amplitude A ~0.3z. At w/t = —0.3, 0.0, and 0.3, we also
show the obtained trajectory of the maximum A(k,®)
intensity with white dots and the corresponding interpo-
lated spectral weight for these dots on the right panels
[(e)—(g)]. It is important to interpolate between different @
because the Fermi level determined from the consistency
between the electron number in the occupied part of
A(k,w) and the given nominal number itself has
uncertainty arising from the discrete k points and the
broadening factor. In addition, because of the gap, it
contains another uncertainty in precisely identifying the
gap-opening position in Fig. 7(c). Nevertheless, in Fig. 7(f),
we can see clearly that the gap anisotropy is essentially

expressed by the d-wave superconducting gap [A(k) =
(A/2)(cos ky —cosk,)], which has a maximum at the
antinodes [k = (0, £x), (£x,0)] and closes at the nodes
(k, = ky), though the precise functional form of the gap is
beyond the scope of the present paper.

Note that the number of excitations, for the case in
Figs. 6(c) and 7, have been limited to 118 excitations, by

keeping only the ranges 0 < 6)@ <2and 0 < 6@ <2to
suppress the statistical error within our allowed computa-
tional cost.

The ratio V, = A/F, with F = \/P,(r — o) being the
superconducting order parameter (A,), is the measure of
the effective attractive interaction to form the Cooper pair.
From Fig. 11 in Appendix E, (A,) is estimated to be 0.055.
Then, the attractive interaction is roughly estimated as
V4~ 1.7t, which is extremely large, implying that the
superconductivity in the Hubbard model is unrealistically
strong if we take it as a model of the cuprate super-
conductors with  ~ 0.5 eV as employed in the literature. In
fact, the gap size itself is estimated to be about 0.37 at
U = 8, which is a realistic value of the cuprates [50]. In this
range, the gap amplitude increases with U, in contrast to the
expectation from the exchange interaction J = 41>/ U. The
value 0.3¢ is interpreted as about 150 meV for the cuprates,
which is three times larger than the gap amplitude of about
50 meV measured in the cuprates [1,2]. However, as we
mentioned above, the true ground state for this doping
should be the charge-inhomogeneous stripe state because
of such a strong attraction.

A possible origin of the effective attraction is the energy
gain by the recovery of the electron coherence (fading out
of Mottness), which grows nonlinearly with the doping.
This nonlinear reduction of the kinetic energy generates a
strong upward convex curve of the electronic energy as a
function of the carrier density. This negative curvature
signals the effective attractive interaction of charge car-
riers because the quadratic term obviously represents the
effective electron-electron interaction [51]. The attractive
interaction estimated from the negative curvature again
has the same order, consistent with the present value of
about 7 [52].

By using the present method, we have shown that the
d-wave gap of the Hubbard model has an energy scale of ¢
(more precisely, about 0.3¢), which is much larger than the
value of the model of the cuprate superconductors. We note
that a more realistic understanding of the scale of the
attraction of the cuprates and other available superconduc-
tors has to be reached by using the ab initio effective
Hamiltonian that has realistic nonzero off-site Coulomb
repulsions [50].

D. Computational cost

In this section, we discuss the typical computational cost
for a few of the systems calculated. Let us stress that these
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values are highly dependent on the number of variational
parameters N, sites N, samples N, and hopping terms
N,, as discussed in Sec. II E. Computations of the smallest
systems (16 sites) can be performed on a desktop
computer in under a few hours. But for the sake of
comparison, we present the time required to perform the
calculations on the same supercomputer at the Institute
for Solid State Physics. All of the calculations have been
performed using multiple nodes (via MPI) of each 24
CPU (via OpenMP).

For the one-dimensional case with N = 16 sites (N, = 2
and N, = 392), using Ny = 7.2 X 10° for the ground-state
calculation (step 1 of Sec. I E) required 8 minutes. Using
Ng = 1.8 x 10° and N, = 377 for the sampling of the
terms (19) and (20) (step 2 of Sec. Il E) required 3 minutes.
In total, this calculation required 11 minutes on 240 CPU.

For the one-dimensional case with N = 64 sites
(N;=2and N, = 6176), using Ny = 5.76 x 10° for step
1 required 4.5 hours, and using Ny = 2.6 x 10° and
Nexe = 426 for step 2 required 5.5 hours, for a total of
10 hours on 3456 CPU.

For the two-dimensional case with N = 144 sites
(N, =4 and N, = 872), using Ny = 5.76 x 10° for step
1 required 1.5 hours, and using N = 8.64 x 10° and
Nexe = 118 for step 2 required 11.5 hours, for a total of
13 hours on 3456 CPU.

These numbers are the ones used for the calculation of
Figs. 2(b), 2(c), and 7, respectively. The calculation time
increases with system size. For the 12 x 12 case, the time is
comparable to the one-dimensional chain of 64 sites due
to the use of many symmetries and the reduction of the
excitation number considered.

IV. SUMMARY AND OUTLOOK

In this paper, we examined a newly proposed dVMC
method to calculate the single-particle spectral function and
the Green’s function for strongly correlated electron sys-
tems. Although the proposed variational form of the excited
states is simple and contains only one bare electron or hole
added to the ground state—dressed by composite operators
diagonal in the particle-number representation—the
obtained spectral function rather accurately reproduces
the exact structure in the benchmark.

An application to the hole-doped square-lattice Hubbard
model revealed that a d-wave superconducting state is
induced by an effective carrier attraction, which is unex-
pectedly large (~0.3¢), resulting in a much larger super-
conducting gap than that observed in the corresponding
cuprates, if we study the charge-uniform lowest-energy
state as the ground state. It implies that the real cuprate
superconductors have to be understood by taking account
of more realistic factors such as the intersite Coulomb
repulsion, which suppresses both the charge inhomogeneity
and the superconducting order overestimated in the

Hubbard model in comparison to the real, existing super-
conductors [50].

Though it reached unprecedented and fruitful results, the
obtained spectral function is not perfect, with some
discrepancy from the exact results. We note that spectral
functions are very sensitive to the ground state |Q) used in
the calculation and strongly compete with other metastable
states. The sensitivity requires a high accuracy of the
ground-state wave function before calculating the dVMC
Green’s function. In addition, the form of the excited states
has to be flexible enough, particularly, to represent low-
energy excitations. Qualitatively different types of excita-
tions ignored in the present work but presumably important
are the dressing by the spin-flip excitation such as
¢l s.8irs5¢15/Q) and that by kinetic operators such as
¢l 50Cits0C,/Q), which are off diagonal in the particle-
number representation. The inclusion of these excitations
is an intriguing future issue, which might enhance the
accuracy. Of course, increasing the number of charge
ODErators  as 51 oy 0512, Q)
may also improve the accuracy.

In fact, such an improvement in the present dVMC
method is expected to contribute to a better understanding
of the low-energy subtle structures such as the pseudogap
and the effect of severe competition among superconduct-
ing, charge, and spin correlations of the doped Mott
insulator.
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APPENDIX A: ALTERNATIVE PROOF

In this appendix, we show the Green’s function calcu-
lation as is implemented in the dVMC code, which is
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available in the Supplemental Material [34]. It is an
alternative form of Egs. (9) and (10).

The Green’s function in a nonorthogonal basis is also
expressed as [53]

G (k. w) = Op((0+in — Q)0 + Hy )7 'O, (Al)

Ge(k’ (U) = Oek((a) + ”7 + Q)Oek - Hek)_loek’ (AZ)

which are related to the abstract Green’s operators
Gu(k, ) and G,(k, ) defined as
Gy (K, @)y = (hacn| (@ + in = Q)T + H) B,
Ge(k’w)|mn - <ekm|((a) + ”7 + Q)j - H)_1|ekn>'
From these definitions, we see that if we choose the

first excitations such that B, = I, we obtain the Green’s
function (1), with
Gko‘(a)) = (Ge(k’ 6()) + Gh(k’ w))m:n:O' (A3)

To speed up calculations, we can rearrange and diagonalize
the terms H,,,O;;! and H,, O3, in Egs. (A1) and (A2):

Grol@) =3 (U)o (Ui Om)io . (Uer)or (Uit Oe)io
ke ~o+in-Q+Ey; o+int+tQ-Eux;’
(A4)

where the energies Ey ; are the eigenvalues and Uy are the
eigenvector matrices. Note that even if both matrices Hy, and
0;1 are Hermitian, their product is not. Hence, Uy is not
unitary. This form is equivalent to Egs. (9) and (10).

APPENDIX B: SAMPLED QUANTITIES

The bottleneck of the calculation of Oy, and Hy_,,, for
both the hole and the electron is the Monte Carlo sampling
with a charge configuration |xg) of the quantities:

gij,a(xs) = <Q‘5§a€‘ja|xs>» (B1)

gijkl,cw’(xs) = <Q|6Léjaézoeltf|xs>’ <B2)
for0 <i,j < N and k, [ are the indices of every hopping on
the cluster. This calculation then requires 2N2(1 + 2N,)
Pfaffian evaluations in total (where N, is the number of
hoppings in the cluster) for the simple Hubbard model.
When we have all the values of Egs. (B1) and (B2) in hand,
from these values alone, we can deduce

~ AT

<l//im|ciacja|l//jn>v (B3)

<l//im |éiaéja|an>’

<l//im|6ioﬁa;g|l//jn>! <Wim|ajaﬁléja‘l//jn> (B4)

straightforwardly by using (anti)commutation relations of
fermion operators for the simple Hubbard model. These
quantities are the same as Eqs. (19) and (20).

First, since the inserted state |x,) in the VMC sampling
method (11) is a real space configuration, the evaluation of
any 7, is fast since i;,|xs) = |xs)n;,(xs), where n;,(x,) is
a scalar: 1 if the site i of spin o is occupied, and O otherwise.
The set of charge diagonal operators on the left-hand side
can be moved to the right analytically until they reach |x;).
For this purpose, we use the relation

iy <Hej1:[éj) = (HCTHCJ> <ﬁa +§l:5,-a —;51,,)
(BS)

to commute any charge operator from left to right (which
holds for any order of 6: and ¢;). The terms in Eq. (B3) and
the interaction part (Hy) of Eq. (B4) can thus all be
computed from the values

<Q|ei(fé;o—|xs> = 51‘,/' - gji,n(xs)» (B6)

<Q|eiaé,ia|xs> = gij.a(xs)v (B7)
and the hopping part (H)) of Eq. (B4) can be computed
from

<Q|5ia5£¢515’5;|xs> = —Gjikico (xs) + 5ijgkl,a’ (xs>

+ 81050 (Bik = i (Xs)) (B8)

<Q|éj-aézg’6[rr’ejn|xs> = Yijkl.oé (xs) - 5jk5rm’gil,o—(xs>‘ (B9)

This case reduces the number of Pfaffian calculations. In
principle, it generates terms for every 0 < i, j < N, butitis
convenient to impose the translational invariance at every
Monte Carlo sample, if it is satisfied, to reduce the memory
cost and Monte Carlo noise. In doing so, only the terms
i=0and 0<j—i <N need to be computed. Finally,
it is important to impose hermiticity at every sampling, too,
so that

im Aio—A‘-g jnl — im Aio"A‘-a jn
Winl ol iyl jn) = (WinlCiololw )

+ Wl win) ) /2. (B10)
<Wim|éia[:18j‘g|l//jn> = <<Wim|6iagé;g‘l//jn>
=+ <an|ejaﬁlaja|l//im>*)/2’ (B11)

and so on. These two optimizations greatly reduce noise in
the resulting data.
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APPENDIX C: COMPARISON BETWEEN APPENDIX D: DEPENDENCE OF ACCURACY
ED AND dVMC ON THE LEVEL AND NUMBER

OF INCLUDED EXCITATIONS
In Fig. 10, we show selected k points for A(k, w) of the

previous results of Figs. 2, 3, 5, and 6 for the same graphs In this appendix, we show the effect of increasing the
in order to facilitate the comparison between ED and  range J,,, in Eq. (18).

dVMC. As stated in the main text, the agreement is In Figs. 8 and 9, we show the dependence on the number
very close. of excitations for the result presented in Figs. 2(c) and 3(c),

@ oY) Ol © Omax=1 @ 6max=2 € max=3 O Omax =4 (@) max =5 (1) Omax = 6 () Spax = 7

4
30

4

-8

Nexe = 1 2 13 36 71 118 177 248 331

FIG. 8. Comparison of spectral weight for the 64-site 1D Hubbard model in the Mott insulating state, as shown in Fig. 2(c), but
considering only a subset of excitations. Indeed, in Fig. 2(c), we consider up to a threshold é,,,, = 8. Here, we show the result for
Omax = 71n panel (i), 5, = 6 in panel (h), and so on. Panel (b) plots the case where the first two (local) excitations of Eq. (18) are taken
into account, and panel (a) is the case taking into account only the first one, i.e., the trivial excitation. Note that the labels in the k axis are
the same as in Fig. 2(c), so they have been omitted here.

(@) ele) (b) 2’jl’l,g—|Q> (©) Omax = 1 (d) Omax =2 (€) Omax =3 (D) Omax =4 (2) Omax =5 () Oax = 6 (1) Omax = 7
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FIG.9. Comparison of spectral weight for the 64-site 1D Hubbard model at 12.5% hole doping, as shown in Fig. 3(c), but considering
only a subset of excitations. Details are the same as in Fig. 8.
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FIG. 10. Comparison between A(k, ) obtained from ED (thin black line) and dVMC (thick red line) corresponding to (a) the first two
panels of Fig. 2(b) Fig. 3(c) Fig. 5, and (d) Fig. 6. We only show a selection of the most relevant k points, namely, k = 0, /2, = for
panels (a) and (b) and k = (0,0), (z/2,7/2), (x,0) for panels (c) and (d).
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FIG. 11. Superconducting correlation function P,(r) as a
function of pair-pair distance r. The cross data points also
contain (very small) error bars.

respectively. We see that the first few neighbors are crucial
to get better results. Between 6, = 6 and ., = 7, the
result does not change much even if we add 83 new
excitations, suggesting the overall convergence to the exact
results, aside from the detailed thin structures near the
Fermi level in Fig. 9.

APPENDIX E: SUPERCONDUCTING
GROUND STATE

The solution presented in Fig. 6(c) has a superconduct-
ing order, which can be seen from the gap in the spectral
weights plotted in both Figs. 6(c) and 7. This case can be
seen more directly by measuring the d-wave superconduct-
ing correlation function

1

Py(r) =5

Z(AZ(ri)Ad(ri +1) + Ag(r) Al (r; + 1)),

i

(E1)

with
1
Ay(r;) = %Zg(r)(cmcnm —crCrirt)s  (E2)

with the d-wave form factor ¢ defined as
g(}") = 6&.,0(65‘,1 + 5@,—1) - 5;‘4\.,0(5}{(,1 + 54,—1) (ES)

in Ref. [32]. This function is shown in Fig. 11. The long-
range superconducting order is indicated by the saturation
to a nonzero value around 0.055 at long distances.
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