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Quantum entanglement, lacking any classical counterpart, provides a fundamental new route to characterize
the quantum nature of many-body states. In this work, we discuss an implementation of a new path integral
method [Phys. Rev. Res. 2, 033505 (2020)] for fermions to compute entanglement for extended subsystems in the
Hubbard model within dynamical mean-field theory (DMFT) in one and two dimensions. The new path integral
formulation measures entanglement by applying a “kick” to the underlying interacting fermions. We show
that the Rényi entanglement entropy can be extracted efficiently within the DMFT framework by integrating
over the strength of the kick term. Using this method, we compute the second Rényi entropy as a function of
subsystem size for metallic and Mott insulating phases of the Hubbard model. We explore the thermal entropy
to entanglement crossover in the subsystem Rényi entropy in the correlated metallic phase. We show that the
subsystem-size scaling of the second Rényi entropy is well described by the crossover formula which interpolates
between the volume-law thermal Rényi entropy and the universal boundary-law Rényi entanglement entropy with
logarithmic violation, as predicted by conformal field theory. We also study the mutual information across the

Mott metal-insulator transition.

DOLI: 10.1103/PhysRevB.109.035156

I. INTRODUCTION

Entanglement, arguably the strangest aspect of quantum
mechanics, signifies the existence of true nonlocal quantum
correlations. As a result, it has found enormous applications
for characterizing quantum many-body states in condensed
matter and high-energy physics, and as a resource for quantum
computation [1]. In condensed matter systems, entanglement
can be used to distinguish various kinds of symmetry-broken
and topological states, gapped or gapless phases [2], etc.
For instance, entanglement provides an unambiguous indi-
cator of topological order [3,4] in quantum ground states.
Entanglement has also emerged as an important measure for
distinguishing high-energy states as well as nonequilibrium
dynamics. For example, entanglement can be used to classify
dynamical phases of isolated quantum systems as ergodic or
many-body localized [5-7].

Entanglement of a quantum system is quantified in terms of
various measures, e.g., von Neumann and Rényi entanglement
entropies, mutual information and entanglement negativity
[2,8,9]. These measures can be calculated by partitioning
the overall system into two subsystems and computing the
reduced density matrix of one of the subsystems by tracing
over the other. To this end, the dependence of entanglement
entropy on the size and geometry of the subsystem under
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various partitioning of the system are used to classify quantum
many-body states and their nonlocal entanglement properties.
For example, ground-states of gapped bosonic and fermionic
systems in d dimensions follow the so-called “area law” or
“boundary law” for entanglement entropy (~L¢~!) of a sub-
system with length L [2,8,10,11]. In contrast, critical states
in one dimension (ld) and fermionic systems with Fermi
surface, i.e., standard metals, in any dimension exhibit a
logarithmic violation [2,12-18] of the area law, namely, the
subsystem entanglement entropy scales as L¢~!InL. These
characterizations of the many-body ground states are mainly
obtained through powerful analytical results based on confor-
mal field theory (CFT) methods [8,19] and related arguments
[15-18], as well as numerical results for noninteracting sys-
tems [11,14]. For the latter, entanglement measures can
be computed efficiently using the correlation matrix of the
subsystem [11]. However, numerical computations of entan-
glement entropy is much more challenging for interacting
systems, typically limited to small systems accessible via
exact diagonalization (ED) or 1d systems through density
matrix renormalization group (DMRG) or heavily numerical
and sophisticated quantum Monte Carlo (QMC) techniques
[20-27].

The above numerical methods have provided many useful
insights into entanglement characteristics of interacting sys-
tems. However, there is a lack of complementary quantum
many-body methods, e.g., mean-field theories, perturbation
expansions, and other approximations, for computing en-
tanglement entropy of interacting systems, unlike those for
usual thermodynamic, spectroscopic and transport properties.
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The CFT techniques employ a replica path integral approach
[8,19] where bosonic and fermionic fields are defined on a
nontrivial space-time manifold with complicated boundary
conditions. The latter are often hard to implement within the
standard quantum many-body methodology, though impor-
tant progress has been made for large-N models [28-32]. To
circumvent this difficulty, a new path integral approach was
first developed in Ref. [33] for bosons. It was subsequently
extended to fermionic systems [34,35] as well as interacting
bosons [36]. In particular, Ref. [34] employed this method
to compute Rényi entanglement entropy of Fermi and non-
Fermi liquid states of strongly interacting fermions described
by Sachdev-Ye-Kitaev (SYK) and related models. The new
method [34] replaces the complicated boundary conditions in
the replica field theory for entanglement [8] by a fermionic
self-energy that acts as a nonequilibrium kick. Using this new
path integral formalism, here we develop a dynamical mean-
field theory (DMFT) for Renyi entanglement entropy in the
paradigmatic Hubbard model [37-39] of strongly correlated
electrons.

In the last three decades, single-site DMFT approximation
and its cluster extensions [40,41], have gained popularity as
a very successful approach to describe Mott metal-insulator
transition and other associated electronic strong correlation
phenomena, both in and out of equilibrium [42]. Integrating
DMEFT with first-principle electronic structure methods, like
density functional theory (DFT), has provided a viable route
to compute and predict properties of strongly correlated ma-
terials [41]. In the DMFT formulation, the strongly correlated
lattice problem is reduced to a problem of a single impurity
or cluster of sites coupled to a self-consistent bath [40]. The
original single-site implementation of DMFT neglects spatial
correlations but captures nontrivial local dynamical quantum
correlations and becomes exact in infinite dimension d — oo
[40]. The later cluster extensions of DMFT [41,43-45],
along with state-of-the-art impurity solver like continuous-
time quantum Monte Carlo (CTQMC), incorporates back
some of the spatial correlations, and can even provide a
good description of the properties of one-dimensional systems
[41,46,47].

In this work, we compute entanglement properties of the
correlated metallic and insulating phases across the Mott
metal-insulator transition in the Hubbard model. We use
the cavity method [40] for the entanglement path integral
of Ref. [34] to derive single-sitt DMFT self-consistency
equations for obtaining the second Rényi entropy Sf) of a
contiguous subsystem A. We show that the Rényi entropy can
be extracted by integrating over the strength of a nonequi-
librium “kick” perturbation acting on the imaginary-time
evolution. Remarkably, this only requires the knowledge of
onsite single-particle Green’s function for the subsystem, even
in the interacting system, albeit in the presence of the kick.
Due to the entanglement cut(s) and the nonequilibrium kick,
both the lattice and time translation symmetry are broken in
the entanglement path integral. Thus the single-site DMFT
is implemented as an inhomogeneous nonequilibrium DMFT.
To this end, we develop an efficient recursive Green’s func-
tion method to solve the DMFT self-consistency equations.
Given the computational complexity of the problem, we only
consider the Hubbard model at half filling and employ a

simple DMFT impurity solver, namely the iterative pertur-
bation theory (IPT). The latter is known to work very well
when compared to more accurate exact diagonalization and
QMC impurity solvers for the half-filled Hubbard model in
equilibrium [40]. Our DMFT formulation is general and can
be extended in future to incorporate cluster generalizations of
DMEFT [41,43—45] and more accurate impurity solvers, e.g.,
CTQMC [48].

Using the inhomogeneous nonequilibrium single-site
DMEFT for subsystem Rényi entropy, we compute S/(f in the
Hubbard model as a function of temperature 7', interaction
U, and linear size of the subsystem N4 in 1d, and for 2d
cylindrical subsystem geometry. In particular, we ask how
the entanglement properties of correlated metal described by
completely local self-energy approximation within single-site
DMFT compare with those expected from CFT [8,12,19] and
related arguments [15-18]. At high temperature, subsystem
Rényi entropy Sff) is dominated by thermal entropy and, at
low temperature, by entanglement [8,12,18,19,49]. We indeed
find a crossover from thermal to entanglement behavior in
Sf). Specifically, we find that this crossover in DMFT metallic
state in 1d is well described by the known CFT crossover
formula [8,12,49]. Moreover, one of our main results is to
show that the ground-state entanglement entropy of metallic
state in 2d Hubbard model within DMFT is consistent with a
~LIn L subsystem-size scaling, i.e., logarithmic violation of
the area law. The latter has been conjectured based on general
arguments [15-18], results for noninteracting fermions [14],
and other approximation [50]. We also compare our results
for S (N4, T) with that available from QMC [24].

As a measure of entanglement at finite temperature [51],
we extract Rényi mutual information between the subsystem
A and the rest of the system from Sf)(NA). We find that the
mutual information has a hysteresis across the first-order Mott
metal-insulator transition [40] in the U-T plane, culminating
at the critical point where the transition becomes second order.
There have been previous studies [52-55] of von Neumann
entropy, mutual information as well as entanglement spectrum
of a single site, or a few sites within a cluster, via cellular
DMFT (CDMFT). Such local entanglement measures can be
computed within the usual equilibrium DMFT formulation.
However, the full subsystem size dependence of the entan-
glement entropy and mutual information cannot be obtained
through such equilibrium DMFT. On the contrary, the general
method we develop here can be applied for extended sub-
systems of arbitrary size and shape and requires an entirely
different implementation through the new path integral tech-
nique [34] and nonequilibrium kick term.

Overall, the main goal of our work is to develop a practi-
cal method to compute entanglement properties of strongly
correlated system, especially in two and higher dimension,
analogous to usual equilibrium and nonequilibrium DMFT
[40—42] for calculating thermodynamic, transport, spec-
tral and out-of-equilibrium properties of strongly correlated
materials. As a proof of principle and easier numerical demon-
stration, we first implement the method for 1d Hubbard model.
However, we do not expect a mean-field approximation like
single-site DMFT, which is based on infinite-dimensional
local self-energy approximation [40], to be even qualita-
tively correct in 1d. Using the new method we obtain some
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important results on entanglement properties of strongly cor-
related metal in 2d Hubbard model, e.g, the entanglement
to thermal crossover in the correlated metallic state and
mutual information of extended subsystem across Mott metal-
insulator transition. DMFT is typically known to provide a
good description of properties of strongly correlated 3d sys-
tems. The approximation is less accurate in 2d. Nevertheless,
DMEFT has been applied to describe many correlated phenom-
ena in 2d, e.g., see Refs. [56-59].

The rest of the paper is organized as follows. We discuss
the mathematical foundations of the path integral formulation
in Sec. II. In Sec. III, we briefly revise the general path
integral formalism of Ref. [34] for the second Rényi entropy
and discuss how the Rényi entropy can be extracted by inte-
grating over the strength of a nonequilibrium kick term. The
DMFT approximation for the entanglement path integral is
discussed in Sec. IV in the context of half-filled Hubbard
model. The numerical solution of the DMFT self-consistency
equations and benchmarks performed using the noninteracting
limit and previous QMC simulations are discussed in Sec. V.
We then discuss our main results for the subsystem size de-
pendence of Rényi entropy in 1d and 2d Hubbard model and
the thermal entropy to entanglement crossover in Secs. VI and
VII. In Sec. VIII, we discuss the mutual information across the
Mott metal-insulator transition. We summarize our results and
discuss the scope of our work and possible future extensions
in Sec. IX. The details of the numerical implementations
of the DMFT equations, benchmarks, analysis of the results
and an extension to incorporate magnetic order are given in
Appendixes A-I.

II. THE PATH INTEGRAL FOR SUBSYSTEM
RENYI ENTROPY

The coherent state path integral approach to subsystem
Rényi entropy is comprehensively discussed in Ref. [34]. In
this section, we provide a concise overview of the funda-
mental steps for setting up the path integral formalism for
completeness. To compute the subsystem Rényi entropy of a
given quantum state represented by the density matrix p, the
system is divided into two parts, A and B. Then the reduced
density matrix for A is obtained by tracing out the degrees of
freedom in B, as ps = Trg(p). Subsequently, the nth Rényi
entropy for the subsystem A is calculated from

n 1 n
s = InTra[p}]- (1)
1—n
The primary challenge in evaluating the above
arises from the representation of  Tralpi] =

Tra[(Trgp)(Trgp) ... (Trgp)] within a coherent-state path
integral framework [8]. Each instances of Trzp above
generates distinct replicas that must be linked with suitable
boundary conditions when expressed in the coherent-state
basis, leading to a path integral on a complicated path-integral
manifold, namely an n-sheeted Riemann surface [8].

To overcome the above challenge, we derive an operator
expansion [34] (see Appendix A of Ref. [34])

F= fdzf;'f(&,Ez)TrA[FD(Sz)]D(El), @

where F = F ({c;E 4> Ciea}) 1s an arbitrary operator with sup-
port only in the A subsystem, such that ' can be represented
in terms of only local fermionic operators {cj, cilinA;i=
1,..., Ny can denote site and/or spin index in A and the
trace Try only acts on A. In Eq. (2), instead of expansion in
the coherent state basis, F has been expanded in the basis of
normal-ordered fermionic displacement operators [60]

D(Sa) — eZieA C?fiae* Diea émci’ o = 1’ 2’ (3)
where &y, &io _are static auxiliary Grassmann fields with
dz";: = HieA,a déiwd%—ias and

f(é:l’ %-2) — 2NA e—% YieaEinEin+Engn—Entn+Enti) 4)

is a Gaussian factor connecting two replicas o = 1, 2. Using
Eq. (2), we can write down the trace of product of two opera-
tors F and G in A as

Tra[FG] = /dzéf(éz,51)TrA[FD(fz)]TrA[GD(&)], &)

where we have wused the idenitiy Tra[D(§)G] =
TralGD(—£)] and f(—&, &) = f(&, &) (see Appendix A
of Ref. [34]). Through the above trace formula, we can express
the second Rényi entropy for subsystem A, Sy = —InTrsp3
as

e S = / AP £ (&1, £)TralpaDEDITralpaD(E)]. (6)

Since, the displacement operator D(&,) solely acts on subsys-
tem A, we can write

Trs[paD(8x)] = Tr[pD(&a)], @)

where Tr denotes the trace over the entire system. Thus, to
calculate subsystem Rényi entropy using Eq. (7), we do not
need to explicitly deal with path integral representation of the
reduced density matrix p4. We only need to write down the
path integral for Tr[pD(&,)], which only involves the trace
of the total density matrix, albeit with the static auxiliary
Grassmann source fields {éieA,a, &ica o) inserted through the
displacement operator D(&, ) in the path integral. These source
fields only acts on the A subsystem. For example, if p is a
thermal density matrix, p oc e/, for a system described
by Hamiltonian H at temperature 7' (kg = 1), then dynamical
fermionic fields in the path integral follow the antiperiodic
boundary condition, ¢;(t + ) = —c;(7) in imaginary time t,
as in the usual thermal field theory [61]. Thus the path integral
representation of subsystem Rényi entropy in Eq. (6) bypasses
the use of more complicated boundary conditions in the stan-
dard path integral for entanglement [8]. We can also use the
trace identity Eq. (5) recursively to express higher order Rényi
entropy conveniently, as discussed in Refs. [34,35].

Notably, as n approaches 1, the Rényi entropy SXHI)
becomes the von Neumann entropy Sia = —Tra(paln pa).
However, as S, involves the logarithm (In p,4) of the reduced
density matrix, direct computation of von Neumann entropy is
not possible within our path integral formalism or in the usual
replica field theory method [8], or even in the determinantal
QMC [20-27], which also uses the path integral representa-
tion. Hence, in the DMFT approximation for entanglement
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developed here, we can only compute Rényi entropies. More-
over, we only focus on the second Rényi entropy which
is easier to compute numerically compared to higher order
Rényi entropies S~ %,

III. THE PATH INTEGRAL FOR SUBSYSTEM
RENYI ENTROPY FOR THERMAL STATE

In this section, we briefly discuss the path integral formal-
ism [34] for subsystem Rényi entropy of fermions in a thermal
state. For concreteness, we consider a system of spin-1/2
(o0 =1, |) fermions on a lattice with N sites in thermal state
at a temperature 7 described by a density matrix p = ¢~ #7/Z
with Hamiltonian H. Here 8 = 1/T (kg = 1) and Z is the
partition function. In this work, we only consider the second
Rényi entropy S/(f) for simplicity. As discussed in the previous
section, the path integral is constructed using Eqs. (6) and (7),
and is given by

S = / A f (&1, £)Tr[pD(& € A)Tr[pD(&, € A)],
)

where “Tr” denotes trace over the entire system. The term
Tr[paD(£)], called the characteristic function, can be written
in terms of a coherent-state path integral [34],

e = % / PEf(E, E)DE c)e” ST, (9)
where S = foﬁ[zm Cioa (T)(0: —)Cive (T) + H(C, ¢)] is the
usual imaginary time action for a Hamiltonian but with two
replicas o = 1,2. The term S; = foﬁ ZieA,a[Eiaa(T)‘S(T —
7 )éiva — Eicad(T — T0)Civa (T)] acts like a source term which
is nonzero on the A subsystem inserted at imaginary time
7y breaking both the periodicity of the imaginary time (t €
[0, B)) and space translational symmetry. We emphasize that
the nontrivial part of the action S acting as a source term
is not an ad hoc term added in the action but it originates
naturally from the coherent state path integral representation
of the displacement operator in Eq. (8) within the formal-
ism of Rényi entropy, as discussed in Sec. II, and in our
previous work [34]. The imaginary time o is arbitrary and
can be placed anywhere on the thermal cycle 0 < 7 < .
The fermionic fields have the usual antiperiodic boundary
condition ¢(t + ) = —c(t). For noninteracting systems, it
is straightforward to integrate out [33—35] the fermionic fields
¢, ¢ and the auxiliary fields €, & to obtain the Rényi entropy.
As discussed in Ref. [34], for interacting systems treated
within some nonperturbative approximations, like in large-N
models, it is advantageous to first integrate out the Gaussian
auxiliary fields in Eq. (8) and obtain

(2)
@ Z 1 o A
P # = ?/D(c, c)e S+ (10)
where
Siick = Y Cioa(TMupd(t — 18T = T0)ciop(t)),
i€A,aBo
(11)

henceforth referred as the kick term which arises naturally
within the formalism, corresponds to an effective time-
dependent self-energy for the fermions at 7p. The matrix

1 1
M = [_1 1] (12)
couples the two replicas o = 1, 2. In Ref. [34], we have used
the path integral representation of Eq. (10) to evaluate Sf\z)
of the SYK model and its several extensions. Below we show

that the same representation can be utilized to formulate a
DMEFT for Rényi entanglement entropy in the Hubbard model.

A. Subsystem Rényi entropy via integration of the kick term

Using Eq. (10), the second Rényi entropy Sf) can be for-
mally written as

s = p(af —29), (13)

where we define QY = —TInZ® and Q = —TInZ is the
thermodynamic grand potential. However, direct computation
of both Qf) and 2 for interacting systems is difficult in
general and typically requires thermodynamic or coupling
constant integration [34,62]. Here we find a new way to ex-
tract S/(f) by using the kick term in Eq. (10). We consider the
following quantity:
(2)
e,si‘z)()‘) — 2142_9) — % f D, C)e*(5+)~5kick)’ (14)
which reduces to S/E\Z)()\ =1)= Sf), the second Rényi en-
tropy, for A = 1, and Sf)(}\ = 0) = 0. In the above, by taking
the derivative with respect to A, we get

[ D&, c)e™ S8 Sy
f’D(E’ c¢)e~ (S+rSki)
i.e., the expectation value of the kick term with respect to
the effective partition function Zf)(k). Integrating the above

equation over A from O to 1, we obtain an expression for the
second Rényi entropy

0857 () = = (Siiek) 706y (15)

1
S/(f) :/ d)»(Skick>Zf)()u)' (1o
0

The great advantage of the above expression is that the kick
term is quadratic in Grassmann variables ¢, c. In the above,
we have assumed that no phase transition occurs as we vary
A. Such transition as a function of A in the entanglement
action might be present and will be interesting to study in
the future. Assuming that there are no transitions with A, the
Rényi entropy can be obtained from Eq. (16) using

(Skick) 7012) = Z MogGiop.ica(T0, Ty ) 17
i€A,afo
where the imaginary-time local single-particle Green’s func-
tion
Giaa,ioﬂ(l" T/) = _<7;Ci(ra(T)Eiaﬂ(r/))zf(‘z)()‘)- (18)
The Green’s function, however, needs to be evaluated in the
presence of the kick term with variable A. In the next section,

we show how the Green’s function can be obtained through
the DMFT approximation.
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IV. DYNAMICAL MEAN-FIELD THEORY FOR THE
SECOND RENYI ENTROPY IN THE HUBBARD MODEL

We consider the nearest-neighbor Hubbard model
H= Z tich i —Mzni-i-Uannu, (19)
{ij),o i i

where #;; =t is the nearest-neighbor hopping amplitude be-
tween lattice sites (i = 1, ..., N) on 1d and 2d square lattices,
w is the chemical potential, and U is the onsite repulsive
interaction strength between fermions with opposite spins
o =1, |. Here, n;, = c}oc,-g and n; = ) n;, are the elec-
tronic number operators. From here on, we set the hopping
t = 1 as the unit of energy and temperature (kg = 1). We write
down the entanglement action S, = S + ASick of Eq. (14) for
the Hubbard model as

B
SA = —/ d‘L’d‘L'/ Zéi(roz(f)G(Izl'a,jﬁ(I’ 'L’/)Cj(,ﬂ(fl)
0

ij,o
B
+/ dTU Y " nipa(T)na(T), (20)
0 io

where G, l!a j ﬂ(r, ) is inverse noninteracting lattice Green’s
function in the presence of entanglement cut(s) between A and
the rest of the systems, i.e.,

Gt jp(T: T) = =3 — )8ij +1:18(x — T')8u p
— )\‘(SigAaijMa,ﬁ(S(T — ‘L'(;F)(S(‘L'/ — ‘L'()). (21)

As mentioned earlier in Sec. I, the self-energy kick, which
only acts on A (§;c4 = 1 fori € A and zero otherwise), breaks
both lattice and time-translation symmetry in this formula-
tion. As a result, we construct a single-site inhomogeneous
nonequilibrium DMFT. We use the cavity method [40] to
reduce the lattice problem into effective single-site problems
for each of the sitesi = 1, ..., N, described by the generating
functions

z7) = / D, c)e S, (22)

where the effective action S, ; is given by

B
Sui= - / drdt' Y 60u (G (T, T eap(T)
0

oaf
B
+/ dTU Y " nyo(T)n o (7). (23)
0 o

Here G, 4p(7, t') is the dynamical Weiss field, such that
Gl (. 1) = =(0: —w)d(xr — )T — Ai(z, T)
— AMieaM (T — r(;r)S(r' — 1), 24)

is a 2 x 2 matrix in the entanglement replica space, and 7
is the identity matrix in the same space. In the above, we
have also assumed a paramagnetic state. Of course, like in
equilibrium DMFT [40], the formulation can be easily ex-
tended, to describe entanglement in ordered states, such as the
antiferromagnetic Néel state in the Hubbard model. The ma-
trix A;(z, t’) in Eq. (24) is the hybridization function which
can be expressed in terms of the lattice Green’s function as

discussed below. The impurity Green’s function is related to
the Wiess field via the Dyson equation,

Gl (t, 1) =G (x, 7)) - Zi(z, '), (25)

where ¥;(t, t') is the impurity self-energy. The Green’s func-
tion can be obtained by solving the impurity problem using
some approximate or exact impurity solvers [40,42], e.g.,
CTQMC [48]. In this work, for simplicity and as a first attempt
to compute entanglement via DMFT within the new formal-
ism [34], we use iterative perturbation theory (IPT) [40] to
obtain the self-energy in Eq. (25).

We consider the particle-hole symmetric half-filling case
with the chemical potential u = U/2. At half-filling, IPT,
which retains the self-energy up to second order in U for
the impurity problem, is known to work very well [40] in
equilibrium, especially in the metallic phase. As well known,
in this case, IPT coincides with the exact result for both
U — 0 and U — o0, i.e., the atomic limit, and thus it in-
terpolates well between the two limits even at intermediate
U. Here, it is also important to note that though IPT is a
second-order skeleton approximation for the self-energy at
the level of a single impurity, the self-consistent computation
of the bath Green’s function in DMFT through the lattice
self-consistency, discussed below, adds an infinite number
diagrammatic contributions to the self-energy with similar
topology.

For the effective nonequilibrium problem [Eq. (22)], we
also use the IPT as an approximate impurity solver. The IPT
self-energy in our case is given by

Tiap(T,T) = UGiiap(t, T — T7)80p
— UG, (T, T)Giap(t' 7). (26)

Here the first term is Hartree self-energy, and the second one is
the second-order self-energy obtained using Hartree corrected
Green’s function

Grap(T 1) = G g1, 7)) = UGiiap(t, T)8(x — 77)dup.
@7

Within the single-site DMFT approximation, we assume the
self-energy in the lattice problem to be local and the same
as the impurity self-energy. Thus the lattice Green’s function
Giq,jp(7, T’) is obtained from the lattice Dyson equation

B
/ dt" Y " [Gyiopy (7 T") = 8k Biay (1. 7] Gy s (7", )
0 iy

= (S,‘j(saﬂ(S(T — 'L'/). (28)
The DMFT loop is closed by relating the lattice Green’s
function with the hybridization function A;(z, t’). The latter

can be obtained via the cavity method (see Appendix A 1 a) in
terms of the cavity Green’s function as

Avap(r. T) =Y titaGll o(1. T, (29)
Jjl

where the cavity Green’s function, obtained with the ith site
removed from the original lattice, is related to full lattice
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Green’s function via

Gl 1p(t.T) = Glosp(z, T) — f d11dn: Y Gjay (T, 71)
y8

x [Giy.is(t1, )] ' Gisip(12, T'). (30)

The above closes the DMFT self-consistency loop. For our nu-
merical computations, we further make the large-connectivity
Bethe lattice approximation [40] for the cavity Green’s
function. As a result, for the model [Eq. (19)] with only
nearest-neighbor hopping, Eq. (29) becomes

Niap(t,T) =12 Gjajp(t, ), 31
Jj

where Z/j indicates that the summation is over only the near-
est neighbors of i. This approximation makes the computation
easier, keeping the essential features of the finite dimension-
ality through the lattice Green’s function.

Computationally, the most expensive part of the DMFT
loop here is the inversion of Eq. (28) to obtain the lattice
Green’s function G, a matrix in indices (iat, jBt’). As dis-
cussed in the next section and in Appendix A, we discretize
the imaginary time and use a recursive Green’s function
method for large systems to obtain G. We also benchmark our
results by doing direct inverse in Eq. (28) for small systems.

V. NUMERICAL SOLUTION OF DMFT
EQUATIONS TO OBTAIN S

We solve the DMFT self-consistency Egs. (24)—(29) and
(31) by discretizing them in imaginary time 7 with discretiza-
tion step 8t as detailed in Appendix A. To evaluate Sf) from
Eq. (16), we perform the DMFT calculation for A ranging
from O to 1 in steps of size §A as discussed in Appendix B.
After obtaining the single-site self-consistent Green’s func-
tion [Eq. (18)] for different A, we use Eqgs. (17) and (16) to
compute Sff)(ér) for a given discretization §t. By repeating
the calculation of S/(f)(8 7) for different §7 values and extrapo-
lating to §T — 0 limit, we finally obtain Sf). The details of
the extrapolation process are discussed in Appendix D. As
mentioned in the preceding section, we employ a recursive
Green’s function method to obtain the lattice Green’s function
from Eq. (28) (see Appendix A 1). By using the recursive
Green’s function method, we can compute Sf) for reasonably
large systems, N < 100 in 1d, and N < 20 x 20 in 2d up
to low temperatures (7 > 0.05, in units of nearest-neighbor
hopping amplitude 7). The results reported in the main text are
for periodic boundary condition (PBC). We also discuss some
results for open boundary condition (OBC) in Appendix F.

A. Comparison with the noninteracting limit and QMC

To benchmark the kick integration method of Eq. (16)
and the extrapolation S/(f)(at — 0), we first compare the
results for Sff) for the noninteracting case (U = 0) with
those calculated directly using the correlation matrix C;; =
Tr[,ocjcj] for i, j € A. The latter calculation using C;; can
only be performed for noninteracting problems. The correla-
tion matrix can be easily evaluated using the single-particle

5 T T T
——T = 0.2 corr
o T=0206r—0
| T = 0.5 corr i
4 T=0.50r—0

——T = 1.0 corr
o T=1.0,0r—=0

1 2 3 4 5
Ny

FIG. 1. The extrapolated Sf)(é 7 — 0) (open circles) for U =0
is compared with the S{” from correlation matrix calculation (closed
circle+line, “corr”) for N = 10 and three different temperatures 7 =
0.2, 0.5, and 1.0.

eigenenergies and eigenfunctions of the tight-binding model
of Eq. (19) for U = 0. The second Rényi entropy is ob-
tained from S = —TrIn[(1 — C)? + C?] [11,34]. As shown
in Fig. 1, Sf)(ét — 0) for different temperatures matches
very well with the corresponding Sf‘z) from correlation matrix
calculation for a noninteracting system of size N = 10.

We next focus on the interacting problem and compare our
DMFT results for S/(f) with QMC data taken from Ref. [24]
for N =32 and U = 2.0. In Fig. 2, the S/(f) as a function
of subsystem size N, for this two method is shown for high
(T = 1.0) to intermediate temperatures (7 = 0.5, 0.2). For
high T, the results from our DMFT approach coincide with
the QMC results. Even at intermediate temperatures, the com-
parison is reasonable given the fact that 1d is the worst-case
scenario for a mean-field approach like single-site DMFT, and
that too, employing an approximate impurity solver like IPT.

14 T T T T T T T
—-—T =0.2 DMFT
12t « T=0.2QMC i
T =0.5 DMFT
10F T =0.5 QMC 4
——T =1.0 DMFT
sl « T=1.0QMC ]
=
0
6_ m
4_
2_
0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Ny

FIG. 2. DMFT results for Sf) as a function of subsystem size Ny
in 1d Hubard model are compared with QMC data from Ref. [24]
at three temperatures 7 = 1.0, 0.5, and 0.2 for system size N = 32
and U = 2.
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Nevertheless, it has been shown [46,47,63] that cluster exten-
sion of DMFT can capture some of the subtle Luttinger-liquid
physics in 1d arising from long-distance correlations. Hence,
cluster extensions of our DMFT approach will be able to
provide in the future a good description of entanglement prop-
erties even in 1d.

Given the above benchmarks, in the next sections, we study
the subsystem-size dependence and the entropy to entangle-
ment crossover of Sf), first in 1d, and then for the 2d Hubbard
model.

VL. S IN 1D HUBBARD MODEL

In 1d, single-site DMFT gives rise to a metal-insulator
transition at finite U [46,63] at half filling, unlike the exact
Bethe ansatz solution [64]. The latter leads to a metallic state
only at U = 0 and gapped states for any U > 0. The metallic
state in DMFT is a relic of the infinite dimension inherent in
the local self-energy approximation in single-site DMFT, even
though some effects of finite dimension are fed back through
the lattice self-consistency. We first look into S/(f) (Na, T) of
this mean-field metallic state in 1d.

We note that, DMFT being an approximate theory, es-
pecially in its single-site implementation which is based on
infinite dimensional approximation of local self-energy, is not
expected to give accurate description of entanglement or any
other properties of short-range 1d systems. However, since
the entanglement DMFT formulated in Sec. IV is numerically
much easier to implement in 1d than in higher dimensions, as
a proof of principle and simpler demonstration of the imple-
mentation of our method we discuss here the DMFT results
for entanglement in 1d half-filled Hubbard model. This also
helps us to verify U — 0 noninteracting result which can be
obtained directly from correlation matrix approach. Despite
the expected shortcomings of DMT in 1d, we find a very good
agreement with QMC results in relatively higher temperature
as discussed in the previous section.

In our DMFT formalism, the subsystem Rényi entropy
is obtained from an imaginary-time path integral. Thus we
perform the calculations at finite temperature with a finite
discretization 67. To obtain the ground-state entanglement, we
need to take the T — 0 or 8 — oo and 67 — O limit. This is
not straightforward since at finite temperature S/(f) contains
both thermal and entanglement entropy contributions, and we
need to disentangle these two contributions as the T — 0
limit is taken. As discussed below, we find that the thermal
to entanglement crossover in Sf) for the DMFT metallic state
can be described by the crossover function known from CFT
[8,12,19,49].

We show Sf) in Fig. 3 as a function of subsystem size Ny
for 1d Hubbard model with periodic boundary condition. In
Fig. 3(a), the result for Sf) vs. N4 is shown at low temperature
T = 0.05 for the total system size N = 50 and interaction
strengths U =0, 0.5, and 2. Figures 3(b) and 3(c) show
S/(f)(NA) at relatively higher temperatures, 7 = 0.1 and 0.2,
for N=100 and U =0, 2, 3. The U = O results are com-
puted using the correlation matrix approach discussed in the
preceding section, and S/(f) for nonzero U is obtained through

DMFT. At higher temperatures, S/(f) for Ny > 1 is seen to
vary linearly with Ny, i.e., a volume law scaling. This indicates

3.5 T T
(a) T=10.05
3 - -
25} 1
0
2 L
—-U =05
15F , U201
1 . .
0 10 Ny 20
5 8
(b) T=0.1 (¢) T=0.2
4 6 f
0 3 T 4
2 ——U =0.0 2 .- ——U =0.0
r ——U =20 o U =20
¥ U=3.0 U =30
1 0
0 10 20 0 10 20
Na Na

FIG. 3. Result for the second Rényi entropy Sf) in 1d Hubbard
model with periodic boundary condition. (a) Sf) as a function of
subsystem size N, is shown for U = 0, 0.5, 2 and total system size
N = 50 at temperature 7 = 0.05. S/(f)(NA) forU =0, 2, 3and N =
100 at (b) 7 = 0.1 and (c) 0.2. The S’ for U = 0.0 are calculated
using the correlation matrix and that for U # 0 using DMFT.

the dominance of thermal entropy at higher temperatures. An
arclike feature emerges at lower temperatures. This is the
hallmark of entanglement contribution to subsystem Rényi en-
tropy. Thus the change of linear to arc-like behavior originates
from entropy to entanglement crossover, as we discuss below.
Gapless 1d systems, such as critical bosonic or spin chains,
and gapless fermionic chains, exhibit the logarithmic violation
of the area-law scaling of entanglement. These systems are
usually described by 1+ 1 D CFT characterized by some
central charge c [8,65]. The Rényi entropy S/(,f') at7T =0fora
thermodynamically large system (N — oco) with one gapless
mode is given by the CFT formula for Ny > 1 [8,66,67]

2

The logarithmic term above is universal with the central
charge ¢, and /' is a subleading nonuniversal constant orig-
inating from high-energy degrees of freedom. For finite N,
and systems with periodic boundary condition [8], the above
formula is modified to

S = %(1 + %) (Z)m [%V sin (”Nﬂﬂ +b. (33)

Similarly, one can obtain the Rényi entropy [8,12] at finite
temperature and N — oo as

SX') — %(1 + %) (%) In [g sinh <%)i| +0b, (34)

where v is a velocity and b is some nonuniversal constant. For
noninteracting spinless fermions, v = v is the Fermi velocity.

s = l( + %) (%) In(N,) + b (32)
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In this case, Si‘") is obtained by adding the contributions of
the two gapless chiral modes, i.e., the left (L) and right (R)
movers, at the two Fermi points, each with the central charge
¢ = cg = c = 1. Eq. (34) reduces to Eq. (32) for 8 — oo,
i.e., at zero temperature, to give us the ground-state Rényi
entanglement entropies. For 8 — 0, Eq. (34) reproduces ther-
mal Rényi entropy, S ~ (1/2)(1 4 1/n)(wcT /6v)Ny, e.g.,
the thermal entropy S(7') = (wcT /6v)Ny (n = 1), scaling lin-
early with subsystem size. Therefore the expression Eq. (34)
can be viewed as a crossover formula [18] from thermal to en-
tanglement entropy. The same low-energy degrees of freedom
give rise to the universal part of entanglement and thermal
entropy and thus lead to the smooth crossover. The CFT for-
mulas [Egs. (32)-(34)] are also applicable for gapless states
of interacting fermions in 1d, i.e., for a Luttinger liquid. In
this case, the effect of interaction only enters in the crossover
formula [Eq. (34)] through the renormalized Fermi velocity v,
whereas the central charge remains unchanged.

As we discuss in the next section in more detail, ford > 1,
the Fermi liquid state of interacting fermions at 7 = 0 also
obeys the universal logarithmic scaling [15] of Eq. (32), which
is independent of any Fermi liquid corrections or Landau
parameters. The effect of interaction again only appears [15]
in the thermal to entanglement crossover [Eq. (34)] through
the renormalized v. The single-site DMFT [Sec. IV] with the
IPT approximation [41] is designed to give rise to a Fermi
liquid metallic state even in 1d. Thus we describe our DMFT
findings for Sf)(NA, T) in the paramagnetic metallic state of
the 1d Hubbard model, using the CFT expression outlined in
Eq. (34), with the constant c replaced by 4c. This substitution
accounts for the two chiral modes from two Fermi points and
two spin channels for each mode. We note that in more accu-
rate treatment of 1d Hubbard model at half filling with finite
U > 0, the charge modes will be gapped [64]. Hence, one
expects logarithmic scaling of the entanglement only from the
gapless spin modes and the replacement of ¢ in Eq. (34) by 2¢
instead of 4c. However, as already mentioned, such 1d physics
of spin-carge separation and the gapping of the charge degrees
of freedom is not captured by the DMFT. We note that Eq. (34)
is valid for thermodynamically large systems (N — oo). For
finite N and T, the analytical expression for S/g")(NA, T,N)
is not known [8,49,68] to the best of our knowledge. Nev-
ertheless, we use Eq. (34) to describe our DMFT data for
relatively large systems like N = 50 and 100, as shown in
Fig. 3, and assuming N to be large enough so that finite N cor-
rections may be neglected. Alternatively, we can consider the
crossover function [Eq. (34)] as a fitting function, using which
we can in principle fit S/(f) as a function of N4 for a fixed T
and the fitting parameters ¢, v and b (Appendix E). However,
to reduce the number of fitting parameters, we independently
extract the ratio (c/v) by fitting the low-temperature specific
heat (per site) cy from equilibrium DMFT calculations [see
Appendix E 1] with the CFT expression cy = (w7 /3)(c/v).

With the (c¢/v) ratio determined, we fit Eq. (34) to our data
with two parameters ¢ and b. As shown in Fig. 4(a), Sf) fol-
lows the crossover function quite well. The extracted central
charge c is shown as a function T for fixed U, and as a function
of U for a fixed T in Figs. 4(b) and 4(c), respectively. The
nonuniversal fitting parameter b and the extracted normalized
Fermi velocity v are shown in Appendix E 1. We find that

-4 T =0.05

—fit (a) =V
| T =01 i a _
4.5 &t :V;‘//v’
a -+ T=0.15
0 3l fit i
15F o 1
0 10 25
Ny
1.5 1.5
(b) () T=0.1
= ===f""-
_-g====% ==
O 1 _-==% O 1n-
~+ U=00 —% N =50
- U=05
-o- N =100
U=20 — CFT
—CFT
0.5 0.5
0.05 0.1 0.15 0 1 2 3
T U

FIG. 4. (a) The second Rényi entropy Sf\z) (dashed line 4+ marker)
as a function subsystem size N, for interaction strength U = 2.0 and
system size N = 50 at T = 0.05, 0.1, and 0.15 is shown with the
fitted CFT crossover function (line) of Eq. (34). (b) The extracted
central charge c¢ as a function of T is shown for different interaction
strengths U = 0, 0.5, 2, and compared with the CFT value ¢ = 1
(solid line). (¢) The central charge ¢ as a function of U is shown at
T = 0.1 for two system sizes.

the extracted central charge is close to the free-fermion value
¢ = 1. With decreasing temperature, the extracted central
charge approaches ¢ = 1 for the noninteracting (U = 0) and
weakly interacting (U = 0.5) systems [Fig. 4(b)], and seems
to deviate slightly for relatively stronger interaction U = 2.
However, the deviation might be an artifact of employing the
N — oo formula [Eq. (34)] for finite N. In Fig. 4(c), we see
that N = 50 and N = 100 give very similar values of ¢ >~ 1
at T =0.1 as a function of U, thus assuring convergence
at least for the range of N accessed in our calculations. In
summary, we conclude that the entanglement properties of
the DMFT Fermi liquid, captured through S/(f)(NA, T), and
accessed within the local self-energy approximation match
quite well with that of CFT.

VIL S IN 2D HUBBARD MODEL

In this section, we discuss the results for Sf) in 2d Hub-
bard model for metallic (Fermi liquid) and Mott phases. The
DMEFT approximation typically provides a good description
for equilibrium and nonequilibrium properties of strongly cor-
related systems in three dimension, while it falls short as an
accurate description in two dimensional systems. However,
DMFT has been applied for 2d systems to capture corre-
lated phenomena in many previous works [S6—59]. Moreover,
Walsh er al. [53] employed the equilibrium cluster DMFT
approximation to compute single-site Rényi entanglement
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A

Ny

A

N,

X

FIG. 5. The cylindrical subsytem A, with Ny sites in x direction
and N, sites in the y direction, used for computing entanglement in
2d Hubbard model, is shown. The periodic boundary condition is
applied to the whole system in both x and y directions.

entropy in 2d Hubbard model. Therefore our DMFT based
entanglement computation serves as a first approximation to
compute entanglement in correlated systems in 2d. Our for-
malism of computing entanglement using the “kick” term,
naturally allows us to develop the DMFT framework, pre-
sented in this paper, for accessing multi-site entanglement
instead of being limited to a single site. Thus our endeav-
our could serve as a first step to explore more sophisticated
approximations, such as extending the approach to cluster
DMFT [56].

We consider the system with periodic boundary conditions
in both x and y directions, i.e., a torus geometry for the
system. We subdivide the system along the x axis, mean-
ing, the entanglement cut is parallel to the y axis like in
a cylindrical subsystem geometry as shown in Fig. 5. Due
to the entanglement cut, the translational symmetry in the
x-direction is broken while retaining the translation symmetry
in the y direction, along which periodic boundary condition is
applied. As discussed in Appendix G, the periodic boundary
condition along the y axis allows the wave vector k, to be a
good quantum number, and makes the inversion of the lattice
Green’s function of Eq. (28) easier. In this case, Eq. (28)
can be decoupled for each k, mode. We discuss below our

results for S/(f) and its dependence on the subsystem size Ny,
temperature, and interaction strength.

Most systems in higher dimension (d > 1) follow bound-
ary law scaling of entanglement. Even the higher dimensional
CFT gives strict boundary law scaling. However, there are
several important exceptions [15—18] with logarithmic viola-
tion of the boundary law, e.g., free fermions, Fermi liquids,
Weyl fermions in a magnetic field, non-Fermi liquids with
critical Fermi surface, and Bose metals. Here we focus on
Fermi liquid metallic state as captured within DMFT. The
underlying reason behind the violation of the area law is that
these systems with Fermi surface can be effectively described
as a collection of patches on the Fermi surface [15,50]. Each
of these Fermi surface patches acts as a one-dimensional gap-
less chiral mode described by 1 + 1 D CFT. These modes are
chiral as they can only propagate with Fermi velocity radially

outward to Fermi surface at very low temperatures. Then, the
scaling of entanglement entropy with N, is simply the one-
dimensional logarithmic scaling multiplied by the number of
gapless 1 + 1 D CFT modes [15]. The counting of the number
of these mode depends on both the geometry of the Fermi
surface and real space boundary [15].

As discussed in the preceding section, for one dimension,
we have both right and left movers mode with central charge
¢ = cg = ¢ = 1 and the scaling of Rényi entanglement en-
tropy is given by Eq. (32). For the chiral mode in d > 1, we
have either ¢; =0, cg =corcg =0, ¢; = ¢, and hence the
contribution (per spin component) of each chiral mode to the
Rényi entropy at T = 0 is still given by Eq. (32). The counting
of the mode is obtained from the Widom formula [13,15—
17,69,70], originally developed in the context of signal pro-
cessing [71],

1 1
Noodes = ———+ / / dAdAR, il (35)
Qm)d-12 0A, J 04,

The integrals are over the real-space boundary dA, of the
subsystem and the Fermi surface dAy. fi, and #;, are the unit
normals to the real-space boundary and the Fermi surface,
respectively. Here, the flux factor |fi, - fix| counts the frac-
tion of modes perpendicular to real-space boundary coming
from a Fermi surface patch at k. The Widom formula has
been verified numerically [14] for free fermions ind > 1. For
Fermi liquids, where only forward scattering is relevant, the
Widom formula is expected to remain valid [15,50] with the
same c in Eq. (32) modulo possible modification of the Fermi
surface geometry due to interactions if any. Going beyond
Fermi liquids, the Widom formula may get violated [72,73]
or modified [18], e.g., as in the case of gapless states of
composite fermions in the fractional quantum Hall regime,
quantum spin liquids, and non-Fermi liquids.

For the square lattice Hubbard model [Eq. (19)] that
we consider here, the noninteracting dispersion is & =
—2t(cos ky + cosky). Thus we can compute the Nyoqes for the
cylindrical subsystem (N4 x Ny) as discussed in Appendix H.
In this case, Nmodes 18 given by 2N, where N, is the number of
sites in the y direction along the entanglement cut. Therefore,
taking the spin degeneracy into account, we expect

SN, = gln(NA) i (36)

at T = 0. Moreover, like in the 1d case [Eq. (34)], we expect
entropy to entanglement crossover at finite temperature for a
thermodynamically large system to be given by

B . N,
S/(f)/Ny = gln |:v? sinh (nv_,3A>i| + b, (37)

where b is again another nonuniversal constant. Hence, the
Rényi entropy per unit length along y direction, i.e., S/(f) /Ny in
this cylindrical subsystem geometry has a similar form as the
1d crossover formula in Eq. (34). Likewise, as in the 1d case,
we do not have any crossover formula that interpolates be-
tween entanglement and thermal entropy for finite N and finite
temperature. For the correlated metallic state obtained in our
DMEFT calculations for the 2d Hubbard model, we verify the
crossover formula [Eq. (37)]. Again the effect of interactions
only enters in the crossover formula via the velocity v for a
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FIG. 6. (a) Sf) /N, for the metallic state of 2d Hubbard model
is shown for a N = 20 x 20 lattice as a function of the subsystem
length along x-axis N4 for temperatures 7 = 0.1, 0.15, and 0.2 at
fixed interaction strength U = 4. The results (dashed line+marker)
fit well with the crossover function (line) of Eq. (37). (b) Sf)/l\ly
(filled circle, open circle, triangle) as a function of N, is shown for
different interaction strengths U = 0, 4, and 6 atfixed T = 0.1. The
corresponding fits (line) to the crossover function are also shown.

Fermi liquid. We note that a universal entropy-entanglement
crossover formula may be valid more generally, even beyond
Fermi liquids. Similar crossover formulas, constrained by the
temperature dependence of thermal entropy, have been pro-
posed [18] to hold even for gapless fermionic systems not
described by Fermi liquid theory or devoid of quasiparticles,
e.g., non-Fermi liquids with critical Fermi surfaces.

We compute the second Rényi entropy Sf(\z) as a function
of subsystem size NyN, for a total system size N,N,. Here
Ny is the number of lattice sites in the subsystem A in the
x direction, and N, and N, are the total number of sites in
the x and y directions, respectively. We vary the subsystem
size by varying N4 while keeping N, fixed. In Fig. 6(a),
Sf) /N, computed from DMFT, is shown as a function of Ny
at low temperatures, 7 = 0.1, 0.15, and 0.2, for U = 4 and
system size N = 20 x 20. We find that the crossover formula
in Eq. (37) fits very well with our result as demonstrated in
Fig. 6(a). Similarly, in Fig. 6(b), the S /N, is shown for dif-
ferent interaction strengths U = 0, 4, and 6 at fixed 7 = 0.1
with the corresponding fits to the crossover formula [Eq. (37)]
for a 20 x 20 system.

The c extracted from the above fittings is shown in Fig. 7.
More details are given in Appendix H. Figure 7(a) shows
the extracted ¢ as a function of T for U =0, 2, 4, 6, and

1ol ' ' ~o U=0.0 % U=60 |
(a) N=20x20 =-*U=20—CFT
U=40
1.1} .
O 1
0.9 ZIIZZZEsEszzz§ociEEEEEsczzoce
0.8t I
0.1 0.12 0.14 0.16 0.18 0.2
T
1.2} -o- N=12x 12 .
(b) ~% N =16 x16
1.1t N =20 x 20 ]
—CFT
O 1
0_95‘.::::::::%::: __________ b
===== §-IZIzfzz:=:
0.81 $
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U

FIG. 7. (a) The extracted central charge ¢ as a function of T is
shown for different interactions U = 0, 2, 4, 6 and system size N =
20 x 20, and compared with the CFT value ¢ = 1. (b) The variation
of the ¢ as a function of U is shown at fixed 7 = 0.1 for different
system sizes N, as indicated in the legends.

compares with the expected CFT value ¢ = 1. We see that the
calculated ¢ ~ 0.9 < 1, and ¢ does not vary much with 7. We
find that ¢ ~ 0.9 < 1 even for U = 0, i.e., ¢ deviates from 1
by more or less the same amount even for the noninteracting
case for the system sizes studied. Thus, presumably, the de-
viation from the CFT value stems from the application of the
crossover formula [Eq. (37)] for the thermodynamic limit to
the finite systems. In Fig. 7(b), where we plot c as a function
of U for different N values and 7 = 0.1, we observe that
¢ decreases slightly for larger U and tends to increase very
slowly with increasing N for a given U, implying that ¢ might
approach the expected value of 1 for larger systems. However,
in the absence of an analytical crossover function for finite N
and T, and for the accessible system sizes in our calculations,
it is hard to extrapolate ¢ to the N — oo. Nevertheless, we can
conclude that modulo finite-size effects, our DMFT results for
S/(f)(NA, T, N) for the metallic state of the 2d Hubbard model
at half filling are consistent with the Widom formula and the
expected logarithmic violation of area law for Fermi liquids
[15].

We also compute the Rényi entropy deep inside the insulat-
ing phase at low temperature, as shown in Fig. 8 for U = 14.
We find that Sf) /Ny is linear in N4 with a slope 2 1n2, with
a very weak dependence on 7. This is expected due to the
spin degeneracy of the paramagnetic Mott insulating state
described by the DMFT for subsystem Rényi entropy imple-
mented in this work. For the thermal grand canonical density
matrix accessed in our DMFT, the thermal entropy (per site),
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FIG. 8. The S/N, as a function of N, is shown for several Ts
at fixed U = 14. This is computed from system size 20 x 20.

and thus the subsystem Rényi entropy Sf) /N4, approaches
its maximal value, S/N =In4, at very high temperatures,
T > U, W, where W is noninteracting bandwidth. We note
that though the limit 7 >> U, W is not feasible in any realistic
material, this limit serves as a valuable theoretical limit to ver-
ify the validity of our formalism for extracting entanglement
within the DMFT framework. Even at T — 0, the paramag-
netic Mott insulating state, unlike the Fermi liquid metallic
state, retains the spin degeneracy of 2V. This degeneracy leads
to a residual zero-temperature entropy S/N = In 2, which is
captured by the paramagnetic Mott insulating solution in the
single-site DMFT as discussed in Ref. [40]. This residual
entropy also contributes to the subsystem Rényi entropy in
our path integral or DMFT formulation for the thermal mixed
state. As a result, the subsystem Rényi entropy computed in
this work does not approach true ground-state entanglement
for the paramagnetic Mott insulating phase. Our formulation
for entanglement path integral can be extended to describe
pure states where true entanglement can be extracted even
for the paramagnetic Mott insulator. This will be addressed
in future works [74].

However, the paramagnetic state is not expected to be a
true ground state in the Mott insulating phase, certainly not for
unfrustrated lattices like square lattice [40]. Any magnetic or-
der, like the antiferromagnetic Néel order expected in the Mott
insulating phase of half-filled Hubbard model will quench
the residual entropy to zero as T — 0. As in the equilibrium
single-site DMFT formulation [40], our entanglement DMFT
can be readily extended to incorporate antiferromagnetic order
at the mean-field level, as we discuss in Appendix I.

VIII. MUTUAL INFORMATION ACROSS MOTT
TRANSITION IN 2D HUBBARD MODEL

Here we discuss the second Rényi mutual information as
an entanglement and information-theoretic measure at finite
temperature in the temperature versus interaction (7'-U) phase
diagram of the Hubbard model. The second Rényi mutual

information [51,75]

1A, B) =S + 57 = 5,
=—(InzP +mzy -z, +2InZz) (38)

is obtained from the combination of the Rényi entropies of a
subsystem A, its complement B, and the whole system A U B.
While the entanglement entropy can characterize pure states,
e.g., ground state and quantum phase transitions between
ground states at 7 = 0, the mutual information is a better
information-theoretic measure for finite-temperature phases
and phase transitions [76—79]. The mutual information is
dominated by entanglement contribution when classical corre-
lations are short-ranged, e.g., at low temperatures away from a
finite-temperature critical point [51]. Moreover, different parts
of mutual information can exhibit critical properties [76—79]
at temperatures related to the finite-temperature critical point,
e.g., at critical temperature T, and at 27, due to critical be-
haviors of Z{*, Z in Eq. (38) from the edges and corners of
the subsystem A, B.

For a pure-state density matrix, /(A, B) = 2S/§2) . The Sf)
for thermal density matrix at finite temperature contains both
entanglement and thermal entropy contributions. However the
(Rényi) mutual information, by construction, naturally ex-
cludes the volume-law thermal entropy of the subsystem and
its complement. Thus mutual information follows in general
an area-law scaling with subsystem size and captures both
quantum (entanglement) and classical correlations between
the subsystems. The study of Mott transition through the
lens of mutual information is less explored in literature. In
Refs. [53-55], the authors have studied the Mott transition in
the 2d Hubbard model using equilibrium CDMFT through the
mutual information of a single site and the rest of the system.
They detect first-order phase transitions and the supercritical
regime for T > T,. The calculation of the single-site mutual
information only requires the knowledge of occupation and
double occupancy, which can be computed within equilibrium
DMFT. The subsystem size scaling of mutual information
cannot be captured within such equilibrium DMFT. Within
our new path integral approach, we can easily study the
subsystem size scaling of mutual information across Mott
transition, as we discuss below.

To characterize the metal, insulator, and the phase tran-
sition separating these states at finite temperature, we first
briefly discuss the T-U phase diagram of the half-filled 2d
Hubbard model within large connectivity Bethe lattice ap-
proximation in DMFT [40]. We draw the 7-U phase diagram
by monitoring the equal time correlation function D = (n4n,)
corresponding to the double occupancy of a site within equi-
librium DMFT (Appendix E 1) as a function of U for different
temperatures. A representative plot for double occupancy D
versus U at T = 0.14 is shown in Fig. 9(a). The hysteresis
behavior is due to the coexistence of both metal and insu-
lator solution across the first-order Mott metal-to-insulator
transition. The area of the hysteresis loop shrinks to zero
as the first order transition ends at finite temperature Mott
critical point (U, T.). By monitoring D(U), we obtain the
T-U phase diagram, as shown in Fig. 9(b). The critical point
isat (Uc, T;) ~ (9.9, 0.18).
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FIG. 9. (a) Double occupancy D, computed within single-site
DMFT, as a function of U is shown at T = 0.14 for 2d Hubbard
model. The legend “met. to ins.” implies increasing U from the metal
to insulator and “ins. to met.” decreasing U the other way round.
(b) The phase diagram for 2d half-filled Hubbard model constructed
based on the double occupancy D is shown. (U,, T.) represents Mott
critical point where the first-order line, or the coexistence region,
ends. In the coexistence region, both metal and insulator solutions
exist.

0.1 ¢

The evolution of the one-particle spectral function, p(w) =
—(1/7)Gg(w), where Gg(w) is the real-frequency retarded
equilibrium Green’s function, near coexistence region also
demonstrates the first-order metal-insulator transition, consis-
tent with double occupancy D(U) from the imaginary-time
equilibrium DMFT calculation (Appendix E1). The one-
particle spectral function changes its character from metallic
to insulating at different values of U for a fixed T or dif-
ferent T for fixed U, depending on the sweep either from
metal to insulator or insulator to metal. These are illustrated
in Fig. 10 for different values of U at T = 0.14, and for
various T values at a fixed U = 10.1 2 U, in Fig. 11, de-
picting the transition from metal to insulator or vice versa.
Therefore we demonstrate the first-order Mott metal-insulator
transition in equilibrium for the square-lattice Hubbard model
through both double occupancy D(U) and one-particle spec-
tral function. It is worth emphasizing that the computation of
the subsystem Rényi entropy relies on completely indepen-
dent inhomogeneous DMFT calculations in the presence of a
“kick” term, causing the Green’s function G(t, t’) to depend
on two time arguments (z, t’). Therefore the results from the
equilibrium DMFT calculations, such as the spectral function
shown in Figs. 10 and 11, does not enter in any way in our
numerical computation of subsystem Rényi entropy through
the new entanglement DMFT method.

In Fig. 12, the mutual information per site /(A, B)/N,, along
the y direction for the equal bi-partition Ny = Np is shown for
T =0.16 < T, and system size N = 16 x 16. As mentioned
earlier, for the first-order Mott transitions, two co-existing

) 0.2 T T T T T
@ —U=10.2
met. to ins. —U=10.4
301}
QU
oL
(b “
02F 7 ' I - U=12 1
P U=10.2
ins. to met. h U=10.12
3 ] i n o, U=10.1
<M P /| 7["'\“::_3:;08 -
',/ En.s i1 7, U =Y.
/;f//‘ Q;{\ ;g t 4 \‘\\\:\
0 Losemr st . \"J"}&.z:‘ - . o
-10 -5 0 5 10
w
FIG. 10. Equilibrium spectral function p(w) =

—(1/7)ImGg(w) vs frequency (energy) w is shown here for
T = 0.14 for different U’s: (a) p(w) is calculated as a function of the
increasing value of U starting from metallic state, i.e., for metal to
insulator (met. to ins.) sweep. (b) p(w) is calculated with decreasing
U starting from an insulator state, i.e., an insulator to metal sweep.
The p(w — 0) # 0 characterizes metallic state at finite 7'.

(a) 0.3 T T T T T
—T=0.06
. —T=0.16
met. to 1ns.
_02r¢ T=0.17
3
QL
0.1}
0
w
(b) 0.3 T T T 1 :
N T=0.2
 —— T=0.14
02t ins. to met. .l!. T=0.13
3 i - T=0.06
QL i ‘. N,
0.1} A -
s \:\.N.\ ., l! .! /7’ e
0 “,s" . Nz o :l'.SE,'\/._-.x' . R
-10 -5 0 5 10
w
FIG. 11. Equilibrium spectral function p(w) =

—(1/7m)ImGg(w) vs frequency (energy) w is shown for U = 10.1 for
different 7’s: (a) p(w) is calculated as a function of the increasing
value of T starting from the metallic state (7 = 0.06) to insulator
state (T =0.2 > T,.), i.e., for metal to insulator (met. to ins.)
sweep. (b) p(w) is calculated with decreasing T starting from an
insulator state (7" = 0.2) to reach metallic state at T = 0.06, i.e., an
insulator to metal sweep. Notice that insulator-to-metal transitions
happen at different values of T than metal-to-insulator in (a). The
p(w — 0) # 0 characterizes metallic state at finite 7.
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FIG. 12. The bipartite mutual information for Ny = Np per site
of the subsystem along y axis, i.e., I(A, B)/N, as a function of
interaction U at T = 0.16 < T, is shown for a N = 16 x 16 lattice.
“Met. to ins” refers to sweeping U from the metal to insulator phase
and “ins. to met” for the other way round.

solutions, metal, and insulator, appear in the phase diagram
as indicated in Fig. 9(b). In equilibrium DMFT, for T < T,
starting from the insulating solution at large U and on de-
creasing the interaction slowly, a sudden jump to the metallic
solution occurs at U, (T), i.e., at the limit of metastability
of the insulating phase, which is consistent with a first-order
transition. Similarly, sweeping U from the metallic side leads
to a jump to the insulating solution at U, (T ). For T = 0.16,
U. and U, computed from double occupancy within the
equilibrium calculation are shown in Fig. 12 as dotted vertical
lines. The DMFT for Rényi entropy also leads to similar
hysteresis behavior in the mutual information, as shown in
Fig. 12, where the calculation of I(A, B) vs. U is done in
steps of U = 0.2. Following the behavior of double occu-
pancy, the bipartite mutual information /(A, B)/N, also jumps
across U., Uy,. Thus the mutual information between two
extended subsystems can detect the first order nature of phase
transitions, like the single-site mutual information [53-55].
Finite but weak correlations, indicated by the nonzero mutual
information, persist even in the insulating phase for U = U,,,
as can be seen in Fig. 12. We expect these correlations to
approach zero for large interaction strengths U > W, where
W is the noninteracting bandwidth.

The calculation of mutual information near the critical
point (U, T.) through the extrapolation §t — O becomes
challenging due to multiple solutions as well as very close
numerical values of S®(87) for different §7’s. For this rea-
son, we present the data for a fixed 6t = 0.029, without any
extrapolation, in this section.

The subsystem size scaling of mutual information is ex-
pected to be of the form [76,77] I(A, B) = I(N4, Ny, B) =~
a(B, Ny)N, +d(B, Ny) + (’)(Ny_'), with coefficients a and b
weakly dependent on Ny. In our subsystem geometry, the
dominant contribution to /(A, B) comes from the interface of
the two subsystems A and B, and leads to the leading area

1 1
- p-e-e-e-e—y-e-e-e-e-e-e-s\ R e N
S STTTTTTTTNE T ‘
S 05 S 05
= T=0.22 = 1] T=02
9’9—0—.—6—6—!‘&9—6—6—.—0—9‘(' s 222 00008 o= 2 - |
0 0
0 5 10 15 0 5 10 15
NA NA
- o/'fd 1\! - fe-e-e-e-é—e-e-e-e-e-e-e
i? 0.5 T=0.19 :}0.5 T=0.18
= &AM = M'Ws
o= 0
0 5 10 15 0 5 10 15

FIG. 13. The mutual information /(A, B)/N, for N = 16 x 16 as
a function of the length of subsystem N, along x direction is shown
here across the Mott metal-insulator transition for different interac-
tion strength U (U = 8.0, 9.0, 9.6, 10.0, 11.0) and temperatures. U
gradually increases from top to bottom, as indicated by the arrow, in
each plot for a fixed temperature.

law (o< Ny) for the mutual information with the coefficient
a(Ny, B). The latter is expected to approach a constant value
with subsystem size N4 for sufficiently large Ny. The other
term d(Ny, B) can appear due to the corner contribution or,
for a finite system, from the degeneracy of thermodynamic
state, arising from symmetry breaking [76,77] or configura-
tional entropy. In our subsystem geometry (Fig. 5), the corner
contribution is absent. The finite-temperature Mott transition
is similar to a liquid-gas transition [80]. Thus, for the second
Rényi mutual information, constant term d(f8, N4 ) can appear
between T, < T < 2T, and T < T, from effective Ising-like
symmetry breaking in different parts of /(A, B) along the first-
order transition line in the 7-U plane. We show I(A, B)/N, for
N =16 x 16 lattice as a function of Ny in Fig. 13 for different
Us across Mott transition at several temperatures near Mott
critical point. The arrows in the plots indicate increasing val-
ues of interaction over the range U = 8 — 11. In Fig. 13, we
see that I(A, B)/N, becomes more or less independent of Ny
for Ny ~ N/2, except near the critical point (U,, T.), where
more complex dependence on Ny is seen.

Finally, in the Fig. 14, we show the mutual informa-
tion I(A, B)/N, for the bipartition Ny = Np as a function of
temperature (in logarithmic scale) near U ~ U, = 10.0. The
I(A, B) shows a nonmonotonic behavior with T'. In particular,
the mutual information appears to dip between ~T, and ~2T..
A substantial 1(A, B), indicating correlations, persists even
far above T, till T < W in the supercritical regime [53-55].
In the future, it will be interesting to study the system-size
scaling of I(A, B) with N, or N to understand the nature of
correlations in the supercritical regime contributing to the
mutual information of an extended subsystem.
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FIG. 14. The nonmonotonic temperature dependence of
I(A, B)/N, is shown for U = 10.0 ~ U,. This is computed from
system size 16 x 16. Here T is plotted in the logarithmic scale.

IX. CONCLUSIONS AND DISCUSSION

To summarize, we have developed a DMFT formalism and
its numerical implementation for computing Rényi entangle-
ment entropy and mutual information in strongly correlated
electronic systems described by the Hubbard model. We show
that the scaling of the Rényi entropy with subsystem size for
an extended subsystem can be used to characterize correlated
Fermi liquid metallic state in the half-filled Hubbard model. In
particular, we show that the subsystem-size scaling of Rényi
entropy follows the entropy to entanglement crossover for-
mula expected from CFT and related arguments even in the
presence of strong electronic correlations captured by local
self-energy approximation within the single-site DMFT. We
also show how the first-order Mott transition and Mott criti-
cal point are manifested in the temperature, interaction, and
subsystem-size dependence of Rényi mutual information.

Here, as a first attempt to implement the entanglement
path integral formalism of Ref. [34] within DMFT, we use an
approximate impurity solver, namely the IPT [40]. An imme-
diate extension of our work would be to employ the CTQMC
impurity solver [48] in the entanglement DMFT framework.
Our entanglement path integral formalism is naturally suited
for such a purpose and only requires the incorporation of the
local kick self-energy [Eqs. (23) and (24)] in the impurity
action for the CTQMC solver [48]. Another interesting, al-
beit more challenging, future direction would be to capture
short-range correlations via cluster extension [41,44] of the
DMEFT formalism. On a different note, it will be interesting to
explore the connections between real-space and momentum-
space [81] entanglement in a Fermi liquid.

While in this work we have discussed the implemen-
tation of the entanglement path integral under equilibrium
conditions, the entanglement integral and the DMFT can
be extended to nonequilibrium situations, like in the usual
nonequilibrium DMFT [42], via the Schwinger-Keldysh
formalism as discussed in Refs. [34,35]. Moreover, the
nonequilibrium formulation can be further generalized to

incorporate nonunitary dynamics, e.g., the dynamics and the
steady states of the Hubbard model under repeated projective
or weak measurements, to study entanglement transitions sim-
ilar to that seen in random quantum circuits [82].

In recent years, DMFT, with its integration with other first-
principles electronic structure methods [41], has become one
of the most practical approaches to describe realistic strongly
correlated systems. Thus our DMFT formulations, along with
its possible extensions discussed above, might lead to a viable
route to computing entanglement properties of strongly corre-
lated materials in the future.
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APPENDIX A: NUMERICAL SOLUTION
OF THE DMFT EQUATIONS

The DMFT equations [Egs. (24)—(26), (28), (29), and (31)]
for computing S, ) are numerically much more challenging to
solve compared to usual equilibrium DMFT equations [40]
since the Green’s function Gigq, jog(7, T') [Eq. (18)] is a ma-
trix in both space and time. The space translation symmetry
is broken by the entanglement cut, and the time translation
symmetry is broken by choice of time 7y for inserting the
auxiliary fields in the path integral [Eq. (9)]. However, for the
cylindrical subsystem geometry in Fig. 5, considered for the
2d Hubbard model, the system retains the translation symme-
try parallel to the (y) direction of the entanglement cut. In this
case, one can use Fourier transform along the y direction, as
we discuss later.

To solve the DMFT equations in imaginary time t without
time-translation invariance, we discretize the DMFT equa-
tions in imaginary time. We divide the time interval [0, 8)
at inverse temperature 8 = 1/7T into N; segments with the
discretization step 6t = /N,. However, while discretizing
we have to ensure the appropriate antiperiodic boundary con-
ditions on the fermionic Green’s function, namely,

G(T + ﬁ’ T/) = _G(Tv 7:/)7
G(t, 7'+ B) = —G(1, 1),

(Ala)
(Alb)

which is equivalent to the antiperiodic boundary conditions on
Grassmann variables, cy, = —co and ¢y, = —&y, in the time-
discretized form. Here we have suppressed the space, spin and
replica indices for brevity. We use the indices (n, m) running
from n,m = 0 to N; for (z, t’). We also write the following
useful discretization rules:

(Cnt1 — Cn)Ca

(0:e(m))e(r) = ————,

c(t)c(t) = CpyiCa-

(A2a)
(A2b)

The above rules arise since the creation operator ¢ always
appears slightly later in time than the annihilation operator
c in the path integral. Using the above rules, e.g., we can write
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Eq. (20) as

Ny
$,=061"> Y Ciow[—G

nm=11ij,0,af,nm

—1
o,ian,jﬁm]cjaﬂm

N
+Udst Z Z Ei?a,n+1CiTanEila,nJrlciiom- (A3)

n=1 i«

The inverse of lattice Green’s function appearing above is
given by

G(;tan JjBm — gam 5n81] + tlj{mn 7

8m p+l8np

+ AdicadiiMyp T’ (A4)

where the index p € [0, N;) is arbitrary depending on 7. Here

_ 1 1
goniz,ﬁn = g(;‘mn - 8m11)5aﬁ - :U*gé‘mn(gaﬂ (A5a)
with
Cmn = 8m,n+1 n < Nr
=-1 m=1,n=N;. (ASb)
Similarly, Eq. (24) becomes
S, p+10n
glam Bn — = gar}/l pn Awtm pn — )‘SzeAMaﬁﬂ (A6)
The IPT self-energy [Eq. (26)] is obtained as
Sm,n—l
z:iozm,ﬂn = UGiozm,ﬁn - U gzam ﬁngzﬂm,am (A7a)
where
5 8m n—
giam,ﬂn = giam.ﬁn - UGii,am,ﬂrl;l' (A7b)
The lattice Green’s function is obtained as
_ Smn
Z Z Gialn,kyn] Gk)/”lq]ﬂ” 31]80!5 §$T2 ’ (ASa)

ny ky

where within the local self-energy approximation, the Dyson
equation is
G-!

iam,jpn —

G(;,Ll'otm,jﬁn - 8ij Eiam.ﬂm (A8b)

Now one can obtain the lattice Green’s function from the

above equation. The lattice Green’s function determines the
hybridization function through Egs. (29) and (30).

1. Recursive Green’s function method

The most computationally expensive part of the DMFT
steps discussed above is the inversion of G~!, a matrix of
dimension ~N,N; x N;N;, to obtain G via Eq. (A8a) for a
lattice with N, sites along the (x) direction of partitioning. A
direct inverse with the DMFT self-consistency loop is only
feasible for relatively small systems of size N, < 12 with
N: < 1000. For larger systems, we use a recursive Green’s
function method along the x direction. The recursive method
can be implemented for the open boundary condition (OBC)
as well as for the periodic boundary condition (PBC). In
dimension d > 1 with translation symmetry, we can make
simplifications by using Fourier transform in the transverse

momenta (see the discussion later). To demarcate between
directions with translation symmetry and the direction of re-
cursion x, we denote the lattice sites by i = (i, i, ) below.

To set up the recursive method, we rewrite Eq. (A8a) as a
matrix equation

G'G=1, (A9a)
Liom.jpn = 8ijOmnbap, (A9b)

where
(®iam.jpn = 8T Giam,jpn» (A9c)

and similarly for G~1. We separate the system (spatially) as a
system “S” and the rest “R” and write

Go™" —Tas \](Gx"
—Trs  (Gs)™ G(R”)
Here Gy and Gy are Green’s functions of the system and the
rest in the absence of any coupling between them. T connects

the systems and the rest, and G®+9 is the full Green’s func-
tion of the combined system. From the above, we get

(R+S)
G&SH)) =1 (Al10)
S

G = Gg + GgTrsGYe ™, (Alla)
GRS = GRTrsGE™), (Al11b)
G = GgThHGEH, (Allc)
G = Gs 4 GsThGIRHS), (Alld)

a. Derivation of Eq. (30) for the cavity Green’s function

For this case, we take S as a single site i and R as rest of
the system. Using Egs. (Alla) and (A11b), we obtain

_ ((RES) (R+S) ((~ R4\~ ~(R+S)
Gr _GR _GRS (GS ) GSR :

(A12)
The above leads to Eq. (30) when we identify G = Gy, i.e.,
the cavity Green’s function with ith site removed, and G =
G®+9 the Green’s function of the whole lattice.

b. Recursive solution of Eq. (A9)

We imagine successively building the system along the x
direction from the left, starting from the first layer ati=1=1
and then adding successive layers till [ = N,. Imagine that at
the [-th step of recursion, we have only left l + 1 layers, and
we separate the system into left / layers (“L”), i.e., R of the
preceding section, and add one layer (system “S”’) more. We
denote the Green’s function of the left / layers as G and that
of [ + 1 layers as G/, From Egs. (A9)

(G(Ll))—l —Tys G(Ll+1) G(l+1)
“Tis (G NGE

G(l+l)> =1, (Al13)
where the coupling between L and S is given by

Tij=¢,; i<l j=Il+1
=0 otherwise, (Al4a)
with
;an,ﬂm = €l1m5a/3~ (A14b)

035156-15



BERA, HALDAR, AND BANERJEE

PHYSICAL REVIEW B 109, 035156 (2024)

The inverse Green’s functions of L and § in the absence of any
coupling between them are

G9)., . =Gy

iam,jBn

i j<l (Al4c)

iam,jBn

(GS)l;lm Jpn — Gtzvm JjBn i’ ] = l + 1 (A14d)

Here i < [ indicates that the site i belongs to a layer from
1tol. The full Green’s function that we eventually want to
calculate is G = G™). We can rewrite Eq. (A13) as

G =GV + GG, (A152)
G(1+1> G(”T G<z+1> (A15b)

Gi!' = G,T}, GV, (Al5c¢)
GI™D = Gy 4 GT) GV, (A15d)

We now rewrite Eq. (A15a) keeping only the index i for the
layers, where all other indices «, m and i, are implicit in the
matrices and contracted for matrix multiplications.

GV =G+ GITi Gl i<l (AlD)
llgl
From Eq. (A15b), we get
G,(ll++11) = ZGEI,)I i, l+1G1+1 41 i< (A7)

llgl

Since G,y ipy = Gjpn.iam, We can obtain from the above
I+1 I+1 noo
G => G T GY i (A18)

11<l

Using the above in Eq. (A16), we obtain for i, j </

I+ _ @0 (I+1) 0)
Gi,j G + Z G, i L, l+1G1+1,1+1T1+1,i2G,‘2’j-
11 lzgl
(A19)
In the above equation, the only unknown quantity is G;lfll 1) NE

This can be obtained as follows. From Egs. (A15b) ‘and
(A15d), we get

(+1)
Gs

= Gs + GsT} G TG, (A20)

The above can be written in the form of a Dyson equation,

-1 _
(GISH) (Gﬁ:_lll)+l) = Gs1 -z (A21)

with the self-energy
20 =3 T4 G Tiim. (A22)

11 lzgl

Hence G;HII; , can be obtained using Eq. (A21). Thus from
Egs. (A17)-(A19), (A21), and (A22), we can construct the

complete Green’s function matrix Gfifﬂl) ign G, j<I+1) of
the system of / 4 1 layers from that of l layers. The process
can be applied recursively, starting with [ = 1 and continuing
till / = N, — 1, which will yield us the Green’s function of
system size N, i.e., G™) However, for the DMFT self-
consistency Egs. (24)-(26), (28), (29), and (31), one does
not need the full Green’s function at each DMFT iteration,
only certain elements. In particular, if we only consider the

nearest neighbor hopping, we will need to keep track of the

onsite, nearest, and next-nearest neighbor Green’s functions to
complete the DMFT loop using the cavity Egs. (29) and (30).
For the Bethe lattice approximation, nearest-neighbor sites of
ith site are disconnected, and from Eq. (29), we get

Aiap(r, T) =17 G (1, 7). (A23)
J

7. . . .
Here > ; indicates only summation over nearest neighbors of

i. Furthermore, in the limit of large connectivity [40], G =
G. Thus, in the large-connectivity Bethe lattice approxima-
tion, we only need to compute onsite elements of the lattice
Green’s function during the DMFT self-consistency loop.

For periodic boundary condition (PBC), we need to incor-
porate the hopping matrix element between site 1 and site N,.
We can implement this in the recursive procedure by changing
the hopping coupling matrix in the last iteration accordingly
when we add the / = N, — 1 layer with a single layer system
S to form the requlred system size [ + 1 = N,. In particular,
we can explicitly write the hopping coupling matrix for the
nearest neighbor for PBC below

Tij=¢; i=Lj=1+1if <N, -2
=&t j l—llj—l+11fl_ N, — 1

=0 otherwise, (A24)

APPENDIX B: CALCULATION OF SLZ) FROM “KICK
TERM” INTEGRATION METHOD

We numerically solve the self-consistent DMFT Egs. (A6),
(A7a), (A8a), and (29) for discretized values of A € [0, 1]
with uniform step A to obtain Gise, jop(70, ‘C(;r ) [Eq. (18)],
where we choose 79 = 0. We then compute (Skick) 790y using

Eq. (17). To obtain Sf), we integrate (Syick) 706, over A from
0 to 1 using numerical interpolation over the range of A.

We have used §A = 0.1 for most of our calculations. We
have varied §X to check the convergence of S/(f) with §A. We
benchmark the Sf) computed this way in the noninteracting
case by comparing with Sf) obtained directly from the corre-
lation matrix calculations, as discussed in Sec. V A. For the
interacting case, we have numerically checked the conver-
gence by taking different values of 6\, and various numerical
interpolation schemes. As an example, in Fig. 15, we show the
convergence of the Sf) with different A = 0.02, 0.04, 0.1,
forU =2.0,T =0.05,and N = 30 in 1d.

APPENDIX C: BENCHMARK OF THE RECURSIVE
GREEN’S FUNCTION METHOD

We can invert G~! in Eq. (A8a) directly for small systems
(N < 12) to obtain the lattice Green’s function. We use the
recursive method for larger systems to invert G~! and obtain
onsite lattice Green’s function within the DMFT loop. We
benchmark the recursive method by comparing computed S(2)
with that obtained from direct inversion for N = 10 in 1d, as
shown in Fig. 16 for the noninteracting case.
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FIG. 15. The convergence of Sff) with respect to discretization
84 to evaluate the integral in Eq. (17) for U = 2.0, T = 0.05, and
system size N = 30 in 1d Hubbard model.

APPENDIX D: THE EXTRAPOLATION OF S (67)
TO é7 — 0 LIMIT

As discussed in Appendix A, we solve the DMFT self-
consistency equations by discretizing them in imaginary time
with discretization step 6t = 8/N;. To approach the contin-
uum limit §7 — 0, we compute Sf)((Sr) for a few values
6t and then linearly extrapolate it to 67 — 0. We take 8t
over the range 0.015 to 0.075. In most of our calculations,
we take four values of §7 in the above range, particularly
between 0.02 to 0.04, and then do the linear extrapolation to
6t — 0. It becomes progressively more challenging to take
8t in the above range for low temperatures 7 < 0.05 as the
size (2NN, x 2NN,) of the Green’s function matrix becomes
very large. Hence we restrict our DMFT calculations up to
T = 0.05. We show S/(‘Z)(Sr) as a function of § T with the linear
extrapolation in Figs. 17(a) and 17(b) for a few subsystem

26 ' ' 1
——T = 0.3, Direct
241 o T = 0.3, Recursive 1
——T" = 0.5, Direct
227 o T = 0.5, Recursive +
S
= 2} ]
™
1.8 1
1.6} 1
1.4% \ \ \ \ \ ]
1 1.5 2 25 3 3.5 4

Ny

FIG. 16. The Sf‘z)(ér) obtained using the direct and recursive
inversion in the noninteracting case is shown for 7 = 0.3, 0.5 and
system size N = 10.

5 ONAZQIONA:HI) I
—extrap. extrap.
4t Ny=7 o Nyp=15 g
— ——extrap. ——extr r>)
S
~ 3 1
)
8}
2 F (@
4
1 1 1 1
0 0.02 0.04 0.06
oT
4 1 T
(b)
o NA =3
o
__o—2 ——extrap.
= 3¢ - Ny=8 ]
8 / _eXtrap‘
@ o Ny=11
0 21 extrap. 4
—_o—o0—06—"9
o NA =16
—extrap.
1 2 L
0 0.02 0.04

ot

FIG. 17. The linear extrapolations of Sf)(Sr) are shown here
for few subsystem sizes. The Sf)(ét) as a function of §t and
the corresponding linear extrapolation (shown as “extrap.” in leg-
end) are shown here in (a) for U = 0.5 and subsystem sizes Ny =
2, 7, 10, and 15 from system size N = 30, and in (b) for U =2
and subsystem sizes Ny = 3, 8, 11, and 16 from system N = 50
forat T = 0.05.

sizes for interactions U = 0.5, 2 and system size N = 30 as
an illustration of the linear extrapolation.

APPENDIX E: ENTANGLEMENT TO ENTROPY
CROSSOVER IN 1D HUBBARD MODEL

Here we discuss the fitting of Sf(‘z) in 1d Hubbard model
with the crossover function of Eq. (34). We first fit S/(f) (Na, T)
with Eq. (34) by varying all the parameters c, v, b, as shown
in Fig. 18. The variations of the extracted fitting parameters
¢, v, b with temperature are shown in Fig. 19. As evident from
the figure, the expected CFT crossover formula [Eq. (34)] de-
scribes Sf) for the DMFT metallic state of 1d Hubbard model
quite well. The extracted central charge slowly approaches the
CFT value ¢ = 1 with decreasing temperature [Fig. 19(a)] and
converges well with system size N [Fig. 19(d)]. Here we
have treated c, v, bin Eq. (34) as fitting parameters to describe
S/(f)(NA, T) in the 1d Hubbard model. In the next section,
we first fix the ratio (c/v) using the specific heat calculated
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FIG. 18. The S'® vs N, in 1d Hubbard model for U = 2 and N =
50 is shown for different temperatures with the corresponding fit to
Eq. (34) with ¢, v, b as free parameters.

from equilibrium DMFT and then fit our results for S/(f) with
Eq. (34) treating only ¢ and b as fitting parameters.

1. Calculation of the ratio (c/v) from equilibrium DMFT

At low temperature (T — 0), the specific heat ¢y can be
obtained from CFT [8,12] as

nT /c
cv=—<—>. (E1)
3 \v
1.5 6¢
(@) NC R )
‘W~ U=05
':====§====‘ 4 \ U=20
© 1= TU=00 S S
-0 U =05 A
U =20 R
g-===49
—CFT 2F----=55°3
0.5
0.05 0.1 0.15 0.05 0.1 0.15
T T
1.15 1.5
(€) —o- U =0.0 (d)
-o- U=0.5
_ -4
U =20 | P
SR RT SN SEE
-"8==== —— N =150
B —o- N =100
—CFT
1.05 0.5
0.05 0.1 0.15 0 1 2 3
T U

FIG. 19. The parameters c, v, b extracted from crossover func-
tion [Eq. (34)] fitting, e.g., in Fig. 18, are shown here for 1d Hubbard
model. (a) The central charge ¢ as a function of T for a few U is
shown and compared with the CFT value ¢ = 1. (b) The renormal-
ized Fermi velocity v as a function of T is shown for different U,
and compared with the noninteracting value vg. (c) The nonuniversal
parameter b as a function of 7. (d) System size dependence of
extracted c vs U at T = 0.1.

We compute the specific heat cy for the paramagnetic metallic
state in 1d Hubbard model from equilibrium DMFT calcula-
tion, as described below.

In equilibrium, due to time translation symmetry,
Gij(tr,t") = Gjj(r — t’). Thus we can write the DMFT self-
consistency equations [40] as follows:

Gl —1) ==~ —t) = Ai(x — 1) (E2)

G '(t) =G (v) - Zi(x), (E3)

where G;(7) and G;(t) are the bare and full impurity Green’s

functions at site i. Furthermore, since the model [Eq. (19)] is

space translation invariant, all the sites are equivalent, unlike

for the DMFT in the presence of entanglement cut in Sec. IV.
The hybridization function is given by

Ai(t) =Y 1t G (), (E4)
jl

We use the large-connectivity Bethe lattice approximation
for the cavity Green’s function, i.e., G(.’l) = Gj;, and G;lz) ~
3;1Gjj. Therefore the hybridization function for nearest-
neighbor hopping becomes

Ai(t) = 2°G(1), (E5)

where G(7) is the onsite lattice Green’s function and z = 2d
is the coordination number for D-dimensional hypercubic lat-
tice. The lattice Green’s function is obtained using the local
self-energy approximation, i.e., the lattice self-energy %;; is
replaced by the impurity self-energy, ¥;; = X;;, so that

g(€)
oy +1—€—S0wy)’

Glion) = [ de (E6)
where w,, = 2m + 1)7 /B, with m an integer, is the fermionic
Matsubara frequency, and g(¢) is the noninteracting density of
states per site. The self-energy within IPT approximation [40]
is given by

2(r) =Un—U?G*(1)G(—1), (E7)

G ' t)=6""(x) - Un, (E8)

where n is the occupation number of a site; n=1/2 at
half filling. For calculating thermodynamic properties such
as specific heat, we solve the above equilibrium DMFT self-
consistency equation following standard procedure [40] to
obtain G(tw,,) and Z(1w,).

Using these, we compute the internal energy E [40] from

E * D
R N I e
N — ) oo lOm+H— Siwy) — €

+ T Z (i )G(iwy). (E9)

The specific heat per site is obtained by taking the numerical
derivative of internal energy, i.e., cy = (1/N)(0E/0T).

We calculate the specific heat as a function of temperature
for 1d and 2d Hubbard models. We show ¢y versus 7' in 1d
Hubbard model in Fig. 20. We extract (c/v) from the slope
of the linear fit to cy(T") at low temperature using Eq. (E1),
as shown in the figure. For the half-filled 2d square-lattice
Hubbard model with nearest-neighbor hopping, due to the
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FIG. 20. The specific heat (cy) as a function of temperature
T for 1d Hubbard model is shown for different interaction U =
0.5, 2, and 3. The low-temperature linear fit to ¢y (T') o< T is shown
and the extracted slopes are indicated in the legends.

van Hove singularity of the noninteracting band at the Fermi
energy cy has In T correction to Eq. (E1), and the (¢/v) ratio
cannot be estimated reliably. Thus we only use the (c/v) ratio
in 1d to fit Sflz)(NA, T) with the crossover formula [Eq. (34)],
as discussed in Sec. VI. The central charge ¢ extracted this
way is shown in Fig. 4. We show the nonuniversal constant
b and the velocity v, obtained using the (¢/v) ratio and c, in
Figs. 21(a) and 21(b). As evident, v extracted this way for
weak interaction matches quite well at low temperatures with
noninteracting vg, unlike the v extracted by fitting the CFT
formula with three parameters ¢, v, binFig. 19(b). For the 2d

114+ (a) ' ——U = 0.0
—-—U =05
112} U=204
)

11F 1

D
1.08 L 4

0.05 0.1 0.15

0.05 0.1 0.15

FIG. 21. Temperature dependence of (a) b and (b) v extracted
by fixing (c/v) ratio from specific heat and fitting CFT crossover
formula [Eq. (34)] to the DMFT results for Sf)(NA, T) in the 1d
Hubbard model for U = 0.0, 0.5,2 and system size N = 50. The
noninteracting Fermi velocity vy is shown in plot (b) for comparison
with renormalized velocity v.

5 T T T T T T
——T =0.075

4 T=0.1
——T7=0.15
——T=0.2

3r T=0.25

T:/Q

2 -

1 B kS

0 L L L L L L L

0 2 4 6 8 10 12 14 16

FIG. 22. The Sf) as a function of N, is shown here for different
T for open boundary condition (OBC) for U = 2.0. The system size
is N = 30 here.

Hubbard model, we extract ¢ bg/ fitting the crossover formula
[Eq. (34)] to the computed S/S )(NA, T) using c, v, b as free
parameters, as discussed in Sec. VII.

APPENDIX F: S (N,, T) FOR OPEN BOUNDARY
CONDITION (OBC) IN 1D HUBBARD MODEL

We show the second Rényi entropy S/(f) computed via
DMEFT for open boundary condition (OBC) in the 1d Hubbard
model for system size N = 30 in Fig. 22. We see quite large
oscillations in S/(f) between the odd and even subsystem sizes
at low temperatures for OBC. Such oscillations are present for
periodic boundary condition also, e.g., in Fig. 3, but are much
weaker. These oscillations, with frequency 2kr determined by
the Fermi wave vector kg, are expected [83,84] due to the
subleading corrections to the CFT result [Eq. (37)], and appear
to be enhanced in OBC compared to that in PBC.

APPENDIX G: DMFT EQUATIONS FOR COMPUTING
SECOND RENYI ENTROPY IN 2d

In two dimensions (2d), we take a cylindrical geometry
for the subsystem A to compute the second Rényi entropy,
as shown in Fig. 5. We take the entanglement cut parallel
to the y axis, i.e., partition the system along the x direction.
The most difficult part in solving the nonequilibrium DMFT
Egs. (24)-(26), (28), (29), and (31) is the inversion of the
inverse lattice Green’s function. We rewrite Eq. (28) below
as

B
-1

/ A7y " [Go ryyry (T T =810 By (1. TGy pp (2, T)

0 "y
= 8 r8upd(t — 1), (G1)
where r = (x,y) represents two dimensional co-ordinates.
Due to translation symmetry in the y direction,
Groarp(t,7") = Gy vpy—y (T, 7). As a result, Green’s
function can be represented using Fourier transform along the
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y direction with momentum k,,,

l 1 —ik,(y—y' ’
Grapyy(T,T) = 12 3 €0 G wp (7, 7). (G2)
y ky

Thus, from Eq. (G1), we can write

B
/ d‘[// Z [G(I)lca,x”}/»ky(t’ T//) _ Sxx” Zx,ay (‘C, _L_//)]

0 Xy
"o
X Gx”y,x’ﬁ,ky(‘[ , T )

= 8udapd(t — T') (G3)

for each k, mode, where
G(;,)lca,x’y,ky (T, ‘L")
= [(=0; + p — 2t cos ky)(sxx’ - txx’]aaﬁts(f - 'L'/), (G4

where t, is hopping amplitude along x direction. For nearest-
neighbor hopping, we have ¢, .+ = ¢, and ¢, = 0 otherwise.
The hybridization function with large-connectivity Bethe lat-
tice approximation is given by

2
Ax,aﬁ =t [Gx—l,a,x—l,ﬂ,y—y’:() + Gx+l,ot,x+l,ﬂ,y—y/:()

+ 2Gxo¢,xﬂ,y7y’:0]~ (GS)

In the above equation, we have omitted the time arguments
(r,1’) for notational convenience. The Green’s function
Gra,x,y—y=0(T, T') is obtained from Eq. (G2) as

1

Gxa,xﬂ,yfy’z()(fv T/) = N § Gxa,xﬂ,kv(t7 T/)- (G6)
y
7k

We use the recursive Green’s function method in the x direc-
tion for Gy 1, ky (t, /), as described in Appendix A, to obtain
the lattice Green’s function for each k, mode.

APPENDIX H: WIDOM FORMULA FOR Sf)(NA, T)IN2d

As we discussed in the main text, in the Widom formula,
the effective number of modes from Fermi surface assuming
made of independent patches is given by Eq. (35) and we
rewrite it here

1 1
Nmodes = —_/ / dAdik|ﬁx : ﬁk| (Hl)
Q)12 Joa, Joa,

We use the 2d noninteracting dispersion &; = —2f cos k, —
2t cos k, for nearest neighbor hopping. The Fermi surface at
half filling is shown in Fig. 23. The unit normal to Fermi-
surface 71, = %fz(j:fc =+ 9). For cylindrical geometry, we have
two interfaces parallel to y axis and hence the unit normal to
real space i1, = £X. Hence, we get |1y - 1| = % Therefore

1 1
Nmodes = e x 2N, X (4x/§n) X —= = 2N,, (H2)

V2

where the contribution 2N, comes from integration over real
space boundary and 4427 comes from integration over the
Fermi-surface.

We fit the numerically computed S®/N, data within
DMFT to the Widom crossover formula Eq. (37) and the
extracted central charge ¢ as a function of 7', U and system
size are shown in the main text. In Fig. 24, the temperature

©.7)

0, -7

FIG. 23. A schematic of the Fermi sea at half-filling (in gray
color) for noninteracting 2d tight-binding model. The real-space
subsystem of cylindrical geometry is shown in the top left corner. i
is a unit vector perpendicular to Fermi surface and 7, is perpendicular
to real-space boundaries of the subsystem.

dependence of renormalized velocity v and nonuniversal con-
stant b extracted by fitting to Eq. (37) are shown for different
interaction U. These parameters (v, b) are shown for system
20 x 20.

13 Ll T T T
—-—U =0.0 (@)
12+ —--U=2.0
U=40
11F U =6.0 1

>
1 J
0.9
0.8 1 1 1 1
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! ' ' ' U =00
—--U = 0.
0.951 (b) —-U =20 -
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09r —-—U =6.0 1
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T

FIG. 24. The temperature dependence of (a) v and (b) b extracted
by fitting Widom crossover formula of Eq. (37) to S®/N, for differ-
ent U computed from system size 20 x 20.
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APPENDIX I: RENYI ENTROPY IN
ANTIFERROMAGNETIC PHASE

In this work, we have only considered paramagnetic Mott
insulating state to make the numerical computation of subsys-
tem Rényi entropy simpler. However, the paramagnetic state
is not expected to be a true ground state in the Mott insu-
lating phase, at least not for unfrustrated lattices like square
lattice [40]. The ground-state of the Mott insulating phase
is expected to Néel-type antiferromagnetic order with two-
sublattice ordering for the bipartite square lattice considered
here.

We can readily extend our DMFT formalism for entan-
glement to study the antiferromagnetic long-range order in
the Hubbard model. The Néel antiferromagnetic state at half
filling has a wave vector Q = (7, ) for 2d square lattice.
As a result, we have two inequivalent sublattices A (namely,
site 7) and B (nearest-neighbor site j to site /) whose spins
like to antialign with each other. As a result, each sublattice
prefers one of the spin components over the other. Hence, the
local Green’s functions for the spin up (Gj4) and down (G;,)
are not equivalent. Instead, we have the following relation in
equilibrium:

GA;i,(r (iw,) = GB;j,—(r (iwp), n)

where 0 =17, | and i and j are nearest neighbors. The Weiss
function for sublattice A reads as

ot o (iy) = iy + 1 — Ao (i), (12)

where the hybridization function within large connectivity
Bethe-lattice approximation is given by

I
Aioliwy) =17 Gjo(iw) = 2°Gi o (iwy).  (I3)
j

Now, we can generalize the above relation for our nonequilib-
rium inhomogeneous DMFT for the entanglement action. The
Weiss field for spin o is given by

Gio (1, 7)) = =@ — 1)8(r — )T — A, (z,T')
— 8ieaM8(r — 7)8(¢" — 1), I4)
where gi(’,l(r, 7’)is a2 x 2 matrix in the entanglement replica
space, and 7 is the identity matrix in the same space. The hy-

bridization function within the large connectivity Bethe-lattice
approximation is given by

/
Aia,aﬂ(ta T/) = t2 Z Gjmx,jaﬂ(fv t/)
J

= thGi,—(f,ct;i,—U,ﬁ(T5 ‘L',), (IS)

where Z’j indicates that the summation is over only the near-
est neighbors of i. As before, the impurity Green’s function is
related to the Wiess field via the Dyson equation,

G, (1,1) =G, (1, 7) = Zip (. 7). (16)
The IPT self-energy is given by
Eia,aﬁ(fa T,) = UGia,ia,aﬁ(Ts T+)3(T/ - T+)8aﬂ

- Uz(jia;ﬁa(fv f,)QNi,—a;ﬂ(x(fv r,)Gi.—a;aﬂ(f,v T)~
a7

Here the first term is Hartree self-energy, and the second one is
the second-order self-energy obtained using Hartree corrected
Green'’s function

Gi;}aﬂ(t’ T/) = gi;,laﬁ(‘[’ T/)

- UGio,ia,ot,B(Tv T+)6(T/ - T+)8aﬂ~ (18)
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