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Strong local bosonic fluctuations: The key to understanding strongly correlated metals
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In this paper, we present a theoretical framework for understanding the extremely correlated Fermi liquid
(ECFL) phenomenon within the U = oo Hubbard model. Our approach involves deriving equations of motion
for the single-particle Green’s function G and its associated self-energy ¥, which involves the product of the
bosonic correlation function comprising both density (Dy) and spin (Ds) correlations with G. By solving these
equations self-consistently, we explore the behavior of G, Dy, and Dy as functions of frequency, temperature,
and hole concentration. Our results reveal distinct coherent and incoherent Fermi liquid regimes characterized
by the presence or absence of quasiparticle excitations. Additionally, we analyze the intrinsic dc resistivity p(T"),
observing a crossover from T to linear behavior with increasing temperature. Our findings delineate Fermi
liquid, quantum incoherent, and “classical” regimes in strongly correlated systems, emphasizing the importance

of quantum diffusive local charge and spin fluctuations.
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I. INTRODUCTION

Strongly correlated electronic systems are a fertile ground
for phenomena that are unusual, unexpected, and often
poorly understood, such as high-temperature superconductiv-
ity, metallic states without quasiparticles, and resistivity that
varies linearly with temperature over a wide range. Traditional
theories, e.g., those based on well-defined quasiparticles with
the concept of adiabatic continuity between the Drude or free
electron gas models and interacting many-electron systems,
have been successful in many contexts but fall short in pro-
viding qualitative explanations for these phenomena.

The Hubbard model, introduced by Hubbard [1] and re-
viewed in a 2022 analysis by Arovas et al. [2], adeptly
captures the nuances of local electronic interactions. In a
simplified scenario where each lattice site in a homogeneous
system hosts one orbital, the model is defined by an energy
€ at each site 7, the intersite hopping amplitude #;;, and the
local correlation energy U. The last of these represents the
additional energy cost for accommodating two electrons with
opposite spins at the same site and is the critical parameter for
electron interaction effects. For small and intermediate values
of (U/t), where ¢ is the nearest-neighbor hopping amplitude,
there exists a continuum of (U/¢) values with the solvable
Drude limit of the free electron gas at (U/t) = 0, allowing
for well-defined quasiparticles. However, as U increases, the
system crosses over through a Mott metal-insulator phase
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change for commensurate electron densities, a phenomenon
not accounted for in the quasiparticle framework, heralding
the onset of a strongly correlated regime that has been the
focus of intensive research for over 50 years. This discussion
centers on the paradigmatic limit of strong correlation, specif-
ically U/t = oo, known as the extremely correlated Fermi
liquid (ECFL) phase as proposed by Shastry, to derive re-
sults that resonate broadly with the characteristics of strongly
correlated systems. At both U =0 and U = oo limits (rep-
resenting the free gas and ECFL, respectively), the carrier
density, indicated here by the hole density ¢ is the sole mate-
rial parameter. For large but finite (U/t), the small parameter
relative to this limit becomes (¢ /U ), leading to the emergence
of symmetry-broken states such as antiferromagnetism and
superconductivity.

In the case of cuprates, for instance, both electronic struc-
ture calculations and experimental findings suggest U ~ 4eV
and r ~ 0.4eV [3], rendering (U/t) ~ 10 > 1 and thereby
positioning the U/t — oo limit as a natural analytical start-
ing point. The literature on the strong correlation problem
is extensive; however, a few directions stand out. For in-
finitely strong correlation, states with local double occupation
are excluded via a site-local Gutzwiller projection operator,
resulting in “projected” noncanonical fermions. Among the
numerous studies on this approach, notable are a 2009 review
by Gebhard and Gutzwiller [4] and a 2007 review on a strong
correlation (RVB) theory of superconductivity employing the
Gutzwiller projection extensively [5]. Another strategy em-
ploys a faithful representation of local states via Hubbard X
operators [6], a method extensively elucidated by Ovchin-
nikov and Val’kov [7]. This representation, where Fermi-like
and Bose-like X fields (lattice fields) deviate from canonical
Fermi or Bose fields, has been widely adopted. Within this
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framework, Shastry and colleagues developed a substantial
body of work using the Schwinger source method, notably
in the U = oo limit. This well-known approach is described
in the condensed matter context, for example, by Baym and
Kadanoff [8], and by Tremblay [9], with the foundational
paper by Shastry serving as a reference [10], as well as [11,12]
and a recent publication [13]. Furthermore, many auxiliary
field theories have been developed to describe the corre-
lated Fermi system with finite U using canonical fermionic
and bosonic fields subject to local constraints. These the-
ories imply that the involved basic quantum fields are not
canonical Fermi or Bose fields, but have additional local
constraints which are generally applied globally [14]. The
exploration of metals with (U/f) > 1, namely, the strongly
correlated Hubbard model metal, spans more than half
a century.

Against this backdrop, we develop a simple, approxi-
mate, self-consistent theory for the (U/f) = oo system or the
ECFL, employing the equation of motion approach for G, the
single-particle Green’s function. The Dysonian self-energy
¥ incorporates local charge and spin fluctuation correlators
(Dn and Dy, respectively). The equation of motion for these
correlators leads to an equation involving the current-current
correlator, which in turn involves only a product of two G’s
for large d. By numerically solving the resulting coupled
equations, we identify and self-consistently determine G and
thereby other physical quantities.

We uncover two generic features of strongly correlated
systems. One is that there is a coherent nonpeturbative Fermi
liquid regime of quantum origin at very low temperatures
characterized by InX(w, T) going as (w? + 7>T?), mandated
by exact spectral properties and our approximtion for X. This
crosses over at rather low temperatures T, (~20.002¢) to an in-
coherent Fermi liquid (well below the “classical” temperature
T, defined by T,y = Q, where  is the average frequency of
quantum diffusive local bosonic charge fluctuations. This is a
feature arising from self-generated, local charge fluctuations
inevitable to strong correlations; their coupling to electron
dynamics (e.g., via ¥) is the cause of incoherence. Second,
in this incoherent Fermi liquid the resistivity is linear in 7" in
the large intermediate temperature regime Tpp, < T < Tgy. At
“high” temperatures, namely, for T > Q = T, the resistivity
is linear in 7', as expected if it arises from scattering by
bosonic fluctuations at temperatures above their characteristic
frequency . The two slopes are different, as also seems to be
the case in earlier work.

This paper is organized as follows. Section II discusses
the developed approximate theory. Subsequent sections detail
the results from the self-consistent solution of the coupled
equations for G and D, focusing on the same-site bosonic
correlation functions (charge, spin, and current) (Sec. III), X,
and dc resistivity (Sec. IV). The concluding Sec. V outlines
some limitations and future research directions. Appendixes
A to D provide in-depth information on several results refer-
enced in the text, including a description of the X operators
(Appendix A), the charge and spin correlation function and
their equations of motion (Appendix B), the current-current
correlation for charge and spin (Appendix C), and an analyt-
ical demonstration of coherent Fermi liquid-like behavior at
low temperatures (Appendix D).

Our approach to the (U/t) = oo limit, within a simplified
materials-oriented model, identifies the universal origins of
two prominent characteristics of strongly correlated systems:
the evolution from coherent to incoherent Fermi liquid states
with temperature and linear temperature-dependent resistivity.
These phenomena stem from diffusive fluctuations of local
electron number (charge) and spin, with the inevitable cou-
pling to constituent Fermi-like excitations shaping electron
dynamics. At high temperatures, this interaction manifests
as thermal classical electrical noise (white, Johnson-Nyquist
noise) at each lattice site, exhibiting a universal amplitude
proportional to 7. This perspective diverges from models that
seek to derive observed physical properties (e.g., the strange
metal behavior) from a theory of canonical fermions coupled
to quantum critical (canonical) Bose fields which avoids the
assumption of such fields or their quantum criticality; this
typically confines the analysis to a specific point in parameter
space.

II. THEORY

To provide a clear understanding of the assumptions and
methodologies employed in our work, it is crucial to outline
the various approximations used before delving into the theo-
retical framework. This helps setting the context and ensures
that the subsequent derivations and results are interpreted cor-
rectly. We use the d = oo approximation for the self-energy
3, and then we use the noncrossing approximation (NCA)
and the self-consistent Born approximation (SCBA) to decou-
ple the self-energy into Fermi and Bose Green’s functions.
We also use the d = oo approximation in the current-current
correlation function, which appears in the expression of Bose
Green’s function, to drop the vertex function.

Our procedure starts with the calculation of the retarded
Green’s function (GF) for the fermionic X operator, achieved
by formulating its equation of motion through differentia-
tion with respect to time variables ¢ and #’. This formulation
yields an expression that includes a thermal average of four
X fields, consisting of both Bose-like and Fermi-like pairs.
As d becomes large, the expression simplifies, retaining only
Bose-like and Fermi-like fields at the same site, intercon-
nected through electron hopping. Approximating in a manner
similar to the noncrossing approximation (NCA), we reduce
this average to products of local bosonic (Dy and Dg) and
fermionic correlation functions, subsequently linked to the
Dysonian self-energy ¥ of the initial GF. We then derive
equations of motion for the bosonic electron number and
spin correlation functions, connecting their time derivatives
to current-current correlation functions, which act as a sort
of “self-energy.” In the limit of large d, this “self-energy” is
depicted as the product of two fermionic GFs, culminating
in a set of self-consistently solved coupled equations for G
and D. This methodology facilitates the direct determination
of electronic properties such as charge and spin correlation
functions, alongside dc and ac electrical resistivities, via G in
the high-dimensional limit.

The Hubbard Hamiltonian for the U = oo scenario,
adopting the precise X operator representation for physical
quantities as detailed in Appendix A [assuming energy lev-
els €7 for a single-particle state with spin o and ¢, for the
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zero-particle state are equal (zero), with the system’s chemical potential denoted as u] is

H=—p Zx” + Zt,jX"OXO" 2.1)

where X symbolizes the number operator, f;; indicates the element of the electron jumping matrix between the sites i and j,
and X7 serves as a creation operator, introducing an electron with spin o at the site 7 initially free of electrons. The focus is on
the double-time, retarded Green’s function for the fermionic X -operator, defined as

G (1,1 = —io — O [X (1), X7 ()], ) = (X )] X7 @), 2.2)

where [, ]+ denotes the anticommutator and (. . .) represents the expectation value in the grand canonical ensemble. The second
notation on the right-hand side offers a more concise description of the first term.

To derive G,Rj"” (t,t"), we utilize the equation of motion method.! The equation of motion for the Green’s function defined in
Eq. (2.2)is

. \Roo
i0,Go(1,1) = 08,8t —1') — uG (1, 1) + Q ch’“"(a )+ G .1, 2.3)
ij

where Q = (BY?) = B{° and (i‘)gf;““(t, t") is a higher-order irreducible Green’s function [originating from fluctuations in the
Bosonic operator B;""(t)] and is detailed as

(ir)giR}Ua(I7 1) = (([Xiogv H](ir)|X;’0)) _ << X()a Zzlkxo(f XUO>> ) (2.4)

The unknown constant z is defined by the condition (or constraint)

<[Xi0“, H] - Zzikx(?“ |X;’°> = Zt,-l([aB;.””(t)x,Oa”(z), x7°w)],)=0. (2.5)

ik lo"

This condition can be thought of in the Mori- Zwanzig memory function language (see, e.g., Ref. [15] and the book by Forster
[16]) as related to the “noise” implied in their Liouvillean operator projection scheme. As elucidated in the Appendix A, BY o=
(SeriOO + Xi""’. This represents a local charge operator for ¢ = ¢’ and a local spin flip for ¢ # ¢’. The irreducible Green’s
function in terms of the fluctuation operator §B takes the following form:
G i) =Y ta((8B7” X7 (1)[X7°t)),. where 8B (t) = B (1) — (B{” (1)). (2.6)
ZU”

The equation of motion, Eq. (2.3), when expressed in frequency space (under equilibrium conditions), transforms to

Gf}(w) _ GII;,MF () + Z GR MF ()= (nr)gl] (w), 2.7

where the mean-field Green’s function GS’M F is outlined as

GR:MF elk “(Ri—R; )GR MF w and GR MF Q 28
ij Z (@) (@) = (@ + 1 — Qe +i01)’ @9
Here, e(lz) = -2t Zf:l cosk;, where d is the dimension of the lattice, and k; are the components of the wave vector k.

Roo

The fluctuation component <ir>g ?(w), obtained through the Fourier transform (FT) of <lr>g (t — t’) as defined in Eq. (2.6),
is determined via its equation of motlon concerning ¢". In frequency space, the resultant expressmn is as follows:

@+ w67 = n[sB7°' X" x7°], +QZr G @)+ Y ital(8BI X )88, ()X W),

lo" 1Wo'o"

(2.9)

The first term on the right in the above equation vanishes by design Eq. (2.5), as described in the projection operator formalism
of Plakida [17]. After applying a spatial Fourier transform to Eq. (2.9) we obtain

DG (@) = Mw)éGf’MF(w). (2.10)

"Henceforth, we focus on the spin diagonal case o = o”, as only this configuration is nonzero for paramagnetic spin isotropic systems with
spin quantization along the z axis; additionally, G is independent of o.
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In this equation, the superscripts oo are omitted, and 7 is irreducible and identified as a scattering matrix defined by

T2 (w) = ( Z tita((8B°" ()X (1)[8B; 7" (t’)Xf,’WO(t')»w) ) (2.11)
ll/O.HUH/ FT

Implementing Eq. (2.10) in Eq. (2.7) results in an equation for G as

G = GMF 4+ GMFTGMF | with the scattering matrix T = Ik (2.12)
To define self-energy, one should separate the “proper” part in the following way:
T=%+32G"T. (2.13)
where

ij(@) = [T(@)] 7. (2.14)

Here, the proper part of the T matrix (77) is the portion that cannot be decomposed into simpler parts using any form of
decoupling approximation. This equation, expressed in Dyson’s form, becomes

G =G + GMFxG. (2.15)
The self-energy is

1 , ’ 00" o o @
20 (w) = @,,Z,,, stal(8B (OX2 0)]8B;17 (X0, (2.16)
1 , . O a0
=z > wtal(BY XX )BT (@Hx70wWh)), - 2.17)

l'o"o
The self-energy term above, under a Bose-Fermi or DG decoupling is the same as the self-consistent Born approximation
(SCBA) discussed by Plakida (see, e.g., Refs. [17,18]) or the noncrossing approximation (NCA). This form closely resembles
Hubbard’s description [19] of the leading “scattering correction” term or self-energy, extending beyond the mean-field term
presented in Eq. (2.8).
In the large approximation d, self-energy becomes site local (i = j), predominantly influenced by the nearest neighbor [ = I
to site i. With the only nonzero hopping term being ¢; = t/ Vd (where t = 1), the sum of / introduces a factor of d. To calculate
the self-energy, a decoupling approximation is applied as follows:

1 4 oo” " " oo’ " " ”
2R (w) = §|:—i9(t —t’)(z (B B, ()X X7 °()) + (B,7 )BT ()X ()X (r)))} . (2.18)

o

The approximation error in this decoupling is also of relative order (1/d).
Using the spectral representation for the correlation functions specified above and connecting them to the spectral represen-
tation of the retarded Green’s functions, the local self-energy % (w) is formulated as

00 B Ba
=) =~ [ dades ptenputen (tanh( ) +coth (5 )>, (2.19)
0 J ot —€ —&
where po(er) = —%ImG’%el), po(€2) = —%ImDR(Ez), (2.20)
and DR(t, 1)) = Y (B (OIB™7 (1)) = —i6(r — 1) Y (B7 (), BT ()]). 221)

DR, when expressed in terms of the number N and spin S, operators, is outlined as (refer to Appendix B for details)
DR, 1) = J{—i0(t — ) IN@), N(t)]-)} + 3{—i0@ — ' )([ST (), S~()]-)}. (2.22)

Given that computing DY /s (@) through an equation of motion approach is impractical due to the commuting nature of operators,
resulting in the disappearance of equal time inhomogeneous terms [20] multiplying the delta function §(+ — ¢’), alternative
strategies are necessary.

We adopt a specific approach to compute these functions. The expression for DX and DX, which involves the commutator
can be expanded in individual terms of the commutators, which we denote by D' and D~ below, which involve the product of
respective operators and then we set up the equation of motion for D™ and D~. The expressions for D§ @t —1t)={(N®OINE))
and DR(r — ') = ((ST(t)|S™('))) are defined as

DR(t —t") =Dyt —t')+ Dy(t —t') = —if(t — ' YIN@ON({')) — i0(t —t' (N )N (1)), (2.23)
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and D§(t -t = D;r(t —t)+Dg(t —1t')=—i0(t — EWSTOS™ () —i6(t — ) (S~ ()HST(1)). (2.24)
In the context of spectral functions, the formulation is as follows:
o oy, (@)
D? = do/ —————, 2.25
y(@) /_oo © o —w +i0* (2:25)

where the indices o can take values of 4+ or —, and y represents either N or S. The spectral functions, denoted as pgy =
—Im(D})/7m, adhere to the following relationships:

Df(@) =) Di(@), o (@)= pp (o), (2.26)

Poys (@) = =P, (—0),  p, (@)= —e_ﬁwp;}'ws(w), (2.27)
where pj; (w) satisfies the following sum rule:
(o]
/ dop, (®) = an. (2.28)
—0oQ0

Following this, an equation-of-motion method for DY (w) is established, paralleling the approach above for GR(w) (this is
detailed in Appendix B).
This yields the expressions for DY, /S(a)) as

[Dﬁ(w)]_l = a%(w - a@), [Df,‘(a))]_l = oz%(w — axf‘éw)) (2.29)

2

where x7 () is the Fourier transform of the following:

X5 () = =i U()I(0)), xS (1) = —iB()Je(£)J:(0)), (2.30)
x5 () = =i0(){Js(0)s(1)), X, (1) = —if(1)(J(0)Jc(1)). 2.31)
Here, J; and J, are defined as the spin and charge currents, respectively,
1 g 1 o vdel
k= Xk:vkxko X0 J. = v gkaf X7, (2.32)

where v, = €, with €, being the energy dispersion on the lattice.
The spectral representation for ' is given by

oo B 4 ()}, (@)
a — do' L2 4 , 2.33
X @) ./—oo @ w— ' +i0t ( )
1 1
where p, (') = ——Imx%(@') and np(0') = ———, (2.34)
T 14 e —1

where x®(w) for both spin and charge sectors is derived from the particle-hole bubble diagram, ignoring vertex corrections, as
detailed in Ref. [21]. The relationship xf(w) = 2x®(w) and x&(w) = x®(w) is outlined in Appendix C, with the current-current
correlation in infinite dimensions (d = o0) described as follows:

ke L // pak, 1)pG(k, )0} ~
X (@) = Nij dordw, = e K e (@) = ne(@2), (2.35)

where pg(k, w) = —%ImGR(k, w) and ny (@) denotes the Fermi function. The calculation of the imaginary part of x ®(w) utilizes
the convolution/correlation theorem, with the real part derived from the Kramers-Kronig relation. The adaptation for a Bethe
lattice modifies the expression to involve the transport density of states ®(¢e) [21], leading to a refined calculation of Im x ®(w)
as detailed in the equations

Imy®(w) = -7 // de dwy ®(€)pg(e, w1)pg(e, w + w){np(w1) — np(w + w1)},

P(e) = zlv Z V38(e — &) = Do(4 — 7). (2.36)
k
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G™(w)

!

X)) = X s(@) = DT (W)

|

D+(w), G (w) = ZB(w)

|

updated 7 (w)

output, stop

FIG. 1. Self-consistency loop. This is a schematic illustration of
the numerical scheme in which the input G¥ (@) and the output G* ()
should match for self-consistency.

The process of determining %, G®, x®, D®, D%, and x*
involves a self-consistent scheme, which can be summarized
as follows.

(1) Initialization:

Begin with an arbitrary selection of GX. Using a specific
equation [referred to as Eq. (2.36)], compute x ® based on the
initial GX.

(2) Computation of x* and D*:

From x®, calculate x* using another equation [Eq. (2.33)].
This, in turn, allows for the determination of D* through
Eq. (2.29).

(3) Self-Energy Calculation (X¥):

The self-energy, X%, is calculated using both D¥ [from

Eq. (2.26)] and the initial or previously computed G® [via
Eq. (2.19)].

(4) Update of GX:

With the newly computed X, update the full Green’s
function, G®, using Eq. (2.15). This updated G is then used
as the starting point for the next iteration of the process.

The cycle repeats, starting from step (1) with the newly
obtained GR, and continues until XX converges within
a specified tolerance. This iterative procedure, known as
the self-consistency loop, ensures that the calculations for
=R GR, x® DR, D% and x® are mutually consistent and con-
verge to a stable solution. The entire self-consistency loop is
illustrated in a figure referred to here as Fig. 1. Throughout
this iterative process, adherence to the sum rule, expressed in
Eq. (2.28), is maintained.

To provide a clear and comprehensive understanding of
the theoretical framework, we summarize all the equations in-
volved in self-consistency in one place. This allows one to see
all the equations at a glance.

Summary of equations used in Self Consistency

G=G"+6MxG, M(w) =

2
w — Q¢ + i0T

ko 1 // p(k, @1)pc(k, @2)v} ~
X (w)—Nij dordw,= 0 e e (@) = nr (@)

xm@) =2x"w) and x§(w) = x"(w)

< {1 4 ng)}p, (@)
o — d / 2 14
% (@) /_oo @ w— o +i0*

[Di@)] " =ar (‘” N “X—(w)> Dt o <‘° - ax3§w>)
n n n 2

DY(@) =) D5(@).on,(@) =Y o (@)

Poys (@) = =P, (@), (@) =—eFpf

o h Ber h Be
Zw) = _é/ de‘dfzpc(fl)pn(62)<tan () + coth (5 ))

1 1
where pg(e1) = ——ImGR (1), py(e2) = ——ImD"(ey).
T T

2

(@),

S

a)+—€1—€2
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FIG. 2. (a) The evolution of pp, (w) for positive frequency as a function of temperature for doping § = 0.3. (b) The normalized charge

Py (@)
wK

spectral function

III. LOCAL CHARGE, SPIN AND CURRENT
CORRELATION FUNCTIONS

In this section, we discuss the bosonic correlation functions
mentioned above; these determine the electron dynamics of
the infinitely strongly correlated metal, and as discussed in
Sec. II, they are all related to each other. In the large d
limit, charge and spin correlation functions are identical to
within numerical factors having to do with the spin (1/2)
of the electron. We therefore discuss here only the charge
correlation function. We also discuss here the charge current
current correlation function which is the “self-energy” of the
charge correlation function, as seen from Eq. (2.29). The real
frequency spectral density pp,(w) of the charge correlation
function is shown in Fig. 2(a) as a function of positive fre-
quency o for different temperatures 7" and at doping § = 0.3.
This has the general properties of being real, positive for
positive w, and antisymmetric with respect to its sign change.
The local charge fluctuation is a massless damped excitation,
as is evident from the general shape of pp, (w) (there is no
sharp peak corresponding to a mass term or a restoring force;
on the other hand, its spectral density has a smooth structure
with a generally broad asymmetric peak and a long tail).
The charge at each site diffuses quantum mechanically in
a time and temperature dependent manner; there is no net
restoring force. Since, in the electron phonon system, the best-
known model of a bosonic system coupled to electrons, the
quantum scale is set by the Debye frequency wp determined
by the nonzero restoring force it is likely that there is no such
scale here, and that the occurrence of a small Fermi-liquid-like
regime (Sec. I'V) is due to a different reason.

The very existence of such a distinct bosonic fluctuation
coupled to electron dynamics is a strong correlation effect
since it is defined in relation to projected fermion or X
operator degrees of freedom whose specific properties are
determined by strong correlation. Roughly, the diffusion spec-
trum Fig. 2(b) consists of a rising part at low frequencies, a
peak, and a long tail. The low frequency rise is less steep as
temperature increases, as is the fall. Overall, the spectrum can

at a fixed temperatures and its fit with Lorentzian; the inset shows the Lorentzian width, I'(T") versus T at § = 0.3.

be fitted roughly by a Lorentzian like form going as I' /[w? +
I'?] with T being the damping constant, as shown in Fig. 2(b).
The actual spectrum decays more rapidly at higher frequen-
cies than this form so that its normalized area is unity, and
its first moment is finite. The simplified form is useful since
it focuses attention on the quantity I" [see inset of Fig. 2(a)],
which is the damping rate of fluctuations. It is small at low
temperatures, being roughly proportional to T but larger than
it and one has well-defined quasiparticles (a Fermi liquid).
We discuss below the implied quantum and classical regimes
in local density fluctuations. We now infer two consequences
of the actual pp,(w) shown in Fig. 2(a), one from the low
frequency or quantum end, and another from using its overall
spread or first moment which weights strongly the higher
frequency or classical regime. At low frequencies pp,(®)
(ideally above w = 0, but in reality above a low nonzero value
w; = 0.002¢ ~ 8K for the large t = 0.4eV) is seen to be lin-
ear in w (it is a smooth function and is antisymmetric in w so
that the leading term near @ = 0 has to be linear). As observed
from the inset in Fig. 2(a) for extremely low temperatures, the
slope of spectral density [A(T )] (not shown in the figure) very
close to w = 0 is almost T independent and this gives rise to
canonical Fermi Liquid form of Im¥(w, T")(we show that this
is true analytically in Appendix D).

The typical energy scale of pp, (w) is the average energy
of the local density fluctuations or the first moment

Q) = /w“ w(pDN—(w)> do,
» wK

!

where K:/ ('ODN(w))da)
o 1)

In the above equation, « is the thermodynamic compress-
ibility, and the upper frequency limit w, of the integral is very
large but finite; we use w, = 30r.

We show €2(T') as a function of T in Fig. 3(a). It is small at
low temperatures, roughly proportional to 7 but larger than
it and one has well-defined quasiparticles (a Fermi liquid).

3.1)
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FIG. 3. (a) The average frequency, denoted as Q(T'), varies with temperature for a doping level of § = 0.3. In the temperature range
0 < T < 0.005, represented by a shallow red area, the system exhibits Fermi liquid (FL) behavior. For temperatures in the range of 0.005 <
T < Ty(= 0.135), the system is within the incoherent quantum region, crossing over to the classical regime (CR) when 7 > T;. An inset
illustrates the relationship between T, and doping §, with a dashed line indicating ¥ = T'. (b) shows the charge compressibility « as a function

of temperature 7 for different doping levels.

As temperature increases, it increases sublinearly with 7" and
essentially flattens out at high temperatures. The case when
Q(T) is lower than the temperature 7' defines the classical
limit for fluctuations. We observe that for 7 > 0.13 for doping
8 = 0.3, we enter into the classical regime. Below T < 0.13
we are in a quantum regime and we have a coherent Fermi
liquid phase at extremely low temperatures followed by a
linear in T resistivity regime (which also lies in the quantum
regime) which is denoted by the incoherent quantum regime
(IQR).

The quantities I'(T"), A(T") (not shown in the figure), and
Q(T) defined above, are different calculated characteristics of
the local charge correlation function describing its diffusion
and “stay at home” probability in frequency space. In strongly
correlated lattice systems, at “high” temperatures, quantum
mechanical intersite hopping #;; can be neglected, and the sys-
tem is a statistical superposition of energetically degenerate
states with one or no charge at a lattice site. This regime is ac-
cessed by experiments on thermopower of strongly correlated
metals (see, e.g., Ref. [22]) and references in Ref. [23]). The
thermopower, which measures the entropy of charge carriers,
is seen to saturate at values consistent with a Heikes-like
estimate of the entropy of this classical metal; experimentally,
the “classical” regime begins at surprisingly low temperatures.

The frequency and momentum dependence of charge fluc-
tuations has been recently explored experimentally using
momentum-resolved EELS (see, e.g., Ref. [24]) and RIXS
(see, e.g., Ref. [25]). They do find essentially nondispersive
density fluctuations; namely, they are spatially local, as ob-
tained here. In subsequent work, we will present detailed
predictions of this spectrum in our theory. The imaginary part
of current-current correlation function, Imyf (), and the real
part of the optical conductivity, o (w) are defined as

o)  (1—e P

TO)

Imx,{,*(a)). 3.2)

In this expression, oy can be taken to be of order oy =

a2—11e2 . . . . . .
+—, with the lattice spacing a (corresponding in a quasi-
two-dimensional system to a sheet resistance of one quantum
per plaquette). In Fig. 4, we present contour plots of imag-
inary part of current-current correlation function Imx; (w)
for various doping values. The spectra display the following
features: (i) For T < w, Im X]ﬂ,' (w) varies with w up to a certain
w and is constant afterwards. (ii) For small w and T > w,
Imy,; (w) is a constant in temperature. This region of constant
Im)(;,r (w) reduces as doping is reduced. (iii) For high 7" and
small w, we see another region of constant Imxi (w). We

0.4 —
(a) (b)

0.1026

0.0912

0.2

0.0798

0.1

0.0684

0.0
0.4

0.2

O. 1 0.0114

0%0 01 0200 01 02
w w

FIG. 4. Contour plots of imaginary part of current-current cor-
relation function Im)(AJ,r (w, T) for doping values of § =0.3,0.2,
0.15,0.1.
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FIG. 5. (a) —ImX(w) at T = 0.005 for various doping levels. The left inset shows ReX(w), linear in w for w_ < w < w,. The right inset

is —ImX(w) near w = 0 showing w? behavior. (b) —ImX(w,, T) versus T at § = 0.2 for .

—0.5,-0.4, ..., —-0.1 (green), w. = 0.0 (thick

black), and w. = 0.1,0.2, ..., 0.5 (red). (c) Spectral function at doping § = 0.2 at various temperatures. (d) Variation of quasiparticle weight

with doping at T = 0.002.

conclude that resistivity when Imy, (@) is independent of
temperature is linear in 7. As mentioned above, the region
of linear T is large for large doping and starts reducing upon
decreasing doping. Our approach finds two regimes of lin-
earity in resistivity, with different slopes, one at intermediate
and another at high temperatures. It should also be noted
that the Planckian constant is the inverse of Im XJ (w), and it
should be the same for all doping an from our results, it is not
exactly 1, but is close to it for higher doping but not for lower
doping.

IV. SELF-ENERGY AND DC RESISTIVITY

In this section, we discuss the electron self energy and the
intrinsic dc electrical resistivity of the infinitely correlated
metal, which is intimately linked with the electron self-
energy. For instance, the imaginary part of the self-energy,
ImX(w, T'), provides insight into the lifetime and coherence
of quasiparticles, which are crucial for determining how elec-
trons propagate through a material, and so its resistivity.

We also note here (Sec. IV A) that analytically (see Ap-
pendix D) the imaginary part of the self-energy, Im¥(w, T'),
adheres for very low w and T to the Fermi liquid description,
scaling as (w? + w2T?). This is also seen from our self-
consistent result for ImX(0, 7). This insight sets the stage
for a deeper analysis of how single-particle properties change

with doping, for both positive and negative excitation ener-
gies (particle-like and hole-like) and at different temperatures.
Some of the results are exhibited in Figs. 5(a) to 5(d), and
insets therein. For example, we show that in the Fermi liquid
(very low temperature) regime the quasiparticle residue Z
(typically of order 0.1 to 0.2) increases roughly linearly with
increasing hole doping. We also plot the local single-particle
spectral density and see the quasiparticle like low excitation
energy peak in it disappearing as temperature increases and
the electron system becomes an incoherent liquid of Fermi-
like excitations.

We next discuss (Sec. IV B) dc resistivity using the well
known large d form for the result [21], which neglects vertex
corrections. At low temperatures, it is seen to have the classic
Fermi liquid form, going as T2 (in correspondence with the
result above for the same region, namely, that Im¥(w, T)
goes as (o> + w2T?). It transitions via a long crossover region
straddling both the incoherent quantum regime and the “clas-
sical” metal regime (Sec. III) into linear resistivity behavior.
We also see no signs of resistivity saturation; the resistivity
continues to rise linearly with the same slope, beyond the
Mott-Ioffe Regel (MIR) quantum limit.

We believe that the defining characteristics of the ex-
tremely strongly correlated metal, mentioned above, are due
to the influence of local bosonic charge and spin fluctua-
tions which are strongly coupled to electrons. They determine
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FIG. 6. (a) Temperature dependence of resistivity for several doping levels § in the unit of py(= 1/0p). The inset shows the low-temperature
resistivity versus 7', revealing the T2 behavior with the black line representing the parabolic fit. (b) Different temperature regimes: FL (yellow)
for T < Tg, incoherent quantum regime (IQR) for 7Tg, < T < Ty, and T > T a classical regime (CR).

the electron self-energy (Sec. II) and have a sizable, nearly
constant, strength over a large frequency region at most tem-
peratures.

A. Scattering rate and local bosonic correlation functions

In Fig. 5(a), we begin by going into the details of
—Im¥(w), examining how it varies with frequency (w)
across diverse doping levels at a notably low temperature of
T = 0.005. This analysis uncovers a fascinating transition
in behavior around w = 0, where the pattern evolves from
square-like to linear. Such a transformation underscores the
pivotal role of local charge dynamics in modulating electron
scattering processes. Interestingly, when comparing the de-
gree of particle-hole asymmetry in our findings with those
obtained from dynamical mean-field theory (DMFT) and
Shastry’s work, ours exhibit a lesser asymmetry. Furthermore,
within the same graphical representation, we shift our focus to
the real component of the self-energy, ReX(w). Here, we iden-
tify a linear section extending between two critical points, w_
and w,, with the latter’s value notably adjusting in response
to variation in doping levels.

Venturing into Fig. 5(b), our exploration extends to the
imaginary component of self-energy at a specific frequency,
evaluated as a function of temperature. This provides in-
sight into the behavior of the scattering rate under finite
frequencies. Notably, for hole-like excitations (where w < 0),
the scattering rate consistently exceeds that of electron-like
excitations (where w > 0). As temperature increases, the rela-
tionship between Im¥ and T for various positive frequencies
unveils a crossing threshold. Beyond it, the scattering rate
inversely correlates with frequency, implying that at higher
temperatures, low-energy, electron-like excitations with finite
positive w values enjoy longer lifespans compared to those
precisely at w = 0. While the overall trends are the same as
DMEFT predictions, some of our findings differ; for example,
the I'(w, T') crossing is at much larger values of w and T'.

In Fig. 5(c), the progression of the spectral function with
varying temperatures is presented, focusing specifically on

a doping level of § = 0.2. This visualization allows us to
observe how temperature influences the spectral features, re-
vealing important insights into the decoherence effects on the
electronic structure at this particular level of doping. On the
other hand, Fig. 5(d) is dedicated to illustrating the behavior
of the quasiparticle residue across a range of doping levels at
a particular low temperature (7 = 0.002) where the system
is a Fermi liquid. This aspect of the study sheds light on the
correlation between doping concentration and the quasiparti-
cle strength, elucidating how the electronic properties of the
system evolve with changes in doping.

B. DC resistivity and the influence of local bosonic
correlation functions

In Fig. 6(a), we exhibit the relationship between resis-
tivity (p) and temperature (7') for various levels of doping.
At the lowest temperatures, the system demonstrates typical
Fermi-liquid behavior, characterized by a quadratic increase
in resistivity with temperature. This trend is clearly depicted
in the inset of Fig. 6(a), in which the low temperature re-
gion is shown, enlarged, illustrating the coherent interactions
among particles. These interactions are mediated by local
charge bosons (charge excitations), which play a critical role
in the coherent Fermi-liquid-like resistivity behavior of the
the system at low temperatures as well. As temperature in-
creases, crossing into the incoherent quantum regime (IQR),
we observe a linear rise in resistivity. This change signals a
crossover from coherent to incoherent or chaotic behavior,
despite the continued influence of local charge excitations on
the system’s dynamics.

Analyzing the resistivity outcomes more closely, we dis-
tinguish three separate temperature domains as outlined in
the data: 0 < T < Tgr, where Tg, signifies the temperature
boundary above which Fermi-liquid behavior is no longer
observed; Ty, < T < Tigr, marking the range within the
IQR characterized by a linear increase in resistivity; and
T > T, representing temperatures beyond which the system
exhibits incoherent behavior (see Sec. II). These domains are
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graphically represented as functions of doping in Fig. 6(b),
where the temperature thresholds 7, and 7 are plotted
against doping levels. It’s observed that Ty changes linearly
with doping, indicating a direct correlation between doping
levels and the Fermi-liquid to non-Fermi-liquid crossover
temperature. In contrast, the variation of 7;; with doping does
not follow a simple linear pattern, underscoring the complex
interplay between doping and the material’s crossover to in-
coherent electronic states.

This extensive exploration into self-energy, electron scat-
tering, and resistivity, all through the lens of local charge
excitations, uncovers the complex dynamics in extremely
correlated electron systems. Its impact is seen to vary in a
characteristic way with temperature, frequency, and doping
on electron behavior, crossing over from coherent to inco-
herent or chaotic states, and presents a thorough framework
for comprehending the diverse phenomena observed in these
complex materials, centering around the role of local charge
excitations.

We do not compare our results in detail with the ubiquitous
linear resistivity observed over an astonishingly wide range
of temperatures, though our results cover the entire range and
are for continuous real frequencies (unlike much work in this
broad field, which is for discrete imaginary Matsubara fre-
quencies and uses analytical continuation therefrom). Some
reasons are the following. It is likely that the temperature scale
is strongly pushed down by infrared catastrophe effects (see,
e.g., Ref. [30], where the resultant low temperature results
to the observed strange metal regime are linked). Further,
in all strongly correlated systems, U > ¢ (*10¢), but finite,
whereas our theory is for infinite (U/t). We are in the process
of developing a perturbation theory in (1/U) and are investi-
gating (1/U) effects; the most important of these for metals is
perhaps superconductivity (which depends on J & (4t?/U);
numerically, J is &0.25¢ in most cuprates). Because of this,
the observed physics at temperatures 7 below and above (but
near) J is likely to be dominated by degrees of freedom
associated with intersite pairs (due to J). (In cuprates, J ~
1500K). A U = oo theory (for which J = 0) cannot address
this regime.

V. SUMMARY, LIMITATIONS, AND FUTURE DIRECTIONS

In our research, we explore metals with infinitely strong
local electron repulsion, known as extremely correlated Fermi
liquids (ECFL), employing for it the single orbital Hubbard
model at U = oo. This model, and the noninteracting model
(which is at the other limit of U, namely, with U = 0), are
both characterized by a single parameter, the chemical poten-
tial which governs the average electron count in the system.
The U = 0 limit, foundational to the Drude model, serves as
the baseline for developing perturbative theories for electron
systems with interactions (U # 0), simplifying interaction ef-
fects into a concise set of Landau parameters.

We propose a new, approximate, self-consistent theory
using the nonperturbative equation of motion technique for
lattice quantum fields, resulting in an equation for the Dyso-
nian self-energy X of the single-particle Green’s function G.
We find that ¥ is roughly the convolution of local bosonic de-
grees of freedom, namely, of local charge and spin fluctuation

correlators Dy and Dgs, with G, an approach proven exact in
the d = oo limit. Subsequently, we derive equations for the
correlators Dy and Dy, disregarding vertex corrections. We
find that these are electron hole fluctuations, and iterate to a
self-consistent solution. This is the mechanism for electron
dynamics in strongly correlated systems.

We find that, in the strong correlation limit, spatially
local diffusive, quantum, bosonic fluctuations made up of
electron hole excitations with their strong coupling to elec-
trons, determine the characteristic dynamics. This dynamics
is also temporally nearly local; the diffusive fluctuation spec-
trum (“noise”) extends with significant and nearly constant
strength over a wide frequency range for all (except rather
low) temperatures. We reach this conclusion by making sev-
eral simplifying approximations which enable us to clearly
focus on these fluctuations: we consider only the simplest
“scattering correction” term involving this fluctuation for the
electron self energy; we use the large d approximation so that
the bosonic correlator of relevance is atomic site local and is
separated out; we use a self-consistent approach to evaluate
both the electron propagator and the bosonic correlator to
emphasize their strong interrelation. We also use throughout
a real time description to emphasize the physical domain of
their operation, obviating the need for analytical continuation
from imaginary time (and in frequency space, from discrete
imaginary Matsubara frequencies). Further, since there is no
restoring force or characteristic frequency of the bosonic
mode, the characteristic temperature can be low, determined
solely by when the long time or low energy quantum co-
herence due to these diffusive local fluctuations becomes
ineffective.

This seems quite different from a recent approach by
Sachdev and coworkers (see, for example, some recent papers,
e.g., Refs. [26-28]) who basically proposed and developed a
model for electrons coupled to zero energy (or quantum criti-
cal) phonons; the basic Yukawa electron phonon coupling has
static disorder, as does the electron system. They performed
a very sophisticated weak coupling analysis of the resulting
many body system, and obtained some of the above broad
results, namely, a crossover from Fermi liquid to incoherent
metal behavior, and linear resitivity with the potential to be
universal. There are superficial similarities in that the many
body theory leads to overdamped, localized bosonic modes,
for example. However, in our case, there is no static disorder
and no static localization; the observed properties emerge as
consequences of quantum dynamics in the strongly correlated
clean system. There are no zero frequency or quantum crit-
ical bosons; the bosonic excitation is self generated. There
is no extreme phonon drag regime. Ours is a materials-based
strong coupling approach, albeit captured in an oversimplified
one orbital Hubbard model. It is not impossible, though, that
because of a kind of duality, there may be some mapping be-
tween the strong coupling and the weak coupling approaches
which makes sense of the similarity in the most significant
outcomes.

Our findings highlight two distinct characteristics of
strongly correlated systems: the crossover from coherent to
incoherent Fermi liquid behavior as temperature increases,
and the emergence of linear resistivity in the strange metal
phase, both predominantly due to the coupling of electrons
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with local number fluctuations. Earlier results, supported by
numerical analyses (e.g., single sitt DMFT [29], DCA [30]),
emphasized the crucial influence of onsite, incoherent charge
fluctuations (Dy and Dyg) on the electronic properties. The
qualitative outcomes of these, and of the line of work by
Shastry and collaborators [10—-13] are the same as ours.

We observe a potential universality in ECFL properties,
such as linear resistivity, resulting from localized, incoherent
charge noise driven by hole movement, highlighted by the
straightforward dependence of physical properties on hole
density (Secs. III to IV). At temperatures beyond the quan-
tum scale of local fluctuations, the noise spectrum becomes
“white,” reflecting classical thermal noise driven by hole
motion (see Fig. 4 for scale comparison). This suggests a uni-
versal interaction mechanism between local fluctuations and
electrons, leading to fluctuations in local electron numbers
due to electron dynamics.

However, our results may not directly correlate with obser-
vations from specific systems; one fact is the higher crossover
temperature 7.; compared to empirical findings for the onset
of the strange metal regime. This discrepancy could be at-
tributed to our excluding the orthogonality catastrophe effect
(this was pointed out first by Anderson [31] who included
it approximately in a Gutzwiller projected fermion approach.
Additionally, since all strongly correlated systems have a large
but finite U, there is quite likely to be a new low-energy scale
related to it, specifically the intersite spin coupling scale J;;,
which sets a new small temperature scale, of relative order
@/U).

Our ongoing research aim is to investigate the role of
local bosonic excitations in systems with large, finite, U
values, using hybridization-expansion continuous-time quan-
tum Monte Carlo (CTQMC) and the local moment approach
within dynamical mean-field theory. The latter, albeit approx-
imate, has the advantage of yielding real frequency spectra
and self-energies at zero and finite temperatures, and hence
will be complementary to CTQMC, which yields Matsubara
frequency quantities and requires analytic continuation. We
also aim to develop a model for the leading (1/U’) phenomena
in the spirit of quantum mechanical perturbation theory, with
the U = oo results of this paper as the unperturbed system
Input.
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APPENDIX A: X OPERATORS

For a lattice system with one orbital per site, a general
state can be described completely in terms of the orbital states
at a site i. This set consists of states |0), |o), |6), and |2);
namely, those with no electron, one electron with spin o (1) or
& ({), and two electrons (1 ). The X operators introduced by

Hubbard [6] are all the matrix elements in this Hilbert space;
e.g., Xi"0 is o) (0] for states at site i. They are local Fermi-like
or Bose-like field operators (not canonical Fermi or Bose
operators), depending on whether they describe change in
local electron number by unity (odd numbers in general) or by
zero (even numbers in general) (see the book by Ovchinnikov
and Val’kov [7] is on the X operators and its application in
condensed matter physics). Commutators/anticommutators of
X operators at different sites vanish, while for the the same
site, they do not. These results are uniquely determined by
the definition of X operators. The results of on site commu-
tation/anticommutation are not ¢ numbers as for canonical
fermions and bosons, but are X operators.
The X operators obey the commutation relation

X2 X, = (K98 £ X053)3,, (AD
since at a given site one has
XX =55, X2 (A2)

The basic commutator involving X arises from the Heisenberg
equation of motion for the X -operator. It is

i, X =ix* = [x** H]_

=—u Y (X850 — X7"6,4)

+ 2t (G, X771 X0 X [0, X L),
jm
(A3)

where the upper and lower sets of signs are for bosonic and
fermionic operators, respectively.?

The case of « = 0 and 8 = o, namely, the fermionic op-
erator X is relevant for the equation of motion of the single
particle Green’s function. We have

(X2, X701, = 8ij(800 X + X77) = 8877, (A4)
where B;"’/ is a bosonic operator centered at i. It is a charge
fluctuation operator for ¢ = ¢’ and a spin fluctuation operator
for o # o’. Using the compact notation Ref. [10], this can be
written as

X7, = 8t —00XP7). (A
X0 (1) = —uXP (1) + Y uBI7 (OXY (1), (A6)
mo’
and
(B, X)) = —010a X%, X[ = —01028,X" 85,0,
(A7)

In Eq. (A6),we notice that there is a novel, local spin flip
term due to hopping (last term on the right) present only
because of correlation. This involves a spin flip at say site i
and a number change (of the spin-flipped electron) at site j

2We use the (nearly standard) convention that [A, B]. is an anti-
commutator for the + sign and the commutator for the — sign.
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connected with it via hopping. In the following, we assume
(as is common) that t;,, = t,;.
The equation of motion for bosonic operators is illustrated
with the example of X7 for which @ = &, B = 0. We have
—X77 = Zz,-,,, (X2 x70 — X7 x2°). (A8)

m

For the extremely strongly correlated Fermi liquid (ECFL)
where (U/t) — oo the doubly occupancy state |2) can be
neglected since it has an infinitely high energy. In this limit,
the relations satisfied by the Hubbard operators can be written
as

i

X[OO +ZXiUG :I, X[U(T +X[’66 :1\[[9 X[UO' _Xiﬁﬁ' — ZSZ
a
(A9)

N;
)(ioo_i_ZUAXiUU :]—?—i-O'SlZ, (AIO)

where / is the identity operator, and N; and S} are the number
and the z component of spin operators at site i, respectively.
Since the system is homogeneous, the thermodynamic average
at any site i is independent of i. We define n and m as the
average number and the average z component of the magne-
tization, namely, n = (N;) and m = (S7). We assume that the
system is paramagnetic, so that m = 0 and (X%%) = (X°°) =
n/2, and that it is spin isotropic. A commonly occurring quan-

tity is
Ni z\ — — ! 8 —

(B77)

APPENDIX B: EQUATION OF MOTION FOR D, AND D}

DR in terms of the N and S, operators can be derived using
B =X 4+x°°=1-5+85., B =X =S* for the
B operator

DR(t,1') = ((B” (1)IB°" (1)) + ((B”* (1)|B°* (1)), (B1)

DR(t,1') = JUN@INE)) + ((S(D)IS.(")))
+ (ST@OISE)) = (AN DS (1))

— LUS.OINEN)), (B2)
DR(t, 1) = LUN@INE))) + 2((STOIS™ (1))
— HUNDISS ) — SUSTOINE))).  (B3)

Since ((STIST)) = ((SxlSu)) + ((Sy[Sy)) = 2((S.IS.)) in is an
isotropic phase. The third and fourth terms would vanish in
the paramagnetic phase

DR, 1) = JUN@INE )Y + 3((STOIS™@)).  (B4)
Since
Dyt —1") = —if(t —t')(N()N({")),
Di@t—1t")y=—i0@t —t')(ST@)S™ (). (BS)

To develop the equation of motion for Dy, we start by
differentiating it with respect to ¢

i9,D%(t —1t') =8(t —t')(NN) — i0(t — t")(iN(t)N(t"))
= i, DYt —t') =81t — 1) —ib(t — YIN@EN ()

= i, DYt —t) =8t —t'm+ Dl -1, (B6)
where 7 is the number density and
Dt —t') = —if(t — t')(iN{)N (). B7)

Now, we develop an equation of motion for D} by differ-
entiating it with respect to ¢’

iy Dy (t — t'y=—8(t —t")(iN(t)N (1)) +i0(t — t)(N{)N(t")).
(B8)

First term in the above expression is zero which can be
easily seen from the fact that the number operator acting on
number basis (in which we are taking the trace) will give us
the same state so (NN) = (N) which is 0 in equilibrium, so
we get

9Dyt —1t') = i0(t — ') (NN ()

iy Dyt —t')y= -yt —1), (B9)
where we define
Xt —1) = —if@t — Y N@EN(E)). (B10)

We define the Fourier transform as (in the same manner for
all the terms)

1 gt
DY@t —1) = E/d(t — e Dl (w).  (B11)
Fourier transforming and combining equations (B6) and
(B9) we get

1

[2 - K]

Di (o) = . (B12)

Similarly, for D&
iDEt —t') =80 —t'(STS™)+Dft —1")
Xo° X&&
(s+57) = 2575y = XX “ZL ) - 3

. + N N AN+ ’
= 9D —1) =8¢ —1)5 +DJa ~1).  (BI3)

where

Dt —1') = —if(t — t)(iST(1)S™ (1)), (B14)
iy DE(t — 1) =—8@ —t")(iSTS™) + it — ') ST()S™ ().
(B15)

To determine the (iSTS~) we go back to the definition
ST =X and S~ = X°?. By using the Heisenberg equa-
tion of motion, we find

oo _ Ztif (X;’OXJQ‘_’ _ XiO&XfO), (B16)

J

075106-13



S. R. HASSAN et al.

PHYSICAL REVIEW B 110, 075106 (2024)

using this relation, we can find iS*S~ = iX?° X7 to be

iSTST =Y n; (XX} —x7°x),  (BIT)

J

the right-hand side (rhs) of the above equation is same as the
current operator, hence (iSTS™) = 0. So, we have

DYt —1t') = i0(t —t")/(ST()S™ (1),
iy DE(t —1")y=—x} @t —1),
xh@—t)=—io@ — ') ST®S™ (). (B18)
Fourier transforming and combining equations (B13) and
(B18), we get

Di () = . (B19)

n/2 n?/4

w X/th (w) ]

APPENDIX C: CURRENT CURRENT CORRELATION
FUNCTION FOR SPIN AND CHARGE

In imaginary time, we can write the time ordered current-
current correlation functions for charge and spin as

av(t, ') = —(TJ(t)e(T)), xs(t, 1) = —(TJ(v)Js(1))
(CD)

1 0o v o0 1 0o v&0
J. = Nkzv"x" X20 J = N;U"Xk X0 (C2)
T: is the time ordering operator. The contribution to bubble

diagram in imaginary frequency is

xv (iv) = 1 Z V2G7% (k, iwm)GC (k, ivy + iwp), (C3)
N n N k ) 'm s tn m)s

o,k,m
. 1 . 561 - .
xs(ivn) = > VG (k. iwy)GO (k. ivy + i), (C4)
k,m
iw, = FELT Gy = 2”7”, and B is inverse temperature. Since

in the paramagnetic phase G°° = G°°

xnv(@vy) = EZ:sz‘”’(k iw,)G?? (k, iv, +iwy), (C5)
N n N k ) 'm s tn m)s

k,m

xs(ivy) = lszc;“(k iwn)G?% (k, ivy, + iwy). (C6)
SUVn N k s tWm s tvn m)-

k,m

By writing the spectral representation for the Green’s function
G(k, iw,) and doing analytic continuation, we obtain

1 k, k, wy)v}
K@) = - ;// dodow, oGk, w)pck, wr)v;

o+ w —wy+in

x {np(w1) — np(wy)}, (C7)
and xf(w) = 2x% (), x§ (@) = x*(w).
APPENDIX D: SELF-ENERGY LOW-
TEMPERATURE BEHAVIOR

The low temperature and low frequency behavior of the
scattering function I'(w, T') is

Mo, T) = ~ImS(w, T)

=n f dypc(w —y)pp(Y)[nr(y — o) + np(y)]

0
2

~ 77/ dypc(—y)pn(y)[mr M+ %nﬁé o+ nB(y)}

=hL+D,

where

L= f dyp(—)ppMlne () + ns)]

oo

=7 /0 dyloG(—=y) + pc(M]opW)nr (y) + np(y)l,

pp(y) is an odd function. We can expand around y = 0,
op(y) = Ay, we obtain

I} = 2A7 pG(0) / dyy (np(y) + np(y)) = =Apg(0)m T2,
0

2
(D1)
In addition,
7'[602 [ee]
L= —7/ dy p(=y) pp(¥) (=1 ()
—o0
Tw?
= TAPG(O), (D2)
I'(w, T) at low temperature and low frequency is
Mo, T) = %pg(O)A(nsz + o). (D3)

[1] J. Hubbard, Electron correlations in narrow energy bands, Proc.
R. Soc. London A 276, 238 (1963).

[2] D. P. Arovas, E. Berg, S. A. Kivelson, and S. Raghu, The
Hubbard model, Annu. Rev. Condens. Matter Phys. 13, 239
(2022).

[3] K. Sheshadri, D. Malterre, A. Fujimori, and A. Chainani,
Connecting the one-band and three-band Hubbard models of
cuprates via spectroscopy and scattering experiments, Phys.
Rev. B 107, 085125 (2023).

[4] E. Gebhard and M. C. Gutzwiller, Gutzwiller wave function,
Scholarpedia 4, 7288 (2009).

[5] B. Edegger, V. N. Muthukumar, and C. Gros, Gutzwiller—RVB
theory of high-temperature superconductivity: Results from
renormalized mean-field theory and variational Monte Carlo
calculations, Adv. Phys. 56, 927 (2007).

[6] J. Hubbard, Electron correlations in narrow energy bands.
II. The degenerate band case, Proc. R. Soc. London A 277, 237
(1964).

075106-14


https://doi.org/10.1098/rspa.1963.0204
https://doi.org/10.1146/annurev-conmatphys-031620-102024
https://doi.org/10.1103/PhysRevB.107.085125
https://doi.org/10.4249/scholarpedia.7288
https://doi.org/10.1080/00018730701627707
https://doi.org/10.1098/rspa.1964.0019

STRONG LOCAL BOSONIC FLUCTUATIONS: THE KEY ...

PHYSICAL REVIEW B 110, 075106 (2024)

[7] S. G. Ovchinnikov and V. V. Val’kov, Hubbard Operators in
the Theory of Strongly Correlated Electrons (Imperial College
Press, London, 2004).

[8] L. Kadanoff, Quantum Statistical Mechanics (CRC Press, Boca
Raton, FL, 1989).

[9] A.-M. Tremblay, The many-body problem, from perturbation
theory to dynamical-mean field theory (2017), https://www.
physique.usherbrooke.ca/tremblay/cours/phy-892/N-corps-
2017.pdf.

[10] B.S. Shastry, Extremely correlated quantum liquids, Phys. Rev.
B 81, 045121 (2010).

[11] B. S. Shastry, Extremely correlated Fermi liquids, Phys. Rev.
Lett. 107, 056403 (2011).

[12] B. S. Shastry, Extremely correlated Fermi liquids: The formal-
ism, Phys. Rev. B 87, 125124 (2013).

[13] S. Shears, E. Perepelitsky, M. Arciniaga, and B. S. Shastry,
Extremely correlated Fermi liquid theory for the u = 0o, d =
0o, Hubbard model to o()3), Phys. Rev. B 106, 035108
(2022).

[14] R. Fresard, J. Kroha, and P. Woélfle, The pseudoparticle ap-
proach to strongly correlated electron systems, in Strongly
Correlated Systems: Theoretical Methods, edited by A. Avella
and F. Mancini (Springer, Berlin, Heidelberg, 2012), Vol. 276,
pp. 65-102.

[15] H. Mori, Transport, collective motion, and Brownian motion,
Prog. Theor. Phys. 33, 423 (1965).

[16] D. Forster, Hydrodynamic Fluctuations, Broken Symmetry, and
Correlation Functions, 1st ed. (CRC Press, Boca Raton, FL,
1990).

[17] N. M. Plakida, Projection operator method, in Strongly Corre-
lated Systems: Theoretical Methods, edited by A. Avella and F.
Mancini (Springer, Berlin, 2012), pp. 173-202.

[18] N. Plakida and V. Oudovenko, Electron spectrum in high-
temperature cuprate superconductors, J. Exp. Theor. Phys. 104,
230 (2007).

[19] J. Hubbard, Electron correlations in narrow energy bands IIL.
An improved solution, Proc. R. Soc. London A 281, 401
(1964).

[20] D. N. Zubarev, Double-time Green functions in statistical
physics, Sov. Phys. Usp. 3, 320 (1960).

[21] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg,
Dynamical mean-field theory of strongly correlated fermion
systems and the limit of infinite dimensions, Rev. Mod. Phys.
68, 13 (1996).

[22] M. Lee, L. Viciu, L. Li, Y. Wang, M. L. Foo, S. Watauchi, R.
A. Pascal, Jr., R. J. Cava, and N. P. Ong, Large enhancement of
the thermopower in Na,CoO, at high Na doping, Nat. Mater. 5,
537 (2006).

[23] S. Mukerjee and J. E. Moore, Doping dependence of ther-
mopower and thermoelectricity in strongly correlated materials,
Appl. Phys. Lett. 90, 112107 (2007).

[24] A. A. Husain, M. Mitrano, M. S. Rak, S. Rubeck, B. Uchoa, K.
March, C. Dwyer, J. Schneeloch, R. Zhong, G. D. Gu, and P.
Abbamonte, Crossover of charge fluctuations across the strange
metal phase diagram, Phys. Rev. X 9, 041062 (2019).

[25] G. Seibold, R. Arpaia, Y. Y. Peng, R. Fumagalli, L. Braicovich,
C. Di Castro, M. Grilli, G. C. Ghiringhelli, and S. Caprara,
Strange metal behaviour from charge density fluctuations in
cuprates, Commun. Phys. 4, 7 (2021).

[26] A. A. Patel, H. Guo, 1. Esterlis, and S. Sachdev, Universal
theory of strange metals from spatially random interactions,
Science 381, 790 (2023).

[27] S. Sachdev, Strange metals and black holes: Insights from the
Sachdev-Ye-Kitaev model, arXiv:2305.01001.

[28] A. A. Patel, P. Lunts, and S. Sachdev, Localization of over-
damped bosonic modes and transport in strange metals, Proc.
Natl. Acad. Sci. USA 121, €2402052121 (2024).

[29] X. Deng, J. Mravlje, R. Zitko, M. Ferrero, G. Kotliar, and A.
Georges, How bad metals turn good: Spectroscopic signatures
of resilient quasiparticles, Phys. Rev. Lett. 110, 086401 (2013).

[30] W. Wi, X. Wang, and A. Tremblay, Non-Fermi liquid phase
and linear-in-temperature scattering rate in overdoped two-
dimensional Hubbard model, Proc. Natl. Acad. Sci. USA 119,
e2115819119 (2022).

[31] P. W. Anderson, The ‘strange metal’ is a projected Fermi liquid
with edge singularities, Nat. Phys. 2, 626 (2006).

075106-15


https://www.physique.usherbrooke.ca/tremblay/cours/phy-892/N-corps-2017.pdf
https://doi.org/10.1103/PhysRevB.81.045121
https://doi.org/10.1103/PhysRevLett.107.056403
https://doi.org/10.1103/PhysRevB.87.125124
https://doi.org/10.1103/PhysRevB.106.035108
https://doi.org/10.1143/PTP.33.423
https://doi.org/10.1134/S1063776107020082
https://doi.org/10.1098/rspa.1964.0190
https://doi.org/10.1070/PU1960v003n03ABEH003275
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1038/nmat1669
https://doi.org/10.1063/1.2712775
https://doi.org/10.1103/PhysRevX.9.041062
https://doi.org/10.1038/s42005-020-00505-z
https://doi.org/10.1126/science.abq6011
https://arxiv.org/abs/2305.01001
https://doi.org/10.1073/pnas.2402052121
https://doi.org/10.1103/PhysRevLett.110.086401
https://doi.org/10.1073/pnas.2115819119
https://doi.org/10.1038/nphys388

