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Charge Collective Modes in Correlated Electron Systems: Plasmons Beyond the
Random Phase Approximation

Loic Philoxene, Vu Hung Dao, and Raymond Frésard*
Normandie Université, ENSICAEN, UNICAEN, CNRS, CRISMAT, 14000 Caen, France
(Dated: September 6, 2024)

Elucidating the impact of strong electronic interactions on the collective excitations of metallic
systems has been of longstanding interest, mainly due to the inadequacy of the random phase
approximation (RPA) in the strongly correlated regime. Here, we adopt our newly developed radial
Kotliar and Ruckenstein slave boson representation to analyze the charge excitation spectrum of a
Hubbard model, extended with long range interactions. Working on the face centered cubic lattice,
at half filling, and in different coupling regimes ranging from uncorrelated to the metal-to-insulator
transition, we compare our results to conventional RPA as a benchmark. We focus on the influence
of the local and long range couplings on the particle-hole excitation continuum and the plasmon
and upper Hubbard band collective modes. Beyond the weak coupling regime, we find numerous
quantitative and even qualitative discrepancies between our method and standard RPA. Our work
thus deepens the understanding of charge collective modes in correlated systems, and lays the
foundations for future studies of a broad series of materials.

Introduction.— In their seminal series of papers,
Pines and Bohm pioneered the study of collective modes
arising in dynamical autocorrelation functions of the elec-
tron gas by introducing the random phase approximation
(RPA) [1-3]. Focusing on density fluctuations, they ar-
gued that their spectra may be split into two components:
i) an incoherent one associated with the random thermal
motion of the individual electrons, and ii) a plasma os-
cillation mode. Having a classical analogue, the latter
may be explained in simple terms, and is broadly docu-
mented [4-6]. Nevertheless, quantum corrections to this
classical picture were recently addressed [7]. Further-
more, a series of applications backing on its existence
have been put forward, ranging from nanophotonics [8—
21], to energy conversion [22-26], and even cancer treat-
ment [27-31].

Since its introduction, it has been established that the
RPA remains sensible in the weak coupling regime only,
and that it becomes unreliable as soon as the coupling
strength becomes intermediate. Nevertheless, it may still
be applied as a flexible tool in the thermodynamic limit,
and it indeed remains broadly used, especially within
quantum chemistry codes [32-34]. Besides, a series of
calculations on model systems demonstrated qualitative
failures of the approximation, especially in the context
of the celebrated one band Hubbard model. In fact, key
quantum collective phenomena entailed by the model,
for example signatures of the upper Hubbard band, are
missing in the charge excitation spectra when computed
within the RPA. Multiple frameworks that try to over-
come some of these shortcomings, and recover some of
the missing features, have thus been proposed [35-40].

A broadly used approach to tackle correlated electrons
is provided by Kotliar and Ruckenstein’s slave boson
(KRSB) representation. This versatile tool may be ap-
plied to a series of microscopic models, such as the Hub-
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bard model [41] and its extensions [42-44]. It consists
in introducing a doublet of pseudofermions, along with
four bosons, that generate the Fock space on each lattice
site. In the functional integral formulation, this results
in a Lagrangian that is bi-linear in the fermionic fields,
although no Hubbard-Stratonovich decoupling is per-
formed, thereby allowing for a description of electronic
interactions at arbitrary coupling strengths. The relia-
bility of the KRSB representation to the Hubbard model
and its extensions has already been extensively discussed
(see, e.g., Paragraph II.C.1 in Ref. [45] and references
therein). A recent study also put forward quantitative
agreement between the charge and spin structure factors
computed in KRSB and resonant inelastic x-ray scatter-
ing data in electron-doped cuprates [44]. Within this rep-
resentation, calculations are amenable to the thermody-
namic limit as well, especially regarding the Mott metal-
to-insulator transition [46] (MIT), and does not suffer
from a weak coupling limitation. The resulting low en-
ergy spectra qualitatively differ from the RPA results,
however [47]. They generically comprise a continuum, a
zero-sound collective mode lying slightly above this con-
tinuum, and a signature of the upper Hubbard band in
the form of a mode that disperses about w ~ U in the
strong coupling regime. Below, we refer to the latter as
the upper Hubbard band mode. This mode may, in the
intermediate coupling regime, hybridize with the zero-
sound one [47].

In the past twenty years, the extended Hubbard model,
entailing non-local density-density interactions, has seen
an upsurge of interest [45, 48-57] (see also [58] and ref-
erences therein for a better overview). It has also been
studied early on within the KRSB representation, and
phase diagrams have been computed [42]. Below, we ap-
ply the radial gauge of the KRSB representation [59],
in which the non-local interaction arises in a bi-linear
form in terms of the boson fields. It allows for a system-
atic evaluation of long range correlations between density
fluctuations. This formalism has recently been revisited
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and validated through exact calculations [60, 61].

The purpose of the present Letter is to compute the
experimentally accessible energy loss spectrum of the ex-
tended Hubbard model, via the calculation of the dynam-
ical dielectric function, which itself depends on the charge
autocorrelation function. Special focus is made on the
interplay of the plasmon mode (driven by the non-local
Coulomb interaction), the upper Hubbard band (driven
by the local interaction), and the low energy particle-hole
excitation continuum.

Model and methods.— The Hamiltonian for the Hub-
bard model, extended by a long range Coulomb interac-
tion, may be written as

H= Z Lij (cl,ica,j + h.c.) + UZ”TJ"W‘

i#5,0

+%ZVU‘ (2—;710,2') <2_§U:”w‘> (@)

i#]

where ¢; » (0 =1,/) is the canonical electron annihilation
operator, n;  is the associated electron number operator,
t;j = —t if ¢ and j are nearest neighbors, and ¢;; = 0 oth-
erwise, and we set i = 1 here and throughout. Here,
t is the hopping amplitude, U is the Hubbard coupling,
and V;; = Va/|r; — r;| is the non-local Coulomb interac-
tion, where a is the lattice spacing, and V is an effective
coupling parameter. In the last term, the long range in-
teraction has been chosen to couple to the hole densities
2 — n for later convenience. It is, however, equivalent
to the representation in terms of electron densities n, as
they differ by an overall shift in energy, only.

We work in the grand canonical ensemble, and employ
the radial gauge of the KRSB representation. In this
paragraph, we give an outline of the formalism behind
this radial KRSB representation, and refer to the Ap-
pendix A for a detailed derivation and technical discus-
sions. In the original KRSB framework, one introduces
a set of four auxiliary bosons e, p,, and d (associated
to unoccupied, singly occupied with spin projection o,
and doubly occupied atomic states, respectively), as well
as a doublet of pseudofermions f, at each lattice site.
Within the functional integral formalism, the canonical
electron fields are mapped to a product of slave boson
and pseudofermion fields as

CO’,i(T) - Zo’,i(T)fa',i (T)a (2)

where the fields z,;(7) are functions of the boson fields
(omitting the imaginary-time variable 1),

2o = e:Ya,ipU,i + pio,iYU,idiﬂ (3)

where
—1/2

(4)

This representation is invariant under local
U(1) x U(1) x U(1) gauge transformations, allowing

Y= [(efei +pl,iP o)L =P P i — ei‘ei)}

for the phase of three of the boson fields to be gauged
away [62-64]. The boson fields deprived of their phase
degree of freedom are coined radial slave bosons. Be-
ing real-valued, the radial slave boson fields are free
from Bose condensation. Their expectation values
are generically finite and can be well approximated in
the thermodynamic limit via the saddle-point approx-
imation. Corrections to the latter may be obtained
when evaluating the Gaussian fluctuations [47], and
the correspondence between this more precise evalua-
tion and the time-dependent Gutzwiller approach [65]
could recently be achieved—though by means of an
extension in the formulation of the latter [66]. In the
Cartesian gauge, the non-local interaction term reads
%Zi;ﬁj Vij(Q*P%,i*Pii*Qdfdi)(Q*P%j*Pij*%;dj)'
It is quartic in the bosonic fields, and can there-
fore not be integrated exactly. In contrast,
in the radial gauge, one may re-write it as
322 Vij(2Rei + Ry + Ryi)(2Rej + Ry + Ry ),
after having made use of the constraints to eliminate
the d-boson (see Appendix A and Ref. [61]). By doing
so, both local and non-local interaction terms enter the
action as quadratic terms in the radial slave bosons.
Further details on the radial gauge are provided in
Appendix A.

The charge excitation spectrum of the model can be
analyzed through the evaluation of the loss function
—Im[e~!(q,w)], which is experimentally accessible by
electron energy loss spectroscopy or resonant inelastic x-
ray scattering measurements.

To that end, we compute the inverse dielectric function
as

U

=1 (G va) v

where Vg = 4maV/|q|?, ¢ = (q,iw,), wn = 27nkpT, kg
is the Boltzmann constant, and T is the temperature.
The density-density correlation function

Xe(q) = (on(—q)dn(q))
= 4d*(8d' (—q)8d'(q)) — 2d(5d' (—q)d R (q))
+ <5Re(_q)6Re (q)>’ (6)

is calculated by taking into account Gaussian fluctuations
of the boson fields around the paramagnetic saddle-point
solution [47]. As detailed in the Appendix A, we ob-
tain analytical expressions for y.(q) and e '(q). The
associated dynamical response functions are then eval-
uated on the real frequency axis with the substitution
iw, — w+i0". The advantage of our procedure over nu-
merical methods, lies in the obtained analytical expres-
sions, which allow for an unambiguous analytical contin-
uation, and can be physically interpreted in some limiting
regimes.

The paramagnetic saddle-point of the KRSB represen-
tation has already been extensively studied in the liter-
ature [41-43, 47, 67]. In radial gauge, the study of the
saddle-point remains identical.
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FIG. 1. Zero temperature RPA (top row) and radial KRSB (bottom row) energy loss spectra —Im[e™"(q,w)], in dependence
on q along L — ' — K. Parameters: v = 0.1 and u = 0.1, 0.5, and 0.8, from left to right. The dashed lines in the bottom row
denote the dispersion of the plasmon mode obtained by inserting the renormalized Lindhard function Il in the expression of

the RPA dielectric function Eq. (7)

In this Letter, we focus on the face-centered-cubic
(fcc) lattice as a representative example of three di-
mensional systems, since the simple cubic structure is
scarcely realized. In this case, the bare dispersion is
tk = —4t (cos % cos %y + cos %y cos %Z + cos % CoS %),
where we set a = 1. As a proof of principle, we consider
the half band-filling (n = 1) case, which hosts the MIT,
thereby allowing us to unravel the impact of strong elec-
tron correlations on the loss function. In this context,
the critical coupling of the Mott transition is U, = —8&p,
where £g denotes the average bare kinetic energy. We
find £o ~ —0.16W, where W = 16t is the bare band-
width. This yields U, = 1.31W, which, due to the large
coordination number of the fcc lattice, also compares fa-
vorably with the large coordination limit of dynamical
mean-field theory (DMFT): U, = 1.47TW [68].

Results.— In the standard Hartree-Fock RPA
(HF+RPA) framework, the density-density correla-
tion function is computed as a series of particle-hole
bubble diagrams for non-interacting electrons, linked
with bare interaction vertices U/2 + Vq. Under such
approximations, the dynamical dielectric function
reads [6]

U
erpa(q,w) =1+ (2 + Vq) 1" (q, w), (7)

where Héo)(q,w) is the Lindhard function for the non-
interacting system. Due to its perturbative essence, we
cannot expect standard HF+RPA procedure to yield rea-
sonable results in the strong coupling regime (see [47]
and Appendix D for an assessment of some of the key
features missing in the RPA treatment that are incorpo-
rated in the Cartesian and radial KRSB formalisms, re-
spectively). However, we use it as a benchmark to high-
light strong correlation effects when comparing it with
the radial KRSB representation for values of U and/or

V approaching U,. In the following, we use the dimen-
sionless coupling parameters u = U/U, and v = V/U..
Let us now address representative examples of the en-
ergy loss spectra computed with Eq. (7) and with Eq. (5).
We fix the value of v = 0.1 and investigate values of
u = 0.1, 0.5, and 0.8 at half filling and zero temperature.
We also focus on values of q along the representative sym-
metry lines L — T' — K, with L = (7,7, 7), I' = (0,0,0),
and K = (32,32 0), for the wavevector dependence. On
the face centered cubic lattice, the nearest neighbor dis-
tance is smallest (largest) along the I' — K (I' — L) di-
rection. The computed spectra are presented in Fig. 1.
They generically comprise a low energy particle-hole ex-
citation continuum. In RPA, this continuum is insensi-
tive to the value of w, and it disperses from w(I') = 0,
up to w(K) =~ 16t. In our radial KRSB calculations,
however, the continuum strongly depends on the value
of u. Indeed, it is gradually narrowed by increasing the
Hubbard coupling, with a maximum of its dispersion at
w(K) ~ 16t for v = 0.1, in contrast to w(K) =~ 6t,
only, for u = 0.8. This owes to the fact that the Lind-
hard function for the quasiparticles IIp(q, w) and the non-

interacting Lindhard function H(()O) (q,w) are related via
renormalization. For the considered paramagnetic phase,
this reads (see Appendix B for a discussion)

1" (q,w) = 22Ty (q, z5w), (8)

where, 22 = (zj”zoﬁ is the inverse mass renormaliza-
tion factor, appearing as 23ty in the dispersion relation
of the quasiparticles. One may thus explicitly see the de-
crease of the continuum’s bandwidth, as the quasiparticle
residue z3 = 1 — u? approaches zero when u approaches
unity [47].

The RPA response features a single collective mode:
the plasmon, which establishes at large wavelengths,
above the continuum. When increasing q, it enters the
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FIG. 2. Square of the plasma frequency wg in dependence on
the strength of the effective Coulomb coupling v. Parameters:
u = 0.1, 0.5, and 0.8. The plasma frequency obtained in
standard RPA is also shown.

particle-hole continuum, and thus quickly becomes sup-
pressed by Landau damping. For larger values of u, the
mode gets overdamped at larger energy and wavevector,
especially in the L direction, along which it disperses
more. Its gap at q = I', the plasma frequency wp, re-
mains unchanged and in fact depends on v, only. This
can be understood from the expression

wp \/—%, (9)

obtained by a large wavelength expansion of the RPA di-
electric function (derived in Appendix A). For v = 0.1
(i.e. V = 2.1t), this yields w, ~ t, which coincides with
the gap shown in the top row of Fig. 1. Furthermore,
we note that the plasma frequency computed with this
expression does not depend on the value of u. In fact,
u first enters the dispersion of the plasmon mode as a
contribution of order |q|2. This additionally corrobo-
rates the observation that the plasmon mode disperses
more for larger values of the Hubbard coupling. In the
bottom row of Fig. 1, we see that the radial KRSB spec-
tra possess two well-defined collective modes. Firstly,
we observe the plasmon mode, similarly to the RPA. At
weak coupling v = 0.1, the plasmon collective mode is
also present at large wavelengths, only, as it enters the
particle-hole continuum at approximately the same val-
ues of q and w as in RPA. At larger couplings u = 0.5 and
0.8, though, the renormalization of the particle-hole con-
tinuum, along with the greater dispersion of the plasmon
mode induced by u, allows for the latter to remain well-
defined in a broader range of wavelengths. One also sees
that the plasmon mode obtained by inserting the renor-
malized polarizability Eq. (8) in the RPA formula for the
dielectric function correctly accounts for the value of the
plasma frequency at arbitrary coupling. At finite wave-
lengths, however, this naive attempt to account for strong
correlations within the RPA response noticeably deviates
from the KRSB plasmon. Secondly, an additional collec-
tive mode establishes in the radial KRSB spectra. This
mode, with a much larger gap at I" of about wyyp ~ 10t
for every values of u, corresponds to the aforementioned
upper Hubbard band mode. Similarly to the plasmon
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FIG. 3. Square of the radial KRSB plasma frequency wz in
dependence on the local coupling u. The RPA results, and the
plasma frequency obtained by using the classical expression
(see text) with m* = 1/23, are also shown. Inset: Quasipar-
ticle residue z¢ in dependence on u. Parameters: v = 0.1 and
0.5.

mode, at weak coupling, it enters the particle-hole con-
tinuum at finite q, inside which it quickly decays via
Landau damping. It, however, disperses much less than
the plasmon mode, with a bandwidth of at most one for
u = 0.8.

In this two-modes picture, one might expect a level-
crossing at finite q between the two branches, at a given
point of the parameter space. Yet, no point of exact
degeneracy could be found, but either no-crossing or an-
ticrossings between both modes, as depicted in the center
and right panels of the bottom row in Fig. 1. Nonetheless,
we observe multiple anticrossings with near-degeneracy,
as can be seen for example close to K/2 and energies
around w =~ 10t for w = 0.8. Close to these anticross-
ings, the upper Hubbard band mode and the plasmon
mode strongly hybridize, and the excitations share both
characters.

Fig. 2 presents the v dependence of the radial KRSB
plasma frequency squared wg, for values of v = 0.1, 0.5,
and 0.8. The RPA result is also shown for comparison,
and one can see that in the weak coupling regime, the
radial KRSB formalism correctly reproduces the RPA
plasma frequency, as expected. Another expected prop-
erty of the square of the plasma frequency is that it
should scale with v, as we have wg ~ 9.2v at weak cou-
pling, which is also realized. However, the deviation of
the plasma frequency from this analytical expression is
seen to increase with u. This indicates that strong cor-
relation effects, arising when the local coupling becomes
sufficiently large, cause a softening of the plasmon mode,
by opposition to the RPA picture in which the plasmon
mode is barely affected.

The u dependence of the radial KRSB plasma fre-
quency squared is shown in Fig. 3, for representative val-
ues of v = 0.1 and 0.5. The (constant) RPA result, for the
same values of v, is also presented for comparison. We see
that the plasma frequency decreases as the Hubbard cou-



pling increases, ranging from the RPA value for v = 0,
to zero at the onset of the Mott transition. This can
be qualitatively understood by considering the classical
expression for the plasma frequency, w, = \/4mne?/m*,
with n the electron density, e the electron charge, and
m™* its effective mass. Recalling that, for an unscreened
Coulomb interaction V = €2, and that the band mass
is given by the renormalization factor via z3t ~ 1/m*,
we see that the plasma frequency should decrease along
with 23 when the Hubbard coupling is increased. This
is better depicted in the inset of Fig. 3, in which wg is
shown as a function of the quasiparticle residue 3. We
clearly see that at the onset of the MIT, at which the ef-
fective mass diverges, wy, drops to zero. This vanishing of
the plasma frequency at the onset of the Mott transition
re-emphasizes the connection between the coherent and
collective nature of the plasmon mode.

Summary and conclusion.— In summary, we have
proposed a theoretical framework for the computation
of charge excitation spectra in the presence of long range
Coulomb interactions, and in the full range of correla-
tion regimes. We evidenced quantitative and qualitative
discrepancies between our results and standard RPA. In
particular, we emphasized the influence of strong local
correlations on the plasmon collective mode, showing the
possibility for the plasmon to propagate undamped in

J

broader ranges of wavelengths at strong coupling, and
recovering the expected dependence of the plasma fre-
quency on the renormalized mass of the electrons. At
the onset of the Mott transition, we found the plasma
frequency to vanish along with the quasiparticle residue.
Regions of strong hybridization between the plasmon and
upper Hubbard band collective modes have also been un-
raveled. The benefits of the obtained analytical formula
for the loss function are twofold. First, it allows for a
straightforward analytical continuation, thereby yielding
sharply defined collective modes. Second, simple approx-
imations may be recovered in some limiting cases, pro-
viding easy access to physical quantities. As the com-
putational cost is similar to that of standard RPA, our
method, and possible future generalizations, may be em-
ployed to refine the incorporation of strong interactions
in studies of correlated systems.
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Appendix A: Derivation of the radial KRSB density autocorrelation function
1. Expression of the radial KRSB action functional

To circumvent the notorious failures of standard perturbation theory in interaction regimes where the coupling
scale approaches the characteristic electrons hopping energy scale ¢, slave boson techniques introduce auxiliary fields
in terms of which the interaction terms may be written as bilinear terms. In the context of the extended Hubbard
model, a particular choice of such representation is that of Kotliar and Ruckenstein [41]. According to the exhaustive
presentation provided in Ref. [61], the KRSB representation involves a doublet of fermionic fields { f;;, f} i}, together
with four bosonic fields {e;, p+., Dy, d;} (omitting the time variables), which are tied to empty, singly occupied (with
spin projection o € {1,1}), and doubly occupied lattice sites. In the radial gauge, the first three boson fields possess
an amplitude degree of freedom, only, labeled R.; and R, ;. The grand canonical partition function then reads

N L U "
IRT . . i oo Edai,n 6dBT,i,n Edﬁi,i,n ddinddi,n *
Z=lim lim_ lim [H 11 ( / AR R Ry [ g Sin i Tn s [ afmand i

n=14i o0

=1
x e(sf[f*’fx¢]+3b[¢]):| , (A1)

where ¢ = 8/N, and the vector ¢ = (R, d*,d, R+, R}, Bs, B}, &) gathers the boson fields, as well as the time-dependent
fields a and 8,. The latter are enforcing the constraints

Rei+ Ryi+ Ryi+df +df* =1,
RUJQ + diz + dfi/z = f:,ifcr,m



respectively. The action functional entails a purely bosonic contribution

N
L . . 1
Sb[w] =€ Z Z eild;n (di,n - eie(U+lai'"7lﬁT’i'n716l’i’")di,nfl) + 5 Z Z Vij(Ra,i.,n + Re,i,n)(Ra/,jyn + Re,jyn)

n=1i=1 Jj#i 0,07
Héin (Resin + Rpin + Riin = 1) =1) 50’,i,nRo’7i,n} : (A4)

and a mixed fermionic-bosonic contribution
N L
Sf [f*7 f7 ’(/}] = Z Z Z f:,i,n fo',i,n - e_S(IBU’i’n_MO)fU,i,nfl + € Z éa,i,nzo,j,nfltijfo’,j,nfl . (A5)
n=1i=1 o J#

Here, &; = ;5 — iAo, with some regulator A\ > 0 ensuring convergence of the integrals, and where the notation
Zs,i,n has been introduced to stress that this field is not the complex conjugate of z, ; 5, but rather

\/Re,i,n-‘rlRa,i,n + \/R—O',i,n-‘rldi,n

Zoimn = , A6

o \/Re,i,n-l-l + R—U,i,n—i—l - 1V\/l - Re,i,n - R—o,i,n + iv ( )
Rain Rezn_‘_dfn R—ain

Soim = Y _ohntl ein  _wnV_ ot (A7)

\/1 - Re,i,n+1 - R—o,i,n+1 - iV\/Re,i,n + R—o,i,n +iv

Expanding the exponentials appearing in the action functional to leading order in e, and using the continuous
imaginary-time notation, these expressions may conveniently be rewritten as

2= /D[f*, fo e SIUTIOISID, (A8)
with
1/T ) ) 1
_ ! 1/ . . . . .
s = ar 3 [var a4 g S5 Ul 4 ey + Re)
tioi(Rei+dP +d> + Rei+ Ry —1) =i Boi(Roi +df +d}?) +i(dj0-d} — d;/aTd;)], (A9)
and
1/T
Self* f0) = / AT Foi[0r = 1o +1B00)0i5 + 253705115 fo o (A10)
0 ij o

where the time labels 7 = limy_, o, € have been omitted for clarity, and d} and d denote the real and imaginary parts
of the d; boson, respectively.

One could then demand proofs of the correctness of such a representation. In the presence of non-local interactions,
this has been, most recently, provided by an explicit calculation of the partition function and correlation functions
of the two-site cluster. Even though it acts as a toy integrable model, this limit of the extended Hubbard model has
been shown to harbor all the technical hurdles of larger system sizes [61].

2. Expansion of the action functional around the paramagnetic saddle-point
a. Paramagnetic saddle-point

At the paramagnetic saddle-point, the slave boson amplitudes take the expectation values

Q/JSP = (EadaOaP7 P7 BOaﬁ(%a)a (All)



the values of which are determined in dependence on the model parameters by solving the saddle-point equation [41-
43, 47, 63, 69]

1-2?zt U
= — A12
x4 — 52 UO, ( )
where 6 = 1 — n is the hole doping in a half-filled band, and Up is a coupling scale which, at half filling (§ = 0),
corresponds to the critical coupling of the interaction-driven Mott transition. At arbitrary doping, Uy reads

8%
U0_71_627 (A13)
with the semi-renormalized kinetic energy
2
o = I zk: nr(Ex)ti, (A14)
where
ks k k k. k. ke
b = —4t (cos 5 cos ?y + cos ?‘y cos - + cos 5 ¢os 2> , (A15)
is the bare dispersion of the fcc lattice, and
By = 23t — (1= fo); (A16)

is the quasiparticle dispersion, where zyp = (z,;). Note that the value of V' does not enter Eq. (A12), hence the
saddle-point values of the e, p,, and d slave boson amplitudes do not depend on V. It turns out that the effect of V'
is simply to induce a shift in the values of the saddle-point amplitudes of @ and Sy

aly = aly,_g—2(2 —n)V, (A17)
50‘\/ = 50|V:0 - (2 - n)Vo, (AIS)

that nevertheless leaves Eq. (A12) unaffected. Here, Vo = Vg=r.

b.  Gaussian fluctuations around the saddle-point

In order to investigate the excitations of the paramagnetic ground state of the system, we begin by expanding the
action functional to second order in the field fluctuations

5wu,i(7—) = wm(T) - Spv (Alg)

about the paramagnetic saddle-point. This procedure yields contributions of increasing order in the field fluctuations,
from which we only retain the zero-th to second orders,

S, £,01 = SO 1+ S, £,00] + SPf*, £,00]. (A20)
Once again, we split the different orders of the contributions in bosonic S, and mixed Sy sectors. The bosonic sector
then contains the contributions
L
T

S0 = {Udz + 3Vo(2 —n)? —260(P + &%) + a(E+ 2P + & 1)} : (A21)

SV [sy] = \E{[a + 2V (2 — n)]6R.(0) + 2d[or — 280 + U)6d'(0) + [a — By + Vo(2 — n)] Zaj SR, (0)

— (P+d*)> 58,(0) +(E+2P+d* — 1)504(0)}7 (A22)



=D Wu(=a)Dy ., (@) (a), (A23)

q MY

where L is the number of lattice sites, ¢ = (q,iw,), with w, a bosonic (i.e. even) Matsubara frequency. We also
introduced the 8 x 8 matrix

2Vy 0 0 Vg Vg 0 0 3
0 a—26p+U Wn, 0 0 —d —d d
0 —Wn a—260+U O 0 0 0 0
_ |2 0 0 vy Vg -3 0 1
DY ()= * R (A24)
Va 0 0 EVq EVq 0 -3 3
0 —d 0 -3 0 0 0 0
0 —d 0 0 -2 0 0 0
: d 0 i 2 0 00
In the fermionic sector, we have to expand the z-factors in powers of the slave boson fluctuations
024, (T) 0?24.4(
20,i(T) = 20 + : 0y 0y,i(T)0Yy (T
(r) =70 z#:azmz()wsp i Zaw W()wzwsp wi(7)3a(7)
=20+ szm ZZ?,MW )tu.i(7), (A25)
where the derivatives of z, are denoted
0z (T)
Z((,l) a5t , A26
B D7) |y por (A26)
0%2,.4(7)
Z((,Q)V Il AN — . A27
o awp,i(7)¢u,i(7) p=1SP ( )
Doing so, we find that the contributions, up to second order in the slave boson fields fluctuations, sum up to
Sylf* fr60] =Y > fa( Nk K') + Ho (B, K))fo (K), (A28)

o k,k'

where k = (k, iwy), with wy a fermionic Matsubara frequency, and

Go ' (k, k') = [iwe + (1 — Bo) — 25 tac)Ok i (A29)
T ]
Ho (') = | 7 {880 (= ) + 20 Z[Zg}l{tk, + 2o,k ~ k) |
+ Z > Sk~ K~ ){ (2200 + 28,0 + 28,28 o q }ov(a), (A30)
v

where Z(,,l/)t = (Zc(,ll)t)* Using the integration rules for Gaussian integrals over Grassmann fields, we explicitly integrate
the partition function over the pseudofermions

Zy =exp {th [In(-Gg' + H,)] }
— det(Go )2 exp {Ztr [In(1 — GOHU)]}
~ det(Qal)2 exp { Ztr {GOHU + ;GOHUGOHO':| }

= det(Gy ) exp{ DO o) Dy, (@) (g )}, (A31)

q v



where the trace is taken over the wavevectors and Matsubara frequencies. For the first term, this yields

=Y Golky, k) Ho ko, k1)

k1,k2

:ZGO(k)H (k, k)
k

ZGO@){\/» [660 +2ZOZRe (z8) tkwu(O)}
k

F TS bu(-a) [ZORe@g,gu)t + 2020 hea) b0 (@)}

q pv

= % Z Z 6¢u(—q) {ZORG(Z ,)6o0 + Z},lgzglggq} 6 (q). (A32)

q KV

In the last line, we used the fact that the terms of first order in the fields fluctuations are compensated by the bosonic
part at the saddle-point, and we defined

2T 2
A zk: Go(k) tirq = 7 zk: np(Ex)tkiq- (A33)
For the second term, we have, to second order in the boson fields fluctuations,

1 1
tr(5GoH,Goll,) =5 > Golkn, ko) Ho(ks, ks)Go(ks, kia) Hy (k. k)

ki, ,ka

:% Z Go(kl)Go(kz){éﬂo(kl — k2)6B (ks — k1)

k1,k2

+ 08, (k1 — k2)zo Z[zg,};tkl + Z) 1,100, (k2 — k) + hc.

Y 0k — k)23 (28 )ty + 28 11, 112 ey + 2 tb](sw,,(krkl)}

2314

oL Z Z 01hu(— Z Go(k)Go(k + Q>{(6;w,666o—,T + 0,0,77045,1)

a pv k
+ 22’0[2(1)151( + Z(l)tk+q}((5u’650— 1+ (5# 704 i) + h.c.

2R 20, 2 cticsa + ZA, 200 o + 220 o, (a)

[ Z Z 5wu { Xoo( )(5My7665g7¢ + 6uu,77507¢)

a mv
+ 20 [Z((T’l})LX()l (q) + Zg,)LXlO(Q)}((SM,G(SU,T + 5“77(50,¢) + h.c.
2
2 _ _
+ 5 2Re(Z8)Z80) X1 (a) + 250200 Xa0(9) + 2, W Xoa(@] povla),  (A34)
where we introduced
2T an
Xon(9) = = zk: Go(k)Go(k + @)t ti o (A35)
Using the fact that, at the paramagnetic saddle-point,
(1) _ (1
zZ0 =20 =21, for pe{1,2,4,5}, (A36)
1
Z) =27 for pe{1,2,3}, (A37)
= -2 (A39
Re(Z)),) =0, for u#3, (A39)
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for all o € 1, ], we finally obtain the matrix elements of the fermionic sector of the inverse propagator

_ 1 1
Df,;lw(q) f yu 72050 Z Z§2,L)w 5 Z Zg':},L)LZ((YI}l)/ |:€q - 2ZSH2(Q):| ’ for m, V= ]-a 23 47 57 (A40)
D;ls(q) = —Dj3,(q) o ZZ D70 (), for p=1,2,4,5, (A41)

_ 8?Re[2y,i(7)] 0z04(1) | w2
D 1, = — _troer /1 g, “n H A42
Pl =080 g s h| B | (94 5500 (A2
_ _ 1
Df,:LG(q) = Df,é#(Q) = _ZZOZT,;J,Hl(q>7 for B = 17 2747 5a (A43)
_ _ 1
Df,iﬂ(q) = Df,;u,(q) = _ZZOZi,uHI(q>7 for H= 17 2747 5a (A44)
- _ 1
Df,(136( ) = Df;7( ) = —ZHO(Q)v (A45)
Djs(a) = Dy, (q) =0, forall p, (A46)
where
2T m
i (q) = == > Go(k)Go(k + @)t + trra)™ (A47)
k

c. Effective Gaussian theory for the slave boson fluctuations

With the above two contributions, we arrive at the effective action functional for the fluctuations of the slave boson
fields

Se[69] = > Y 6vu(—a) Dyt (@)5¢u(a), (A48)

q pv

where the inverse propagator for the boson field fluctuations D~'(q) = D, '(q) + Q;l(q), is a 8 x 8 matrix in the
01(q) basis. However, if we perform a unitary change of basis

3'(q) = {0Re(q),0d'(q),0d"(q),0Ro(q), 60(q), da(q), 6 R-(q), 08:(q)}, (A49)
where
0Ro(q) = 7[534( q) +0Ry(q)], (A50)
0R(q) = 7[51%( q) — 0Ry(q)], (A51)
6Po(q) = 5[5&((1) +08,(q)], (A52)
30.(0) = 51983 (0) ~ 881 (a)] (A53)

we can decouple the inverse propagator into a pure charge fluctuations sector, with basis
0e(q) = {0Re(q), 6d'(q), 0d"(q), 6 Ro(q), 050(q), de(q) }, (A54)
and a pure spin fluctuations sector, with basis
315 (q) = {0R=(q),68:(q)}- (A55)

To simplify notation, in the following, we refer to the fields fluctuations using the base Eq. (A49), and drop the prime
exponent. This means that the basis of the charge sector corresponds to {d%,,(q)}, for = 1,---,6, while the basis
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of the spin sector corresponds to u = 7 and 8. The matrix elements for the charge sector of the fluctuation matrix

then read

where

q) =2Vq+ DZh(‘])a
D1_21 q) = D2_11(Q) = D;}Q(Q)a

(
(

D a) = ~Di(a) = — W () 2" 24",
(
(

D1, (q) = D' (@) = V2Vq + D} 14(q),
Diit(q) = D3(g) = AR
5 (9) 51 (q) 2\[20 1(9),
_ _ 1
Dlﬁl(q) = D611(Q) =
DR (q)=a—2B0+ U+ Df,%z(‘I),

Dﬁ@)=—D5m%=w{1—;é”Z?Hu@y
D5yt (q) = D' (a) = D5 54(9),

D5 (@) = D5 (0) = —V2d — ——=Z{ T (o)
Dy (q) = Dgy'(q) = d,

a2 |2 w2
D3 (q) =a—2By+ U+ ZOZ Yeo + ‘ {fo + ZZHQHO(Q)} )

ad’ 2
D3 q) = ~Dila) = =2V 2" (q),

D3(a) = D3l (a) = N“; 24" lo(a),

D3 (a) = Dgi(a) = 0,

Dy (q9) = Vg + Dy 4(a),

D)= D5l @) = 5 |1+ Z5Z (o).
Dii'(9) = Dgil(q) = %

Dy (q) = —iHO(Q),

(1) _ (1) (1)
ZH - ZT,M ZJ, o

2) _ »(2) _ (2
ZW - ZT,W - Al

_ 1
Dyl (q) = 202D + 2N Z5M (5 - 2z§H2<q>) :

While, in the spin fluctuations sector, we find

OR, 2
_ 1 0z
D781(Q) = D871(Q) =73 1+ 72Z08RT 1((1)} )
_ 1
Dssl(Q) = *HO(Q)’

(A76)
(A7)

(A78)

(A79)
(A80)

(A81)
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where

0z Dzp4(7)

IR = OR) (A52)

-

The spin sector of the inverse propagator is identical to that computed in Ref. [47] for the Hubbard model (i.e. without
long range interactions), as can be checked by expressing the derivatives of z, with respect to the squared radial fields
in terms of their counterpart in terms of the radial fields, and using the saddle-point equations to identify occurring
« and By terms in the obtained expressions. In the V' — 0 limit, the charge sector of the inverse propagator can also
be shown to coincide with that of Ref. [47] by the same argument.

3. Density autocorrelation function

In this work, we are interested in the computation of the dynamical dielectric function, which itself depends on the
dynamical charge susceptibility x.(q,w). The latter may be obtained by analytical continuation of the density-density
correlator

Xe(q) = (n(—q)n(q)) = 4d*(6d'(—q)dd' (q)) — 2d(5d'(—q)6 Re(q)) + (Re(—q)0Rc(q)). (A83)

Inverting the charge sector of D™ !(q), and using the fact that the slave boson correlation functions are straightfor-
wardly obtained as matrix elements of the propagator for the slave boson fields fluctuations

1

(u(=0)¢0(9)) = 5Dy (), (A84)

we obtain the explicit form of Eq. (A83) as:

22D (q) {333[A1(q) — 4V2dAs(q) + 8d*As(q)] + tw2 D5l ()}

Xel(q) = - : (A85)
4s3322[A3(q) — A1(9)A3(q)] — w2 D55 (9)[3A1(a) + V2(z — 2d)As(q) + (¢ — 2d)2A3(q)]
where
2z
s33 = &o (\z§1>] . ;ZQ(”) : (AS6)
—1 1 —1 —1 2 y—1 1 —1 —1 2
A1(q) = —D5Ha) [P (@) — dDZ (@) + D1 o) | + [5D5 (@) - 4D ()] (AST)
ol d __ 1 d
Aalq) = =Dss' @) [ Dt (0) = 505 (@) = 575D (@) + D57 (@)
1 - 1 1
+[305 (@)~ apR @] [3P5@) ~ 5D @), (A83)
—1 1 —1 1 —1 1 —1 1 —1 1 —1 2
As(q) = —Ds5 (q) [1D44 (q) — ﬁDm(@ + §D1,1(Q)} |:§D4o (q) — ﬁDw (Q)} . (A89)
[
Appendix B: Slave boson mean-field and the In terms of the polarizabilities 11y and H(()O), this result

Landau-Fermi liquid translates to

Note that, in the paramagnetic mean-field, the KRSB J — w
mapping of the physical electron field reduces to ¢, ; — Io(q,w) = ZTHO (q, ZQ) : (B2)
20fsi- Therefore, the electron’s non-interacting Green’s 0 0
function Go 44 (7) = —(Tr¢,,i(7)c; ;(0)) may be straight-
forwardly expressed in terms of its similarly defined — This equality is merely a re-statement, in terms of the
KRSB counterpart G »4;(7) as: KRSB inverse effective mass renormalization factor z3,
of the standard result from Landau’s theory of the
Fermi liquid that interactions renormalize the electron

) ~
Go,0ij (T) = 20Go,0i; (T)- (B1) gas through the quasiparticle residue [6].



Deviation of Ref*(q, ®) from ¥ + Vg [% of 4 + Vq]
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FIG. 4. Deviation of Ref*(q,w) from & + Vq. Parameters:
T =0,and V =0.1 U with (a) U =0.01 U, (b) U =0.10 U,
and (c) U = 0.30 Us.

Appendix C: Deviation of the radial KRSB charge
susceptibility from RPA

In order to assess for the agreement, or disagreement,
between the radial KRSB spectra and the predictions of
standard perturbation theory, let us compute the dynam-
ical spin-symmetric density interaction function f*(q,w),
defined as

1 1
Xe(a,w)  To(q,w)

Note that this quantity is a wavevector and frequency
dependent generalization of the usual Landau parameter
F§ = N(0)f°(0,0), with N(0) the density of states at
the Fermi energy. Let us also observe that f° is essen-
tially akin to a many-body local field factor, as sometimes
introduced in early attempts to provide corrections to
the RPA charge susceptibility [6]. In the weak coupling
regime, the real part of this function should be equal
to % + Vg, which would yield the standard RPA charge
susceptibility, and deviation from this value thus give a
measure of the deviation of the radial KRSB results from
perturbation theory.

fiaq,w) =

(C1)

Ek+q - nF(Ek)
Ek+q - Ek)

2
q,w Z Z
k

then expanding the dispersion as Fx+q = By +qT Vi Ex+
1q"H(Ex)q + O(¢®), with H(Ex) the Hessian matrix
Hu(Ey) = 0%Fy/0k,0ky, and using w > |q| = ¢ (since
wp remains finite for finite V'), we find

ZnF(Ek)M-

w2
k

(D4)

2
HO(q7w) = _Z
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As can be seen in Fig. 4(a), in which this deviation is
displayed, for V' = 0.1 U, with U = 0.01 U, the radial
KRSB results agree with standard perturbation theory in
the weak coupling regime. Indeed, we find Ref*(q,w) ~
% + Vg, with deviations of at most 1.5%, irrespective
of the energy and wavevector, except in a narrow band
around w = U./2. There, deviations of up to 115% are
observed. For reasons discussed in the main text, we as-
sign this band to a signature of the upper Hubbard band
(UHB), and note that strong deviations around this UHB
mode are to be expected, as it is not captured by stan-
dard perturbative expansions. As the Hubbard coupling
is increased, we observe in Fig. 4(b) and Fig. 4(c) that
deviations from Ref*(q,w) ~ ¥ + Vg grow, jointly with
the deviations around the UHB mode.[70] In particular,
we find deviations of up to 15% for U = 0.10 U,., and
60% for U = 0.30 U,, outside of the UHB. Additionally
the dispersion of the latter is also seen to increase, due to
the larger values of U = 0.10 U, and 0.30 U, in Fig. 4(b)
and Fig. 4(c), respectively.

Appendix D: Plasma frequency on a lattice in the
weak coupling regime

The dispersion wplasmon(q) of the plasmon collective
mode is obtained as a solution of

€(q7 Wplasmon(q)) =0. (Dl)

In the weak coupling regime U < U, and V <« U,, an

analytical expression for the leading contributions to the

plasmon dispersion may be obtained by noting that the
radial KRSB dielectric function reduces to an RPA form

e(quw) =1+ (g + Vq> ITy(q, w). (D2)

For our purpose, we expand the Lindhard function to
lowest order in q? about q = I'. Re-writing it as

2Ey — Exiq — Fx—q

-z B
L;’I’LF( k)w2+w(Ek_q

— Bitq) + (Bxtq — Bx)(Bx — Bx—q)’ (D3)

(

We can moreover make use of the fact that the off-
diagonal matrix elements of the Hessian are odd with
respect to the components of k, as well as the invariance
of the remaining integrals under permutations of the in-



dices of H, such that we end up with the simple form

o(q,w) = *% ZnF(Ek)W
K

2

g2t ky ky k.
== Ek nr(Fx) cos 5 (cos 5 +cos 5
Y (D5)

where &g is the bare average kinetic energy per lattice
site. Inserting this expression into Eq. (D2), we finally
find

w?)lasmon (q) = Wi + "tia (DG)
with
Vo
2 _
Wp = T (D7)
and
Uéo
= —— D
K D (D8)

V' is hence pivotal to the very existence of the plasmon
altogether, while U rather governs its dispersion. More-
over, both w, and x are sensitive to the lattice on which
the electrons evolve through the —&g/6 factor. Finally,

14

recalling that in free space V' = €2, and that the ki-
netic energy is proportional to the inverse band mass via
t ~ 1/m*, we may thus rewrite &g ~ —6 o/m*, with

2 02 Ex
= — B
= ;”F( W) o
2 ke ky k.
= Zan(Ek) €08 — (C082 + cos 2) . (DY)

The plasma frequency is then recast as

4me2p
wp = )

o (D10)
This is the classical expression, apart from the fact that
the electron density n has been replaced by o. The dif-
ference stems from the way we represent the density dis-
tribution on the lattice. In contrast to the Fermi gas, for
which a homogeneous electron density is given by a con-
tinuous (constant in this case) function of the position,
we here deal with a discretized and periodic function of
the position R: n(R) ~ >, 6(R —r;), where r; is a lat-
tice vector. The Coulomb potential then couples to this
set of discrete and periodic lattice bonds, and taking its
Fourier transform results in contributions from the lattice
harmonics. Therefore, the lattice-dependent p appears in

the plasma frequency instead of n = 2 [ (‘;?’TI;:,,nF(Q”W) for

the Fermi gas.
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