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A Bose-Einstein condensate (BEC) of a nonzero momentum Cooper pair constitutes a composite boson or simply a boson. We
demonstrated that the quantum coherence of the two-component BEC (boson and fermion condensates) is controlled by
plasmons. It has been proposed that plasmons, observed in both electron-doped and hole-doped cuprates, originates from the
long-range Coulomb screening, where the transfer momentum |q|⟶ 0. We further show that the screening mediates boson-
fermion pairing at condensate state. While only about 1% of plasmon energy mediates the charge pairing, most of the plasmon
energy is used to overcome the modes that compete against superconductivity such as phonons, charge density waves, anti-
ferromagnetism, and damping effects. Additionally, the dependence of frequency of plasmons on the material of a superconductor
is also explored. +is study gives a quantum explanation of the modes that enhance and those that inhibit superconductivity. +e
study informs the nature of electromagnetic radiations (EMR) that can enhance the critical temperature of such materials.

1. Introduction

A system that contains Cooper-pair bosons interacting with
electrons (fermions) in Bose-Einstein condensate (BEC)
state was first proposed by Tolmachev [1]. Different from
ultracold atom systems, which form condensates near ab-
solute zero temperature, Cooper-pair bosons together with
fermions undergo first-order transition from the nematic
(BCS) state to BEC state at Tc, which is much higher than
absolute zero [2, 3]. Recent studies have explored fermion
[4] and atom-mediated [5] pairing between BEC systems.
However, Pasuparthy et al. [6] have suggested that the
strength of pairing in high temperature superconductors is
determined by the unusual electronic excitations. Some time
back, it was predicted [7] that high temperature super-
conductivity (HTSC) arises from the coexistence of phonon
and plasmon mechanisms. +e fact is that Cooper pairs play
a key role in HTSC already caters, to a large extend, for the
phonon mechanism. Plasmon mediation in electronic sys-
tems such as Cooper pairs causes transition to a super-
conducting state with a relatively high Tc [8, 9]. Excitation of

charges with energy much below that of the Fermi elec-
tron–acoustic plasmons have been observed in both electron
and hole-doped cuprates using resonant inelastic X-ray
scattering (RIXS) [10, 11]. +e observed acoustic plasmons
are predominantly associated with O sites of the copper
oxide plane [12]. Plasmons in HTsuperconductors originate
from singularity of long-range Coulomb interactions in the
limit of long wavelength [13]. +is scenario depends on a
charged particle moving in the electron plasma under the
influence of an external field/force. In the long wavelength
plasmon branch where q⟶ 0, Coulomb screening by the
+omas–Fermi method may be considered [14]. +e large
charge fluctuations (plasmons) in cuprates contribute sig-
nificantly to the pairing mechanism [15] and lead to large
and sharp velocity peak at k � kF, which persists in the
presence of screening [16].

+e plasmon dispersions observed in YBCO are aniso-
tropic and quadratic in ab-plane. Strongly anisotropic di-
electric functions have also been observed [17]. While
surface-plasmon dispersion at the interface of two media are
isotropic, bulk-plasmon dispersions are anisotropic. +e
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bulk-plasmon dispersion anisotropy increases with mo-
mentum transfer q up to its critical value qc � ωp/vF beyond
which the anisotropy tends to zero. Here, ωp � (3/r3s )1/2 is
the plasma frequency, vF � (3π2n0)

1/3 is the Fermi velocity,
n0 is the electron density, and rs � [3/(4π2n0)]

1/3 is the bulk
radius per electron [18, 19].

In high temperature superconductors, the number of
Cooper pairs is negligible compared to that of free electrons
and the bulk-plasmon dispersion is almost similar to that in
pure metal-free electrons and follows the relation [19]

E
2

� ω2
p +

3
5
v
2
F −

vF

3π
− ε􏼔 􏼕q

2
+
1
4

q
4
. (1)

+e term in q2 has the kinetic energy contribution
(3v2F/5), the exchange interaction contribution (vF/3π), and
the correlation energy contribution (ε). Note that ε< vF/3π.
+e term in q4 is the quasifree-electron kinetic energy
contribution. +e screened of Coulomb potential is pro-
portional to the critical temperature of HTSC [20].

Other than plasmons, charge density waves (CDW)
also influence the formation bosons-fermion pair con-
densate at the ground state. Short-range CDW arises from
strong correlations, but it remains unclear as to whether
they strictly cooperate or compete with superconductiv-
ity; in this case, plasmonic waves mediate boson-fermion
interaction [21, 22]. Charge density waves occur at sig-
nificantly different wave vectors, and they develop in two
stages [23]. First, a phonon-dependent CDW with qua-
sicommensurate wave vector emerges at high temperature
and forms along the CuO2 planes [23, 24]. At low tem-
perature, another CDW with strong doping dependent
wave vector forms [23]. At optimal doping, CDW cor-
relations show strong changes through the super-
conducting transition without discontinuity [25]. It has
been argued that phonon-dependent CDW boost super-
conductivity based on the correlation with the largest
electron-phonon coupling and lowest Fermi velocities at
the same k-point [26]. On the contrary, doping-depen-
dent CDW inhibits the formation of superconducting
order by gapping the nested portion of the Fermi surface
[27]. +e competing CDW and superconducting phases
have been observed in cuprates [28]. +e precursor CDW
and its phase mode are building blocks of highly inter-
twined electronic ground state in cuprates [23]. +ey
determine the pairing strength between bosons and fer-
mions in forming a pair condensate. +e response of the
low-lying Ba-5p and Y-4p core electrons is shown to
interact strongly with Cu-3d and O-2p excitations, with
important consequences on screening. +us, the base/
low-lying elements also contributes to the nature of
plasmon dispersions in high temperature
superconductors.

+is study has focused on Coulomb screening of a
Cooper-pair boson as it moves in an electron plasma under
phononmediation. Section 2.1 deals with the consequences of
the Coulomb screening-BFP coherence length, while plasmon
frequency is discussed in Section 2.2. Finally, the results are
discussed in Section 3, and conclusions are made in Section 4.

2. Theoretical Formulation

2.1. Plasmon-Mediated Boson-Fermion Pairing. +e dielec-
tric function ϵ(r, r′, t − t′) is in particular a key quantity for
superconductivity and is probed often via its Fourier
transform ϵ(q, x3c9; ) in the limit of +omas–Fermi ap-
proximations where the transferred momentum
|q| � q⟶ 0 with long-range interactions (|r − r′|⟶∞)

[29]. +e inverse ε− 1 of the dielectric function measures the
screening of the bare Coulomb repulsion and can directly
indicate reverse screening (antiscreening) spatial regions
where the interaction between two electrons is attractive
rather than repulsive. In these regions, electrons pair up,
giving rise to superconductivity [29]. Introducing k de-
pendence is necessary to address the evident anisotropy in
HTSC [30, 31], a relationship that has been proved theo-
retically [32]. +us, the general new dielectric function
becomes

ϵ(q, x3c9; , k) � ϵ(q) + ϵ(x3c9; ) + ϵ(k). (2)

Here, the dielectric function ϵ(q) represents the plasmon
dispersion, ϵ(ω) describes the collective excitation of the
Fermi sea, while ϵ(k) represents the Coulomb screening of a
boson by fermions during interaction. Both ϵ(q) and
ε(x3c9; ) arise from the plasmon dispersion relation in
equation (1). It has also been noted that dielectric screening
at shorter distances and at frequencies of the order of the
superconducting gap, but small compared to the Fermi
energy, can significantly enhance the transition temperature
Tc of an unconventional superconductor [33].

A plasmon is quantum of plasma oscillations andmay be
excited by passing a charged particle through plasma [34].
When a Cooper-pair boson is excited (by phonons), it
displaces the electrons in its way due to Coulomb repulsion,
thereby exciting a plasmon in the electron plasma. +us, the
boson creates a plasmon, due to Coulomb interaction, while
the electron annihilates it. +e first electron in the Cooper
pair creates a phonon, while the second one creates a strong
plasmon as it annihilates the phonon. +us, the effective
induced charge by a single boson is + q (a hole). +e boson
is an impurity within the electron plasma with an associated
screened Coulomb potential , ψ(r), over distance r.

+e function ϵ(k) relates the following: (i) the density
ρh(k) of holes induced in the electron plasma and the charge
density ρb(k) of bosons due to the phonon field and (ii) the
screened potential ψ(k), the unscreened potential ψb(k),
due to phonons and the unscreened potential ψb(k), due to
induced holes according to the following equation:

ϵ(k) �
ψb(k)

ψ(k)
�
ρb(k)

ρ(k)
� 1 −

ρh(k)

ρ(k)
, (3)

where ψ(k) � ψb(k) + ψh(k) and ρ(k) � ρh(k) + ρb(k) are
the total electrostatic potential due to the displacement of the
fermion gas and the total charge density, respectively. When
ψ(k)> 0, the function ϵ(k) has a scattering effect, but when
ψ(k)< 0, the interacting particles experience attraction to-
wards each other.
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+e boson is a charge due to the external field (phonons),
and it induces a positive charge in electron plasma. +e
screened Coulomb potential, ψ(r), at a distance r from
charge Q of a particle, has been determined as [34]

ψ0(r) �
Q

4πϵ0r
exp − ksr

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌􏼐 􏼑, (4)
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Here, 1/ks is the +omas–Fermi screening length, a0 �

5.29 × 10− 11 m is the Bohr radius, and ns is the electron
density. Since the d-electrons in copper play a central role in
charge pairing, we choose to use its electron density, 8.5 ×

1022 cm− 3 [34], while that of iron (for iron-based super-
conductors) is 17 × 1022 cm− 3. Generally, among high
temperature superconductors, cuprates are classified as
group I superconductors, while iron pnictides as group II
superconductors. In group I superconductors, the number
density of particles per unit volume is dependent on tem-
perature, while those in group II superconductors are in-
dependent of temperature of the material. In the case of a
boson, Q � − e (the second electron charge that creates the
plasmon) and

ψ0(ς) � −
e

4πϵ0r
exp − ksr

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌􏼐 􏼑. (6)

+e total potential energy Vplasmon, which eventually
leads to plasmon scattering, is equal to the screened Cou-
lomb potential in equation (6) and so

Vplasmon � ψ0(ς) �
e
2

4πϵ0r
exp − ksr

􏼌􏼌􏼌􏼌
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+e potential Vplasmon is attained at the nearest point
where r � rmin. Minimizing equation (7) with respect to r
yields

dVplasmon

dr
�

1
r
2

e
2

4πϵ0
􏼠 􏼡exp − ksr

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌􏼐 􏼑

+
ks

r

e
2

4πϵ0
􏼠 􏼡exp − ksr

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌􏼐 􏼑 � 0.

(8)

Simplifying equation (8) leads to

r �

1
ks

, minimum long − range limit,

∞, extreme long − range limit.
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(9)

In the extreme long-range limit, the Coulomb screening
cannot bring about boson-fermion pairing. However, at
rmin � |1/ks|, the Coulomb screening leads to boson-fermion
coherence. Since rmin > 0, then substituting for ks in

equations (9) using (5) gives the minimum possible co-
herence length as

ξ �
a0

4
π
3n0

􏼠 􏼡
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. (10)

When n0 is constant, ξ is independent of the material.
+is is the maximum plasmon scattering energy attained (at
the nearest point where r � ξ). +e total potential energy,
Vplasmon, due to the screening of the boson at r � ξ is
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e
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(11)

For a constant n0, Vplasmon is the same for all materials.
Considering the anisotropy in bulk-plasmon excitations, we
express r as a function and the average distance rav as
r � rav ± δr. For a small anisotropy [29],
lim

δr⟶0
(exp(− ks[rav ± δr])) ≈ exp(− |ksr|) � exp(− 1) and

Vplasmon �

−
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(12)

where, rl
min < rmin is the lower limit of rmin and ru

min > rmin is
the upper limit of rmin.

As the free electron (fermion) moves to annihilate the
net plasmon, based on the Pauli exclusion principle, it ex-
periences attraction towards the boson. +e plasmon energy
Vplasmon is much greater than the attractive potential energy
VBFP. Most of the plasmon energy is used to overcome the
competing phonons, charge density waves (CDW), and the
damping effect among others. Only a small fraction 9 of
Vplasmon remains to mediate boson-fermion interaction. +e
process of mediation mainly involves overcoming the
Coulomb repulsion between the boson and the fermion.
When VBFP is greater than the Coulomb repulsion, the BFPC
system s is unbalanced, and therefore, the net effect is a
reduced distance rmin; the reduction in rmin does not nec-
essarily translate to an increase in the plasmon potential
energy, Vplasmon. When VBFP is compared to 9Vplasmon, the
length rmin becomes the size of the boson-fermion pair
condensate. Now, using the averages,

V
av
BFP � − 9V

av
plasmon � −

9e
2

4πϵ0rmin
exp(− 1), (13)

or

rmin � −
9e

2

4πϵ0V
av
BFP

exp(− 1). (14)

+e attractive potential energy VBFP between a boson
and a fermion has been given [35] as
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−
1
2
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−
1
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(15)

where Ek � 2kBTc is the excitation energy of a single-par-
ticle-like BFP condensate in a superconductor of critical
temperature, Tc.

2.2. Frequency of a Plasmon. +e energy (E) contained in a
plasmon of frequency ω can be obtained from the Planck-
Einstein relation:

E � − hω, (16)

where h � 6.6262 × 10− 34 Js is Planck’s constant. +e negative
sign has been used because the energy is attractive. +e me-
diating plasmon is the source of attraction between the inter-
acting boson and fermion in condensate state, and therefore,

ω � −
VBFP

h
. (17)

3. Results and Discussion

In Table 1, the total plasmon energy (Vav
plasmon) (in equation

(11)) has been compared to the mediation energy (Vav
BFP in

equation (15)), and hence, the ratio 9 � Vav
BFP/V

av
plasmon has

also been determined. +e mediation energy is equal to the
attractive potential energy (Vav

BFP), while the difference be-
tween Vav

plasmon and Vav
BFP has been referred to as the lost

energy, Vlost
plasmon. +e values in Table 1 are averages.

From Table 1, about 1% or less of the plasmon energy
mediates the boson-fermion interaction, while more than
99% is lost to competing modes such as phonons, charge
density waves, and damping effects. +e total plasmon energy
obtained in this limit compares closely with the previous
findings. For instance, Eremin and Kochergin [32] have noted
that at small q, the plasmon energy is about 0.3 eV and grow
with the wave vector up to 1 eV at q � 0.3π and beyond [33].
Elsewhere, Bosovic [36] has noted that the plasmon energy at
large q is 1-2 eV. Generally, the critical temperature (Tc) is
proportional to the plasmon mediation energy.

+e coherence length of BFP condensate has been de-
termined for various layered superconductors as given in
Table 1.

+e coherence length of a BFP (10− 9 m) is much smaller
than that of a BCS Cooper pair (10− 7 m). In HTSC, the
coherence length is of the order of few interatomic distances
[32], e.g., 1.5 nm in the ab-plane of YBa2Cu3O7− δ [36]. +e
results given in Table 2 are in agreement with these pre-
dictions. +e coherence length for the BFP condensate is
comparable to +omas–Fermi length, which is in the order
of 10− 9 m. +e boson-fermion pair in iron pnictide super-
conductors has shorter coherence length than that in cuprate
superconductors.

Note that the coherence length values in Table 2 denote
the minimum possible distance for superconductive

coherence. It has been observed that the frequency of
plasmons influences the absorption rate of infrared radia-
tions [37, 38].+e presence of terahertz plasmon frequencies
maximizes the absorption of radiations of similar fre-
quencies. Each material has a characteristic minimum fre-
quency of a plasmon that can mediate the pairing between
boson and fermion condensates in bulk superconductivity.

Other than the phenomenological BFPCmodel used in this
work to study plasmon mediation of charge pairing, the full
density functional theory (DFT) calculations could also be used
to reveal the contribution of charge density waves to charge
pairing in high temperature superconductors. Prior works on
the use of full ab initio calculations have been detailed in
references [39, 40].

4. Conclusion

Plasmon energy in high temperature superconductors is
sufficient tomediate for the high-energy pairing of charges at
ground state. However, about 1% or less of the plasmon
energy is used in the mediation, while the rest is used to
counter the opposing modes such as CDW, plasmons, an-
tiferromagnetism, and the damping effect. Consequently,
the coherence length of a BFPC is found to be in the order of
the +omas–Fermi length, 10− 9 m.

Data Availability

+ere are no underlying datasets used to support the study.

Table 1: Attractive potential energy (mediation energy) and
plasmon energy.

Superconductor Tc(K) Vav
BFP (meV) Vav

plasmon (meV) 9(%)

Group I
YBa2Cu3O7 92 6.61 963.2 0.69
Tl2Ba2CaCu2O8 108 7.76 963.2 0.81
Bi2Sr2CaCu2O8 95 6.83 963.2 0.71
HgBa2Ca2Cu3O8 136 9.78 963.2 1.02

Group II
HgBa2CuO4 97 6.97 963.2 0.72
LiFeAs 15 1.08 963.2 0.11
BaFe2(As0.7P0.3)2 30 2.16 963.2 0.22
Ca0.33Na0.67Fe2As2 34 2.44 963.2 0.25

Table 2: Coherence length (ξ) of BFP condensate and plasmon
frequency (ω) in layered superconductors.

Superconductor Tc(K) Vav
mediation (meV) ξ(nm) ω(THz)

Group I
YBa2Cu3O7 92 6.61 0.55 1.60
Tl2Ba2CaCu2O8 108 7.76 0.55 1.87
Bi2Sr2CaCu2O8 95 6.83 0.55 1.65
HgBa2Ca2Cu3O8 136 9.78 0.55 2.36

Group II
HgBa2CuO4 97 6.97 0.55 1.68
LiFeAs 15 1.08 0.55 0.26
BaFe2(As0.7P0.3)2 30 2.16 0.55 0.52
Ca0.33Na0.67Fe2As2 34 2.44 0.55 0.59
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