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Correction to plasmon spectrum due to dark photons
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We proposed a cubic graphene periodic structure as a producer and probe of dark photons in an ordinary-
sized laboratory. Utilizing modified Maxwell equations and hydrodynamic model in the system,
corrections to dispersions of a collective excitation, plasmon, were demonstrated. If there is kinetic
mixing between dark photons and ordinary matter, we found a significant difference in dispersion
relationships, specifically a momentum gap in the plasmon dispersion curve. The relation between
momentum gap, Compton wave of dark photons, and coupling between dark photon and ordinary photon
was obtained. Considering the momentum gap, examining the effect of dark photons in the structure is not

difficult.
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I. INTRODUCTION

The dark photon (DP) is a candidate for dark matter and
ubiquitous in theories beyond the standard model (SM) since
a minimal extension of the SM is a dark photon kinetically
mixing with the matters in the SM, such as the ordinary
photon [1-3]. They have recently attracted much attention
by various experiments/observations and theories [4—12].
Several haloscope experiments, operating at various mass
ranges, are currently being conducted worldwide to search
for the DP. Most of these experiments/observations were
motivated primarily by the search for axions but they are also
sensitive to the DP [13-27] in their associated mass range.
Since the mass of the DP is unknown, these haloscopes must
tune their resonant frequencies to scan for the unknown rest
mass. Besides the above experiments, other techniques exist,
such as solar radio observations [28] and plasma haloscope
experiments [29-31].

In many materials, a collective excited state (plasmon
polariton) shares many properties with plasmas. One can
also arrange suitable material to produce and detect DP
by plasmon in the laboratory. In this paper we proposed
a cubic graphene structure to perform the research. We
showed that as long as DP can kinetically mix with
ordinary matter, dispersion behavior of plasmon in the
structure exhibits a significant difference from that without
mixing. Specifically, there is a gap in the momentum space
for the plasmon dispersion relationship. Since the location
of the gap is predictable, even if the mixing is tiny, one can
directly use the gap to detect DP-induced effects. Since
carriers are confined in graphene materials, the parameters
used here, such as layer distance and carrier density
(controlled by gate voltage), are simpler to tune in the
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laboratory than the plasma haloscope method. Additionally,
the plasmon temperature can also be controlled by the
environment. Thus, the proposed method offers an efficient
platform for detecting DP.

II. MODIFIED ELECTROMAGNETISM
IN A GRAPHENE STRUCTURE

Suppose a cubic periodic structure of graphene sheets
embedded in a medium with permittivity € (we set € to be
equal to vacuum permittivity &y), as shown in Fig. 1. Sizes
of graphene sheets are b, b,, and the sides of elementary
cell are b x b x d, which are parallel to the x axis, y axis,
and z axis, respectively, and far lower than the wavelength
in the medium. The graphene sheet spreads out in the x-y
plane in each elementary cell. The coverage ratio of the area
of graphene vs the area of the primitive cell in the x-y plane,
bib,/b%, is r. We assume that each graphene layer is N

doped and has an equal Fermi energy, Er > 0, with ny =

ﬂ—;%,z where v and n are Fermi velocity(1 x 10® m/s) and
2

two-dimensional (2D) carrier equilibrium density, respec-

tively. The effective density of carriers is then

2
_ngr _ _rEp
™ =" T e

density, we could absorb the contribution of r into Ep.
In the following, we just choose r =1 for simplification,
that is, each graphene sheet covers the x-y plane
completely.

To derive the modified Maxwell equations with DP in the
structure, we first used natural system of units (i.e., we set all
the vacuum light speed, Plank constant, vacuum permittivity,
vacuum permeability equal to 1, c =h =¢y =y = 1),

From the point of view of effective

© 2023 American Physical Society
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FIG. 1. The cubic periodic structure of graphene sheets em-
bedded in the medium. Sizes of graphene sheets are b;, b,, and
sides of elementary cell are b x b x d, which are parallel to the x
axis, y axis, and z axis, respectively.

ignoring the boundary conditions for fields provided d is
small enough. The Lagrange quantity can be written as [6]

1
L=L+Ly+L3= _Z(F”DFFV + XX,

2
m
—JFA, + TX (X"X, +29X*A,), (1)

where A# and F" = 0'AY —A* (X and X" =
o' X" — 0?X*) are vector potential and the second order
contravariant field strength tensor for photon (dark photon),
respectively, J# is 4D current density, g is the coupling
between photon and dark photon, and my refers to the mass
of dark photons.

Then, according to the Euler-Lagrange equation, we
found that

0, =J% — gmiX”,
0,17 = (X" + gA°). @

Since DP is massive spin-1 field, it satisfies Lorentz gauge.
Furthermore, we took Lorentz gauge for photon field. In
other words, we have 9,X” = d,A” = 0. The equation of
motion for DP is as follows:

(03 = V2 + m%)XP = —gm%AP. (3)

Considering definitions of electric and magnetic fields,
E'=F", B' = —1eUkFJk taking advantage of Bianchi
identity, and restoring ¢, A, &, and p, to return to the
international system of units, we obtained the Maxwell
equations with the DP in the system:

V-E = —ep/ey — gcX°
VxB =2+ pj/d— g, X

2ot
V-B=0 \ (4)
_ _JB
VxE = —or
Cazza)g; _ VZX(; + mg%xa — _gmAG

where p = (n —ngy)/d; j = Jd are the linear current den-
e n m3c? ” mc?
sities in graphene sheets: g, = gmy = g5 and my =~
Now, we introduced fluid dynamics in this study. The
hydrodynamic equation of the carrier is as follows:

ov
mgna—kmgn(v-V)V: —en(E| +vxB) - VP, (5)
where e, n, v are carrier charge, 2D carrier density, and
fluid velocity, respectively; E| is the projection of E in
graphene sheets. In the above equation m, = fikp /v is the
effective mass of carriers at the Fermi surface [32,33] and
P =" (zn)32 (VP =" /znVn) represents the carrier
pressure in the graphene.

The continuity equation is

3—’:+V-(nv):0. (6)

To linearize the above equations, we write n = n; + n,
where n; is the density perturbations around the carrier
equilibrium density n,. Here we assumed that the pertur-
bation is not large, implying |n;| < ny. The hydrodynamic
equation and the continuity equation are converted to

ov e nh?
N _ g -, 7
o my | Tom2 M 7)
on
a—tl+n0V-v:O. (8)

Next, we assumed that the quantities, such as n;, v, X,
E, and B, go as €97’ One can get modified Helmholtz
equations for electric and magnetic fields for the structure,
which becomes

K’E = i;—Z;q +ig,,cX°q + i%j —iwg, X,
B = i’% —ig,q x X, 9)

where k* = ¢* — ‘f—zz We returned to the ordinary Helmholtz
equations for electric and magnetic fields provided g,, = 0.

However, one cannot use the above result directly,
because we do not deduce the kinematic equation of DP.
We first used
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0 __ Im 0
X/ = —WA/ (10)

to absorb the contribution of DP into 4D vector potential.
Substituting E = i(wA — cA’q) and B =iq x A into
Eq. (9), one finally gets

. Why .
/IZE— —_— —],
d At
Hoq X . €Nplo
PB=i——"=— XV, 11
i i maxy (11)
where we have set AZZKZ—K_%';n,andj:—enov.

The continuity equation and the hydrodynamic equation
change to

wn; = n()q -V,

h2
ciwv = (-~ E-in——q) . (12)
mg 2mg "/

Now, we focused on the mode in which q is parallel to
graphene sheets for simplification, i.e., the mode propa-
gates along graphene sheets. Thus, we have

@3 h? a)2
1+-=L 1
a)< + 62/12> <2m2 + n0/12>n1q’ (13)

where ny/d is the effective density of carriers, @, =
eny
degm,
Combmlng with the continued equation of carrier, we
finally obtain

refers the classic plasmon frequency of 3D gas.

In other words, one gets
K (k% + mg) (@0 — 0}, — ¢*v;/2) = (0 = ¢*v}/2) g5,
(15)

To clarify the above result, we introduce dimensionleszs
/ c __ mxc
quantities, wy = w/®,, gy = cq/w,, my = MY o = oy

vpo = vp/c. We finally obtain

(5 = q5) (@5 — 5 = m3) (@f = 1 = qvio/2)
= (@f — q5vF0/2)g* M. (16)

III. MODE DISPERSIONS

The above equation shows branch dispersions. For the
sake of clarity, we first set gm$ = 0. One can find three
solutions of Eq. (16):

(1) @, = gqo. This solution corresponds to photon

branch.

(2) @j,0 = g5 + mg. This solution corresponds to dark
photon branch.

3) @? oo =1+ q3v%,/2. This solution corresponds to
plasmon polariton branch. The term g3v%,/2
sources from the nonlocal effect [34].

Notably, two cases led to the decoupling between DP and
ordinary matters. One is g = 0, which is a trivial case that
there is no coupling between DP and photon. The other is
my = 0, implying that if DP is massless, there is no
influence on photon and plasmon polariton dispersions.
This conclusion agrees with other issues. For instance,
authors in Ref. [6] found that one can remove the kinetic
mixing through the redefinition of fields. We emphasized
no momentum and energy gaps in dispersion curves,
whether DP, photon, or plasmon.

Using Eq. (16), one can attribute the effect of dark
photons to changes in the branch dispersions. We turned on
go and consider the effect of mixing between DP and
photon. As a preliminary study, we first list dispersion
relationships of photon, dark photon, and plasmon polar-
iton, respectively, in Fig. 2, where we set g = 0.01 and
my = 1.0. We found that the correction to dispersion
relationship of a dark photon is tiny and ignorable since
g < 1. Due to the difficulty in explicitly detecting DP, the
correction is irrelevant to our discussion, and we will not
further investigate the dispersion relationship.

However, there are momentum gaps in photon and
plasmon dispersions, as shown in Fig. 2, which was
clarified by the inset. The momentum gaps are located
in the vicinity wg ~ gy ~ 1, where photon and plasmon

3.5
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FIG. 2. Dispersion relations of dark photon, photon, and
plasmon polariton. Here we set g = 0.01 and my = 1.0. Dis-
persions of photon and plasmon polariton at the vicinity of g, ~ 1
are also shown in the inset.
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polariton dispersions are very close. Figure 2 shows that
there are intersection points of the photon dispersion curve
and plasmon polariton one at the gap edges. Furthermore,
as for the momentum gap of plasmon dispersion, there is a
droop (an upturn) at the lower (upper) edge.

In the vicinity around matching point [35] where the
photon dispersion and plasmon dispersion are the same, if
there is not a dark photon, that is, wy ~ g ~ 1, resonance
absorption occurs, and photon and plasmon eventually
evolve into dark photons, which leads to the result that
neither photon nor plasmon can propagate in the structure.
In this sense, one can consider the graphene cubic periodic
structure as a producer of dark photons, especially around
the matching point. Therefore, the momentum gap is
always located in the vicinity of gy~ 1. For the further
research, with the constraint w;,, ¢,, m,, g, > 0, we con-
sider the following function

f= (0= q)(@; — g — my) (@, — 1) = a)zgzm%, (17)

which mimics Eq. (16) but ignores the unimportant term
q3v%,/2 since vpy = 1/300, and the considering g, range
is gg~1. Since f(w,=0)=—(my+¢q>)g, <0 and
flwy, = +00) > 400, there are always real solutions of
@, in the equation f = 0. Here, f is a cubic polynomial of
@,, where three solutions correspond to DP, photon, and
plasmon, respectively. The maximum of solutions, a real
number, corresponds to DP. However, the other two
solutions unlikely must be real numbers.

To clarify the statement we list the results of f vs @, at
g, = 0.8, 1.0, 1.2 in Fig. 3, where we set g, = 0.01 and
my = 0.5. The figure exhibits that for the equation f = 0,
there are three positive real number solutions at cases g, =
0.8 and g, = 1.2, and only one real number solution exists
at the case g, = 1, which corresponds to DP. Therefore, the
case must have a momentum gap in photon and plasmon
dispersions.
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FIG.3. fvsw, at the resonance vicinity. Here we set g, = 0.01,

m, = 0.5, and g, = 0.8, 1.0, and 1.2, respectively. The inset is an
overall figure.

A more detailed study shows that provided g, > 0 and
m, > 0, such a momentum gap in photon and/or plasmon
dispersions always exists. Conversely, photon and plasmon
dispersion behavior with g, > 0 and m, > 0 is significant
different from that with g, = 0 or m, = 0.

Since the momentum gap is an universal phenomenon
when there exists mixing between DP and ordinary matters,
one can use the momentum gap to detect the presence or
absence of dark photons in our Universe or to test whether
the modified Maxwell equations are correct or wrong.
Momentum gaps of photon and plasmon are the same.
However, observing the plasmon momentum gap is more
convenient since we are working in the graphene cubic
structure.

Suppose ¢, < 1, my ~ 1, and g,m, < 1, a simple dis-
cussion shows that (qZ) - (qZ)loweredge = 4\/@"'

o gg/ 2). The momentum gap always occurs at gy ~ 1, and we
can obtain an approximate expression of the momentum gap
as follows:

upper edge

Ago = 2gmy = 29212;2 , (18a)

or in the form utilizing dimension quantities
Agly ~4nyg, (18b)
where 1y = - refers to the Compton wavelength of DP.

myc
This is an interesting result, because it combines the
Compton wavelength of DP, the coupling between DP and
photon, and the momentum gap of plasmon/photon in the
graphene cubic structure.

In general, g is tiny, which leads to a tiny momentum gap
of plasmon. However, since the gap always occurs in the
vicinity of resonance absorption, @ ~ @, it is not very
difficult to detect the gap. The only limitation of the
proposed detection is the fineness of the momentum
interval of the detection instruments. Of course, we also
need extremely low ambient temperature.

Suppose that my ~0.1 meV/c?, which means
Ax ~ 1.24 cm. If we also set g ~ 1073, then it is obtained
that Ag ~ 10~ cm™~!. Note that in general we also require
hw, > myc?, in other words, the classic plasmon fre-
quency f, > 24 GHz Experimental requirements are not
very stringent.

There are several literatures focused on the plasmon
momentum (or plasmon wavelength) measurements based
on graphene structures, such as Refs. [36-39]. Utilizing the
scattering-type scanning near-field optical microscope,
these references measured wavelength of graphene plas-
mon excited by focused infrared laser beam illuminating on
graphene material and the tip of atomic force microscope,
for instance, Ref. [37] obtained a plasmon dispersion
relationship between frequency and wave vector in high
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accuracy. However, since these jobs mainly focused on the
plasmon in graphene planar structure, the plasmon in
graphene periodic cubic structure need more studies. On
the other hand, where there is momentum gap in plasmon
dispersion is a completely new topic, and, to the best of our
knowledge, there is little work on it.

IV. CONCLUSIONS

As a candidate for dark matter and a hypothetical particle
needed in the extension of the standard model, dark photon
is worth studying in depth. In the paper we proposed a
cubic periodic structure made of graphene sheets. We
discussed the modified Maxwell equations and the result-
ing hydrodynamics model in the system using the
assumption that the dark photon exists in our Universe,
which can kinetically mix with ordinary photon. The
dispersion relationships of DP, photon, and plasmon in
the system were obtained. We found that corrected
plasmon/photon dispersion is significantly different from
that without DP and kinetic mixing, that is, there is a gap in

the momentum space. Our results showed a deep relation-
ship between the momentum gap of photon/plasmon, the
Compton wavelength of DP and the coupling constant of
DP and photon.

The momentum gap occurs at the resonance absorption
vicinity, @ = @, and g = w/c, which implies that the
detection is not difficult. One can, therefore, use the
momentum gap to detect whether or not the DP exists in
the Universe. For some detection strategies, one should
always align the operating frequency of the detection
instrument with the measured dark photon mass.
However, the alignment is unnecessary for our strategy.
Notice here that the cubic structure for graphene material is
essential. This is because that the cubic periodic structure of
graphene guarantees the existence of matching point [35].
As long as the momentum interval of the detection instru-
ments is fine enough, it is possible to detect DP, despite its
extremely small rest mass. Our study supplies an easy-to-
realize platform to produce DP and detect effects induced
by DP.
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