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Plasmon-polaritons at the interface of superconducting
and non-superconducting artificial diamond
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The theoretical estimates of the characteristics of surface plasmon-polaritons at the interface of highly boron-
doped superconducting and non-superconducting diamond are obtained. It is shown that at temperatures
significantly lower than the critical temperature of the superconducting transition and frequencies below the
threshold for breaking Cooper pairs of holes (approximately 300 GHz) they have negligibly small Ohmic dissipation.
At the threshold frequency, their wavelength and the scale of transverse localization of their electromagnetic field
is of the order of 1nm, which is more than a million times smaller than the vacuum wavelength corresponding
to this frequency. At these frequencies, the existence of Ohmically non-dissipative localized states of surface
plasmon-polaritons on non-superconducting doped diamond nanoparticles embedded in superconducting doped
diamond is also possible. At a temperature near the critical value (specifically 10% lower than it), the threshold
frequency of surface plasmon-polaritons decreases to approximately 150 GHz. In addition they become Ohmically
dissipative with a field absorption length of the order of and more than 7 um, which exceeds their wavelength only
at frequencies below approximately 100 GHz. Minimal wavelength and the scale of their transverse localization
are also achieved at the threshold frequency and equal 11 and 6 um microns correspondingly. The localized states
of plasmon-polaritons on non-superconducting doped diamond nanoparticles embedded in superconducting doped
diamond also become Ohmically dissipative and have a quality factor greater than unity only in a narrow range

(near 3.76 - 10* cm ™) of boron dopant concentrations in these particles.
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Introduction

Surface plasmon polaritons are self-coherent electromag-
netic field and polarization oscillations localized at an
interface between two media (usually metal-dielectric) with
unlike signs of real parts of their permittivities [1]. Near the
so-called plasmon polariton resonance (when these parts are
equal to each other in the absolute value), scales of such
localization in direction orthogonal to this boundary and a
wavelength in direction parallel to this interface can be much
smaller than a radiation wavelength with a corresponding
frequency in each of these media separately. Thus, small
sizes of micro- and nanoelectronic circuits can be adapted to
relatively long distances, at which the electromagnetic field
of optical and infrared frequency ranges in homogeneous
media. As a result it is possible to effectively use radiation
of this frequency region characterized by a large amount of
sources in nanooptical devices.

Electric field and polarization oscillations can be also
localized on metal particles in a dielectric or on dielectric
particles in a metal, sizes of which (and consequently,
the localization scale in all three space coordinates) are
much smaller than the wavelengths corresponding to their
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frequencies in each of these media separately [1] (localized
states of surface plasmon polaritons). This drives impor-
tant applications of plasmons such as field-based Raman
enhancement of electromagnetic radiation on molecules,
molecular fluorescence, nonlinear multiple harmonic gener-
ation, electromagnetic radiation transmission through sub-
wavelength holes (and creation of sensors based on the
sensitivity of this transmission gain to external impacts),
development of spectroscopic chemical sensors (including
biological media sensors) with nanometer resolution, which
use the dependence of plasmon polariton resonance in such
particles on permittivity of their immediate neighborhood,
ete.

However, all these applications have a problem of
matching high space localization of surface plasmon po-
laritons and long length of their ohmically dissipativeless
propagation: the higher the degree of this localization the
larger their attenuation coefficient. This is due to the fact
that the higher localization the more part of surface plasmon
polariton energy is contained in metal and, consequently,
is prone to dissipation owing to finite conductivity of
the latter. Compensation of this dissipation due to the
amplification medium (or even self-generation of surface
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plasmon polaritons, i.e. creation of plasmon polariton laser,
so-called spaser) makes the corresponding devices much
more sophisticated [2-4].

Therefore it is interesting to use superconducting, rather
than normal, metal as a negative permittivity medium. This
is due to the fact that for superconductors at sufficiently
low frequencies (when the photon energy is insufficient
for breaking Cooper pairs) at temperatures much lower
than the critical superconducting transition temperature, the
imaginary part of permittivity is small and disappears as the
temperature approaches absolute zero [5-7]. Consequently,
surface plasmon polaritons at the superconducting metal —
dielectric interface will have a longer ohmically dissipa-
tiveless propagation length, and localized states of surface
plasmon polaritons on superconducting metal or dielectric
nanoparticles have narrow resonance lines. These properties
of plasmon polaritons in superconducting structures have
been of much interest to researchers [9-15] since their first
experimental demonstration in 1994 [8].

However, due to mismatching between metal and di-
electric lattice parameters, metal-dielectric interface will
have nonuniformities, which will scatter plasmon polaritons
and degrade the performance of plasmon-polariton-based
devices.  Therefore, a contact between heavily doped
and weakly doped semiconductors with the same main
chemical composition is very interesting. Due to coherence
of their lattices, such contact can be considered to be
defectless. At the same time heavily doped semiconductors,
in which insulator-metal phase transition has occurred
to a state with metallic (ie. temperature-independent)
conductivity [16] with sufficiently low temperatures, can
become superconductors [17-23].

One of the most promising semiconductors for this pur-
pose is the artificial diamond having unique properties (high
thermal conductivity and mechanical strength, radiation and
chemical resistance, etc.). Superconductivity in heavily
boron-doped (to concentration of the order of 10?! cm~3
and higher, where the insulator-metal phase transition has
already taken place) artificial diamond at temperatures of
the order of liquid helium and lower, was discovered in
2004 [24). Possible modulation of the degree of doping with
a rate of about 1 decade/nm [25,26] and the absence of prox-
imity effect! [27] demonstrate that a sharp superconducting-
non-superconducting doped diamond interface is essentially
achievable which is necessary for creating plasmon polariton
devices with record-breaking performance.

This work is devoted to theoretical investigation of the
properties of surface plasmon polaritons and their localized
states at the interface between more boron-doped (and
therefore superconducting) and less boron-doped (and
therefore dielectric) artificial diamond. For this, Section 1
describes a model of permittivity of superconducting and
non-superconducting doped diamond in the temperature

! The proximity effect is absent because the insulator-metal transition
hasn’t occur yet in the non-superconducting diamond, though it is boron-
doped, and almost all holes in it are localized at the p-type levels of boron,
ie. it is a dielectric.

range from critical to zero temperature. Section 2 shows the
main equations describing the surface plasmon polariton
dispersion law and eigen frequencies of localized states of
plasmon polaritons. In Section 3, equations from Sections 1
and 2 were used to evaluate the properties of surface
plasmon polaritons and their localized states at the interface
between the superconducting and non-superconducting
doped diamond. In the Conclusion, the findings being of
interest for promising applications are summarized.

1. Permittivity of superconducting and
non-superconducting doped diamond

Consider a case without non-superconducting holes, i.e.
the temperature T is much lower than the critical super-
conducting transition temperature Tt,, which is, for heavily
boron-doped diamond, near the liquid helium temperature
of 42K [28]. We consider the case | < & = hv /Ay, which
is common for the superconducting doped diamond, where
I = v is the hole free path with respect to elastic scattering
by dopant atoms, 7 is the corresponding transport time,
v is the Fermi velocity of holes, & is the coherence length
(Cooper pair size) of holes at zero temperature and without
impurities, & is the Planck constant, Ag is the band gap
in the elementary excitation spectrum of superconducting
holes at zero temperature according to the Bardeen-
Cooper-Schrieffer theory [29] (adequately describing the
superconducting boron-doped diamond [28]) approximately
equal to 2kpgT,, kp is the Boltzmann constant.

Suppose also that k/ < 1, where & is the electromagnetic
wavenumber, which makes it possible to neglect space
dispersion. Then, according to [5], relative permittivity of
superconducting holes at low electromagnetic field frequen-
cies w < 2A¢/h, where the photon energy is insufficient for
breaking the hole Cooper pair, is given by the following
equation

oAy

(1)

Here, € =~ 5.4 is the relative static permittivity of diamond
lattice [30], & is the electric constant, ¢ = e?N7/m is the
static (because from [ < & and @ < 2A¢/h it follows that
ot < 1) conductivity of holes at above-critical temperature
resulting from elastic scattering by dopant atoms, e — is
the hole charge equal to the elementary charge, N is the
hole concentration, m is the effective hole mass equal by the
order of magnitude to the free electron half-mass [30]. Other
numeric values of parameters included in (1) are given in
Section 3.

At temperatures of the order of the critical temperature,
in the numerator of equation for &; it is necessry to
replace the full concentration of holes N (which is included
there via o) with the concentration of superconducting
holes Ny < N and add a term describing the contribu-
tion of non-superconducting holes with the concentration
N, =N — N, [27]. As a result, when w < 2A/hi (where
the band gap A in the elementary excitation spectrum
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of superconducting holes now depends on temperature
and decreases monotonically from Ay at T < T, to O at
T =T [29]), the relative permittivity of doped supercon-
ducting diamond will be given by the following equation

-ﬂNx O'A()
80Nh11)2

. N,o
l
eoNw’

gL~ E— (2)
still referring to wr < 1, as it follows from w < 2A/h,
A <A and [ < &. The presence of an imaginary part
in it (i is the imaginary unit) provides dissipation of
plasmon polaritons due to their ohmic absorption by non-
superconducting holes. Other numeric values of parameters
included in (2) are given in Section 3.

Relative permittivity of the doped diamond, which is close
to the insulator—metal phase transition threshold, but is still
the insulator, due to the difference between the electric field
acting on holes related to acceptors and mean macroscopic
field in the Lorentz model [31] is written as

N,a

I Ve

3)
Here, N, is the p-type impurity concentration (boron
atoms), « =4 -4.5r3 [32] is the static polarizability
of the p-type atom considered as a hydrogen atom in
a continuous medium with the relative permittivity e,
rp = dmegh’e/(me?) is its Bohr radius.

2. Surface plasmon polariton dispersion
law and eigen frequencies of localized
states of plasmon polaritons

The law of dispersion of plasmon polaritons, electromag-
netic field of which is proportional to exp(—iwt + ikr),
where ¢ is the time, k is the wave vector, r is the radius
vector, is given by equation [1]:

e (4)

k= .
I &1+ &

Eotlow
Here, uo is the magnetic constant, relative magnetic per-
meability of the diamond lattice is very close to unity [33]
and therefore its variation from unity is neglected, k| is the
wave vector projection on the superconducting and non-
superconducting doped diamond interface plane.

Wave vector projections on direction orthogonal to
this plane (corresponding axis is directed from the non-
superconducting to superconducting doped diamond) are
written as

VEo oI e VeI weL
kg = — 00 and kg, = -2
—(e1 + &) —(e1+ &)

in superconducting and non-superconducting doped dia-
mond, respectively. It can be seen from them that with
unlike signs of Ree; and &, (ie. Ree; <0, & > 0) and
|[Ree| > [Ime;|, imaginary parts of k;; and k o will
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also have unlike signs. This allows exponential decay of
electromagnetic field and related polarization of the surface
plasmon polariton in both sides from the interface plane.

Value k| (4) with Ree; < 0, [Reei| > |Ime| is almost
purely imaginary with Re(e;) + ¢ > 0 and purely real
with Re(e;) + & < 0. Thus, persistent surface plasmon
polaritons can basically exist only when the absolute value
of the negative real part of permittivity doped diamond (1)
and (2) is higher than the positive dielectric permittivity of
non-superconducting doped diamond (3). However, they
will almost always have a finite propagation length defined,
for example, by scattering by lattice defects and interface
nonuniformities, including in conventional electromagnetic
waves (radiation-induced loss).

Point Ree; + &, =0 itself, referred to as the plasmon
polariton resonance, formally corresponds to infinitely small
wavelength of the surface plasmon polariton along the
interface plane and infinitely small decay scale of plasmon
polariton in direction orthogonal to this plane. Actually, the
employed equations in this point and some its neighborhood
from Ree; + &, < 0 become inapplicable because the ne-
glected space dispersion of permittivity, i.e. it was supposed
that kI <1 (see above). Therefore k calculated using these
equations shall satisfy kI < 1, and direct neighborhood of
point Ree; + &, = 0 of plasmon polariton resonance from
Ree; + €2 < 0, where this condition is broken, cannot be
described using these equations.

When considering localized states of surface plasmon po-
laritons on the superconducting dope diamond nanoparticles
in the non-superconducting doped diamond, these particles
are considered to be spherical. Their radius defining the
typical scale of change of the electric field and polarization
shall exceed [ =~ 1nm [28] for validity of neglecting the
space dispersion of permittivity. Eigen frequencies of such
localized states of surface plasmon polaritons are known to
be found from equation & = —2¢; [1], and are also complex
with complex €1, reflecting ohmic dissipation of their energy.

In addition, however, for localized states of surface
plasmon polaritons, there is another source of decay which
is associated with radiation loss and is neglected in this
equation derived in quasistatic approximation. Therefore,
focus shall also be made on localized states of surface
plasmon polaritons on the non-superconducting doped dia-
mond nanoparticles in the superconducting doped diamond.
Their eigen frequencies are found from & = —&/2 [1],
and are also complex with complex &;, reflecting ohmic
dissipation of their energy. However, due to negativeness
of Ree; (and, consequently, of impossibility of wave
propagation in the superconducting doped diamond at
these eigen frequencies), such localized states of surface
plasmon polaritons have no additional radiation-induced loss
of energy. Therefore, their resonance lines will be narrower
and, consequently, it is better to use them for high-sensitivity
measurements of &, by the shift of these lines. However, it
will be harder to accomplish excitation and detection of such
localized states of surface plasmon polaritons. Therefore,
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Figure 1. Low temperature T < Ti; case: a — dependence of surface plasmon polariton wavelength 277/k| (curve I) and localization
scales in the transverse coordinate in the superconducting doped diamond 1/Im(k ;) (curve 2) and in the non-superconducting doped

diamond —1/Im(k>) (curve 3) on 2 = 2sc/w corresponding to their frequency o .

Lower limit A4 in the diagram corresponds to

® = 2Mo/h, No = 3.76 - 10°° cm 3, curves 2 and 3 merged together in the adopted scale; » — dependence of the vacuum wavelength of
localized states of surface plasmon polaritons on non-superconducting doped diamond nanoparticles implanted into the superconducting

doped diamond on the boron atom concentration in them N,,.

these nanoparticles shall be probably placed very close to
the sample surface.

3. Properties of surface plasmon
polaritons and their localized states at
the superconducting and
non-superconducting doped diamond
interface

For heavily boron-doped (to concentration about
10?! cm—3 and higher) diamond, which switches to the su-
perconducting state at temperatures belowT,, ~ 4.2K [28],
v ~ 3107 cm/s and, consequently, & ~ 100 nm are typical.
Hence, with T < T,;, when N; =~ N, N,, < N, possible fre-
quencies of ohmically dissipativeless surface plasmon polari-
tons @ < 2Ao/h ~ 1.9 - 10'? rad/s (about 300 GHz), which
corresponds to vacuum wavelengths more than 0.97 mm.
With properly chosen concentration of acceptors N, in the
non-superconducting doped diamond, &k (4) and k11 (5)
can correspond to their wavelengths and localization scale
in the transverse coordinate of about 1nm (ie. more than
one million times smaller than their vacuum wavelengths).
These wavelengths and scales are equal to the minimum
scale of about / ~ 1 nm [28], which, as mentioned above,
can be considered within this method, ie. neglecting
space dispersion of permittivity (Figure 1). However, the
continuous medium model is still valid because / is much
larger than the distance (0.15nm [30]) between the nearest
carbon atoms in the diamond crystal lattice.

Surface plasmon polaritons in the given approximation
are ohmically dissipativeless (Imk = 0) and, as mentioned
above, their propagation length will be determined in
practice by scattering by lattice defects and interface
nonuniformities. Its estimate depends on the properties of a

particular diamond sample and growth technique because it
is these factors that define the types and concentrations of
these defects and inhomogeneities.

However, note that the superconducting-non-super-
conducting (and therefore differently doped) diamond inter-
face quality potentially can be much higher than the metal
(including superconducting)-dielectric interface, which is
generally used for generating surface plasmon polaritons.
This is due to the fact that unlike the metal-dielectric
interface, the superconducting-non-superconducting doped
diamond interface is formed in a continuous epitaxial growth
process and modulated diamond-film doping by vapor-
phase deposition on single-crystal diamond substrate, and
that lattice constants of the superconducting and non-
superconducting doped diamonds are very close to each
other (according to [34], even if the non-superconducting
diamond hadn’t been boron-doped, then with a boron
atom concentration in the superconducting diamond equal
to the value of about 10*! cm~3, which is necessary to
achieve superconductivity, the relative difference of lattice
constants would have been maximum 0.05%, ie. would
have been negligibly small). Therefore radiation-induced
loss of surface plasmon polaritons caused by their scattering
by interface nonuniformities can be much lower for the
superconducting-non-superconducting doped diamond than
for the normal metal-dielectric interface where they are
usually significant and define the surface plasmon polariton
propagation length limit [35,36].

Similarly, for localized states of surface plasmon polari-
tons on the non-superconducting doped diamond nanopar-
ticles implanted into the superconducting doped diamond,
decay in the given approximation is equal to zero (their
eigen frequency has no imaginary part) and will be actually
defined by absorption on lattice imperfections.

Technical Physics, 2026, Vol. 71, No. 2
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Figure 2. Case of temperatures close to the critical temperature, in particular 7 = 0.97;,: a — dependence of surface plasmon polariton
wavelength 271/Rek) (curve ), length of their ohmic decay 1/Imk; (curve I’) and localization scales in the transverse coordinate
in the superconducting doped diamond 1/Im(k ;) (curve 2) and in the non-superconducting doped diamond —1/Im(k ,) (curve 3)

on A1 = 2mc/w corresponding to their frequency w. Lower limit A in the diagram corresponds to w = 2A/h, N, = 3.76 - 10® cm
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b — dependence of the vacuum wavelength 2 = 2¢/Rew (curve 1) and Q factor Q (curve 2) of localized states of surface plasmon
polaritons on non-superconducting doped diamond nanoparticles implanted into the superconducting doped diamond on the boron atom

concentration in them N,,.

Note also that with T < T, normal dissipative surface
plasmon polaritons and their localized states can also exist
(as at the interface between the common metal with
negative real part of permittivity and dielectric) at higher
frequencies, in particular when w7 > 1 is satisfied. This
is due to the fact that when this condition is satisfied,
® > 2A¢/h will be also true, and according to [5], per-
mittivity of the superconducting doped diamond will be
equal to the permittivity of a normal (non-superconducting)
semiconductor that has changed into a state with metallic
type of conductivity.

In other temperature-limiting case, when Ty — T < Ty,
according to the Bardeen—-Cooper—Schrieffer theory [29],
we have A~ 3kpTyv/1—T/T <Ay, Ny ~2N(1-—
—T/Ty) < N, N, = N. Surface plasmon polaritons can
also exist (Figure 2), but due to a decrease in A compared
with Ay in condition w < 2A/h superimposed on their fre-
quencies, vacuum wavelengths corresponding to the surface
plasmon polaritons appear to be higher than in case of
T < Ti. Wavelengths (more than 11 um) and localization
scales in the transverse coordinate (more than 6 um) will
be much higher than those for T < Tg,.

Moreover, surface plasmon polaritons are ohmically
dissipative even with w < 2A/h due to the presence of the
imaginary part in ¢; determined by equation (2). Thus,
with T = 0.9T;,, their ohmic field absorption length is
longer than their wavelength (and, accordingly, they become
propagating) only at sufficiently long vacuum wavelengths
exceeding 0.32 cm.

Localized states of surface plasmon polaritons on non-
superconducting doped diamond nanoparticles implanted
into the superconducting doped diamond can also exist with
T — T < Ty, but they are also ohmically dissipative (i.e.
their eigen frequencies have imaginary parts) due to the
presence of the imaginary part in &; (2). Their quality
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factor 0 = —Rew/(27Ilmw) (minus sign is related to the
fact that Imw < 0, and Q is defined as a positive value) is
higher than 1 only in a narrow range of concentration of the
p-type boron atom dopant in non-superconducting diamond
nanoparticles (Figure 2, b).

At higher frequencies satisfying ot > 1 as with T < Ty,
there can be ohmically dissipative surface plasmon polari-
tons, which are actually no different from normal plasmon
polaritons at the interface between the normal metal with
negative real part of permittivity and dielectric, or their
localized states on dielectric (metal) particles implanted into
the metal (dielectric).

Summarizing this section, it should be noted that when
equation (6) from [37], which is more exact than equation
(3), is used for the permittivity of a doped diamond,
which is near the insulator-metal phase transition threshold,
but is still an insulator, optimum concentrations of the p-
type boron atom impurity N, in it are 2.5times lower
than the values about 3.76-10%° cm™3 obtained in this
work. However, due to the approximated description of
neutral p-type boron atoms by the hydrogen atom model
in continuous dielectric medium with relative permittivity
of pure diamond, on which both equations are based, this
refinement can go beyond the accuracy of these equations.
Therefore, the found optimum N, shall be treated as order-
of-magnitude estimates, and their more accurate values shall
be determined from experiment with particular diamond
samples grown using a particular technique.

Conclusion

Thus, it is shown that surface plasmon polaritons can
exist at the boron-doped non-superconducting and super-
conducting diamond interface. However, they can have



250

V.A. Kukushkin, Yu.V. Kukushkin

simultaneously high space localization with a scale up to
1 nm compared with wavelengths in continuous media,
which correspond to their frequencies, and low absorption
defined by high quality of sample lattice. Also, localized
states of surface plasmon polaritons with high Q quality
factor can exist on non-superconducting doped diamond
nanoparticles implanted into the superconducting doped
diamond. Such combination of high localization and low
absorption of plasmon polaritons is unique and unattainable
for the dielectric-non-superconducting metal interface due
to the finite conductivity of the latter. It is also unattainable
for the dielectric-superconducting metal interface due to
its defect structure induced by misalignment of their
lattice parameters. Thus, surface plasmon polaritons well-
known for interfaces between dielectrics and normal or
superconducting metals may be of much greater interest for
applications in case of interface between the boron-doped
superconducting and non-superconducting diamonds.
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