aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Hyperbolic modes of a conductor-dielectric interface
Evgenii E. Narimanov

Phys. Rev. A 99, 023827 — Published 15 February 2019
DOI: 10.1103/PhysRevA.99.023827


http://dx.doi.org/10.1103/PhysRevA.99.023827

Hyperbolic modes of a conductor-dielectric interface.

Evgenii E. Narimanov
School of Electrical and Computer Engineering and Birck Nanotechnology Center,
Purdue University, West Lafayette, IN 47907, USA

Plasmon resonance, with strong coupling of light to electrons at a metal-dielectric interface, al-
lows light confinement and control at subwavelength scale. It’s fundamentally limited by the inher-
ent mobility of the free electrons, leading to the corresponding non-locality of the electromagnetic
response.[1, 2] We report that this non-locality also results in the formation of a hyperbolic layer
near the metal-dielectric interface, with a strong anisotropy of its electromagnetic response. While
the resulting “hyperbolic blockade” leads to the suppression of the conventional plasmon resonance,
the hyperbolic layer also supports a new class of surface waves, which offer longer propagation
distance and stronger field confinement, simultaneously. Furthermore, these “hyper-plasmons” are
not limited to the proximity of the plasmon resonance, which extends the operational bandwidth of

plasmonic devices.

I. INTRODUCTION

With the ultimate goal of controlling light on a sub-
wavelength scale, the field of nanophotonics generally re-
lies on two main ideas — the plasmon resonance and the
use of hyperbolic media. In the former approach, the
subwavelength confinement of the electromagnetic field
is achieved via the resonant coupling to free charge car-
riers in a conducting medium,[3] while in the latter it’s
the result of the extreme anisotropy of the material re-
sponse that qualitatively changes the nature of the prop-
agating fields.[4] These are generally considered as fun-
damentally distinct concepts, with their inherent advan-
tages and drawbacks: e.g. plasmonic systems that rely
on the properties of a single metal-dielectric interface are
simpler to fabricate, but generally limited to the prox-
imity of the corresponding resonance frequency,[3] while
the approach based on hyperbolic media offers a broad
bandwidth at the expense of highly nontrivial fabrication
when the required anisotropy is due to the nanostructur-
ing of the material.[5] However, it is now well understood
that the fundamental limits on the light confinement in
both cases are defined by the inherent non-locality of
the electromagnetic response in the constituent materi-
als, due to e.g. the mobility of the free carriers in con-
ducting materials.[1, 2] In this work, we demonstrate that
electromagnetic non-locality leads to an even deeper con-
nection between these two seemingly different concepts
of plasmon resonance and hyperbolic media: the inher-
ent mobility of the free charge carriers in a plasmonic
material leads to a strong dielectric anisotropy near the
metal-dielectric interface, where the corresponding elec-
tromagnetic response becomes effectively hyperbolic.

The resulting hyperbolic layer near the metal-dielectric
interface supports a new type of surface waves that, com-
pared to the conventional surface plasmons, offer both
longer propagation distance and stronger field localiza-
tion, at the same time. This behavior is not limited to the
proximity of the plasmon resonance, but — in agreement
with the generally broad bandwidth response in hyper-
bolic media [4] — persists well above the corresponding

resonance frequency. Not only does this leads to a dra-
matic change in the resulting photonic density of states
(by several order of magnitude) and consequently in all
associated phenomena — from quantum electrodynamics
to nonlinear optics to near-field thermal transport, but —
by virtue of freeing plasmonics from the proximity of the
corresponding plasmon resonance frequency — opens the
field to a large class of materials that have not yet been
considered in the context of plasmonics.

The existence of the “hyper-plasmon” surface waves
with simultaneously long propagation distance and high
wavenumbers finally puts to rest the fears of an “ultimate
limit field confinement by surface plasmon-polaritons.”
[6] This limit, while certainly accurate within the frame-
work of an isotropic electromagnetic response theory, ap-
pears to be a general artifact of all models that do not
properly account for the free electron mobility and the
resulting anisotropy of the electromagnetic response of a
conducting material.

The predicted phenomena also have broad implications
outside the fields of nanophotonics and light-matter in-
teractions in condensed matter physics. In particular,
new surface waves predicted in the present work, can
be excited at the dielectric elements of research balloons
and rocket probes when these enter ionosphere, which
would strongly affect electromagnetic measurements and
RF communications.

II. THE HYPERBOLIC LAYER

In the local approximation, the electromagnetic re-
sponse of free carriers to a time-dependent electric field
depends on the corresponding frequency and the carrier
scattering time, and can be defined in terms of the mo-
mentum transfer between the field and the free carri-
ers. However, in close proximity to a high quality metal-
dielectric interface that can be considered locally flat,
the electron surface reflection will reverse normal to the
surface component of the momentum, while leaving its
tangential projection intact. As a result, while the spec-
ular reflection at the interface will not strongly affect the



electromagnetic response in the tangential direction, its
component that is normal to the metal surface, will be
substantially altered — leading to a strong anisotropy in
this interfacial layer.

In the presence of surface roughness the free carrier
reflection is no longer specular,[7] however the effect of
the surface scattering on the momentum transfer from
the free carriers to the interface (and thus to the entire
sample as a whole) is still very different in the normal
and tangential directions. As a result, the free carrier
electromagnetic response near the conductor - dielectric
interface retains its strong anisotropy.

For the field parallel to the surface, the response is
similar to that in the bulk medium, and the resulting
contribution to the effective dipole moment and the cor-
responding polarization of the medium, is opposite to the
field, just as in the bulk of the material. However, when
the field is driving the electron towards the surface, the
resulting reflection from the interface reverses the sign of
the normal to the interface component of its velocity —
and the momentum initially given to the electron by the
field, at the reflection is transferred to the crystal as the
whole. As a result, compared to the bulk of the mate-
rial, the electron response in the normal-to-the-interface
direction is strongly suppressed. Without the negative
contribution of the free electrons, the real part of the
permittivity in the normal to the interface direction is
now effectively positive — and the thin layer near the sur-
face behaves as if it had negative permittivity parallel to
the interface and positive permittivity normal to the in-
terface. A high-quality metal-dielectric surface therefore
supports a hyperbolic layer.

The formation of the hyperbolic layer relies on high
quality of the interface that supports it. While the hy-
perbolic layer will adiabatically follow a smooth varia-
tion of the surface geometry, short-range surface rough-
ness amplitude h that exceeds the characteristic scale of
vp/w, where vp is the Fermi velocity of the electrons
in the metal, will suppress it. At optical frequencies,
this length scale can be on the order of a few nanome-
ters or below, and the formation of the hyperbolic layers
that’s predicted in the present work, is only expected in
high-quality samples with sub-nanometer surface rough-
ness. At lower frequencies however this surface quality
requirement is proportionally relaxed — e.g. for mid-IR
“designer metals” [8, 9] one needs h < 10 nm.

Note that the conventional hydrodynamical models re-
cently used to account for the free carrier non-locality,
generally rely on the material parameters (such as e.g.
the phenomenological parameter 5 in Refs. [1, 2, 10-13])
that are taken from the bulk electromagnetic response of
the conduction electrons. However, this approximation
does not allow to describe the inherent anisotropy of the
electromagnetic response in the hyperbolic layer near the
metal-dielectric interface. As a result, even though the
hydrodynamic models can accurately describe the bulk
longitudinal waves with the dispersion band that shows
positive slope above the plasma frequency, [12] they do
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FIG. 1. (Color online) The field and the energy density of a
Gaussian beam incident on a metal-dielectric interface, calcu-
lated with a full account of the free electron mobility and the
resulting non-locality of the electromagnetic response. Panel
(a) shows the magnitude of the tangential component of the
electric field. Panels (b)-(d) show the corresponding (time-
averaged) densities of the tangential electric field w, (panel
(b)) and of the normal to the interface electric field w, (panel
(c)), and the product ww, (panel (d)). The vertical white
line indicates the interface z = 0. Note clearly visible di-
electric region z < 0 (wy > 0, w, > 0), metallic region
z 2 0.0lc/wp (wy < 0, w, < 0), and the hyperbolic layer
0 < z £ 00lc/wp (wy < 0, w, > 0). The frequency of
the incident beam w = 0.5wp, the electron scattering time
7 = 18.84/w,, the crystal lattice permittivity of the conduc-
tor eoo = 12.15, the permittivity of the dielectric g = 10.23,
and the Fermi velocity vp = 0.00935 ¢ ~ 2.8 - 108 m/sec; for
the plasma wavelength A\, = 27¢/w, = 10 pm these param-
eters correspond to the AllnAs/InGaAs material system of
Ref. [8]. Note that in this case the electron de Broglie wave-
length X ~ 1 nm, well below the thickness of the hyperbolic
layer (~ 20 nm).
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FIG. 2. (Color online) The dispersion of the surface waves at
the metal - dielectric interface, with the in-plane momentum
k- (in units of wp/c) and the frequency w (in units of wy).
Panel (a) corresponds to the standard result for the Drude
metal, with the permittivity em = €00 (1 — wj/ (w (w +14/7))),
in logarithmic scale (main panel) and linear coordinates (the
inset). Panels (b) - (¢) show the results for the exact solution,
with the ratio of the Fermi velocity to the speed of light in
vacuum, vr/c = 0.005 (b), 0.0063 (c), and 0.00935 (d). The
material parameters (eoo, T, €4) are the same as in Fig. 1. The
red (dark gray) line corresponds to the conventional plasmon,
blue (black) — to the hyperbolic mode, green (light gray) —
to the hybrid hyper-plasmon, and magenta (gray) curve — to
the suppressed resonant plasmon. The solid and dotted lines
respectively represent the real and imaginary parts of the in-
plane momentum. With the plasma wavelength A\, = 10 pm,
the doped semiconductor system AllnAs/InGaAs corresponds
to the panel (d). Note that in all cases, the wavenumber k,
is below the Landau damping limit w/vr.[42]

not account for the hyper-plasmons that originate from
the inherent anisotropy of the hyperbolic layer near the
conductor-dielectric interface.

Within the general framework of the hydrodynamic ap-
proach, the effect of the spatial nonlocality can also be
represented by replacing the nonlocal conductor with a
composite material, comprising a thin isotropic dielec-
tric layer on top of a local conductor. [13] Although
this approach also does not capture the hyper-plasmonic
surface waves, this issue can be addressed by the replace-
ment of the isotropic dielectric in the layer by an effec-
tive hyperbolic medium. The permittivity components
and the thickness of this effective hyperbolic layer can be
obtained from the theory introduced in the present work.

On the other hand, new surface waves introduced here
in the context of the semiclassical approach, should also
emerge in ab-initio time-dependent density functional
theory of the optical response, both in the case of atom-
istic first-principle calculations as well as in the jellium
limit.

Since the electromagnetic response of free charge carri-
ers is essentially nonlocal, the definition of hyperbolic vs.
dielectric vs. metallic response cannot rely on the tensor
of the local dielectric permittivity. In principle, it can
be formulated in terms of the electric and displacement
fields. However, in the presence of the material loss such
definition will be complicated and difficult to interpret,
as it involves a nontrivial relation between two complex
quantities (or equivalently the amplitudes and the phases
of the corresponding fields), rather than a simple sign of
the relevant permittivity. Instead, we rely on the (time-
averaged) real-valued scalar densities

E =T y=y E z2z
— — 1
&y 87 ’ e 87 ’ ( )

which represent the response in parallel and normal to
the surface directions, respectively.
By definition, in a dielectric w?, > 0 and wf > 0,

x,y z
in a metal wfu < 0 and w? < 0, while in a hyper-

bolic medium wfy and w’ have opposite signs. For a
dispersion-free material D = €E, this reduces to the con-
ventional definition of the dielectric, metallic and hyper-
bolic media in terms of €, , and €,. However, even when
the electromagnetic response is essentially nonlocal, the
densities w; , and w, in Eqns. (1) can still be calculated
from the actual electromagnetic field, and thus represent
a useful measure of the electromagnetic response of a
non-local medium.
Note that, together with the magnetic density,

w
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wf , and w? add to the standard expression for the elec-

tromagnetic energy density of a dispersion-free, lossless
medium,[14]
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E E
ey +w,, +w;, (3)
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FIG. 3. (Color online) The hyper-plasmonic surface wave profile at the interface of isotropic dielectric with a conducting

medium, and its evolution with frequency. The red (gray) and blue (black) lines respectively correspond to the energy densities
of the tangential (wZ, blue (black) line) and normal to the surface (wZ, red (gray) line) components of the electric field, for

w = 0.Twp (a), w ~ wp (b), w = 1.27 wy ().

The material parameters and the z coordinate in absolute units (at the top)

correspond to the AllnAs/InGaAs interface. The light-red (gray) background indicates the dielectric response (w2 > 0 and
wZ > 0), light-blue (light gray) — to metallic response (wZ < 0 and wF < 0), and light-green (white) — to the hyperbolic layer

(w? <0 and w? > 0).

However, this connection is only valid in dispersion-free
limit, as in the presence of absorption (inherently con-
nected to dispersion via the Kramers-Kronig relations)
the electromagnetic energy cannot be defined as a ther-
modynamic quantity.[14] Even in the limit of infinitesi-
mal absorption, the resulting Brillouin expression for the
energy density [14] is not identical to (3), but includes
additional terms.[15]

In Fig. 1 we consider a gaussian electromagnetic beam
incident onto a half-infinite metal with an atomically flat
boundary at z = 0, and calculate the actual distribution
of the electromagnetic energy density that takes full ac-
count of the non-locality of the electron response in the
metal. Here, the numerical values for the plasma fre-
quency, electron scattering time etc. correspond to the
high-quality interface of doped semiconductor GalnAs
with the dielectric AllnAs, the material platform which
over the last decade became the system of choice for plas-
monics in mid-IR range. [8, 9] While the magnitude of
the electric field (see Fig. 1(a)) displays the conven-
tional intensity pattern of the reflected wave, the plots
of the local energy density (Fig. 1(b)-(d)) clearly show
the presence of the hyperbolic layer at 0 < z < 0.01c/wy,
where w,, is the plasma frequency, determined from the
metal’s bulk response. Note that, the thickness of the
hyperbolic layer in this example exceeds the electron de
Broglie wavelength by more than an order of magnitude
— so that the formation of the hyperbolic layer can be
treated within the semiclassical framework.

III. THEORETICAL DESCRIPTION

The actual response to the time-dependent electromag-
netic field is defined by the electronic density matrix ppp/,

governed by the Liouville - von Neumann equation [16]
that in the linear response regime reduces to [17, 18]
(0) (0)
€p — €p +hw p " Jp E _
ih Ppp’ T £p — Epr Vop' = Ipp! o], (4)
where I {p} is the collision integral that includes the
contributions from both the bulk and the surface scatter-
ing of the free carriers, fl(,o) = fo(ep) is the equilibrium
(Fermi-Dirac) distribution function, and Vpp is the ma-
trix element of the spatially dependent amplitude of the
electric field E (r,t) = E (r) exp (—iwt) that is given by

Vpb;,, = /dr jpp' - E(r), (5)

where jpp is the matrix element of the charge carrier
current density.[21]

When the relevant “classical” parameters such as the
mean-free path ¢ = v.7 and v, /w (where v, is the typical
electron velocity, equal to the Fermi velocity vy and the
thermal velocity vy for degenerate and non-degenerate
statistics respectively) are well above the free carrier de
Broglie wavelength A, the Wigner transformation [19, 21]
of the density matrix reduces [17, 18, 20] Eqn. (4) to the
Boltzmann equation for the charge carrier distribution
function fp (r)

©
~of (1) + Ve - T (0) + B 22— F(f] (0)

where v, = Jep/0p is the charge carrier group velocity
for the Bloch momentum p, the collision integral I | 1ol
includes both the bulk and the surface scattering con-
tributions, and has a highly nontrivial form. However,
if the surface roughness h is substantially smaller than
ve/w and the electron mean free path ¢ = v.7,[22] the



kinetic equation (6) can be expressed in the conventional
form[17, 18, 20]

fo _ _fo—Jo M)

—iwfp+vp~pr+eE~vp£ .
P

where the effective relaxation time 7 is defined by the
bulk scattering, while the effect of the surface is described
by the boundary condition on the distribution function
at the interface [17, 18] — see Appendix A. For a high-
quality interface along one of the symmetry planes of
the crystal, the latter reduces to the specular reflection
boundary condition at the surface[7, 23-28]

fp* (rs) = fpJr (rs)v (8)

where pT and p~ are connected by the specular reflec-
tion condition, with equal tangential to the surface com-
ponents p = p-, and positive and negative group veloc-
ity components in the normal to the interface direction:
(vp+)n5 >0, (vp’)ns < 0, respectively.[29]

Note that while the standard derivation [10, 11] of the
hydrodynamic models [10, 13] for the electromagnetic re-
sponse of free charge carriers usually follows the applica-
tion of the Hamilton’s principle to the Hohenberg-Kohn
ground state Hamiltonian,[30] the hydrodynamic model
can also be derived as an approximation for the solu-
tion of the kinetic equation (6) based on the method of
moments.[31] Such an approximation however neglects
the essential anisotropy of the free carrier surface scatter-
ing, and the resulting hydrodynamic approach is there-
fore unable to capture the formation of the hyperbolic
surface layer, as well as its implications.
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FIG. 4. (Color online) The “figure-of-merit” Re [k;] /Im [k]
of the surface wave vs. the compression factor k-/(w/c), at
the AllnAs/InGaAs interface. Red (dark gray) line corre-
sponds to the conventional plasmon and is calculated using
the Drude theory (see also Fig. 2(a)), while the green (light
gray) curve corresponds to the exact solution for the hyper-
plasmon (see Fig. 2(e)).

The present semiclassical theory corresponds to a con-
trolled expansion in the small parameter that is equal
to the ratio of the electron de Broglie wavelength, A ~

h/mu,, the characteristic scale of the hyperbolic layer
thickness, ve/wp,

‘Mp
mvg < ( )

When the criterion (9) is satisfied, the quantum phenom-
ena such as finite work function and tunneling leading
to the electron “spill-out” — the continuous variation of
the electron density from the bulk value to zero), can be
safely neglected. However, the density matrix formalism
used to derive our semiclassical expressions, also allows to
incorporate these effects in the leading-order corrections
to the present theory.

Quantitatively, for plasmonic metals we find that the
ratio hw,/mv? is barely below unity (~ 0.65 for alu-
minum, ~ 0.77 for gold, and 0.87 for silver), and the
quantum tunneling neglected in the semiclassical theory,
leads to the length and energy scales that are similar to
those of the hyperbolic layer. As a result, for a quanti-
tative description of the hyper-plasmon waves in metals,
quantum corrections to the semiclassical theory may be
needed. Note however, that it is also the case of plas-
monic metals that leads to the most stringent require-
ments on the surface roughness — making this regime also
the most difficult for experimental study of the new sur-
face waves.

In contrast to this behavior, for transparent conduct-
ing oxides such as the indium-tin oxide (ITO) with the
plasma frequency in IR range, we find hw,/mv% ~ 0.26,
while for doped semiconductors that show the plasmonic
behavior, such as InGaAs, hw,/mv% ~ 0.15. Here, we
expect the semiclassical theory to yield a fully quanti-
tative description, so that experiments on transparent
conducting oxides and semiconductors should show clear
manifestations of the predicted behavior.

In the other limit, that of a non-degenerate electron
plasma such as the E layer in Earth ionosphere, we find
fiw,, /muv3 ~ 1.6 - 107°. Aside from its practical implica-
tions for RF communications and sensing in Earth iono-
sphere (the problem typically encountered by any space
re-entry vehicle), this case should also be considered as a
“proof of existence” for the new surface waves, as in this
regime no quantum effect should be relevant.

The electromagnetic field at the interface of a dielec-
tric with a conducting medium is defined by the self-
consistent solution of the kinetic equation and the surface
scattering boundary condition together with the Maxwell
equations, where the electron charge and current densi-
ties are given by

mw=2/@$#-@mw—h@w» (10)
j(r):2/(2il;i)3~evpfp(r), (11)

For a high-quality planar surface, [32] the corresponding
mathematical problem can be reduced to the system of



two coupled linear integro-differential equations (see Ap-
pendix B) that allows an exact analytical solution. For
the electric field in the conducting medium we obtain

@ e(k,q) exp (ikx —iqz), (12)

Ek(z>0):/ o

— 00

where
2 oF,
e(k,q) = —ik B, o
( ) D(k7Q) ( 0z z=+0 | _+O>
w2
< (e b0 S - 200 (h0)) (19
and

D (kq) = ( (ka) q2>

C2
w? 2 2
X €2z (ka q) 072 —k — Vs (qu) ’ (14)

with

dp _0fo
(27h)® Oep

16mieT
€xx (ka q) = €0 — w /
v, >0

1 —dwT + tkv,T

x v2 3 , (15)
(1 — iwT + ikv,T)” + 20272
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167ie?r dp 9fo
€2z (k7Q):€oo_ T 3 9.
w v.>0 (21h)° Oep
y vz 1 —dwr + ilszr . (6)
(1 — iwTt + ikv,T)” + q20v272
and
16me?12wq dp 09f
Vm(k7Q):kq—72/ 3 90
c v.>0 (2mh)” O€p
» vwvg 1 —dwr + ikv,T 17)

(1 —iwT + ikveT)? + 20272

Note that the problem of finding the self-consistent so-
lution of Maxwell equations at the planar metal-dielectric
interface together with the Boltzmann kinetic equation
for free electrons, can be also approached using the sur-
face impedance formalism, [33] pioneered by G. E. H.
Reuter and E. H. Sondheimer [28] more than half a cen-
tury ago. However, while it is in fact possible, [34] an
extension of this formalism that would allow to treat the
hyper-plasmonic surface waves, was not attempted, and
the applications of the surface impedance formalism to
surface waves at the metal-dielectric interface remain lim-
ited to the regular plasmons. [33]

For a degenerate electron gas [35] we reduce the above

expressions to

o () = en0 — 2 {q2—2k2 (@ +i/r)’

2 w(w+i/T) (k2+q2)2 vZ

n 7 n 2k* — ¢° _(WJri/T)2
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where w,, is the standard plasma frequency,

:11 1+

and

11 1/1 1

The results presented in Fig. 1, were obtained using this
solution (see Appendix C).

1+x}. (22)

1—=z

In the case of a non-degenerate electron gas, we obtain

2 /1.2 2
€on (K, q) = €00 — & Fy m
w(w+1i/T) w+i/T
k2 VIE+ @
+ —  F3 u , (23)
k2 + ¢ w+i/T
oo W2 /1.2 2
err (k,q) = €0 — o g (YrVE T
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FIG. 5. (Color online) The spontaneous emission rate near the dielectric - doped semiconductor interface, for the AllnAs/InGaAs
system, as a function of the frequency (a) and the distance d to the surface (b). The emission rate is normalized to its value
in infinite dielectric. Solid lines show the exact solution, while the corresponding dotted lines represent the results of the
calculation based on the Drude theory. In panel (a), different colors corresponds to different values of the distance to the

interface Ap/d = 50 (red (dark gray) curves), 25 (green (light gray)), 10 (blue(black)) and 3 (orange (gray)).

In panel (b),

different colors correspond to different frequencies, with w = 0.4w, (cyan (light gray)), 0.73w, (magenta (gray)) and 1.25w,
(grey). Note that suppression of the plasmon resonance due to the hyperbolic blockade, together with and order of magnitude
the enhancement of the spontaneous emission rate above the plasmon resonance frequency seen in panel (a).

and
D (k,q) = oo (i)z{l‘w(wwfi/ﬂ
() [ o)
wg K \/k7272
% {1w(w+i/7')}-2< Tw—i—i/t'q )}
~K-¢ ], (25)

where vy = /2kgT/m is the thermal electron velocity,
and the functions F» , F3 and F, are defined as

£ pa (1) -Jos L),

Fw=2(5-3) R@- 5 (27)

Here, Erfi (2) is the imaginary error function.

IV. SURFACE WAVES

For a surface state at the metal-dielectric interface,
matching the tangential electric field and the normal
component of the electric displacement at the interface
yields (see Appendix D)

l/ood Ezz(kaq)wQ/czikZ 77ﬁ@
D (k,q) w2y

™
where €4 is the permittivity of the dielectric medium, and

ka = VK> — equw?/c? (30)

— 00

is the corresponding field decay rate.

For degenerate electron statistics, Eqn. (29) generally
has two distinct solutions. For a sufficiently small value
of the ratio of the Fermi velocity to the speed of light in
vacuum, these correspond to (i) the conventional surface
plasmon, and (ii) the hyperbolic wave that is primarily
supported by the hyperbolic layer [36] — see Fig. 2(b).
Note that the hyperbolic surface wave is only present
above the cut-off frequency that is close to that of the
standard surface plasmon resonance at the plane inter-
face wgp, when the bulk (Drude) metal permittivity

em () = coc (1 St m) (31)

satisfies the resonance condition [3]
em (wsp) = —€q. (32)

With the increase of the ratio vp/c (by e.g. increas-
ing the doping density in a semiconductor) beyond its
critical value (vp/c)s, these two branches of the disper-
sion diagram undergo an avoided crossing (see Appendix
E), so that the “conventional” surface plasmon contin-
uously evolves into the hyperbolic mode (green curve
in Fig. 2(c),(d)), while the plasmon resonance, with
its peak in the frequency dependence of the in-plane
wavenumber (and the corresponding photonic density of
states), is strongly suppressed (magenta curve in Fig.
2(c),(d)). The physical origin of this suppression orig-
inates from the fact that plasmonic resonance relies on
the resonant coupling between the electromagnetic field
to the free charges in the immediate vicinity of the inter-
face. The formation of the hyperbolic layer with strongly
anisotropic electromagnetic response, no longer allows
the resonance condition near the interface, and the con-
ventional plasmon resonance is rapidly suppressed.
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FIG. 6. (Color online) The dispersion of the surface waves at the interface of a dielectric (e = 2) with ionized plasma in the
atmospheric E-layer (a), and the corresponding “figure of merit” Re [k-] /Im [k;] vs. the “compression factor” k.c/w diagram
(b). The plasma frequency in the E-layer is 5 MHz and the electron scattering time is 3.2 psec.[40, 41] The red (dark gray)
line corresponds to the standard Drude model for the surface plasmon, while the magenta (gray) line corresponds to its exact
solution. The green (light gray) and blue (black) curves show the “hyper-plasmons”.

One of the main challenges in nanoplasmonics is the
inherent trade-off between the contradictory require-
ments of the surface plasmon propagation and field
confinement.[3] In a conventional surface plasmon, an im-
provement of the “compression factor” [37] k,/ko (that
defines the field confinement) can be generally achieved
only at the expense of the smaller propagation distance.
This is illustrated by the red curve in Fig. 4, which plots
the “figure of merit” Re [k;]/ Im [k,] that represents the
propagation distance in units of the plasmon’s own wave-
length, vs. the compression factor. However, the new
“hyper-plasmon” surface wave that is supported by the
hyperbolic layer (green curve in Fig. 4) greatly exceeds
these values, for both the propagation distance and the
compression factor, simultaneously.

Due to the singularity in the density of states of a
hyperbolic medium,[38] the formation of the hyperbolic
layer dramatically changes the photonic density of states
near a high-quality metal-dielectric interface, with the
resulting effect on all related phenomena — from radia-
tive heat transfer to quantum-electrodynamic effects to
Forster energy transfer to nonlinear optics. As an ex-
ample of this behavior, in Fig. 5 we plot the sponta-
neous emission rate near the metal-dielectric interface, as
a function of frequency (Fig. 5(a)) and the distance to
the interface (Fig. 5(b)). Note the dramatic suppression
of the conventional plasmon resonance, and the enhance-
ment of the emission rate above the plasmon resonance
frequency.

While the Drude theory predicts positive permittiv-
ity tensor above the plasma frequency, the inherent
non-locality of the electronic response near the metal-
dielectric interface dramatically modifies this simple pic-
ture. Above the plasma frequency the hyper-plasmon
surface wave propagates with the in-plane wavenumber
kr > w/e, corresponding to the phase velocity vpn < c.

For the electrons in the metal, the characteristic veloc-
ity v ~ vp can therefore be on the order of vy, which
results in the Doppler phase shift that is comparable to
the actual frequency w. As a result, even with w > wy,
for an electron that is propagating in the direction close
to that of the surface wave, the resulting Doppler-shifted
frequency

W=w-k-v (33)

can be well below w,, thus increasing its negative contri-
bution to the total permittivity

W2
€™ €oo (1—(0‘/1;2>. (34)

Therefore, even when in the stationary frame of reference
the frequency w is well above wy, the apparent dielectric
permittivity parallel to the surface that corresponds to
electromagnetic waves with large wavenumbers, is still
negative. As a result, for k > w/c the hyperbolic layer
is still present above w, — which explains the continued
existence of the hyper-plasmon surface wave at higher
frequencies.

In the case of a non-degenerate electron gas at the in-
terface with a dielectric, there are several hyper-plasmon
surface waves, in addition to the “conventional” plas-
mon. This behavior is illustrated in Fig. 6 where
we consider the electromagnetic waves at the surface
of a dielectric surrounded by free electron plasma of
the Heaviside E layer of the Earth ionosphere (at the
height of ~ 100 km from the Earth surface).[39] In this
case,[40, 41] the plasma frequency is 5 MHz, the elec-
tron temperature T~ 750K corresponds to the thermal
velocity vy ~ 0.0005¢, and the electron scattering time
T ~ 3.2 psec (so that w,7 ~ 100). Note the emergence of
two separate hyper-plasmon surface waves in a tangent



bifurcation at the frequency w =~ 0.59 w,, and relatively
high losses Re [k;] /Im [£,] < 10 due to Laudau damping.
[21, 42] With high compression factors (k; ~ 100 w/c)
corresponding to the effective length on the order of one
meter, such modes formed at the dielectric elements of
research balloons and rocket probes, can affect the RF
communications and measurements in ionosphere.

The hyperbolic blockade — the suppression of the plas-
mon resonance due to the formation of the hyperbolic
layer at the metal surface, caused by the inherent non-
locality of the free electron electromagnetic response —
is the general feature of a high-quality metal-dielectric
interface. However, a finite surface roughness leads to
an effective averaging of the polarization anisotropy in
the hyperbolic layer, and reduces the effect of the hy-
perbolic blockade. Quantitatively, this corresponds to
the short-range roughness [43] amplitude h that exceeds
the thickness of the hyperbolic layer, ~ vp/w. Near the
plasma frequency, the hyperbolic layer thickness vp/wy,
is within a single order of magnitude from the Thomas-
Fermi screening length, vp/w, = (v/3€x/¥T) Rrp. In
good plasmonic metals such as silver or gold, the hyper-
bolic layer thickness can therefore be on the order of a
fraction of a nanometer, and the effect of the hyperbolic
blockade in all but the highest-quality samples will be
negligible.

The situation however is dramatically different in other
conductors, such as transparent conducting oxides[44, 45]
or doped semiconductors.[8, 9] E.g. in the latter, the
thickness of the hyperbolic layer is in the range between
10 nm and 100 nm, and exceeds both the typical rough-
ness in high-quality MBE- or MOCVD-grown samples
(generally on the order of a fraction of a nanometer) and
the corresponding electron de Broglie wavelength A by
more than an order of magnitude — see the caption of
Fig. 1.

Furthermore, the formation of the accumulation /
depletion layers at the semiconductor interface can be
avoided, or at least substantially reduced by choosing
the materials with large bandgap discontinuity (such as
e.g. in the AlGalnAs platform). Even if present however,
the band curvature can still be accounted for within the
same boundary condition formalism [46] and thus will
not prevent the hyperbolic blockade and the emergence
of the hyper-plasmon surface waves. Charges trapped at
the surface states of the semiconductor-dielectric inter-
face, may increase the diffuse component in the electron
surface scattering. This however does not remove the
inherent anisotropy of the electromagnetic response in
the hyperbolic layer. As a result, the effect of the de-
fect states at the interface will be limited to an increase
the loss factor of the hyper-plasmon waves. Experiments
on doped semiconductor materials should therefore show
clear manifestations of the hyperbolic blockade and the
emergence of the hyper-plasmon surface waves, predicted
in the present work.

The formation of the hyperbolic layers near the metal-
dielectric interface both below and above the plasma fre-

quency, also offers an entirely new approach for the search
of new plasmonic materials. With the requirement for
the operation in the proximity to the surface plasmon
resonance frequency, the material options for nanoplas-
monics remain fairly limited.[44, 45] Although plasmonic
bandwidth can be improved by using the metamaterial
approach,[47] where one can design and fabricate a metal-
dielectric composite that extends the plasmonic behavior
to a broader frequency range in a variety of form-factors,
from planar metamaterials [48] to core-shell plasmonic
particles,[49] this comes at the cost of an increased fab-
rication complexity,[47] with resulting “hit” in perfor-
mance due to inevitable disorder at each interface.[50] In
contrast to this behavior, the hybrid “hyper-plasmons”
introduced in the present work, offer high field compres-
sion factors that are not limited to the proximity to the
resonance frequency wsp, — and exist well above its value
(see Fig. 2). To put it in the context of an actual ma-
terial platform, the high-quality doped semiconductors
originally introduced as plasmonic materials for mid- and
far-infrared frequencies,[8] support hyper-plasmons well
into the near-IR range.

V. CONCLUSIONS

In this work, we introduced the concept of the hyper-
plasmonic surface wave, supported by hyperbolic layers
near any high-quality metal-dielectric interface. We pre-
sented the theory of this effect that takes full account
of the mobility of free charge carriers in plasmonic ma-
terials and the corresponding non-locality of the electro-
magnetic response. For a high-quality planar interface,
we obtained the exact solution of the resulting system of
coupled integro-differential equations. We demonstrated
that hyper-plasmonic surface waves with simultaneously
high compression factors and long propagation distance
can be supported by an interface of a dielectric with con-
ducting material, well above the corresponding plasma
frequency — thus opening the field of plasmonics to many
new materials, or extending the applications of existing
materials in nanophotonics to shorter wavelength.
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Appendix A: Boundary condition for the charge
carriers distribution function.

The effect of the surface can be described by the
boundary condition on the distribution function at the



interface, [17, 18] which in the general case can be ex-
pressed as

for (rs) = / dp* W (p~.p*) for (ra), (A1)

where the coordinate r, corresponds to the surface, p*
and p~ are the electron momenta with respectively pos-
itive and negative group velocity components in the nor-
mal to the interface direction: (VP+)nS > 0, (VP’)nS <

0, and the surface scattering indicatrix W (p~,p™) can
be calculated from first principles.[17, 18]

When the characteristic surface roughness is smaller
then both the mean free path ¢ = v.7 and v./w, Eqn.
(A1) can be represented in terms of the specular reflec-
tion probability[25, 26] P as

fp* (rs) =P fp+ (rs) + (L +P) ®. (gp*) )

with P =1 corresponding to the ideal interface (8) with
specular reflection and P = 0 for the opposite limit of
diffuse (Lambertian) scattering of the free charge car-
riers. Here, the function ®. is obtained from the con-
servation of the electron flux to and from the boundary.
The specular reflection probability P may be treated as a
phenomenological parameter, or alternatively calculated
quantum-mechanically from the statistical properties of
the surface roughness, [7, 17, 18] e.g. when the surface
roughness correlation length is smaller than electron be
Broglie wavelength A we find [7]

1672h?
AQ

(A2)

P = exp ( (A3)

For a high-quality interface along one of the symmetry
planes of the crystal, Eqn. (A2) reduces to the specular
reflection boundary condition at the surface [7, 17, 18]

fp— (I‘S) = fp+ (I‘S),

where p™ and p~ are now connected by the specular
reflection condition, with equal tangential to the surface
components p = p_.

(A4)

Appendix B: Electromagnetic field and charge
carrier distribution at the metal-dielectric interface.

The electromagnetic field, and charge and carrier den-
sities near the metal dielectric interface are defined by
the self-consistent solution of the system of Maxwell’s
equations,

div D = 47p (r,t) (B1)
divB =0 (B2)
10E
IE=—-—~-— B
cur ey (B3)
47 10D
I1B=——j(r,t)+ -— B4
el B=—Tien+ 10 (g
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where the displacement field

ea B, 2<0

€0 E, 2>0" (B5)

D=¢cE= {
€4 is permittivity of the dielectric and e is the “back-
ground” permittivity of the crystal lattice in the con-
ductor, while the free charge density p (r,t) and the free
current density j(r,t) are defined by the charge carrier
distribution function f, (r,t) via

plr.t) =2 / (231% o)~ folep)).  (B)

j(r,t) =2 / (Qi‘;)g cevpfp (1) (B7)

In the liner response regime, the charge carrier distri-

bution function f;, (r,t) satisfies the Boltzmann kinetic

equation
Ofp

ﬁ+vp~pr—|—eE-v

afO _ fp_fO

P Oep T 7

(B8)

with the boundary condition at the metal-dielectric in-
terface (see also Eqn. (A1)

ol = [ a0/ W) Syl g (B9
vl >

When the surface roughness is much smaller than the
charge carrier de Broglie wavelength, h < X, or if h >~ X
and surface roughness correlation length L > A, Eqn.
(B9) reduces to the specular reflection boundary condi-
tion (see also Equs. (8) and (A4))

f(v$7vyavz)‘zzo = f(vxvvyyva)L«:o- (B10)

For a harmonic wave with the in-plane momentum k& in
the z-direction,

E(r,t) = (E; (2),0,E, (2)) exp (ikx —iwt),(B11)

B(r,t) = (0,B(2),0) exp (ikx — iwt), (B12)
fp (I’, t) = fO (E) + f (Va Z) eXp (ka - u‘Ut) ) (Blg)
Note that in the harmonic representation

(B11),(B12),(B13), Equs. (B1),(B2) directly follow
from (B3),(B4), and therefore do not represent indepen-
dent constrains onto the electromagnetic field and the
charge carrier distribution function.[52]

Applying curl to (B3), and using (B4), (B7), (B11),
(B13), for z > 0 we obtain

0%E, OF Amiw w\2
B A} %o i+ oo (7) E,, (B14
022 t 0z c? Jat€ c ( )
OF, Ari 2
kS g, = T (3) E., (B15)
0z c? c

where

jz,z = 26/(2?:;)3 Ve, f (V,Z) . (B].G)



Substituting (B13) into the kinetic equation (B8) and
the boundary condition (B10), we obtain

F(v,2) = —e 9%)%/“) dC (03, (¢) + 0. Ea (O))

X exp( (+z (—zw—i—zka))
v, T

0 (v2) 8o /0 d¢ (vaEy (¢) +v.Ex (Q))

v, O
e ) i
(-2 < — 1w + ikzvz>

L IZ}Z T -

Le 0 (—v,) % /OO d¢ (vzEy (¢) +v.E, (¢))

v, O

(== <1—z’w+ik’vz> .

L Uz T

(B17)

Following the approach of Ref. [28], originally de-
veloped in the context of the calculation of surface
impedance of metals at microwave frequencies, we intro-
duce the auxiliary fields

(B18)

and

E.(2)=

E. (|2]) sign (2) , (B19)

that represent respectively even- and odd “extension” of
the electric field in the conductor (z > 0) to the entire
range —0o0 < z < 00.

Substituting (B18) and (B19) together with (B16) and
(B17) into (B14) and (B15), we obtain

Pl (%)2530 _ 2

922 0z
4me *
—- T K0 £
dmiw

C

3 /jo d¢ K- (2~ () E(¢), (B20)

and

., 0&; w\Z o,
A (€°° (%) _k> £
4miw

—- [ w K e-0 £

dmiw

T2 [ d¢ K- (2= ¢) & (¢), (B21)
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where

2
Koo () = 2/ ®_ (—afO> L
v, >0 (271’h) Oe ) v,

X exp ( (1 —iwT + ikv,T) [ul ) ,
VLT

Ker ) = Keo () =255 () | g (-2

(B22)

X exp (— (1 — dwT + ikv,T) 1|)u\ ) , (B23)
T
K. (u) :2/ dp . ~9fo v
v, >0 (27rh) Oe
X exp (— (1 — iwr + ikvyr) ) . (B24)
v,

Despite its relative complexity, the system of coupled
linear integro-differential equations (B20),(B21) only has
difference kernels, and by means of the Fourier transform

es (k,q) = / dz & exp (iqz), (B25)
e, (k,q) = / dz &, exp (iqz) , (B26)

can be reduced to a system of linear algebraic
equations.[51] We therefore obtain

. (k) = “f D (e th) 5 -7 (e20
cx (:0) = s v (k0. (B29)
where
AW =G kBl (B)
D ko) = (e 0% — )
< (e 05 —1) — ). (B30
and

;2 00
w  Jo v2>0 (27rh) dep

v2 , , u
x £ exp | — (1 — iwT + ikv,T) ,  (B31)
Vy VT
16mie? [ dp 0
€22 (k,q) = €00 — e / du cos (qu)/ p_0f
w Jo v.>0 (21h)° Oep
X v, €xXp (— (1 —iwT + tkv,T) Y ) , (B32)
VT
16me? [ dp 0
Vgz (k7 Q) = kq - i / du sin (qu) / > 3 i
w 0 v, >0 (27Th) a<C:p
X Uy €xp (— (1 — iwT + ikv,T) Y > . (B33)
VT



For z > 0, the auxiliary field £ is identical to the actual
electric field E, and Eqns. (B25) - (B33) therefore offer
the exact analytical solution for the electric field in the

metal:
* d
E(z>0)= / ak
oo 2T

The amplitude A(k) in Eqn. (B29) is defined by the
values of the normal component of the electrical field
E.|,_. o and the normal derivative of the tangential elec-
tric field 0F,/0z|,_, at the boundary. These magni-
tudes depend of the electric field in the dielectric (z < 0),
and are obtained from the continuity of the tangential
components of the electrical field and the normal compo-
nents of the displacement vector

e(k,q) exp(—igz). (B34)

E |z— (VI E |z +0°
€d EZ|Z:70

(B35)

— oo Balo_ iy (B36)

where €4 is the permittivity of the dielectric.
Finally, the u-integration in Eqns. (B31),(B32),(B33)
can be performed analytically, which yields

16mieT dp 0fo
ezx(kaq)zeoo_ 3 9.
w v, >0 (27Th) 861’
1 .
X 02 Wr ke gy
(1 — iwt + ikvy)” + ¢?ov272
16mieT dp 0fo
Ezz(k;q)zeoo_ 39
w v, >0 (27Th) a€p

1—1 kv,
xvﬁ zw7‘+z2v T . (B38)
(1 —iwTt + ikvyT)” + %0272

16mer3wq dp 0Ofy
Vez (b, q) = kg — ———5— 3 P,
c v.>0 (2mh)” Jép
1—; .
X vgv2 iwT + tkv, T - (B39)

(1 — iwT + ikveT)” + 20272

Appendix C: The reflection amplitude at the planar
metal-dielectric boundary.

For a given in-plane momentum k, the electric electric
field in the dielectric (z < 0) with the permittivity g4 can
be expressed as

k
q(wfc)® — k2

Xexp(zkarZ\/ (w/e)? zwt)
(

E(r,t)=E, [1,0,—

_k2

x exp ( ika —iy/eq (w/c)? —zwt)

(C1)
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leading to the corresponding magnetic field

B(r,t) = £ cuwlE
iw

=5 [ ewp (1eatwrer® — 22)
— E4 exp <z eq(wfe)® — k%ﬂ
"y

exp (ikz —iwt). (C2)

ea(w/e)? — k2

Therefore the electromagnetic wave impedance [52, 53]
in the z = —0 plane

eq (w/e)? — k2

E, r+1
A = — = C3
|z:—0 By R r—1 €d UJ/C ) ( )
where the reflection coefficient
Ey
= —. C4
r=g (C4)

On the other hand, from Eqns. (B27)-(B34) the tan-
gential electric field at the metal side of the interface

0F, )
Em|z:+0 = ( 82 o - Zk EZ|Z—+O>

> €2s (k,q) (w/c)* — k2
<2 [ (kggk/q)) £ (o5)

while the magnetic field
B|z:+0 =

¢ . [OFE,

Cw Y 0z

so that the corresponding wave impedance in the z = +0
plane

£ curl E
w

z=++0

—ik E.|,_.o |, (C6)
z=4+0

E
Z|,_ ==
+o By z=40
Ciw [ e (kyq) (w/e) — k2
“we )T D D

From Eqns. (C3) and (C7) for the reflection coefficient
r we therefore obtain

ea(w/c)?
ea(w/c)? — k2

e (kyq) (/e — k2]
D (k,q)

r=—-1+2¢1+1

1 o0
x—/ dq
T J_co

(C8)
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FIG. 7. (Color online) The evolution of the “crossing” of the plasmonic (red (dark gray) line) and the hyperbolic mode (blue
(black)), into the hybrid hyper-plasmonic (green (light gray) line) and “residual” (magenta (gray)) modes, with the increase
of vp/c. Panels (a,e): vp/c = 0.005, panels (b,f): vrp/c = 0.0062, panel (c,g): vr/c = 0.0063, panels (d,h): vr/c = 0.00935.
Other material parameters (€, 7, €4) correspond to the semiconductor system AllnAs/InGaAs, and are the same as in Fig. 1.
With the plasma wavelength A\, = 10 um, the doped semiconductor system AllnAs/InGaAs corresponds to the panels (d,h).
The dotted lines in panels (a) - (d) represent the imaginary parts of the in-plane momentum k..

Appendix D: Surface waves at the metal-dielectric
interface.

For a surface wave at the metal-dielectric interface with
the in-plane momentum k > /€5 w/c, the electric field
in the dielectric half-space z < 0 is given by

ik
k2 — eq(w/c)?

X exp (m + k2 —eq(w/e)® z — m) , (D1)

while the corresponding magnetic field

E(r,t)=E | 1,0, —

ieq w/c

k2 —eq(w/c)?
X exp (zkx k2 —eq(w/e)? z— iwt) . (D2)

The wave impedance at z = —0 is therefore given by

B(I‘,t) =y Eo

k2 — eq (w/c)?
= BT (D3)

E

Z‘z:—o =

w| =

Ylz=—0

From Eqns. (C7) and (D3)
I ez (k,q) (W/C)2 — k?
w /m 4 D (k,q)
€ (w/c)?

k2 —eq (w/c)?

; (D4)

which defines the dispersion law of the surface wave w (k).

Appendix E: “Crossing” to “Avoided Crossing”
crossover

The dispersion equation for the surface modes at the
conductor-dielectric interface, Eqn. (29) for a degenerate
electron gas generally has two distinct solutions. For a
sufficiently small value of the ratio of the Fermi veloc-
ity to the speed of light in vacuum, these correspond to
the conventional surface plasmon (red (dark gray) curve
in Fig. 7 (a),(b) and (e),(f)), and the hyperbolic wave
that is primarily supported by the hyperbolic layer (blue
(black) curve in see Fig. 7 (a),(b) and (e),(f)). In this
regime, there is a large difference in the lifetimes of the
“plasmonic” and the “hyperbolic” surface waves, so the
seemingly un-avoided crossing in the plot of the real parts
of the wavenumber and the frequency in Fig. 7 (a),(b) is
a direct consequence of this behavior — in the full phase



space (see Fig. 7 (e),(f)) these two modes actually stay
far apart from each other.

With the increase of the ratio vp/c (by e.g. increas-
ing the doping density in a semiconductor) however, the
corresponding lifetimes approach each other, and at the
critical value of vp/c the “plasmonic” and the “hyper-
bolic” modes finally become degenerate. At higher vp/c
the dispersion diagram shows an avoided crossing — as
seen in Fig. 7 (c¢),(g) calculated for the value of vp/c
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just above this critical point. From now on, with an in-
crease of the frequency, the “conventional” surface plas-
mon continuously evolves into the hyperbolic mode — see
the evolution of the magenta curve in Fig. 7 (¢),(d) and
(g),(h). At the same time, the standard plasmonic reso-
nance, which generally manifests itself by the peak in the
frequency dependence of the in-plane wavenumber (and
the corresponding photonic density of states), is strongly
suppressed — see the behavior of the magenta curve in
Fig. 7(c),(d) and note the use of the logarithmic scale.
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