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Here we consider a longstanding problem: why terahertz (THz) surface plasmons (SPs) do not run so far as the
Drude theory predicts. We experimentally demonstrated that the main cause for this paradox was a drastic rise in
the SP radiative losses at THz frequencies, not violation of the theory. Analysis of SPs induced with the radiation
of the Novosibirsk free electron laser (A = 130 um) showed that a thin dielectric layer (= 1/250) on a metal
surface can reduce the losses substantially and hence enlarge the SP propagation length several times.
Furthermore, it was found that there was an optimal layer thickness corresponding to the minimum total SP

energy losses; the cause of this phenomenon is discussed.
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1. INTRODUCTION

Surface plasmons (SPs), a kind of p-polarized electromagnetic
evanescent wave capable of propagating along a metal/dielectric
interface, are widely used in optical devices in the visible and
infrared (IR) spectral ranges [1,2]. SP characteristics (propagation
length Z, depth of field penetration in air 8, phase velocity, and
others) measured in these ranges are in good accord with those
calculated by the Drude model for the dielectric permittivity of
metals [3,4]. Moreover, the measured L values are proportional
to the second power of the wavelength (4), which confirms the
applicability of the model in these spectral ranges [5].

The situation changes in the far IR, particularly in the tera-
hertz (THz) range. First experiments with SPs excited by far IR
gas lasers revealed great discrepancy between the calculated and
measured L values on bare metal surfaces. In the experiments,
THz SPs ran distances 2 orders smaller than those predicted by
the theory: instead of several meters calculated for a perfect
plane interface, real THz SPs ran only a few centimeters
[6,7]. The same results were obtained when THz SPs were gen-
erated by free electron lasers [8,9] or by ps broadband pulses of
light spanning the whole THz spectral range (the time-domain
spectroscopy technique) [10—12]. The proportion of L ~ A2 is
violated somewhere between the middle and far IR ranges; the
cause remained unclear for decades. Some researchers [9,12]
suppose that the most probable cause of these discrepancies
is a distinction in the dielectric properties of real metal surface
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and respective bulk crystal. This hypothesis has not found a
clear experimental confirmation so far. Another explanation
of the great attenuation of THz SPs can be the “radiative” losses
of SPs on the roughness and intrinsic inhomogeneity of the
surface. At first sight, as the dimensions of optical surface
roughness are usually negligible in comparison with a THz ra-
diation wavelength, the radiative losses cannot give rise to a
considerable attenuation of THz SPs. However, one has to take
into account the small difference between the THz SP wave
vector and that of plane waves in free space; it may lead to in-
tensive SP conversion into bulk waves (BWs), even on tiny
surface imperfections.

So, we decided to investigate more thoroughly the influence
of the radiative losses of THz SPs on their attenuation along
real plane metal/dielectric interfaces. First, we detected the bulk
radiation emitted by SPs from their track and determined the
radiation pattern of these BWs. Second, it was very desirable to
find a way to reduce the losses in order to enlarge the SP propa-
gation length, which is of great importance for building lengthy
THz SP communication lines and plasmonic integrated
circuits [13].

2. BRIEF THEORY AND NUMERICAL
ESTIMATIONS

SPs are inherently nonradiative surface waves because the real
part k¢, of their wave vector kgp = k¢ + 7 - k¢ (where 7 is the



Research Article

Vol. 33, No. 11 / November 2016 / Journal of the Optical Society of America B 2197

imaginary unit) exceeds the wave vector £y = @/c of a plane
wave in free space (where @ is the cyclic frequency and ¢ is the
speed of light in vacuum). However, when the guiding interface
has roughness or intrinsic impurities, SPs lose their nonradia-
tive nature, and thus acquire additional losses, referred to as
“radiative” due to their origin [14]. Imperfections of the surface
add an increment Ak = AF' + i - Ak" to the wave vector kgp.
Note that the value of A% is not strictly defined; it is distributed
over a relatively large span, reaching a maximum in its center. If
Ak’ is negative (in case the SP wave vector kgp and the imper-
fection impact Ak are oppositely directed), it may result in the
inequality

ksp = |AK'| < k,, (1)

thus making the SPs radiative and running a shorter distance as
compared with the case of ideal plane interface. In the visible
range, the dispersion curve kgp(w) is spaced from the light line
ko(w) by a rather large distance (along the k-axis) mainly
exceeding the maximal value of possible A%’, which results
in relatively small radiative losses of the SPs. However, with
an increase in 4, the dispersion curve comes closer and closer
to the light line, making the transformation of SPs into BWs on
surface imperfections more and more probable. This means
that at low frequencies, particularly in the THz range, the role
of radiative losses in total SP attenuation on a real interface is
expected to increase. This increase may indeed be the main
cause of the discrepancy between the calculated and measured
SP propagation lengths at THz frequencies in spite of the fact
that the intensity of SP radiative losses on surfaces with
Gaussian roughness correlation function is proportional to
the 1/4° [14]. For microscopic roughness in the long-wave
range, the radiative losses must be negligible, but in case of
a macroscopic roughness, it can be substantial.

Searching for a way to reduce the THz SP radiative losses,
we suggested covering the metal surface with a thin dielectric
layer of thickness & < 1. The point is that a layer on the guid-
ing surface can increase the SP wave vector kgp (or the SP com-
plex refractive index x = k' + 7 - k' = kgp/ k) so that the most
probable value of Ak’ will be insufficient to satisfy inequality
[Eq. (1)], and no considerable reduction in the SP radiative
losses will take place.

As an example, let us consider SPs with A = 130 pm propa-
gating along a gold surface covered with a zinc sulfate (ZnS)
film of thickness 4 and obtain the dependence of k" on 4.
To do this, we need to solve the dispersion equation for SPs
in a three-layer structure [1,2], substituting the following
parameters: the ZnS refractive index 7, = 2.95 4+ 70.01
[15], the air refractive index 73 = 1.0002726 [16], and the di-
electric permittivity of the metal ¢ calculated by the Drude
model with the damping frequency vz = 215 cm™! and the
plasma frequency vp = 72, 800 cm™! for gold [17]. The calcu-
lated dependence of (k" - 73) on 4 in the range 0 < 4 < 1 pm
is displayed in Fig. 1. Note that the curve starts not from the
zero ordinate but from the point (k' - 73) = 6 x 1077, corre-
sponding to SPs on a bare gold surface. It is believed that if the
increment Ak’ caused by surface imperfections makes the dif-
ference (k' - n3) = [(k$p - AR') [k, - n3] belong to the region
limited by the curve and the d-axis in Fig. 1, the radiative losses

*
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Fig. 1. Value of (k' - 73) versus d calculated for “Au—ZnS layer of
thickness d—Air” structure at 4 = 130 pm. Dashed lines indicate the
layer thickness 4* at which the SP propagation length L along the
experimental structures reaches maximum (see Section 4.B).

of the SPs are reduced by far (not eliminated completely
though, due to an uncertainty in A#£’).

On the other hand, it is a well-known fact that a dielectric
layer on a metal surface causes SP field redistribution, leading to
an increase in the field portion carried inside the metal, and
thus reducing the SP propagation length [18-20]. Thus,
one may conclude that with growth of the coating layer thick-
ness d two competitive processes, determining the SP propa-
gation length, take place: an increase of the Joule losses and a
reduction of the radiative losses. In case the latter prevails over
the former, the propagation length should increase with
d-growth. We tested this hypothesis experimentally at the
Novosibirsk free-electron laser (NovoFEL) [21], generating
monochromatic THz SPs on flat glass samples covered with
an opaque gold film and ZnS layers of various thickness.

3. EXPERIMENTS
A. Experimental Setup

The experimental schematic is shown in Fig. 2. A p-polarized
Gaussian beam of the NovoFEL with a waist of 15 mm and a
wavelength of 130 pm entered the experimental setup as a con-
tinuous stream of 100-ps pulses with a 5.6 MHz repetition rate
and an average power of about 10 W. Polarizers Pol 1 and Pol 2
were applied for beam attenuation and polarization control,
accordingly. The input beam intensity was monitored using
a beam splitter (BS) with a pyroelectric sensor.

To transform the bulk radiation into SPs, instead of a par-
allel plate waveguide used in previous investigations [22], we
employed the end-fire coupling technique [23] as a simpler,
more effective, and more reliable method. In contrast to the
classical implementation of the method with a rectangular edge
of sample, we used a one-cighth part of a glass cylinder (see
Fig. 2), its optical-quality polished curved surface covered with
a 1-pm thick gold film as a coupling element [24]. The cylin-
drical form of the coupling element made it an effective screen,
shielding the photodetector from diffracted BWs. The radius of
the cylinder, R = 60 mm, exceeded A manifold, which made
the curvature contribution to the radiative losses negligible
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Fig. 2. Experimental setup with the end-fire coupling technique to
excite SPs on the edge of a cylindrical coupling element attached to a
plane-surface sample: device A, for sensing SP radiative losses; device
B, for measuring the SP field penetration depth & (decay length) in air
and the SP propagation length L.

[25]. To increase the coupling efficiency, we covered the gold
film of the coupling element with a ZnS layer 2 pm thick. The
generated SPs proceeded from the cylindrical surface of the
coupling element to the sample plane surface adjoining it.

To study the THz SP field distribution along the track, we
employed two devices: A and B, used alternatively, not simul-
tancously (Fig. 2).

To measure the SP radiative losses, we used device A. BWs
emitted from the track due to the interaction of the SPs with
surface imperfections were reflected by a 45° inclined plane
mirror and detected with a TPX lens and an optoacoustic de-
tector (a GC-1D Golay cell with NEP 1.4 x 1071 W /Hz 1/2.
The Golay cell was coupled to a lock-in amplifier (SR-830)
tuned at a 15 Hz chopping frequency. The mirror, the detector,
and the lens were placed on an optical rail in f-f arrangement,
where /= 100 mm is the focal length. The detector was
equipped with a 0.2 mm diaphragm (oriented normally to
the plane of incidence), cutting off parasitic BWs. In addition,
the detector was shielded with an accessory metal screen from
BWs generated by the SPs due to their diffraction on the junc-
tion between the coupling element and the sample. The diffrac-
tion was caused by the not ideal contact and difference in Zn$
layer thickness on the coupling element and the sample [26].
The screen was fixed over the SP track, its edge 15 mm from the
junction and 10 mm from the sample surface. The focusing
lens transforms the incoming radiation into the spatial Fourier-
spectrum in the focal plane. Scanning the detector in the focal
plane along the x-axis, we recorded the angular patterns of bulk
radiation emitted by the SPs due to their interaction with the
surface imperfections (see Section 4.A).

The device B was used for determination of the SP propa-
gation length L and the decay length in air § (see Section 4.B).
Running along a sample surface, SPs stroke against the same
plane mirror; this again resulted in the decoupling of the
SPs into BWs. However, this time a negative increment in
the SP wave vector, necessary for the SP decoupling, was ob-
tained in the process of the SP diffraction on the mirror edge.
The complex “TPX lens—Golay cell” arranged now in 2f-2f
(with /= 50 mm) imaging scheme, which enabled us to visu-
alize exclusively the mirror edge (not other points of the mirror
reflecting facet). To screen the detector from radiative waves

and BWs produced by the SPs diffracting on the junction,
the reflecting facet of the mirror was covered by a thick card-
board, as shown in Fig. 2. The cardboard almost did not cut
BWs produced by diffracted SPs on the mirror edge, as the dif-
fraction pattern of SPs was narrow (x4°). To measure the SP
field distribution, we placed the mirror and the detection com-
plex on a translation stage movable both along the SP track
(x-axis) and along the normal (z-axis) to the guiding surface,
which enabled recording the distribution of the SP field

intensity in those directions.

B. Samples

We prepared two sets of samples, which were thick glass bars
15 cm long, 3.5 cm wide, and 1 c¢m thick with flat polished
upper faces. The samples of the first set, further referred to
as “imperfect” ones, were polished with low quality, covered
with a thermally evaporated gold film 1 pm thick, and option-
ally coated with a thermally evaporated ZnS layer 0-3 pm
thick. The better quality samples, referred to as “perfect” ones,
were optically polished, covered with gold films 0.3 pm thick
by DC magnetron sputtering and optionally coated by e-beam
evaporation with a ZnS layer of that or another thickness. The
gold film could be considered as a semi-infinite medium in our
case, as according to the Drude model the skin depth in gold at
THz frequencies is about 44 nm, while the electron free path is
41 nm, which is substantially smaller than the film thickness.

We examined the sample surfaces with an atomic force mi-
croscope (AFM) in the semicontact regime. Images of 1 pm x
1 pm square areas of the surfaces are shown in Fig. 3. On the
bare gold surfaces for both sets of samples [see Figs. 3(a) and
3(b)] one can clearly see a granular structure, which is typical of
evaporated thin gold films [27]. Processing the images numeri-
cally, we obtained several characteristics of the surfaces, which
are important for SP attenuation study (see Table 1). The sam-
ple ZnS layer thicknesses & were measured by the ellipsometric
technique. Deviations of  values from their mean value over a
150 mm distance along the sample surface are written in the
last column of Table 1. Analysis of these results reveals that
(1) the microscopic RMS roughness of the “perfect” samples
was significantly less than that of the “imperfect” ones;
(2) the bare gold surfaces of both sets of samples had a regular
granular structure, but the mean grain diameter of the “perfect”
samples was about twice as small as that of the “imperfect”
ones; (3) the mean grain diameter and height were comparable
with the electron-free path in gold, which could decrease the

Flg 3 AFM images of 1 pm x 1 pm areas of sample surfaces with
(a) 1-pm bare gold film thermally evaporated on imperfectly polished
glass substrate; (b) 0.3-pm bare gold film evaporated on perfectly
polished glass substrate by magnetron sputtering; (c) 0.3-pum gold film
covered with ZnS layer 0.52 pm thick.
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Table 1. Characteristics of Sample Surfaces Measured with an AFM

Samples Mean Grain Mean Grain RMS Roughness ZnS Layer Thickness Deviation
Diameter, nm Height, nm (Over 100 gm x 100 gm Area), nm (Over 150 mm Distance), nm

“Imperfect” 75 £ 30 20 50 20

“Perfect” 30 £ 20 30 20 10

effective dielectric permittivity of the metal surface as compared
with that of the bulk metal; and (4) the ZnS layer thickness of
the “perfect” samples was more uniform. Additional testing of
ZnS layers with an electron microscope revealed a high clarity
and uniformity of their content for both series of samples.

Imperfections caused by the ZnS coating grains (see
Table 1) and deviations of ZnS layer thickness are too small
to produce substantial radiative losses. Therefore coverage of
the metal surface with a dielectric film made the SPs-BWs
transformation process less probable, due to a shift of the
SP dispersion curve from the light line (see Section 2).

4. EXPERIMENTAL RESULTS AND DISCUSSION
A. Direct Sensing of Bulk Radiation from SP Track

The most crucial evidence of the existence of SP radiative losses
was the direct sensing of BWs emitted from the track due to the
SP conversion on surface imperfections. To carry out measure-
ments of this kind, we used the setup shown in Fig. 2 (device
A). Scanning the detector along the x-axis in the focal plane of
the lens, we measured the angular spectrum 7(a) of the radi-
ation coming from the reflecting facet of the mirror, where an-
gle a = arctg(x/ f). The edge of the mirror was put on the
sample surface at the distance x & 150 mm from the “coupling
element—sample” junction. The angular distributions of the in-
coming radiation recorded for the “perfect” samples containing
ZnS layers of thickness 4 = 0.0, 0.4, and 0.7 pm are shown in
Fig. 4. Each individual diagram recorded for a given sample had
two main maxima (a subsidiary maximum was observed only

for the sample with & = 0.70 pm).

Normalized intensity (a.u.)

2
a (deg)

Fig. 4. Radiation patterns recorded from SP track on Au samples
(set of “perfect” samples) with ZnS layer of various thicknesses & using
45° inclined mirror placed normally to the track (see schematic A in
Fig. 2).

The first maximum, observed in the angular span
a = (0-2)°, where a is either the angle counted from the sam-
ple surface to the BW wave vector or the angle of the BW in-
cidence onto the Golay cell entrance window, as well as the
third one for the sample with 4 = 0.70 pm at a = 3.5°, cor-
responded to BWs produced by the SPs due to their diffraction
on the edge of the mirror. Note that the thicker the ZnS layer,
the closer is the SP maximum (the first one) to the normal
(@ = 0°). Similar radiation patterns were observed with SPs
diffracting on a sample rectangular edge [22], which is evidence
of the diffractional nature of the SP transformation on the
mirror edge.

The second maximum (at a greater a) was formed by BWs
produced by the SPs on their track due to interaction with sur-
face imperfections. To make sure that the second maximum
was really produced by BWs incident on the 15-mm long re-
flecting facet of the mirror and that it had a “radiative” nature,
we tested the maxima using two paper strips.

First, we put a paper strip 1 (10 mm wide) on the SP track.
When the strip was between the metal screen and the mirror,
the first maximum decreased about two times (at any place on
the track), while the second maximum remained unchanged.
When the strip 1 moved closer to the junction between the
coupling cylinder and the sample, the second maximum gra-
dually decreased. This evidenced the “plasmon” nature of the
first maximum and the “radiative” nature of the second one.
Reduction of the second maximum in case the strip was close
to the junction corresponded to more powerful radiative waves
emitted from the initial part of the track and absorbed by
the paper.

Further, we put paper strip 2 (2.5 mm wide) on the
45°-mirror reflecting facet and moved it gradually downward to
the sample surface (see Fig. 5). Below we describe the observed
changes in the maxima when the strip was being moved down-
ward to the sample with a ZnS layer 0.40 pm thick. As soon as
the strip was put on the upper edge of the facet of the mirror,

SP max "Rad" max

Wper strip

|
I
|
o /'/ ' i
: T
= ' ! Position A
1 N
= ' '
h | Position B
! A Mirror
2 0 2 4
a (deg) | ‘
Sample

Fig. 5. Testing “radiative” nature of the second maximum with a
paper strip 2: experimental scheme and results for the sample with

ZnS layer 0.4 pm thick.



2200 Vol. 33, No. 11 / November 2016 / Journal of the Optical Society of America B

Research Article

the second maximum started decreasing, and when the strip
passed one-third of the facet length (position A in Fig. 5),
its intensity was four times as small as the initial value. Up
to this position, the first SP maximum remained unchanged.
Further shifting of the strip toward the lower edge of the mirror
led to a gradual increase in the second maximum and a decrease
in the first one. At the terminal point of the strip motion, when
it touched the sample surface (position B in Fig. 5), the second
maximum was half of its initial value, while the first maximum
reached its minimum, about one-third of its initial value. Such
behavior of the maxima evidences the existence of BWs emitted
from the SP track and propagating at an angle @ with the sample
surface. Besides, the radiative waves were indicated in the whole
tested angular span (o & 0—4°), with their intensity reaching its
top at the second maximum. This means that the radiative waves
had a wide angular spectrum. It is worth noting that with the
ZnS layer thickness growing, the second maximum shifts to the
normal (& = 0°) like the first one, which indicates an increase
in the SP wave vector with thicker coatings.

To make sure that the observed maxima were not produced
by parasitic BWs originated due to the SP diffraction on the
junction, we made similar experiments employing the wave-
guide coupling technique on samples with an inclined edge
(see [22]). Such a schema excludes a junction between the cou-
pling element and the sample. Still, we observed the same
maxima, and their testing gave the results similar to those de-
scribed above. So, almost total elimination of parasitic BWs
brought no new results and confirmed existence of radiative
losses.

B. Measurements of SP Decay and Propagation
Length

To test our hypothesis about possible reduction in the SP ra-
diative losses due to a dielectric coating, we measured the dis-
tribution of SP field intensity 7 (see Fig. 2, scheme B) both
along the track (x-axis) and along the normal to the surface
(z-axis) with both sets of samples. First, we measured the /-
distribution along the z-coordinate. As an example, the exper-
imental dependence /(z) measured for the sample with 4 =
0.4 pm is presented in Fig. 6. The intensity decreased exponen-
tially in accordance with the theory of SPs. Besides, quite in line

O  Experiment
— Fitting

Normalized intensity (a.u.)
o

001 1 1 1 1 J
0.0 0.5 1.0 1.8 20

z(mm)

Fig. 6. SP intensity versus z-coordinate recorded for the sample

with ZnS layer 0.4 pm thick.
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Fig. 7. Decay length & of SP field into air versus ZnS layer thickness
d: experimental data for “imperfect” and “perfect” sets of samples
(circles); calculations (solid line).

with the theory, we noted that the thicker the ZnS layer, the
more compact was the distribution of SP field over the guiding
surface. The length of SP field decay in air 6 (the distance at
which the SP field intensity drops by a factor of e = 2.718)
derived from the experimental dependences decreasing mono-
tonically with & increase (Fig. 7). The experimental results for
both sets of samples agree well with & values calculated by the
Drude model for the dielectric permittivity of metals. This
accordance is evidence of the classical model applicability for
gold in the THz region.

At the same time, we have to admit that these results dis-
agree to some extent with predictions of the theory developed
in [28], which states that, in case of a rough metal-air interface
with a roughness characterized by a Gaussian correlation func-
tion, SP decay length & values must be about two times less
than Drude theory predicts and their radiative losses cannot
cause the experimentally observed significant reduction of the
SP propagation length [30]. Nevertheless, as noted in [28], the
actual correlation function of a rough surface may differ from
the Gaussian one and, in case of a nonmonotonic correlation
function, the effect of SP radiation losses could be enhanced.

In the next stage of measurements, we recorded the depend-
ences /(x), the 45°-mirror with the detection system (see Fig. 2,
device B) being moved along the SP track on the translation
stage with a 10-mm step. At each measurement point, the mir-
ror was put down onto the sample surface. The results obtained
for the “imperfect” samples are shown in Fig. 8. The experi-
mental points for any given sample can be well approximated
with an exponential curve. Note that the uppermost curve, cor-
responding to the smallest attenuation of the SPs, is not for
d =0 but for d belonging to the interval from 0.15 to
0.75 pm. To determine the optimum &* value, at which
the propagation length attains its maximum, we calculated
the dependence L(d) (see Fig. 9) via exponential fitting
of the experimental curves /(x). To compare the experimental
dependence L(d) with that calculated by the Drude model, we
plotted them both in the inset of Fig. 9. The error bars’ size was
supposed to be equal to 10% from the corresponding
value of Z, and was mainly determined by the laser radiation
stability. One can see that the L value measured for bare gold
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Fig. 8. SP normalized intensity versus distance x run by surface
wave along “imperfect” samples with ZnS layers of different
thicknesses d.
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Fig. 9. SP propagation length L estimated from plots in Fig. 8 versus
ZnS layer thickness 4 (“imperfect” samples). Inset: same experimental
values L (circles) along with curve calculated by Drude theory (solid
line).

(d = 0) is about 2 orders less than the calculations predict.
This discrepancy gradually decreases as the ZnS layer thickness
d goes up. Other investigators [18,19] noted this fact as well.
We have to admit that L values obtained in the experiments
under discussion are several times larger as compared with those
determined in our previous experiments with different gold
samples [22]. One of the causes of this discrepancy can be
the different quality of the surface of the samples used in
the series of experiments.

One can see that the experimental dependence L(d) in
Fig. 9 reaches its maximum L, % 130 mm at &* = 0.4 pm,
which is about two times larger than L &~ 60 mm for the bare
gold surface. This fact is in accord with the above assumption
that a dielectric coating on a surface may enlarge the SP propa-
gation length due to some decrease in the radiative losses (see
Section 2). The assumption is also backed up by the monotonic
character of the plot 6(&) in Fig. 7. It indicates that the portion
of the SP field carried inside the metal increases with & growth,

Vol. 33, No. 11 / November 2016 / Journal of the Optical Society of America B 2201

which is expected to result in a corresponding rise in the SP
attenuation caused by the Joule losses [2,18,19]. However,
our experiments demonstrated that the SP attenuation, on
the contrary, decreased with 4 growth, until it reached
0.4 pm value. However, for samples with & > 0.5 pm, the ex-
perimental L values decrease with & growth monotonically, as
does the calculated curve, though the former is about two times
lower than the latter for any 4.

Combining the results obtained in the experiments (Fig. 9)
and those calculated for the “Au—ZnS layer—Air” structure (see
Fig. 1), one may state that the most probable negative incre-
ment Ak’ in the SP wave vector, originating from the surface
imperfections, corresponds to (k' - 723) ~1.7 x 1074, when the
propagation length L reaches its maximum, while the SP total
losses (the radiative plus the Joule ones) attain their minimum

We performed one more series of the experiments described
above with the set of “perfect” samples, the surfaces of which
were processed with higher quality. The samples had the same
configuration and size, but the Au films deposited on their sur-
faces were coated with ZnS layers of thicknesses of 0, 0.072,
0.22, 0.3, 0.4, 0.52, 0.7, 2.0, and 3.6 pm. To increase the
accuracy of the measurements, we moved the translation stage
along the x-axis with the Golay cell automatically with a scan-
ning pitch of 0.4 mm. In the scanning, the gap between the
mirror and the sample surface was about 0.15 mm. The pass
was 50 mm long. Examples of the newly measured dependen-
ces 1 (x) are presented in Fig. 10. It is clearly seen that for the
3.6 pm thick ZnS layer, there are oscillations corresponding to
interference between the BWs produced due to the SPs diffrac-
tion and the BWs radiated from the track. The interference
effect is more pronounced for larger o, which can be related
to smaller angles a of the radiative BWs for thicker dielectric
layers (see Fig. 4).

Approximating the experimental points with exponential
curves, we plotted one more L(d) graph, shown in Fig. 11.
The error bars’ size was supposed to be equal to 10% from
the corresponding value of L, and was mainly determined
by the NovoFEL radiation stability. It is seen that refinement
of the surface increased the propagation length L for all samples
and almost did not have an effect on the 4 value at which the L
value reached its maximum: the largest L value was attained
at d* ~ 0.5 pm. This means that the microscopic surface
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Fig. 10. SP intensity versus distance x measured with the set of

“perfect” samples with ZnS layers of different thickness d.
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Fig. 11.  SP propagation length L estimated from plots in Fig. 10
versus ZnS layer thickness o (set of “perfect” samples). Dashed line:
approximation curve.

roughness of the samples (see Table 1 in Section 3.B) has no
effect on the SP propagation length and cannot produce sub-
stantial radiative losses, as was mentioned in Section 2. But still,
the dependence L() had a peak, and the maximum L consid-
erably (3.5 times) exceeded the L value on the bare sample.

Summarizing this paragraph, we would like to emphasize
once again that results obtained in the described experiments
contradict to some extent the classical SP theory for plane struc-
tures with ideal interfaces, which states that covering a metal
substrate with a dielectric film is expected to decrease the L
value (at least for films with 4 < 4/10) [18,19]. Meanwhile,
we experimentally observed that the SP propagation length
L increased with deposition of a thin (4 &~ 1/250) dielectric
layer on the metal surface. A reasonable explanation of this phe-
nomenon can be given with a hypothesis that the layer along
with a redistribution of the SP field from air into the metal
(which raises the Joule losses) increases the SP wave vector
as well, which results in a reduction in the radiative losses.
Moreover, the maxima observed in the experimental depend-
ences L(d) indicate that in case the metal surface is covered
with a thin dielectric layer, the reduction in the SP radiative
losses prevails over the rise in the Joule losses. With a certain
layer thickness 4, the sum of the two types of losses reaches its
minimum, resulting in the longest distance the SPs run along
the metal-dielectric interface.

C. Way to Increase Precision of the SP Technique
for Metal Dielectric Permittivity Determination in the
THz Spectral Range

Because of an extremely high reflectivity of metals in the THz
range, the methods based on measurements of radiation ab-
sorption, such as reflectometry and ellipsometry, cannot ensure
necessary precision for determination of their dielectric permit-
tivity. In contrast to the reflectivity-based methods, application
of SPs for this aim looks more attractive as they interact with
the sample on a long distance (thousands of 4) and their char-
acters are fully determined by dielectric properties of the metal
and the state of its surface.

The SP refractometry technique relies on measurements of

the propagation length and phase velocity of the SPs guided by

the sample surface that enables one to calculate both parts of
the SP complex refractive index, and, solving the SP dispersion
equation for a two-layer structure, find the required value of e.
Adequate arrangements for implementation of the technique
were recently elaborated for samples of plane and cylindrical
configurations [29,12].

What is strange is that the values of the metals € obtained by
the SP method in the THz spectral range are dramatically smaller
as compared with those yielded by the techniques employing bulk
radiation and those obtained by calculations with the Drude
model [30]. The same contradiction was stated when the me-
thod realized with the time-domain spectroscopy technique was
employed for € evaluation of the highly doped silicon [31].

The question arises: what is the reason for this discrepancy?
As mentioned in the Introduction, there are two main conjec-
tures about the nature of the disagreement: (1) distinction in
the dielectric properties of real metal surface and respective bulk
crystal; (2) radiative losses of SPs on the roughness and intrinsic
impurities of the surface.

The first conjecture is actual for any type of measurements
with external radiation and cannot account for the disagree-
ment between measurements with bulk and surface waves.
The second conjecture seems more probable, but there was
no experimental confirmation on the radiative losses’ substan-
tial impact to attenuation of THz SPs up to now.

Results of the paper presented clearly indicate that radiative
losses play a very important role in attenuation of THz SPs,
especially in case the metal surface is bare or is coated with
a dielectric layer of thickness less than 1/250. There is no doubt
that these losses diminish the THz SP propagation length L to a
great extent, which should result in smaller values of the metal
dielectric constant determined with the SP technique.

A way to increase precision of the SP refractometry tech-
nique becomes obvious as soon as one gives a glance at Fig. 9
and particularly at its inset. Divergence between calculated and
measured values of L becomes smaller and smaller as the coat-
ing layer thickness & increases: for 4 > 1/100 the divergence is
only twofold, whereas for 4 < 1/300, it exceeds a hundredfold.
This means that in case the gold surface is coated with a ZnS
layer of thickness & > 1/100, a measured L will be only two
times less than its Drude model calculated counterpart; accord-
ingly, a value of the dielectric permittivity of gold determined
with the SP technique now will be much closer to its real mag-
nitude as well as to its Drude model calculated value. The only
charge “paid” for the precision increase of the method is dep-
osition of a thicker layer, reliable knowledge of its thickness and
the refractive index, and necessity to solve the SP dispersion
equation for a three-layer structure instead of a two-layer
one. We are going to implement this modified SP refractometry
technique in the near future.

5. CONCLUSION

It has been experimentally demonstrated that radiative losses
play an important role in the SP propagation along real metal
surfaces at THz frequencies. The SP propagation length calcu-
lated by the Drude theory agrees well with experiments in the
visible and near-IR ranges, but drastically disagrees with experi-
ments in the THz region. To reveal the cause, we studied SPs
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launched by monochromatic radiation of a free-electron laser
with A = 130 pm in “Au—ZnS layer—Air” plane structures with
the layer thickness 4 of 0 to 0.0254. Two sets of samples of
different surface quality were studied. The measured decay
length (penetration depth of SP field into air) with all the sam-
ples coincided with predictions of the Drude theory, which evi-
denced the validity of the theory in the THz range. Using
imaging and Fourier-transform optical systems, we recorded
the angular distributions of coupled and decoupled (radiative
losses) waves traveling along the surface. It was found that ra-
diative losses originating from transformation of SPs into BW's
on surface imperfections can considerably exceed the Joule
losses inside the metal (especially if the surface is uncovered)
and were obviously responsible for the reduction in the
THz SP propagation length. We discovered that with growing
ZnS thickness the propagation length first increased, reached its
maximum at 4 % (0.003-0.004) 4, and then monotonically
decreased. The effect discovered proves the udility of covering
a guiding surface with a thin dielectric layer as it enlarges the
propagation length of THz SPs, concentrates the SP field in the
proximity of the surface and protects it from outside intrusions,
which is of great importance for THz SP communication lines.
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