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We present experimental measurements that show direct determination of the dielectric properties of various
metals relevant to plasmonics. In contrast to traditional measurements that typically rely on transmission and
reflectance measurements, we launch surface plasmon-polaritons on a variety of different substrates and measure
the propagation properties using terahertz time-domain spectroscopy. Surprisingly, we find that the extracted
values for the dielectric constant for these metals differ by orders of magnitude from published data. In order
to validate the obtained results, we separately measure the 1∕e decay length, both along the propagation direction
and normal to the metal surface, and show that the results are fully self-consistent with experimental data. The
generality of the measurement technique makes it a useful tool to estimate the properties not only of planar
conducting substrates but also a wide variety of more complex plasmonic structures. © 2013 Chinese Laser Press
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1. INTRODUCTION
The dielectric properties of a medium are central to under-
standing phenomena such as reflection, propagation, and
transmission of light. As such, a variety of techniques have
been developed to measure this fundamental parameter of
materials. In the case of transparent dielectrics, this is most
easily accomplished by using simple transmission measure-
ments, although reflection and waveguide measurements
are also commonly used. Other possible approaches involve
absorption spectroscopy, ellipsometry, Fourier spectroscopy,
and so on [1]. In the case of metals, which are often in the form
of thin films, the primary measurement techniques have relied
on transmission and reflection measurements. At optical
frequencies, where the reflectivity of most metals is not very
close to unity (typical metal mirrors have <95% reflectivity in
the visible), the extracted values of the dielectric constant are
generally reproducible and self-consistent [1,2]. Models de-
scribing the permittivity of metals are based typically on
the Drude model, which relies primarily on the bulk plasma
frequency. For most conventional metals, the plasma fre-
quency lies in the ultraviolet and, thus, is relatively close to
the optical frequencies of relevance. As one moves to longer
wavelengths, such as the far-infrared or the terahertz spectral
range, there are very few equivalent measurements [3–5].
There are a number of reasons for this, but primary among
these is the fact that the high conductivity of most metals cor-
responds to near unity reflection. This raises the issue of what
constitutes an appropriate reference, since perfect reflectors
do not exist. Thus, most dielectric data for metals in the

far-infrared rely on a fit to the Drude model using plasma
frequencies that lie near the other end of the electromagnetic
spectrum [3]. Such fits usually yield real and imaginary com-
ponents of the dielectric constant that are many orders of
magnitude larger than in the visible.

A correct assessment of the permittivity of metals is par-
ticularly relevant given the increased interest in the field of
plasmonics in recent years [6]. Surface plasmon-polaritons
(SPPs) are electromagnetic waves bound to a metal–dielectric
interface that have unique dispersion properties that differ
dramatically from the dispersion properties of freely propa-
gating radiation. Given the Drude model fits to the dielectric
properties, most metals are commonly assumed to be nearly
perfect conductors in the long-wavelength regime (i.e., micro-
wave and terahertz frequencies). From a computational point
of view, this approximation dramatically simplifies analyses of
various plasmonic structures. It has also given rise to assum-
ing that experimentally measured surface waves on metal
films are “spoof” plasmons [7], even though such a designation
only applies strictly to bound waves on structured perfect
electrical conductors. However, the perfect conductor
approximation yields results that deviate from experimental
results. For example, the 1∕e out-of-plane spatial extent [8]
for SPPs on unstructured metal films at low terahertz frequen-
cies (1 THz corresponds to λ � 300 μm) using published
dielectric data [3] yields values that are typically many centi-
meters to tens of centimeters. This is at odds with experimen-
tal data that shows that it is typically on the order of a few
millimeters [9–11]. Similarly, transmission measurements
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using terahertz waveguides show significantly narrower reso-
nances in numerical simulations based on a perfect electrical
conductor approximation than has been obtained experimen-
tally [12]. While fabrication tolerances play some role in this,
neglecting loss in numerical simulations is also an issue.

In this article, we experimentally extract the complex
refractive index and corresponding complex dielectric prop-
erties using a modified terahertz time-domain spectrometer.
The approach is interesting and unique because it does not
require a “perfect” reference; in fact the measurements are
self-referenced via multiple measurements taken at different
locations on the same substrate medium. Using this technique,
we evaluate the propagation properties of SPPs on several dif-
ferent planar metal films. We find that the dielectric properties
of three typical metals differ by orders of magnitude from pre-
dictions based on a simple Drude model fit. In order to dem-
onstrate that these results are reasonable and self-consistent,
we independently measure the in-plane and out-of-plane 1∕e
decay lengths for each metal and show that the results are
self-consistent.

2. DESCRIPTION OF THE PHENOMENON
Before moving to the experimental details, we begin by dis-
cussing basic properties of SPPs relevant to the discussion
here and the expected numerical values of these quantities
based on previously published dielectric data [3,4]. The
dispersion relation for SPP waves propagating along the inter-
face between a planar metal film and a dielectric is well
established and given by [8]

kx � kxr � ikxi �
ω

c

�
εdεm

εm � εd

�
1∕2

� ω

c
nSPP; (1)

where kx � kxr � ikxi is the complex propagation constant of
the SPP wave parallel to the propagation direction, ω is the
radial frequency of the electromagnetic radiation, c is the
speed of light in vacuum, εd is the dielectric constant of
the dielectric interface medium, and εm is the dielectric con-
stant of the metal. For the purposes of the discussion here, we
assume that εd is purely real and that only the metal is char-
acterized by a complex dielectric constant, expressed as
εm � εmr � iεmi, where εmr and εmi are the real and imaginary
components of the dielectric constant of the metal, respec-
tively. The complex refractive index associated with the
SPP propagation is given by nSPP � n� iκ.

For SPPs, there are two experimentally measurable param-
eters that characterize the spatial properties of these fields.
The first is the 1∕e attenuation length along the direction of
propagation. The intensity of SPPs propagating along a
smooth surface decreases as exp�−2kxix�. Thus, the 1∕e
attenuation length, Lx, is given by

Lx � 1
2jkxij

: (2)

It is worth noting that within the terahertz community, it is
common to define the 1∕e attenuation length along the surface
based on the electric field amplitude and not the intensity
[9,12–14]. In such cases, the appropriate value of Lx would
simply be twice the value given here.

The second measurable parameter can be obtained from
the propagation constant along the z axis within the dielectric
medium and can be written as [8]

kz � kzr � ikzi �
�
εd

�
ω

c

�
2
− k2x

�
1∕2

: (3)

Here, the attenuation is defined in terms of the electric
field decay normal to the surface into the dielectric
(∼ exp�−jkzijjzj�). Thus the 1∕e attenuation length into the
dielectric, Lz, can be expressed as

Lz �
1

jkzij
: (4)

The exponential decay away from the metal surface arises
from the fact that SPPs are electromagnetic waves bound
to the metal–dielectric interface and, therefore, take on their
maximum amplitude at the interface and decay as one moves
away from the surface.

We now consider the SPP propagation properties for two
metals (Au and Al) that are highly conducting and often used
in plasmonics applications. In Figs. 1(a) and 1(b), we show the
real and imaginary components of the complex dielectric con-
stants, obtained using the Drude model and fit parameters from
[3]. In stark contrast to the dielectric properties at optical
frequencies, jεmij is typically larger than jεmrj, and both are or-
ders of magnitude larger than at visible frequencies [2,3]. In
Fig. 1(c), we show the calculated values of the 1∕e propagation
length (Lx) along the propagation direction (x axis) as a func-
tion of frequency using Eq. (2). Similarly, using Eq. (4), we show
the 1∕e spatial extent of the SPP along the z axis in Fig. 1(d).

These dielectric properties give rise to a number of inter-
esting predictions. For the sake of discussion, we consider
what happens at 0.5 THz (λ � 600 μm) using Au, though equiv-
alent results are obtained at other frequencies and with other
metals. Based on Eq. (1), nSPP � 1.000000026� i3.4 × 10−7.
Therefore, the predicted propagation distance Lx > 140 m
(i.e., >2.3 × 105λ) and Lz is ∼16 cm (i.e., >250λ), giving rise to
the common perception that the surface wave is very loosely
bound to the metal surface. As discussed above, none of these
calculated values agree well with experimental results.

3. EXPERIMENTAL DETAILS
We used a modified terahertz time-domain spectroscopy sys-
tem to characterize the properties of several different metals,
as shown schematically in Fig. 2. The details of the measure-
ment technique have been discussed in detail elsewhere [12];
however, for completeness, we provide a brief description
here. Broadband terahertz radiation was generated using a
1 mm thick h110i ZnTe crystal, which was then collected
and collimated using an off-axis paraboloidal mirror. The ra-
diation was focused using a 150 mm focal length polymethy-
pentene (TPX) lens, such that it was normally incident on an
input coupler, which consisted of a straight 300 μm wide ×
100 μm deep rectangular cross-sectional groove that was 2 cm
in length and fabricated in a 400 μm thick stainless steel metal
foil. The purpose in using a 2 cm long groove was to minimize
the divergence of the propagating SPPwave. The groove acted
as a coupler by scattering a fraction of the incident radiation
into SPPs [12,15]. We used the exact same input coupler for all
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of the studies, which was physically abutted to different
400 μm thick samples (Au, Al, and stainless steel), as shown
schematically in Fig. 2. This ensured that we achieved identi-
cal coupling characteristics for each set of measurements.
The small separation between the two pieces, coupler and
sample, had minimal effect on the propagation properties
of the coupled SPPs. Each of the metallic samples consisted
of a 12.5 cm wide × 25 cm long × 400 μm thick sheet with a
surface roughness of <50 nm rms (i.e., <λ∕12; 000 at
0.5 THz). For the Au sample, we deposited 2 μm of Au on
a stainless steel sheet. We have previously shown that SPP
properties are governed by the properties of the top metal

layer, when its thickness is greater than a few hundred
nanometers [16].

The time-domain properties of the z component of the
propagating terahertz electric field were measured using a
second h110i ZnTe detection crystal via electro-optic sampling
[17]. The temporal resolution available with our apparatus
was 6.66 fs. This crystal could be freely moved about the sur-
face of the sample, as well along the z axis, allowing for the
electric field in the half-space above the metal surface to be
completely mapped. We used this feature to measure the de-
cay in the bound THz electric field along the x and z axes.
Though not utilized here, when both h110i and h100i ZnTe
crystals are used, the x, y, and z components of the terahertz
electric field can be measured independently in a calibrated
manner at any point, which would allow for complete map-
ping of the terahertz electric field [11,18].

While the operational principles of this approach are essen-
tially the sameaswith conventional terahertz time-domain spec-
troscopy, there is aminor difference. In order to understand this
difference, consider a medium (i.e., the sample in Fig. 2) that is
essentially a perfect electrical conductor, such that the refrac-
tive index of the propagating SPP wave is given by nSPP � 1. In
this case, both the optical probe beam and the coupled SPP
wavemoveat a velocity of c, the speedof light in vacuum.There-
fore, regardless of the position of the detection crystal along the
x axis, we would observe a time-domain waveform that is un-
changedwithin the temporal window that is scanned. However,
if the medium is an imperfect metal, such that nSPP is no longer
exactly equal to 1, then as the crystal ismovedalong the�x axis,
the SPP pulse will propagate slower than the optical probe
pulse. Thus, the measured terahertz waveform will shift in time

Fig. 1. Dielectric and SPP propagation properties for Au and Al at terahertz frequencies based on published data, assuming εd � 1. (a) Real
component of the dielectric constant based on a Drude model fit. (b) Real component of the dielectric constant based on a Drude model fit.
(c) 1∕e propagation length, Lx, along the x axis. (d) 1∕e spatial extent, Lz, along the z axis.

Fig. 2. Schematic diagram of the excitation and detection scheme for
measurement of the SPP propagation and sample dielectric proper-
ties. Broadband terahertz radiation is normally incident on a 2 cm long
rectangular cross-sectional groove that is 300 μmwide × 100 μm deep.
The groove is used to couple normally incident freely propagating
broadband terahertz radiation into SPP waves that propagate along
the sample surface. A h110i ZnTe crystal that can be freely positioned
anywhere above the sample surface is used to measure the z compo-
nent of the terahertz electric field via electro-optic sampling.
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(again ignoring losses). This temporal shift corresponds to a
phase change in the frequency domain.

If we now consider losses associated with the imperfect
metal, we would measure both a shift in time, as well as a
change in the time-domain waveform, corresponding to
changes in both the amplitude and phase. Thus, a measurement
taken at two different points (at least) along the x axis will
yield the complex value of nSPP�� n� iκ�. Analytically, the
transfer function associated with measurements at two differ-
ent points along the x axis separated by a distance d is given by

H�ω� � ETHz�x� d�
ETHz�x� 0� � exp

�
−i

ω�n− 1�d
c

�
exp

�
−

ωκd
c

�
; (5)

where both n and κ are frequency dependent, ω is the radial
frequency, and ETHz corresponds to the Fourier transform of
the relevant time-domain waveform. Using the extracted

complex value of nSPP, we can obtain the complex dielectric
constant, εm, of the metal, using Eq. (1):

εm � εmr � iεmi �
εdn2

SPP

εd − n2
SPP

: (6)

4. RESULTS AND DISCUSSION
We now begin by discussing the experimentally determined
properties of Au. In Fig. 3(a), we show two time-domain
waveforms measured for a separation distance of 10 cm.
The waveform corresponding to d � 0 cm was actually mea-
sured approximately 2 cm after the input groove and on the Au
sample. As can be seen, we observe a time shift of 133 fs be-
tween the two waveforms. In the absence of any pulse reshap-
ing, this time difference directly yields the real component of

Fig. 3. SPP propagation and dielectric properties for Au. (a) Measured terahertz time-domain waveforms for two positions separated by 10 cm on
the Au-coated metal sheet. The time shift arises from the difference in propagation velocities between the terahertz SPP and the optical probe
pulses. (b) Corresponding amplitude and phase spectra. (c) Extracted values of n and κ using the Eq. (5). (d) Calculated values of εmr and εmi using
Eq. (6). (e) Comparison between the 1∕e propagation length along the x axis computed from εm (solid line) with εd � 1 and values obtained by
taking measurements along the x axis. (f) Comparison between the 1∕e decay length along the z axis computed from εm (solid line) with εd � 1 and
values obtained by taking measurements along the z axis.
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nSPP, [i.e., n, from the relationship Δt � ΔtSPP − Δtprobe �
�Δdn∕c� − �Δd∕c�]. For Au, this yields a value of
n � 1.0004. This is substantially larger than the value of
1.000000026 noted above, which would correspond to a time
delay of 0.0087 fs based on the Drude model data.

In general, there is always some degree of pulse reshaping.
Thus, a more complete analysis involving both the amplitude
and phase associated with the waveforms is necessary to ex-
tract the complex refractive index of the propagating SPP. In
Fig. 3(b), we show the amplitude and phase spectra for the
terahertz electric field measured at two specific points along
the x axis, although data from multiple pairs of measurements
were used to ensure accurate data extraction. This was ac-
complished by simply moving the detection crystal to different
points along the x axis and recording the terahertz time-
domain waveform. Using this data and Eq. (5), we can readily
extract the complex value of nSPP as a function of frequency,
which is shown in Fig. 3(c). We note that below 0.1 THz and
above 1.4 THz, the signal-to-noise ratio in the measurements

was insufficient to obtain reliable refractive index values. As
expected, the value n differs only slightly from 1 (in fact, it is
∼1.0004 across the measured spectral range) and the value of
κ is small, corresponding to low loss propagation. Using
Eq. (6), we can compute the complex dielectric constant of
Au, as shown in Fig. 3(d).

Since the dielectric constant values differ from published
data to such a large extent, the obvious question that arises
is whether or not the data makes any sense. As we demon-
strated in Fig. 1, the published dielectric data yield 1∕e decay
lengths (both in-plane and out-of-plane) that are inconsistent
with experimental data. In order to ensure that the results
obtained here are self-consistent, we used the measurements
discussed above for the terahertz SPP along the x axis at eight
different points over a length of 15 cm. We then computed the
1∕e propagation length as a function of frequency, as shown in
Fig. 3(e). Also shown in that figure is the value of Lx computed
using εm from Fig. 3(d). In a similar manner, we measured the
1∕e out-of-plane decay length by moving both the crystal

Fig. 4. SPP propagation and dielectric properties for Al and stainless steel. (a) and (b) Extracted values εmr and εmi. (c) and (d) Comparison
between the 1∕e propagation length along the x axis computed from εm (solid line) and values obtained by taking multiple measurements along the
x axis. (e) and (f) Comparison between the 1∕e decay length along the z axis computed from εm (solid line) and values obtained by taking
measurements along the z axis. Note the differences in the y axes values between aluminum and stainless steel.
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and optical probe beam to different heights above the sample
surface and recording the corresponding time-domain
waveforms. The 1∕e decay lengths obtained from these mea-
surements, as well as values for Lz obtained from εm [again
from Fig. 3(d)] are shown in Fig. 3(f). The agreement in both
sets of data is excellent, demonstrating that the data is self-
consistent. As a final point, we note that at 0.5 THz, Lz �
3.1 mm (∼5λ) and Lx � 16.4 cm (∼273 λ). These values are
consistent with earlier measurements.

We repeated all of the same measurements for Al and stain-
less steel, as shown in Fig. 4. In measuring the time-domain
waveforms for two different positions separated by 10 cm
(not shown), we find that the time shifts are 167 and 733 fs
(over a 10 cm long path length) for Al and stainless steel, re-
spectively, which corresponds to n � 1.0005 and n � 1.0022
(again, ignoring losses). Based on the data in Fig. 1, it is not
surprising that the time shift between Au and Al is approxi-
mately similar, with the shift being just slightly longer for
Al. Since stainless steel is a much poorer metal, as discussed
below, the delay time is correspondingly longer. In Figs. 4(a)
and 4(b), we show the extracted complex dielectric constants
of these two metals. Aside from the fact that both the real and
imaginary components of εm for Au and Al are somewhat sim-
ilar, it is interesting to note that the imaginary component εm
for these two metals, which is proportional to the terahertz
conductivity, is approximately an order of magnitude larger
than that of stainless steel. This is generally consistent with
the relative differences in their dc conductivities [3,19].

In Figs. 4(c) through 4(f), we show the extracted and mea-
sured values of Lx and Lz, which show excellent agreement
between the computed values of these two quantities using
their respective εm data and the independently measured val-
ues obtained by taking measurements along the x and z axes.
Furthermore, there is a clear trend that is consistent with
the notion that Au has the highest conductivity, with Al being
only slightly smaller and stainless steel exhibiting a much
lower conductivity: Lz�Au� > Lz�Al� > Lz�stainless steel� and
Lx�Au� > Lx�Al� > Lx�stainless steel�. In other words, for a
medium with a higher conductivity, an SPP will propagate
over a longer length along the surface and also be more
loosely bound on the dielectric side.

5. CONCLUSION
In conclusion, we have demonstrated self-referenced and self-
consistent measurements of the dielectric properties of sev-
eral different highly conducting materials using a modified
form of a terahertz time-domain spectrometer that relies on
measuring the propagation properties of SPPs. The extracted
values of the complex dielectric constant of the metals are
orders of magnitude different from published data but are
in good agreement with experimental findings. The approach
is generic and scalable since the governing system equations
do not impose any restriction on the complexity or the size of
the plasmonic medium or the surrounding dielectric medium.
Thus, this approach is expected to be useful for characterizing
other conducting materials that have demonstrated plasmonic
behavior [20–22]. Knowledge of the dielectric properties is ex-
pected to have a profound influence on the operational prop-
erties of devices made from these materials, as well as a broad
range of applications that rely on these material properties.
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