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Abstract: We have measured terahertz near-field spectra of cesiumiodide
crystals as small as ~10 um in diameter, which were deposited on single,
sub-wavelength-sized apertures created in thin gold films on a substrate.
The advantage of using small apertures for terahertz microspectroscopy
is that only terahertz light that has interacted with the cesium iodide is
observed. We find that around the transverse optical phonon frequency of
cesium iodide, the amplitude transmission is as much influenced by the
refractive index as by the absorption. We show that the ability to measurein
the near-field of the apertures, where signals are relatively strong, allows us
to measure on sample volumes as small as ~5x 1016 m?3,
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1. Introduction

Terahertz (THz) spectroscopy is a powerful tool for the identification of inorganic crystals and
organic molecular crystals through their phonon absorption spectra. [1-5] One of the prob-
lems with standard THz spectroscopy, however, isthat diffraction limits the size of the smallest
samples for which a spectrum can be measured, to values of a few hundred micrometers or
more. When a crystal is much smaller than this, light smply diffracts around it and in the
far-field, little or no information about the crystal can be extracted from the measured THz
electric field. One way to overcome this problem is by performing near-field measurements.
When the THz electric field is measured in a small volume of space around an object, the
frequency-dependent dielectric function of that object can, in principle, be extracted from such
a measurement, irrespective of the object’s size. In the past, several methods have been used
to measure the near-field of objects. [6] These include THz apertureless near-field scanning
optical microscopy [7-9], which uses a small metal tip to sample the THz light in asmall, sub-
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wavelength sized volume, as well as THz photoconductive sampling using antennas [10-13],
electro-optic detection with atightly focused probe beam [14—-16] and, most recently, magneto-
optic sampling of a metamaterial [17]. In near-field measurements, it is important to suppress
unwanted background THz light coming from the incident THz electric field or from light scat-
tered off objects elsewhere. This often requires modulation techniques that add complexity to
an already complicated near-field setup. An example is atypical THz ANSOM experiment in
which the tip-sample distance is modulated with subsequent detection of the THz light at a
harmonic of the modulation frequency. [8] A simple method to eliminate the background in
near-field spectroscopy is to send light through tiny, sample-filled waveguides in metal foils.
Loosely speaking, confining the light to the sasmple-filled waveguide means that all the THz
light that reaches the other side of the waveguide must have interacted with the sample, thus
eliminating other contributions to the measured THz field. [18] This techniques works very
well for circular waveguides as small as approximately half-a-wavelength in diameter, but not
for smaller ones. The reason for this is that circular waveguides have a cut-off frequency be-
low which almost no light can reach the end of the waveguide. [19] When the diameter of
the waveguide decreases, the cut-off frequency shifts to higher frequencies and absorption by
samples at frequencies below the cut-off frequency can no longer be measured. In the range of
0.2 to 3 THz, this means that waveguides smaller than about 150 um diameter cannot not be
used. It is, however, possibleto increase the transmission through waveguides by structuring the
apertureitself, although this makes fabrication of the resulting waveguides more complex. [20]
Alternatively, one can create, for example, a bulls-eye structure surrounding the aperture which
increases the aperture transmission, albeit in a narrower bandwidth. [21]

Here we show how one can measure THz absorption lines of crystalline samples as small as
10 um in diameter, using ultrashort " waveguides’ formed by creating ssimple, circular apertures
in thin metal films on a substrate. This method is based on the property that, in contrast to long
cylindrical waveguides, apertures in thin films lack a well-defined cut-off frequency and thus
show significant transmission in the near-field far below the cut-off frequency of a "regular”
waveguide of the same diameter. [15,19] We measure the THz electric field on the shadow side
of these apertures, on which tiny crystals of cesium iodide (Csl) are deposited, using near-field
electro-optic sampling. Surprisingly, we find that the measured absorption line shape of the 1.8
THz Csl phonon resonance mirrors both the frequency-dependent, refractive-index profile of
the phonon resonance and the bulk phonon absorption line shape. This is supported by calcu-
lations of the electric near-field behind these apertures, which demonstrate that the amplitude
transmission of these filled apertures is not only a function of the phonon absorption, but also
astrong function of the frequency-dependent, refractive index of the filling material. Our tech-
nique has allowed us to measure absorption spectra of sample volumes as small as ~5x 1016
m?3, corresponding to 0.5 pl.

2. Experimental setup

Part of the experimental setup used to measure the near-field behind the filled apertures is
shown in Fig. 1. Small apertures of 10, 20, and 40 um diameter are defined in a 500 nm-
thick gold film, directly deposited on a 500 um-thick, (111) oriented GaP electro-optic crystal.
[15] The apertures are covered with Csl crystals formed via evaporation of atiny drop of a
Csl solution, which was deposited on the aperture using a microinjection system (PL1-100
Plus Pico-Injector, from Harvard Apparatus). If the resulting crystal was much larger than the
aperture, parts of the crystal were mechanically removed until acrystal size was obtained which
was not much larger than the in-plane size of the aperture. An example of a Csl crystal thus
deposited on a 20 um diameter aperture is shown in Fig. 1. The aperture is illuminated with
THz pulses that are generated in a photoconductive switch with 20 fs laser pulses from alaser
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Fig. 1. (8) Schematic drawing of part of the experimental setup. A 500 nm-thick gold film
with a lithographically fabricated aperture is deposited onto a (111) oriented GaP electro-
optic crystal. From above, a THz pulse is focused onto the aperture. From below, fem-
tosecond probe laser pulses are focused onto the front surface to an approximately 5 um
diameter spot size. The probe pulses sample the THz electric near-field immediately behind
the aperture. On theright is a photograph of a Csl crystal deposited onto a 20 um diameter
aperture, taken with a conventional optical microscope.

oscillator (Femtolasers) operating at a central wavelength of around 800 nm. [22] From below,
asynchronized, linearly polarized probe laser pulseistightly focused to a ~5um diameter spot
immediately below the center of the aperture in the gold film. The transverse component of the
THz electric near-field of the aperture elliptically polarizes the probe pulse, which reflects from
the GaP surface towards a standard differential detection setup. This setup measures the probe
pulse ellipticity, which is proportional to asingle, instantaneous, THz electric-field value, as a
function of the time delay between the incident THz pulse and the probe pulse. In thisway, a20
pslong THz electric-field transient is obtained in a stroboscopic manner. To reduce absorption
of THz radiation by water vapor, the entire setup is enclosed in a box that is purged with dry
nitrogen gas. Csl was chosen as the sample material because it has a fairly sharp and strong
phonon resonance at 1.8 THz. [1]

3. Resultsand discussion

An example of ameasurement of the incident THz electric field as a function of time, obtained
using a bare part of the same (111) oriented GaP crystal on which the Csl samples were de-
posited, isshownin Fig. 2(a). Figure 2(a) showsthat theincident electric field consists of nearly
asingle cycle. In Fig. 2(b) we show the THz electric field as a function of time, measured be-
hind the smallest aperture (10 um diameter). The electric field consists of a sharp spike with a
full width at half maximum (FWHM) of afew hundred femtoseconds only, which is consider-
ably less than the FWHM of the peaks of the incident field. This can only be explained by the
fact that the THz field transmitted by the aperture is dominated by higher frequencies than the
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Fig. 2. (a) Measured electric field as a function of time of the THz pulse incident on the
aperture. (b) Electric near-field as a function of time measured behind an unfilled 10 um
aperture. (c) Electric near-field as a function of time measured behind a 10 um aperture
covered with asmall Csl crystal.

field incident on the sample. As observed in previous works [15, 18, 23-25], this is because the
aperture functions like a high-pass filter, predominantly transmitting the higher THz frequen-
cies. Asaresult of this, the peak field amplitude measured behind the aperture is approximately
250 times weaker than the measured peak amplitude of the incident THz field.

In Fig. 2(c) we plot the THz electric field as a function of time, measured behind the same
10 um diameter aperture, which is now covered with Csl. The electric field consists of a sharp
spike followed by an oscillatory, decaying signal having a period of about 0.57 ps, correspond-
ing to a frequency of 1.75 THz. It is perhaps surprising that the frequency of the oscillatory
signal does not simply correspond to the 1.8 THz TO-phonon frequency of Csl, but is some-
what lower. Resultsfor the 20 um and 40 um apertureslook similar (not shown here), although
the amplitude of the measured electric near-field increases for increasing aperture size. A direct
comparison of the amplitudes transmitted by the different Csl-filled apertures is not possible
here, since the sizes and thicknesses of the Csl crystals covering the apertures, vary and are not
known precisely.

The normalized spectra of the THz electric near-fields measured behind the empty and be-
hind the Csl-filled apertures can easily be obtained by Fast-Fourier transforming the measured
signals. Theresultsfor aperture diameters of 10, 20 and 40 um are shown in Figs. 3(a)-3(c) and
3(d)-3(f) respectively. For each measurement, the data were normalized to the spectrum of the
incident THz field. The spectral amplitude measured behind the empty apertures increases as a
function of frequency, similar to previous measurements for larger diameter apertures. [15] The
quasi-periodic oscillations seen at higher frequencies for the 10 um diameter aperture in Fig.
3(a) are the result of the noise seen in the time-domain signal in Fig. 2(b). They are not repro-
ducible. All spectra obtained for the filled apertures show a peak at approximately 1.7 THz and
adip around 1.8 THz. The spectra are thus different from the simple absorption dips observed
in the THz spectra of pressed pellets of organic crystals [5, 26-28], or in the near-field spec-
tra of filled waveguides [18]. The increase in the transmission around 1.7 THz is noteworthy,
especially for the 10 and 20 um diameter apertures. For the 40 um diameter aperture, this fea-
ture appears less pronounced. The increases of the aperture transmission with frequency for the
smallest apertures is faster than would be expected from the well-understood slow increase in
the transmission of a sub-wavelength sized aperture when the frequency increases from lower
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Fig. 3. (a)-(c) Electric near-field amplitude as a function of frequency, measured behind
empty apertures of 10, 20 and 40 um diameter. (d)-(f) Electric near-field amplitude as a
function of frequency, measured behind apertures of 10, 20 and 40 um diameter, filled with
Csl. For each of the measurements, the data were normalized with respect to the spectrum
of theincident THz pulse, obtained using abare part of the same (111) oriented GaP crystal
on which the Csl samples were deposited.(g)-(i) Electric near-field amplitude as afunction
of frequency, calculated behind apertures of 10, 20, and 40 um diameter, filled with Csl.

to higher values. [15] The apparent irregular variationsin the spectral amplitude for frequencies
above approximately 2 THz in Figs. 3(a)-3(f) are not reproducible. They arise from a decrease
in the emitted power of our biased GaAs emitter at higher frequencies, and thus gives rise to
more noise in the data shown in Fig. 3. For the smallest aperture (10 um diameter), the noisein
the measured electric near-field is also large at lower frequencies, simply because the electric
field behind such a small apertureis very weak and thus difficult to measure.

To confirm that our results are not due to a measurement artifact, we have also performed full
numerical simulations of the THz electric near-field behind the apertures using a commercial
software package (CST Microwave Studio). The refractive index of GaP is taken to be 3.3.
These calculations use the frequency-dependent, complex dielectric constant of Csl near the
phonon resonance, which is given by:

ofo
— (1)2 — inTO) (1)

E(®) = €+ (Egat — ) —

(0fo

where €. is the €eectronic dielectric constant, e44 IS the static dielectric constant,
wro is the angular transverse optical phonon frequency, and I'to the transverse optical
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Fig. 4. (a) Refractive index, n, and (b) absorption coefficient, ¢, as a function of fre-
quency, calculated using Eq. (1), with parameters adapted from ref. [1]. We have used
w10 =21x1.8x 10 rad/s, I'to =0.3x 10% rad/s, e.. =3.17, and egar =6.03.

phonon angular damping frequency. For the simulations, we used the following values:
010 =21x1.8x102 rad/s, 7o =0.3x10% rad/s, €., =3.17, and ega =6.03. These values
were chosen because they give the best agreement between the measurements and the calcula
tions. As such, they differ slightly from those reported in reference [1].

From Eqg. (1) we obtain the complex refractive index fi(w) = /&(®). With R and S denoting
thereal and imaginary part respectively, wewritefor thereal part of therefractiveindex n(w) =
R(A(w)), and for the absorption coefficient o(®) = 203 (fi(w))/c. InFig. 4(a) we plot the real
part of the refractive index, n(w), and in Fig. 4(b) the absorption coefficient, a:(w), calculated
using the parameters mentioned above.

In all calculations of the electric near-field, we assume that the Csl crystal has a thickness
of 5 um and that it uniformly fills the apertures, but does not cover the gold surrounding the
aperture. The results of the calculations of the electric near-field in-plane component, Ex, 10
um below the apertures, are shown in Figs. 3(g)-3(i). The calculations are in excellent agree-
ment with the measurements. For increasing frequencies, the electric near-field first reaches a
maximum around 1.7 THz followed by adip around 1.8 THz. Asin the experiments, the peak
in the calculated electric near-field, around a frequency of 1.7 THz, is less pronounced for the
largest aperture used. The results provide further evidence that our measurement technique in-
deed measures the near-field of the Csl filled apertures. If we can assume a Csl layer thickness
of 5 um, having transverse dimensions of 10 um by 10 um, which just covers the smallest
aperture diameter, we calcul ate a sample volume of about 5x 1016 m3, equivalent to 0.5 pl, for
which we have measured the THz absorption/refractive index spectrum.

A comparison between Fig. 3 and Fig. 4 shows that around the Csl TO-phonon resonance,
the measured electric near-field amplitude as a function of frequency, is not simply explained
by the calculated absorption coefficient as a function of frequency, plotted in Fig. 4(b). In fact,
the measured line shape also has some semblance to the dispersive refractive-index line shape
shown in Fig. 4(a). Insight into why this is the case can be obtained by taking a closer look at
the analytical expression for the electric near-field behind a sub-wavelength diameter aperture
calculated by Bouwkamp. [29, 30] The Bouwkamp model assumes that the metal is a perfect
conductor and that it isinfinitely thin. The x-component of the electric field amplitude behind
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the apertureis given by:

Ex(x,y,z):Eo[ikz—2ikau<l+varctan(v)+1 . oy ﬂ @
T 3w+v2  3a2(U2+V3)(1+V3)2
where
2ot g [enied ) a ®
and 2
= 5o )

Eo isthe incident field amplitude, k is the wave number, a = d/2 is the radius of the aperture,
with ka = 2ra/A < 1, x and y are the Cartesian coordinates in the plane of the conductor, zis
the Cartesian coordinate equivalent to the distance behind the aperture, and ¢ is the azimuthal
angle. Thepoint (x=0,y = 0,z= 0) correspondsto the center of the aperture. Strictly speaking,
Eq. (2) is not valid for our system since it assumes that the entire space above and below the
aperture is filled with the same material. In the experiment, the space behind the aperture is
partly filled with GaP, and above it is partly filled with Csl. Keeping this limitation in mind,
Eqg. (2) shows that the electric field immediately behind the aperture is proportional to the
wavenumber, k. This contrasts with the usual expression for a plane wave propagating in matter
in the z-direction, where k usually only appears in the €< exponent. k can be written as: k =
ofi/c, where fi is the complex refractive index. This not only describes the absorption of a
material, but also the dispersion, which is present in the real refractive index as a function of
frequency. Here, the frequency-dependent el ectric near-field behind the aperture is proportional
to the real refractive index profile of the Csl phonon resonance. For weak THz resonances,
typically observed in organic crystals having absorption coefficients of tens to hundreds of
wavenumbers, this effect is mostly very weak. For the strong phonon resonance of a crystal
such as Cdl, the effect is rather pronounced. One further thing to note is that Eq. (2) shows that
there should be no dependence of the shape of the transmitted spectrum on the exact location
(X,Y,2) below the aperture where thefield is observed. The effect of changing x and y by moving
closer to the aperture edge is to reduce the amplitude of all frequencies equally. Directly under
the metal, next to the aperture, the measured Ey was too small to measure.

An intuitive explanation for why the transmission of the apertures increases around 1.7 THz
can be found by first considering a true waveguide: when a waveguide is filled with a dielec-
tric, the cut-off frequency shifts to lower frequencies. [19] This is because the wavelength in
a dielectric material is shorter than the vacuum wavelength, giving rise to an increase in the
transmission at lower frequencies. Here, the apertures in the metal film cannot be considered
true waveguides and as such do not have a clearly defined cut-off frequency. Neverthel ess, they
do show a frequency-dependent transmission and when filled with a dielectric material, this
transmission spectrum is, loosely speaking, scaled towards lower frequencies. [18,19] In the
case of Cdl, the refractive index strongly varies around the transverse-optic phonon resonance,
peaking slightly below the resonance frequency. Starting from afrequency below the resonance
frequency, the aperture therefore behaves like a dielectric filled aperture with a high refrac-
tive index materia, initially causing the transmission to become larger. When the frequency
increases and approaches the resonance frequency, the absorption becomes stronger, finally
leading to a decrease in the transmission. These two competing effects give rise to a maximum
transmission which peaks around 1.7 THz.

It is remarkable that measurable signals are obtained for apertures with diameters as small
as 10 um. Part of the explanation for this is that we measure in the near-field of the apertures
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Fig. 5. Normalized electric near-field as a function of aperture diameter, calculated for four
different distances, z, behind the center of the aperture: z=0, 5, 10, 50 um. The data points
represent numerical calculations at a frequency of 0.5 THz using CST Microwave Studio.
The solid lines are calculated using Eq. (2).

where signals are relatively strong. Thisis illustrated in Fig. 5, where we plot the calculated
in-plane electric field component, Ey, behind an aperture in free space as a function of aperture
diameter, for four different distances behind the aperture: 0, 5, 10, and 50 um. The solid lines
are calculated using Eq. (2), whereas the points correspond to the numerical calculations, per-
formed for a frequency of 0.5 THz. Figure 5 shows that when the distance to an apertureis on
the order of the radius of the aperture or larger, the field strength decreases with the third power
of the aperture diameter. Closer to the aperture, however, the dependence is much weaker and
becomes linear in the plane of the aperture. This near-field region, defined here as a spherical
volume of space around the aperture having a radius roughly similar to the aperture radius, is
therefore a suitable region in which to perform spectroscopy. The signals are relatively strong
and show a weaker dependence on the aperture diameter than the far-field signals. We would
like to point out that the analytical and numerical calculations show good agreement. The cal-
culations clearly show that it is advantageous to measure the near-field close to the apertures
where signals are relatively strong. Based on this, and on the relatively strong measured sig-
nals shown in Fig. 3, we can conclude that smaller apertures and thus smaller sample volumes
may be used in the future, even though depositing and positioning samples with smaller sizes
on apertures smaller than 10um in diameter will be more challenging. There is a distinct ad-
vantage to measuring the fairly small THz electric field behind a small aperture, rather than
measuring the electric field of aCsl crystal in thefar-field. In the far-field, without the use of an
aperture, the strong THz signal would hardly show any evidence of the presence of the Csl crys-
tal, since the Csl crystal is much smaller than the wavelength and the THz light would simply
diffract around the crystal. Observing the Csl resonance in this case boils down to measuring
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Fig. 6. (@) Normalized electric near-field behind a 10 um diameter aperture, calculated
for three different positions of a 10 um diameter, 5 um thick Csl crystal placed on top
of the aperture. The three positions correspond to a crystal centered at the aperture, and
shifted 5 and 10 um to the left, respectively. The illustration above the graph shows the
polarization direction of the incident field and a Csl sample displaced to the left of the
center of the aperture in the gold film. (b) Normalized electric near-field behind a 10 um
diameter aperture, calculated for three different positions of a 10 um diameter, 5 um thick
Csl crystal. The three positions correspond to a crystal centered at the aperture, and shifted
5 and 10 um upwards, respectively. (c) Normalized electric near-field behind a 10 um
diameter aperture, calculated for three different crystal diameters of 10, 20 and 40 um
respectively. The crystal thicknessis 5 um. Asin Figs. 3(9)-3(i), the fields are calculated
in the center of the aperture, 10 um below the surface of the GaP crystal.

avery small change in the THz electric field over alarge background signal. This requires an
extremely stable THz signal which is equivalent to a good signal-to-noise (S/N) ratio in the
measurements. In the case of a Csl crystal on top of an aperture, al the light transmitted by the
aperture, although small in amplitude, has interacted with the Csl. The ability to observe the
Csl resonance in this case only depends on the ability of the setup to measure small absolute
signals. This property is more related to the dynamic range of the system and puts | ess stringent
demands on the S/N of the system. [7,22]

For practical applications, it isimportant to know the effect on the transmitted signals when
the crystals only partially cover the aperture, or when the crystal sizes are much larger than
the aperture diameter. We have therefore also numerically calculated the spectra transmitted
by the smallest, 10 um diameter, Csl covered aperture taking these non-ideal circumstances
into account. In Fig. 6(a) we plot the calculated normalized spectra transmitted by the 10 um
diameter aperture for three locations of acylindrical, 5 um thick, 10 um diameter Csl crystal:
centered on the aperture and filling it, shifted by 5 um in a direction perpendicular to the
polarization direction of theincident field (“left-shifted”), and also shifted by 10 umin the same
direction. Inthe”left shifted” case and inthe ”top shifted” case discussed bel ow, we assumethat
inside the aperture, the Csl doesn't touch the GaP, leaving a 0.5 um gap between the Csl and
the GaP. The figure clearly demonstrates that the phonon signature present in the transmitted
spectra becomes less pronounced as the crystal is shifted by 5 um, and almost disappears when
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the crystal is exactly at the edge of the hole, which corresponds to the 10 um, “left-shifted”
case. In Fig. 6(b) we plot the calculated normalized transmission spectra for the case when
the 10 um diameter Csl crystal is moved in a direction aong the polarization direction of
the incident THz electric field (“top-shifted”). For comparison, the spectrum calculated when
the crystal is centered on the aperture is aso shown. When the crystal is shifted 5 um, the
calculated spectrum looks different compared to the spectra shown in Fig. 6(a). Most notable
is the fact that the dispersive-like feature seems to have shifted slightly to higher frequencies
and looks different in shape. The sameistrue for the spectrum calculated for the 10 um shifted
case but here the phonon signature is much weaker. The reason why the spectra in Fig. 6(a)
and (b) look different is that the two cases correspond to two different excitation geometries.
For the calculation of the curves in Fig. 6(b), in the center of the aperture, the incident field
is polarized in a direction perpendicular to the edge of the crystal. In this case, the diffracted
field is spatially more modified (“diffracted”) by the edge than in the case that the field is
polarized more or less parallel to the edge. Note that in neither case is the field perpendicular
or paralel everywhere to the edge of the crystal, which is circularly shaped. Edge diffraction
is as much the result of the geometry of the sample as of the frequency-dependent complex
dielectric function of the material. The combination of the two determines the ultimate shape
of the transmitted field in this case. A detailed analysis of the effects of edge diffraction on
the transmission of partially covered apertures, however, is beyond the scope of this work.
Nonetheless, one important conclusion that can be drawn from these results is that samples
located a small distance from the aperture edge will have little or no effect on the transmitted
spectra.

It is also interesting to study the effect of Csl sample size on the spectra transmitted by
the aperture. In Fig. 6(c) we plot the normalized transmission spectrum of a 10 um diameter
aperture covered with a 10 um diameter Csl crystal, a 20 um diameter crystal and a 40 um
diameter crystal. The figure clearly shows that larger crystals lead to significantly stronger
signals. The change is largest when going from a 10 um diameter crystal to a 20 um diameter
crystal where, at about 1.75 THz, we observe that the transmission increases by afactor of about
two. For the 40 um diameter crystal, the maximum transmitted field at a frequency of about
1.75 THz is about 2.3 larger times larger than for the 10 um diameter aperture. The increase
in the transmission for increasing crystal size is, in fact, something we have observed in our
measurements also (not shown here). A larger crystal apparently funnels more energy through
the hole at certain frequencies than asmaller one, but for even larger samples, further increases
are small.

Finally, we can speculate on the ability of the technique to measure resonances of other sys-
temsthan Csl. Many molecular crystals have phonon resonances in the THz domain. [1-5] The
ability to measure small quantities of these materials will depend on the strength of the absorp-
tion lines and on the value of the corresponding refractive-index. For an absorption coefficient
of ~500 cm~1, an order-of-magnitude estimate for many molecular crystal resonances in the
THz domain, alayer of tens of microns thickness may be required to obtain a measurabl e effect
on the absorption. In view of the sample-size dependence discussed above, the signal may be
enhanced further by using crystals that are twice as large as the aperture diameter. For stronger
resonances, such as those typically observed at higher THz frequencies, smaller quantities are
alowed. Our technique may therefore be able to greatly reduce the amount of material required
for the identification of molecular crystals.

4. Conclusions

We have measured terahertz near-field spectra of microscopic Csl crystals, deposited on indi-
vidual sub-wavelength-sized apertures as small as 10 um in diameter, created in thin gold films
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on a substrate. Our results show that the spectra observed immediately behind the apertures
can be understood as resulting from the competition between an increase in the aperture trans-
mission due to an increasing refractive index, and a decrease caused by increasing absorption
around the TO-phonon resonance of Csl. Our aperture method is background-free, and can be
used to identify small quantities of crystals. A careful comparison with numerical simulations
allows us to extract the frequency-dependent refractive index and absorption. The experimen-
tal results are in very good agreement with these numerical calculations and we predict that
measurements of smaller samples deposited on apertures smaller than 10 um may be possible.
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