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Abstrac t. T he optical dielectric function of indium is measured by optical
excitation of surface plasmon polaritons on an indium-coated silica grating for a
range of wavelengths in the visible region of the spectrum. By exciting the
surface plasmon polariton at the buried indium± grating interface, the indium
surface that supports the surface plasmon polariton is kept free from oxidation.
Comparison of angle-dependent re¯ ectivities with a grating modelling theory
gives both the real and imaginary parts of the dielectric function of indium.
T hese results are compared with free-electron models to obtain an estimate of
the plasma frequency and relaxation time.

1. In trod uc tion
Metals that have negative real parts to their dielectric response function in the

visible are able to support optically excited surface plasmon polaritons (SPPs). T he
best known, and most commonly utilized, are silver [1± 5] and gold [3, 6± 8] with
which a variety of experimental studies have been undertaken. T hese two metals
have received considerable attention for three primary reasons. Firstly they are
considered relatively inert and so are not rapidly contaminated allowing free
surfaces to be explored in air. Secondly they are quite readily deposited by vacuum
evaporation as thin ® lms, which is advantageou s for many studies. T hirdly, they
have optical permittivities " ˆ "r ‡ i"i… † that for silver for the whole visible
spectrum, and for gold, above 550 nm, satisfy "rj j ¾ "i and "r ½ ¡1. T his leads
to relatively narrow SPP resonances that may be readily observed optically. Other
materials that are more easily oxidized have been studied using SPPs at buried
interfaces using prism coupling. T hese include aluminium [9], magnesium [10]
and recently zinc [11]. T his last study also employs grating coupling to a buried
interface, a technique previously used by Nash and Sambles to characterize silver
[5] and copper [12]. Here this optical excitation of SPPs at a buried grating
interface is extended to an exploration of the dielectric response function of
indium.
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T here are good reasons for supposing that indium will support surface plasmon
resonances since its optical response function, as deduced from T heÂ ye and
Devant’ s work [13] is such as to satisfy "r ½ ¡1 although "rj j is only just larger
than "i. T his latter fact suggests rather broad resonances. In addition Kovacs [14]
recorded surface plasmon resonances from indium ® lms encapsulated by MgF2

layers. He explored 19 nm, 27 nm and 42 nm thick indium layers and obtained data
with 540 nm light, which gave results consistent with the permittivity given by
T heÂ ye and Devant (" ˆ ¡29:011 ‡ 9:773i). Examination of the literature reveals
that the values given by T heÂ ye and Devant, deduced from optical re¯ ectance and
transmittance of thin ® lms of indium, are probably the most reliable since they
have carefully taken into account the oxide layer which inevitably forms when the
® lms are exposed to air. Other results [15± 17], also presented by T heÂ ye and
Devant, for the real, n, and imaginary, k, parts of the refractive index of thicker
indium are substantially di� erent. For example at 2 eV, while T heÂ ye and Devant
give " ˆ ¡38:4 ‡ 14:3i, Ageev and Shklyarevski i [15] ® nd " ˆ ¡20:4 ‡ 5:0i and
Glovashkia et al. [16] ® nd " ˆ ¡27:2 ‡ 9:0i. (A further study by El Oker et al.
[18] on thin ® lms shows disturbing variations of " with wavelength, having
unreasonably small values of "rj j, and should be discounted.) It is in view of
these di� erences, which may in part be due to the lack of correct treatment of the
indium oxidation , but may also be associated with the di� erence in ® lm character ,
that we have undertaken this study. It is an exploration of the dielectric response
function of indium over the visible spectrum by resonant excitation of the SPP at a
buried grating interface (protected from oxidation) of a very thick (500 nm),
e� ectively bulk ® lm.

2. Experim e n tal

T here are two essential requirements for optically exciting SPPs at a clean
indium interface. First the interface needs to be protected from oxidationÐ it
needs to be a buried interface. Secondly there has to be a method for providing
su� cient in-plane additional momentum to allow coupling of incident photons to
the SPP. Both of these requirements are met by depositing, in vacuum, the indium
® lm on to a silica grating. T he periodicity of the grating, ¶g , provides the
additional in-plane momentum in integral units of N=¶g (for the plane of incidence
containing the grating vectorÐ perpendicular to the grating grooves) to allow
coupling between the incident radiation and the SPP. In addition, the depth of
the grating dictates the coupling strength.

A grating of pitch of order 800 nm is fabricated in silica by interferographic
exposure of a suitable photoresist on a ¯ at silica substrate , followed by chemical
development and atom etching. T his produces a high quality grating with a well-
de® ned, uniform, pitch and a pro® le which is slightly distorted from a pure
sinusoid. On this cleaned silica grating was deposited, by thermal evaporation in a
vacuum of <10¡4 Pa, a layer of 99.99%pure indium, to a thickness of order 500 nm
(fully optically opaque). On removal from the vacuum this layer was overcoated
with a thin lacquer layer to limit progressive oxidation of the indium.

T he excitation of SPPs was recorded as minima in the angle dependent
re¯ ectivity of p-polarized (transverse magnetic) light incident in a plane normal
to the grating groove direction. T o allow access to a wide range of in-plane
momenta a 458, 458, 908 silica prism was attached to the ¯ at face of the silica
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grating substrate by means of a ¯ uid of matching index ( ® gure 1). Light incident
upon the prism passes through the matching ¯ uid and silica substrate arriving
unde¯ ected at the silica± indium grating interface. Angle-dependent re¯ ectivities
were corrected for re¯ ections at the air± prism entrance face and the prism± air exit
face, and normalized to the incident beam intensity before being ® tted by
modelling theory.

Data, which were recorded over the wavelength range 400 to 900 nm, in 25 nm
steps were ® tted by an iterative least-squares minimization procedure using a
scattering matrix [19] program based on a transformed coordinate approach [20].
By use of the most noise-free data taken at the centre of the wavelength range
studied it is possible to obtain in detail the grating pitch and the ® rst three Fourier
coe� cients of its amplitude pro® le. With this information established, all the
remaining data is ® tted using these pro® le parameters to yield "r and "i of the
indium layer. T ypical ® tted data are shown in ® gure 2.

3. Resu lts

T he optical permittivity values found from the ® ts to the angle-dependent
re¯ ectivity data are listed in table 1 and presented graphically in ® gure 3. Also
given for comparison are some of the results of T heÂ ye and Devant over the
same region of the spectrum. T here are clearly systematic discrepancies between
the two sets of data with the real permittivities deduced here being less
negative and the imaginary permittivities being less positive. However the
data show similar overall trends with "r becoming more negative in an almost
linear fashion with wavelength while "i rises more rapidly. T he simplest
explanation for the di� erences between the data rests with the form of the sample.
T he sample used here is much thicker, it is protected from oxidation and
will correspondingly have a di� erent grain structure and a di� erent resistivity
scattering time.

A surface plasmon study of the optical dielectric function of indium 1229

Figure 1. Schematic diagram illustrating the sample used in this study. T o allow
access to a wide range of in-plane momenta a 458, 458, 908 silica prism is attached to
the ¯ at face of the silica grating substrate by means of a ¯ uid of matching
index. Light incident upon the prism passes through the matching ¯ uid and silica
substrate and arrives unde¯ ected at the buried silica± indium grating interface. A
thin lacquer layer deposited on top of the indium prevents progressive oxidization
through the ® lm.



4. Disc u ssion
Because of the simple functional dependence of "r on wavelength seen in

® gure 3, it is tempting to use a Drude model to interpret the data. From the Drude
model we expect

"r !… † ˆ "…1† ¡ !
2
p½

2

1 ‡ !
2
½

2 …1†
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Figure 2. T ypical experimental angle-dependent re¯ ectivities (&, only one point in ® ve
plotted for clarity) compared with the theoretically-modelled re¯ ectivities ( Ð )
created from a single set of grating pro® le parameters. (a) , (b) and (c) show the Rpp
re¯ ectivity measurements (i.e. p-polarized (transverse magnetic) radiation was
incident and detected) at incident wavelengths of 500 nm, 700 nm and 900 nm
respectively. T he value of the dielectric constants that were obtained by ® tting the
model to the experimental data for each wavelength studied are shown in table 1.
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Figure 3. A comparison of the values of the dielectric function of indium determined in
this work (&) , compared with those determined by T heÂ ye and Devant (¯) . T op: (a)
real component ("r). Bottom: (b) imaginary component ("i) .

T able 1. T he optical dielectric function of indium experimentally determined in this
work, together with the results determined by T heÂ ye and Devant [13].

Wavelength Wavelength
(nm) "r "i Reference (nm) "r "i Reference

400 715.9 4.3 [13] 600 726.8 9.4 this work
400 711.8 3.6 this work 625 730.0 10.5 this work
420 717.4 4.9 [13] 650 739.0 15.7 [13]
425 713.4 4.1 this work 650 731.1 11.3 this work
440 719.1 5.6 [13] 675 733.2 12.3 this work
450 715.9 4.8 this work 700 745.7 18.4 [13]
460 721.1 6.3 [13] 700 735.6 13.2 this work
475 717.6 5.6 this work 725 736.7 14.3 this work
480 722.9 7.1 [13] 750 751.8 22.6 [13]
500 725.5 8.2 [13] 750 739.2 15.4 this work
500 719.6 6.7 this work 775 741.0 16.9 this work
520 726.7 8.8 [13] 800 756.2 26.8 [13]
525 721.9 7.1 this work 800 741.7 17.6 this work
540 728.8 10.0 [13] 825 743.7 19.4 this work
550 723.3 7.9 this work 850 762.8 31.6 [13]
560 730.4 10.8 [13] 850 745.3 20.7 this work
575 724.8 8.3 this work 875 746.9 21.9 this work
580 732.5 11.7 [13] 900 764.6 35.2 [13]
600 734.0 12.6 [13] 900 747.5 23.8 this work



and

"i !… † ˆ !
2
p½

! 1 ‡ !
2
½

2… † ; …2†

where "…1† is the residual dielectric constant (assumed to be unity) , ½ is the
relaxation time of the conduction electrons in indium and !p is the plasma
frequency, which is given by

!
2
p ˆ Ne2

"…1†m¤ …3†

where N is the electron density and m¤ is the e� ective electron mass. From
these free electron expressions for "r and "i note that ¡"i=…"r ¡ 1† should vary
linearly with ¶, with a slope of 1=2ºc½ . Such a plot is shown in ® gure 4 giving
a straight line from 625 to 900 nm, indicating that indium illustrates free-
electron-like behaviour in this range. T he gradient from this ® gure gives a
relaxation time of …1:01 § 0:04† £ 10¡15 s. In addition, ® gure 5 shows a graph of
…1 ¡ "r†¡1 plotted against ¶

¡2 (an approximation from equation (1)) ; the
gradient of such a plot yields a -h!p value of 12:8 § 1:0 eV. T he errors in all of
the above values have been calculated by making a comparison between a
straight-line ® t to all the data available , and the reduced set of points that form
the linear part of the curves. T he large error in the value of the plasma frequency is
attributable to the strong deviation away from a linear relationship at low
wavelengths (® gure 5). It is therefore clear that the optical response of indium
over the wavelength range studied in this work is not purely Drude-like in nature.
In fact, such behaviour is not unexpected since previous workers have shown there
to be a number of absorption peaks associated with interband transitions (see
e.g. [13, 18]) .

Consequently, any accurate representation of the complex dielectric function of
indium must involve splitting it into two parts: one part corresponding to the
intraband excitations described by the Drude model, and an interband part
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Figure 4. A plot of ¡"i=…"r ¡ 1† against ¶0 for the values of the dielectric function
determined in this work. A high degree of linearity suggests that the indium ® lm is
free-electron like. T he relaxation time, ½ , is determined from the gradient of the line
of best- ® t which also passes through the origin. However, since the sample appears
free-electron like at wavelengths in excess of approximately 600 nm, the straight line
plotted is a best ® t to only the high wavelength data.



corresponding to resonant absorptions based on a Lorentz oscillator model. In
order to provide a more satisfactory ® t to the dielectric function of indium than
provided by a simple Drude theory, the experimental data is compared to a model
that assumes one absorption peak at frequency !0. T he two parts of the complex
dielectric function are therefore

"r !… † ˆ "…1† ¡ !
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By rearranging equations (4) and (5) , and setting "…1† ˆ 1, the following expres-
sion is obtained

"r !… † ¡ 1

"i !… †
ˆ !½
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0 !
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which is independent of !p. By ® tting the functional form of equation (6) to
the experimental data, the constants ½ ˆ …1:08 § 0:02† £ 10¡15 s and -h!0 ˆ
6:82 § 0:14 eV are obtained (® gure 6) . T he experimentally determined complex
dielectric function may then be ® tted to equations (4) and (5) using the values of ½
and !0 determined above, to give -h!p ˆ 11:4 § 0:2 eV ( ® gure 7) .

T here are clear systematic discrepancies between the theoretical ® ts and
the experimental data shown in ® gure 7. It should be noted that even though
the re¯ ectivity measurements were carried out over a very limited frequency range,
the general trends in the model are clear in the experimentally determined results.
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Figure 5. A plot of …1 ¡ "r†¡1 against ¶
¡2
0 for the values of the dielectric function

determined in this work. T he plasma energy, !p , is determined from the gradient of
the line of best- ® t, and using the value of ½ previously determined. Once again,
since the sample appears free-electron like at wavelengths only in excess of
approximately 600 nm (¶

¡2
0 > 2:8 mm¡2) , the straight line plotted is a best ® t to only

the high wavelength data.



Furthermore, the two values of -h!p determined by ® tting the real and imaginary
parts of the dielectric function individually di� er only by 0:1 eV. T he discrepancy
at low frequencies, particularly in the "r data, may be due to the e� ect of a second
absorption band. In fact, an interband transition in the region of 2:0 £ 1015 rad s¡1

(1.3 eV) has been experimentally observed [13], and would agree with the results
presented here.

However, it is clear, that neither the simple Drude mode, nor the one-
resonance Drude± Lorentz model describe indium accurately over the frequency
range studied. A more sophisticated mode is therefore required, but such a
multiple-resonance model would have many degenerate solutions to the limited
range of experimental data presented here.
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Figure 6. By assuming a one-resonance Drude± Lorentz model, a function relating the
real and imaginary parts of the dielectric function may be obtained (equation (6)) .
By ® tting this function to the experimental data, values of ½ and !0 are obtained.

Figure 7. T he results of ® tting equations (4) and (5) to the complex dielectric function
of indium determined in this study. T he solid lines represent the theoretical ® ts, and
the squares and circles represent the experimentally determined values of "r and "i
respectively. Hence, the Drude± Lorentz model may be used as an approximation to
obtain a value of !p .



5. Conc lu sion s
T he complex dielectric function of non-oxidized indium has been experi-

mentally determined throughout the visible regime using a grating-coupled SPP
technique. T his has been achieved by ® tting the re¯ ectivity measurements from a
metal± dielectric interface to the predictions from a rigorous grating-modelling
theory, using the grating pro® le and the complex dielectric constants of indium as
® tting parameters. A comparison of the constants determined from this work, with
those from a previous study suggests a strong dependence of the dielectric function
on the ® lm thickness and deposition conditions.

T he plasma frequency and relaxation time have been calculated by ® tting the
measured dielectric function to a simple Drude model. However, the free-electron
model has been demonstrated to be inadequate , and a more sophisticated one-
resonance model has also been used. Systematic discrepancies between the
modelled and measured dielectric functions illustrate that this model is also
somewhat too simplistic. However, the values of the relaxation time determined
from both models are consistent, and the values of the plasma frequency obtained
by ® tting the second model to both "r and "i show excellent agreement.
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