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When the penetration depth of an electromagnetic wave in a metal is similar to the mean free path
of the conduction electrons, the Drude classical theory is no longer satisfied and the skin effect
becomes anomalous. Physical parameters of this theory for twelve metals were calculated and
analyzed. The theory predicts an emissivity peak &,.q at room temperature in the mid-infrared for
smooth surface metals that moves towards larger wavelengths as temperature decreases.
Furthermore, the theory states that ., increases with the emission angle but its position, Ape, is
constant. Copper directional emissivity measurements as well as emissivity obtained using optical
constants data confirm the predictions of the theory. Considering the relationship between the
specularity parameter p and the sample roughness, it is concluded that p is not the simple parameter
it is usually assumed to be. Quantitative comparison between experimental data and theoretical
predictions shows that the specularity parameter can be equal to one for roughness values larger
than those predicted. An exhaustive analysis of the experimental optical parameters shows signs of a

reflec Au, and Mo around the wavelength predicted by the theory for

p=1.

I. INTRODUCTION

The skin effects in metals are some of the fundamental
problems of physical kinetics and have received attention
because of their many possible applications. For example, a
great number of advanced optoelectronic devices use high
reflectivity mirrors with a very stable surface. These condi-
tions are satisfied by bulk metal mirrors and thin and thick
metallic films deposited on active or passive substrates. In
these applications, it is necessary to know the optical con-
ductivity o(w) and either the complex refractive index 71(w)
or the complex dielectric function €(w). These physical
parameters are temperature and wavelength dependent.
Besides, the use of metal mirrors requires obtaining accu-
rately the amplitude and the phase of the reflection coeffi-
cient of these optical devices. The change of phase in the
visible and infrared range is a function of the wavelength
and can be calculated if 71(w) and o(w) are known. These
and other optical and electrical applications justify the effort
made in the measurement of the optical properties of metals.
These optical magnitudes are usually deduced from the mea-
surement of some observable using reflectivity, transmission,
absorption, ellipsometry, light scattering, or dielectric meas-
urements. At this time, most of the accessible optical experi-
mental data are compiled in tables in several publications.'™
Unfortunately, the measurements of these observables for
metals present serious difficulties for energies below 1eV
since the reflectivity of a great number of metals is very
close to 1 for those energies. The difficulty to find reliable
data increases for temperature dependent measurements as
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well. This is the reason why in the literature little experimen-
tal data can be found for 4 > 10um. It has been recently
shown that at least above room temperature the emissivity
&(w, 0) can be used.® This parameter is equivalent to the nor-
mal incident reflectivity, R(w, ), as ¢ = 1 — R, assuming
that T=0 (T is the transmitted light fraction). In addition, it
should be noted that the comparison between infrared experi-
mental optical data is complicated because the instrumental
difficulties and the optical constant measurements are very
sensitive to the quality of the sample surface: roughness, sur-
face cleaning, surface flatness, thermal history, etc. Another
fact to consider is that the values of the optical constants of
thin films differ from the ones measured in thick layers and
bulk metals. Furthermore, in the case of very thin films the
values of optical and electrical parameters depend on the
film thickness.

Some metals have an infrared spectral region, in which
the classical Drude theory is no longer valid due to the fact
that the conduction electrons mean free path length has the
same order of magnitude as the amplitude of the penetration
depth of the electromagnetic field. In this region, the normal
skin effect transforms into the anomalous skin effect. This
effect was incorporated into the general theory of the optical
properties of metals in connection with its electronic struc-
ture with the first theoretical papers published by Pippard,
Reuter and Sondheimer, Dingle, and others.”'* For the
reasons given earlier about the difficulties of infrared metal
optical measurements and because the anomalous region
extends above 100um, it follows that an experimental effort
to allow a better comparison with theoretical predictions is
very interesting. The purpose of this paper is to confirm that
a significant number of metals, many of them used in
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optoelectronic applications, present an anomalous skin effect
in the mid and far-infrared spectral region. Using all the liter-
ature accessible experimental data of optical constants
together with emissivity measurements of our laboratory, we
can check that, in agreement with the theory of the anoma-
lous skin effect, copper shows an emissivity broad peak in
the mid-infrared at room temperature. A quantitative com-
parison between experimental data and theoretical predic-
tions together with a discussion about the specularity
parameter and the surface roughness are carried out.

Il. BACKGROUND

In most metal optical applications (e.g., metal mirrors),
it is necessary to know the response of the electrons to the
incident electromagnetic field. Depending on the frequency
this response is related to the intraband transitions of the con-
duction electrons, the interband transitions due to internal
photoelectric effect or both of them. Other absorption mech-
anisms, such as lattice absorption and localized states, should
only be considered in specific frequency ranges. For a large
portion of the infrared spectrum, the interband transitions are
forbidden for the metals analyzed in this paper. In this spec-
tral region, the absorption mechanism is associated to intra-
band transitions. Assuming that other possible absorption
effects such as electron-electron or multiple phonon proc-
esses are negligible, the interaction is described by means of
the relation between the current density and the electrical
field in the metal. This relationship requires solving the
relaxation time approximation Boltzmann equation for the
non-equilibrium part of the electron distribution function.
This equation contains a diffusion term that can be omitted
when the electric field inside the metal can be considered
spatially constant. This assumption is valid when
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where / is the electron mean free path and the penetration

depth 6(w) of the electromagnetic field for optical frequen-
cies is given by
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where o is the dc conductivity and 7 is the relaxation time.
In many papers, the penetration depth is obtained using a
simplified formula &; = 2¢?/w,wt, where w? = 4n.e*n/m"
is the plasmon frequency of conduction electrons. In this
case, the calculated penetration depth value may differ from
those found with Eq. (2) by a factor that can be as high as 4.
Other physical parameters used in the theoretical calculus
are
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where 7, is the electron density, v is the Fermi velocity, m*
is the electron effective mass, ¢ is a parameter that takes into
account the relative sizes of the energy loss mechanisms, and
o and f are coefficients used in the theory. If Eq. (1) is satis-
fied, the interaction between the electromagnetic field and
the metal is called normal skin effect. At low and high infra-
red frequencies (w1 < 1 and wt > 1), the inequality will
hold regardless of the value of T and o, and the experimental
results must be in reasonably good agreement with the classi-
cal Drude theory.'® The emissivity can be obtained using the
classical equation

4n
= 4
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where the refractive index n and the extinction coefficient k&
are obtained from the following equations:
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At mid and far-infrared frequencies, Eq. (1) may not be satis-
fied even above room temperature. It is a wide region, with
[ =~ 0, where the Drude classical theory is not valid, and it is
called the anomalous skin effect spectral region. In this case,
the dependence of the optical properties with the conduction
electrons must take into account the non-local character of
the relationship between the field and current density which
forces to retain the diffusion term in the Boltzmann equation.
Since the first paper about a phenomenological approach of
the anomalous skin effect,9 a major effort to complete the
theory as well as to find experimental confirmation has been
done. The theoretical approaches®® express the metal optical
properties in terms of the surface impedance Z =R + iX
(where R is the surface resistance and X is the surface react-
ance). From the surface impedance, the reflectance and the
emissivity as a function of relaxation time and optical con-
ductivity can be obtained.

In most of the papers, the experimental results are com-
pared with two sorts of semiclassical equations for the theo-
retical surface impedance. Those that take the form of definite
integrals solved numerically®'®!” and those where the surface
impedance is obtained from series expansions.”'"'® Even
though we will make use of integral equations a comparison
with theoretical predictions of the series expansions will be
displayed. Besides, the quantum mechanical derivation,é’7 for
temperatures above the Debye temperature, gives the same
surface impedance equations. We shall not give here details
of the calculations performed by Pippard, Reuter and
Sondheimer, and Dingle.&11 Furthermore, the model assumes
that a fraction p (0 < p < 1) of the electrons arriving at the
surface is scattered specularly, while the rest are scattered
diffusely."® However, other possible assumption will be dis-
cussed later on this paper. In any case, considering the experi-
mental results, we will only consider the theoretical equations
corresponding to p=1. Also, the theoretical approach used
ignores the displacement current, which is not relevant in the
mid-infrared for the metals in Table I. For the optical region,
the emissivity is given by®™®



TABLE I. Physical parameters of the metals that according to Eq. (1) must present an anomalous skin effect spectral region at room temperature. 7 is the relax-
ation time, 7, is the carrier density, w, is the plasmon frequency, o is the dc conductivity, p is the dc resistivity, / is the mean free path, and vy is the Fermi ve-
locity. The rest of the parameters show the strength of the anomalous skin effect on the optical properties and those with an asterisk are calculated for

A= Zomax-
Element Ag Cu Au Ca Al Rh Mg Mo Ir w Zn Ru
T (fs) 38.2 252 27.1 229 7.2 10.9 9.4 10.6 4.8 5.1 4.5 6.4
n, (10%2cm=3) 5.86 8.47 5.90 4.61 18.07 7.26 8.61 6.41 14.12 12.64 13.14 7.27
wp (10'° Rad/s) 1.37 1.64 1.37 1.21 2.40 1.57 1.66 1.43 2.12 2.01 2.05 1.52
o (107 esu) 5.67 5.36 4.05 2.67 3.30 2.00 2.05 1.71 1.70 1.64 1.50 1.18
p (1078Qm) 1.59 1.68 2.21 3.36 2.82 4.49 4.66 5.23 5.29 5.49 5.95 7.60
1(107° cm) 5.31 3.93 3.78 2.94 1.46 1.62 1.49 1.52 0.90 0.92 0.82 0.96
vr (10%cm/s) 1.39 1.57 1.39 1.28 2.03 1.49 1.58 143 1.87 1.80 1.82 1.50
p 4.39 3.47 2.24 1.06 1.02 0.51 0.51 0.39 0.30 0.28 0.23 0.18
Jomax(ftm) 31.3 21.5 255 243 1.1 12.6 11.0 12.7 5.8 6.3 5.6 8.2
(¢/Ectas) e (%) 21.6 183 13.2 75 7.2 4.1 4.1 33 2.6 25 2.1 1.7
ot (*) 2.30 2.19 2.00 1.77 1.76 1.63 1.61 1.57 1.55 1.53 1.51 1.48
Setas (1078 cm) (%) 2.05 1.75 2.19 2.62 1.33 2.19 2.01 2.37 1.61 1.71 1.69 2.29
E(*) 0.64 0.55 0.40 0.22 0.22 0.12 0.12 0.10 0.07 0.07 0.06 0.05
Apeak (pm) 27.3 18.3 20.5 17.2 5.4 7.1 6.2 6.3
Emax 0.0046 0.0057 0.0060 0.0076 0.0121 0.0123 0.0130 0.0134
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where ¢, is the classical emissivity and
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where k(z) is a function of z (perpendicular distance to the
metal surface)
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The series expansion of the surface impedance used in
the paper’ is

value for which is assigned complete diffuseness (p =0) can-
not be the same as that obtained from diffraction theory.
Furthermore, it is easy to see that even with the interpretation
of the parameter p indicated, its value expressed in terms of
probabilities of scattering is different from that of the kinetic
probability of specular reflection.”® This analysis shows that
p =1 for a metal does not necessarily imply that the metal
surface is smooth compared with the de Broglie wave-
length.?® This conclusion, which has an experimental dem-
onstration in this article, indicates that many interpretations
have assumed p =0 for a roughness value that is related to
p =1 or an intermediate value.

Fig. 1 shows theoretical spectral emissivity for the classi-
cal theory (Eq. (4)) and for the anomalous skin effect with

(14 iwt)c? 2 p=1 (Eq. (6)) at three temperatures. It must be noticed that
_lmz =0.7698(nc) o, 6534(n8) *+ s O e anomalous skin effect normal emissivity shows, for p=1,
a broad peak in the mid and far-infrared spectrum. Among

and for near and mid-infrared it can also be used the metals that have an anomalous skin effect behavior, listed
in Table I, only copper® shows a clear experimental confirma-

w7 — £ é,, + £ f 2 5 4. (10) tion of an emissivity broad peak in the mid-infrared in agree-

ment with the theoretical predictions. In the same figure, the

As already indicated, the anomalous skin effect two series expansion approximations (Eqs. (9) gnfi (10)) are
theory™ involves a reflectivity parameter p that takes into also plotted. The plots confirm the range of validity of both

account the effect of the physical surface on electron trans-
port in metals and semiconductors.'® The value of this pa-
rameter, which is not known a priori, is between p=1
assuming complete specularity and p =0 for complete dif-
fuseness. From an experimental point of view, this parameter
is related to the surface roughness and has been extensively
discussed in the literature.’** Using the de Broglie wave-
length of electrons as well as the roughness value is possible
to find when the surface loses its specular character and
therefore when to use the theoretical formulas with p =0
instead of those with p=1. However, in a great number of
papers about optical properties of metals, semimetals, and

equations. Thus, Eq. (9) is a better approximation for higher
temperatures, while Eq. (10) works better for lower ones. In
the same figure, the expansion series emissivity for p =0 is
also plotted. Two facts should be outlined: on the one hand,
the strong dependence of the anomalous skin effect with tem-
perature; on the other, it is better to use the integral equation
because the series expansion approach only covers a fraction
of the anomalous wavelength range.

lll. EXPERIMENTAL

Copper emissivity measurements between 3 and 24 um
were carried out with the homemade HAIRL radiometer®
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FIG. 1. Classical and anomalous skin effect emissivities given by Eq. (4)
(dotted, green), Eq. (6) (solid, red), Eq. (9) (dashed, black), Eq. (10) (dotted-
dashed, blue) and series expansion for p=0 (long-dashed, pink).9 (a)
T=80K, (b) T=293K, and (c) T=526K. The physical parameters used
are those for copper in Table I.

that allows an accurate detection of the thermal radiation as
well as its fast processing. The sample chamber ensures a
controlled atmosphere and allows directional measurements.
Direct spectral emissivity measurements were made using
the blacksur method,30 and the calibration was carried out
using a modified two-temperature method.’ The combined
standard uncertainty is obtained from the analysis of all
uncertainty sources.’> The experimental uncertainty varies
with the wavelength, with 2% at 4um and 12% at 16um.

The measurements were carried out on electrolytic cop-
per thick films (thickness >36um) placed on 6 cm diameter
iron discs. The surface roughness values were: 1.05 < R,
< 1.26um. For each sample, four previous thermal cycles
were performed up to 800 °C. This thermal treatment ensures

that the possible presence of surface stress is completely
removed.>>3* Finally, X-Ray diffraction and electron mi-
croscopy were used to check the absence of sample surface
oxidation and contamination.

IV. RESULTS AND DISCUSSION

Table I lists the metals that according to Eq. (1) must
present an anomalous behavior in the infrared region at room
temperature, together with most part of the physical magni-
tudes that are used in the theoretical calculations of this
paper. Literature bulk metal experimental data (n, 1, o, vf,
and [)'>>> were used to obtain the other physical parameters
in Table I. It can be checked that the penetration depth of the
metals listed in the table satisfies the anomalous skin effect
condition / & §. It can also be observed that the plasmon fre-
quency lies in the ultraviolet spectral region and is similar
for all metals with anomalous skin effect. The order in which
the metals are listed in Table I is based on the value of the
strength of the anomalous behavior for each metal (ff and ¢).
Moreover, two wavelengths whose values can be compared
with the experimental results are shown. A,.q is the wave-
length at which the anomalous skin effect emissivity goes
through a maximum (&,,4,). Zpmay 1S the wavelength at which
the percentage of the anomalous skin effect emissivity com-
pared to the Drude (classical) theory emissivity is maximum
(¢/clas) may- AS it should be, the values of (&/&cias) fOT
each metal show the same sequence as that of f and ¢.
Furthermore, only two of the parameters need to be obtained
from experimental data since the rest can be obtained by
using Eqgs. (3) and (6). In our case, the two parameters
obtained from the literature where the electric resistance p
and the carrier density n,.

Equations (4)—(6) and the parameters of Table I allow to
obtain the theoretical predictions of the wavelength depend-
ence of the classical and anomalous skin effect emissivities
for any temperature. In Fig. 2, the room temperature theoreti-
cal emissivities of the first five metals from Table I are
shown for comparison. In the anomalous skin effect region,
the emissivity of the five metals shows a broad peak in the
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FIG. 2. Predicted classical (Eq. (4)) and anomalous skin effect emissivities
(Eq. (6)) of five metals at room temperature.



mid-infrared at room temperature. Similar results are
obtained for the other metals in Table I. According to
Table I, the highest values for (&/écias)uges Amaxs aNd Apeai
correspond to silver. A first conclusion can be stated:
the anomalous skin effect theory predicts that all metals in
Table I exhibit the unusual anomalous skin effect, at room
temperature and p = 1. Therefore, its emissivity must show a
broad peak in the mid-infrared.

At low temperature, the emissivity broad peak is shifted
to larger wavelengths, (¢/¢4s),,,, grows and the anomalous
skin effect spectral range is larger, while at higher tempera-
tures, Aueqt is shifted to shorter wavelengths and the relative
value of (¢/éqasymax as Well as the anomalous skin effect
range decreases. This theoretical prediction is particularized
for copper in Fig. 3. The relative emissivity (g/ Eclasymax Value
changes from 330% at 80K to 7% at 526 K and the anoma-
lous skin effect spectral range changes from A4 ~ 1000um
for 80K to AL~ 50um for 526 K. In any case, it must be
remembered that the emissivity calculated from Egs. (6), (9)
or (10) is very sensitive to the values of the relaxation time,
or, equally, the conductivity data. Small changes in the value
of these experimental parameters may lead to noticeable dif-
ferences on Ayeqr and gy

Within our knowledge all literature tables and papers
about optical and dielectric constants, as well as reflectance
and emissivity measurements of the listed metals in Table I,
are analyzed. An emissivity broad peak in the mid-infrared
or, at least, an indication that the peak can exist was only
found for Cu, Al, Au, and Mo.> 38 I any case, the refrac-
tive indexes were usually measured for A < Z,eq, and in
most cases, the surface characterization is not specified and
the experimental errors, which are not given, could be large.
Even using a good reflectometer,”” measurements of the
infrared optical constants of metals offer serious difficulties.
This can be extended to other experimental devices®® and
explains the little experimental data above 10um and
its large scatter making it difficult to detect the small varia-
tions associated to the anomalous skin effect at room
temperature.
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FIG. 3. Predicted classical (Eq. (4)) and skin anomalous effect emissivities
(Eq. (6)) of copper at three temperatures.
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FIG. 4. Copper normal spectral experimental emissivity ¢(4,7): (a) from
radiometric measurements at 526 K; (b) from room temperature reflectivity
measurements;>® and (c) from Eq. (4) using experimental optical constants.’

Fig. 4 shows three copper emissivity experimental
results as a function of the wavelength. Curve (a) corre-
sponds to normal spectral experimental emissivity measure-
ments carried out in our laboratory at 526 K. Curve (b) was
obtained from literature reflectivity data®® at room tempera-
ture and curve (c), also at room temperature, was obtained
using Eq. (4) with literature optical constant data.’ The
curves show evidences of the emissivity broad peak associ-
ated to the anomalous skin effect. In the case of curve (a), a
broad peak is observed around 10um, a broad shoulder is
observed in curve (c) around 16um, whereas in curve (b),
one can consider that it shows a broad peak between 9 and
29um. Since finding the position of the maximum in curve
(b) is not easy, curves (a) and (c) will be the only ones used.
Taking into account that ¢.,; cannot be obtained experimen-
tally, the experimental A, is obtained from (&/&paseiine) s
where €pgserine 1S the experimental curve baseline that repla-
ces &.q5- These baselines cannot be obtained very precisely
(in our case a straight line replaces the peak), and therefore
this approach leads to differences between experimental and
theoretical values, which also depend on the spectral range
of the experimental measurements. As a consequence, it is
better to use Ap.q, Whose values at room temperature are in
good agreement with the theoretical prediction for those tem-
peratures (17.4um and 9.4um, respectively).

The broad peak in the three copper emissivity curves in
Fig. 4 together with the similar peaks for Al,36 Au,3 7 and Mo
(Ref. 38) are an experimental evidence that at least these
four metals show a behavior in agreement with the predic-
tions of the semiclassical theory of anomalous skin effect for
p=1. As indicated before, the parameter p introduced in the
anomalous skin effect theory has a simple boundary condi-
tion which in terms of distribution function is written as
f(v) = pf(—v)," where fis the distribution function for inci-
dent and reflected conduction electrons. This boundary con-
dition entails that p = 1 — W, where W is the probability
that an electron can be diffusely scattered. The qualitative
agreement between Eq. (6) with experimental results (Fig. 4)
shows that, according to the boundary condition used in



Eq. (6), W, should be approximately zero. This probability
can be calculated using diffraction theory. Considering elec-
trons as a non-degenerate system, it was found that the sur-
face must be nearly atomically smooth for specular
electronic reflection to occur.?’ However, the sample surfa-
ces in Fig. 4 have high roughness, particularly those that
have been used in the direct normal emissivity measure-
ments. The values obtained should fit with p =0 but they do
it much better with p = 1. This result indicates that p is not
the simple parameter that it is usually assumed to be.

The experimental results in Fig. 4 seem to be in agree-
ment with a more general electron gas boundary condition®®
that leads to a new current equation with bulk and surface
contributions. In particular, the surface contribution contains
two terms associated to the outgoing flux in a particular
direction: the specularly reflected electrons and the diffuse
ones whose angular distribution depends on the detailed scat-
tering mechanisms at the surface. This means that in degen-
erate systems an additional weighting factor appears. For
this reason, p can be nearly 1, even when the restricted
boundary condition gives 1 — W = 0. Thus, the specularity
is present in surfaces with larger roughness values than those
predicted by the W calculus. Therefore, there is a higher
maximum roughness value than the one predicted by the dif-
fraction theory. In addition, the roughness does not only
affect the functional form of the parameter p but also modi-
fies the absolute value of the emissivity.* If the sample has
aroughness 7 < 1,4y, the general boundary conditions allows
p =1 in the semiclassical theory and the experimental results
in Fig. 4 must have the same qualitative behavior. However,
a quantitative agreement is not possible since the experimen-
tal data (absolute value) depends on the roughness value. It
is interesting to recall that for a given roughness the reflec-
tivity rises as wavelength increases because the surface is
relatively smoother to the incident radiation. This explains
not only the differences in the absolute values of emissivity
but also the slope differences between the experimental data
in the literature and the results obtained with theoretical
predictions.

Besides, other considerations must be taken into
account. The conventional emissivity concept implies that
thermal emission is a surface phenomenon. However, ther-
mal radiation emission is a volumetric process that can often
be approximated as a surface process because only a small
portion of the volume below the emitting surface contributes
significantly to the emitted spectrum. But when we want to
observe very small emissivity changes it is compulsory to
take into account a small volumetric portion defined as the
critical thickness. Drude emissivity, emissivity in the anom-
alous skin effect region, and emissivity due to the surface
plasmon could show different effective surface roughness.
This concept of volumetric process is in agreement with
the idea of a current equation with bulk and surface
contributions.?®

Fig. 5 shows the theoretical and experimental emissivity
ratios (¢/éciqs and &/epagerine) at 526 K and room temperature,
respectively. It should be noted that the room temperature
experimental baseline comprises a spectral range of approxi-
mately 50um and is reduced to 20um at 526 K. However, the
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FIG. 5. Theoretical and experimental emissivity ratios &/eqs and &/epaserine
at 526 K and room temperature.’

anomalous region is larger at both temperatures (Fig. 3) and
accurate baselines cannot be found due to the experimental
limitations. This fact produces important differences
between the experimental and the theoretical peak width.
The agreement is best at room temperature because the spec-
tral range of these measurements is larger than those at
526K, and therefore, the experimental baseline is closer to
the classical theory prediction. This result is in complete
agreement with the influence of roughness on both the theo-
retical predictions and the quantitative emissivity experimen-
tal values. Anyway, more accurate measurements are
required in order to see if it is necessary to consider a non-
asymptotic approximation'®!” of the anomalous skin effect
theory. This reformulation predicts the same value for the
width of the anomalous skin effect region but a peak value
lower than the one predicted by Eq. (6).

Eventually, the semiclassical theory of the anomalous
skin effect predicts that the emissivity peak position, Zjeu,
must be the same for directional and normal measurements.
The theoretical curves in Fig. 6 show the copper spectral
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FIG. 6. Theoretical prediction for the directional anomalous skin effect
emissivity as function of A for five different angles at 526 K.



directional emissivity dependence obtained using the semi-
classical equations.z’17 Here, Zpear, the broad peak width, and
Epeak — Eclas are the same for the 0° < 0 < 80° emission
range. However, the emissivity value rises when the angle
increases. This behavior was found in the directional emis-
sivity measurements of copper with non-polarized light.® A
good full qualitative agreement between the experimental
and the theoretical curves was found. However, we find
again quantitative differences in the emissivity values. Here,
they are larger than those we saw for normal incidence
because as a result of diffraction effects, the directional prop-
erties are significantly influenced by the roughness and the
parameter p does not take into account this influence. In any
case, it is interesting to study the emissivity angular depend-
ence for a fixed wavelength. Fig. 7 provides the experimental
and the theoretical copper directional emissivity for three
wavelengths. The emissivities are expressed as (¢(4,0),,,
—&(2 0) puserine and &(4,0),, —&(4,0),,,). Once again, there
is a good qualitative agreement and both are in complete
agreement with the predictions of the electromagnetic
theory.*'*?> However, the experimental values are not of the
same order of magnitude as the predicted ones. These quanti-
tative differences can be associated with the surface
roughness.

In conclusion, a complete literature review of experi-
mental optical constants of twelve metals in the infrared
spectral region is presented. According to theoretical predic-
tions these metals have an anomalous skin effect region in
the mid and far-infrared at room temperature. Experimental
data for Cu, Al, Au, and Mo show signs of a reflectivity
broad peak around the wavelength predicted by theory.
However, this data does not allow an experimental analysis
except for Cu, where the data clearly show the anomalous
skin effect for a smooth surface (p =1). In this case, experi-
mental emissivity measurements as well as emissivity
obtained using optical constants data confirm the predictions
of the theory. In particular, the directional emissivity meas-
urements have revealed that the emissivity value increases
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FIG. 7. Experimental and theoretical copper directional emissivity for three
wavelengths. The quantitative differences are associated with the surface
roughness.

as well as the broad peak position is independent of the
emission angle, being both in complete agreement with the
electromagnetic theory. Finally, quantitative comparison
between experimental emissivity data with theoretical pre-
dictions shows that the specularity parameter can be equal to
one for roughness values larger than those predicted by the
diffraction theory. The present results indicate the need to
carry out optical measurements in metals in order to study a
wider spectral range, reduce the probable errors, and extend
measurements at low temperatures.
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