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Résumé. 2014 La fonction diélectrique complexe de couches minces de nickel, déposées sur des substrats de silice
fondue et de germanium, par évaporation thermique sous ultra-vide, est déduite de mesures optiques à l’aide de
différentes méthodes : entre 6 et 0,5 eV à partir des mesures de réflexion et de transmission; entre 0,5 et 0,09 eV par
une méthode fondée sur la réflexion totale atténuée et l’excitation de plasmons de surface; entre 0,2 et 0,03 eV via
une analyse de Kramers-Kronig sur la réflectivité. Le seuil des transitions interbandes est ainsi déterminé et l’on
calcule les paramètres de Drude des électrons de conduction. On discute les résultats en fonction des caracté-
ristiques des couches (épaisseur, recuit, résistivité, taille des cristallites), et on les interprète à partir de calculs de
structure de bande.

Abstract. 2014 The complex dielectric function of Ni thin films deposited on fused silica and crystalline germanium
substrates by thermal evaporation under ultra-high vacuum is deduced from optical measurements by various
methods : from 6 to 0.5 eV from reflectance and transmittance measurements ; from 0.5 to 0.09 eV by a method
based on A.T.R. and surface plasmon excitation; from 0.2 to 0.03 eV by a Kramers-Kronig analysis performed
on the reflectivity. The onset of interband transitions is thus determined and the Drude parameters of the conduction
electrons are calculated The results are discussed in relation to the characteristics of the films (thickness, annealing,
resistivity, crystallites size) and eventually interpreted using band structure calculations.
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1. Introduction.

The optical properties of transition metals arc essen-
tially governed by the position of the Fermi level,
located within the d bands. In contrast to the noble
metals, the onset of interband transitions is thus
located at low energies. Consequently the Drude-like
behaviour of the dielectric function can only be
observed at very low energies. In the case of Ni, few
optical measurements have been performed below
0.5 eV and most of the results concerning the dielectric
function have been deduced from a Kramers-Kronig
analysis of the reflectivity data, since they were
obtained on polished bulk materials. These results,
particularly the absolute value of the dielectric func-
tion, strongly depend on the conditions of preparation
of the samples : electropolishing and annealing for
bulk samples; vacuum, substrate temperature, anneal-
ing treatments for evaporated thin films. Moreover,
due to the high infrared reflectivity of bulk Ni and its
slow variations with energy or incidence, it is very
difficult to deduce the infrared dielectric function
from measurements on bulk samples with a good
accuracy.

Consequently, we have studied the optical proper-
ties of both thin and thick Ni films condensed by ther-
mal evaporation under ultra-high vacuum onto fused
silica and crystalline germanium substrates, both as
deposited and annealed The crystallographic struc-
ture, the composition and the dc. resistivity of the
films have been determined Their dielectric function
has been deduced from three types of measurements
in the 0.03 to 6 eV range :
- between 0.5 and 6 eV : reflectance and trans-

mittance measurements on thin films;
- between 0.09 and 0.5 eV : attenuated total

reflection (A.T.R.) measurements under oblique inci-
dence, in the conditions of surface plasmon excitation;
- between 0.03 and 6 eV : reflectivity measure-

ments on thick films, treated by Kramers-Kronig
analysis.
The optical results are discussed as a function of the

physical parameters of the films (thickness, crystallite
size) and of the method of determination (direct
resolution of Kramers-Kronig analysis).
The conduction electron parameters (plasma fre-

quency wp and relaxation time r) are deduced from the
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experimental dielectric function in the intraband

range, using the Drude model. These parameters,
as well as the location of the absorption edge and the
main interband transition energies, are compared
to the results obtained by other authors, and to recent
band structure calculations.

Section 2 is devoted to the presentation of the
optical techniques and the methods of calculation
of the dielectric function. The A.T.R. method using
surface plasmon excitation is described in detail.
The preparation conditions and the main physical
properties of the samples are given in section 3, while
the optical results are discussed in section 4.

2. Optical methods and experimental set up.

2.1 NEAR-ULTRAVIOLET, VISIBLE AND NEAR-INFRARED
RANGE (6 To 0.5 eV). - The ref lectance R and the
transmittance T of thin semi-transparent films con-
densed on polished fused silica substrates have been
measured under near-normal incidence using a Cary 17
spectrophotometer equiped with a Strong (V-W)
attachment for absolute reflectivity measurements.
Both the real and imaginary parts of the dielectric
function a = 81 + iE2 have been deduced from the
experimental values of Rand T using exact thin film
formulae by an iterative implicit resolution proce-
dure [1].

2.2 MIDDLE INFRARED RANGE (0.6 TO 0.09 eV). -
Crystalline Ge, which is transparent in this spectral
range, is used as a substrate material. The micro-

roughness resulting from the optical polishing is

larger for Ge than for fused silica; this results in slight
differences in the Ni substrate interfaces, depending
on the nature of the substrate. We show in the following
that these differences do not affect considerably the
dielectric function values.
Due to the relatively poor accuracy of the Rand T

spectrophotometric measurements in the infrared
and the very high R values (close to 1) in the case
under consideration, the method presented in 2.1
cannot be used We used a method developed by Lafait
[2], based on Attenuated Total Reflection under
variable oblique incidence. Our aim is to obtain lower
reflectivity values, sufficiently variable with the inci-
dence and the wavelength to allow an accurate
determination of s, and s2. These requirements are
fulfilled if a surface plasmon mode is excited at one
of the interfaces of the thin metallic film.

This is achieved for the metal/air interface by using
the Kretschmann configuration [3] (Fig. 1). If the
reduced wave-vector is defined by S = c/wo.kx, where
kx is the longitudinal component of the wave vector,
then, Si = Re(S) = 8’ 0 /2. sin 00 and the condition
for the surface plasmon excitation at the metal/air
interface is given by :

Fig. 1. - Kretschmann’s configuration for surface plasmon
excitation in thin films.

where Eo, E = s, + iB2, ss are the dielectric functions
of respectively the substrate (Ge), the metal and the
air and 00 the angle of incidence at the substrate/metal
interface. One has to notice that the p component
(parallel to the plane of incidence) of the reflectance
goes through a deep minimum at the plasmon reso-
nance whereas the s component (perpendicular to
the plane of incidence) is only weakly affected

Since the real part, Si, of the reduced wave vector S :
Sl = 1 - (go + gl)/[(So + gl)2 + C2] is close to 1
in transition metals, it is necessary to work near the
critical angle OL (sin OL = Eo 1/2) for reflection in Ge.
Moreover, the resonance can be clearly characterized
in the reflectivity spectrum only if the damping due
to the absorption is not important The imaginary
part S2 of the wave vector S has thus to be much
smaller than S1. This condition is fulfilled by Ni at low
energies (Sl = 1 and S2 = 10-3). However, the re-
maining absorption sets a limit to the thickness of the
film and prevents a perfect coupling of the p polarized
incident wave to the plasma wave. The damping
broadens the resonance minimum in the curve

Rp = f(oo) and the reflectivity value does not com-
pletely vanish. The Rp variations beyond the critical
angle of reflection q5L, are however sufficient to allow
an accurate determination of the dielectric function 9

by using a least-square fitting procedure with opti-
mized gradient convergence, proposed by Bou-
chard [4].
The A.T.R. measurements have been performed on

an infrared spectrophotometer, described in [2], built
in our laboratory. The accuracy of the reflectivity
measurements is about 0.01 and the angles of inci-
dence, for this experiment, are varying from 14 to 160.
Figure 2 shows the Rp versus 00 experimental data
as well as the results of the simulation for different

energies. Figure 3 shows the Rp values as a function
of m for different angles of incidence.

2.3 EXTENDED MIDDLE INFRARED RANGE (0.5 To

0.03 eV). - In order to extend the experimental
energy range down to 0.03 eV and to compare the
results obtained by the A.T.R. technique on thin films
and by a Kramers-Kronig analysis of the reflectivity
of thick films, we have deposited thick opaque films
( T  10-4) on fused silica. Their reflectivity was
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Fig. 2. - Variation of the reflectance Rp with the angle of
incidence around the angle of resonance in Kretschmann’s
configuration for surface plasmon excitation in the case
of N i film (d = 320 A thick). The dos., crosses + and open
circles 0 represent the calculated curves, respectively for
A = 12.58 pm, h = 4.86 pm, À = 2.57 um and the stars

represent the experimental data.

measured in the 6 to 0.5 eV spectral range using a
Cary 17 and in the 0.5 to 0.03 eV spectral range using a
Perkin Elmer 580 B, both equiped with a Strong
(V-W) attachment for absolute reflectivity measure-
ments. The low enetgy extrapolation (0  w  0.03 eV)
of the reflectivity, in the Kramers-Kronig integrals,
has been taken equal to 1. We have used the classical
extrapolation for high energies (m &#x3E; WL; WL = 6 eV)

s being deduced from an a value determined on thin
films in the 0.5 to 6 eV range (s = 1.47).

3. Sample preparation and physical characteristics.

The films have been deposited by flash-evaporation
of Ni powder from a tungsten crucible, under ultra-
high vacuum (10-9 Torr) onto optically polished
fused silica and crystalline germanium substrates.
The dc. resistance has been measured during the
evaporation in order to control the film thickness,
as well as during subsequent treatments. The thickness
has been measured by X-ray interferences under

grazing incidence (Kiessig method) with an accuracy
of 1 %.

Electron diffraction and Rutherford backscattering
studies confirm that we have crystalline Ni films free
of contamination. Most of the samples have been
annealed in situ up to 250 °C. After annealing, the
temperature coefficient of the resistivity was found
to be very close to the bulk one, but the resistivity
values remain still higher than that of bulk Ni and can
be directly related to the crystallite size (see Tab. I).
In fact, the transmission electron microscopy studies
show (see Fig. 4) that the films are made of small
crystallites (200 to 600 A), the size of which is not

Fig. 3. - Variation of the reflectance R. with the energy,
for different angles of incidences : + - 00 = 14.7,. - 0, =
15 and * - Oo = 15.5.

Table I. - Thickness d (A), dc. resistivity (Q cm)
and mean crystallite size of our Ni thin films.

strongly affected by annealing but seems more depen-
dent on the film thickness. The thinner the film, the
larger the crystallites and the weaker the resistivity.

4. Optical results and discussion

4.1 OPTICAL RESULTS, DIELECTRIC FUNCTION. - The

optical results concerning the reflectivity and the
dielectric function are presented in figures 5 and 6
respectively.

In order to compensate for the systematic small
differences (1 to 2 percent) observed between the
reflectivity measurements performed on the three

apparatus, the data have been fitted in their common
spectral range. This procedure does not affect the
energies of the interband transitions. It may slightly
shift the absorption onset, as it is pointed out by
subtracting, from the total dielectric function, a Drude
contribution calculated with these corrections.
We first compare three reflectance spectra cor-

responding to opaque films (Fig. 5) :
- one measured on a thick non annealed film;
- two calculated using the dielectric function

determined by the methods described above on two
thin annealed films with different crystallite sizes.
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Fig. 4a.

Fig. 4b.

Fig. 4. - Transmission electron micrographs. 4a : annealed
film (d = 468 A), crystallite size 200 A. 4b : annealed film
(d = 275 A), crystallite size 600 A.

The highest values of the reflectivity are obtained
with the dielectric function of the thin film with the

largest crystallites : they are roughly two percent
higher than those for the thin film with smaller crys-
tallites, and four percent higher than the reflectivity
of the thick non annealed film. 

This result is in qualitative agreement with the
correlations observed in 3 between the resistivity,
the crystallite size and the film thickness.

Turning now to the complex dielectric function

(Fig. 6), we observe a good agreement between the
optical absorption curves (nro£2) deduced from the
Kramers-Kronig analysis, and from the direct deter-
mination by the R, T and A.T.R. methods. The latter
are slightly higher in the infrared, confirming thus

Fig. 5. - Spectral reflectivity corresponding to thick Ni.
- + measured on thick non annealed evaporated film;
- calculated, using the dielectric constant of thin annealed
films 0 - with small crystallites; 4Y - with larger crys-
tallites.

the weaker electrical resistivities observed on thin
films with larger crystallites than on thick films with
smaller ones. In both cases, the optical absorption
bands corresponding to interband transitions are

located at the same energies. We have plotted in
figure 6, for memory, the results of Lynch et ale [5]
obtained on a single crystal at low temperature, the
absorption of which is lower as expected, and the
results of Stoll [6], in complete agreement with ours.

4.2 DRUDE-LIKE BEHAVIOUR. - Due to the location
of the Fermi level within the d bands of Ni, interband
transitions still occur at low energies. The transition
between pure intraband behaviour and mixed intra-
band-interband behaviour is clearly pointed out in an
Argand diagram of W82 versus 81 (Fig. 7) by the
breakdown of the linear variation expected from the
Drude model. The onset of interband transitions
can thus be inferred to appear around o.15 eV. Accor-

dingly, we have calculated the Drude parameters of
the conduction electrons from our experimental
results in the estimated intraband region, Le. below
0.15 eV.
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Fig. 6. - Complex dielectric function of Ni. 6a : real part ~1.
6b : optical conductivity nW82.. our thin film. + Kramers-
Kronig analysis on our thick films. 0 Lynch’s results.
* Stoll’s results.

We have introduced a frequency dependent relaxa-
tion time of the conduction electrons :

This gives a better account of our results and is in
agreement with more fundamental considerations
about the shape of the Fermi surface of transition
metals. In contrast to noble metals, the Fermi surface
is no longer spherical but exhibits several bulges
touching the Brillouin zone in many points. This
leads to different types of carriers with different masses
and relaxation times which can be taken into account
in the Drude formulation by the introduction of a
frequency dependent relaxation time. Other effects
like electron-electron interaction can also induce such
a variation but their influence, in this case, must be
negligible compared to the Fermi surface anisotropy
effect.
As it can be seen on the results (Tab. II), the Bcv2

correction is relatively important, even at low energy,
with respect to the constant term I/To. The calculation
of a mean free path (or an optical conductivity) for

Fig. 7. - Argand diagram nw82 = f(si) for Ni. The results
are obtained, by A.T.R. method, on a thin film.

Table II. - Drude parameters of Ni (wp = plasma
frequency, hlr = relaxation time) as deduced from
A.T.R. method, Kramers-Kronig analysis, Lenham [13]
and Lynch [5] results.

the conduction electrons is thus meaningless since
the relaxation time has lost its purely spatial physical
meaning.

After subtraction of the Drude contribution, cal-
culated above, from the total dielectric function a,
the absorption edge appears located between 0.11
and 0.15 eV (Fig. 6), in good agreement with the
prediction of the Argand diagram. This result is also
in total agreement with Kirillova’s observations [7].

4.3 INTERBAND TRANSITIONS. - The main features
already observed on the total absorption curves

(Fig. 6) now clearly show up in figure 8.
All the curves (for both thin and thick films) exhibit

a broad, roughly symmetrical peak centred at 4.7 eV
(0.25 ).1m). This peak can be attributed to transitions
from the bottom of the d .band to empty states close
to the Fermi level in different points of the Brillouin
zone. This assumption seems more realistic than
transitions between conduction bands (L2 -+ L1)
involving states well beyond EF. It is in agreement
with the predictions of band structure calculations,
which estimate a band width of about 4.5 eV [8],
but not with the results of angle-resolved photo-
emission experiments, which yield a narrower d-band,
of the order of 3.3 eV [9].
A second well marked structure is observed at

1.4 eV ; it is more dependent on the crystallite size :
the smaller the crystallites, the weaker the structure.
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Fig. 8. - Interband optical conductivity Delta = hcog,
(total) - ;’WB2 (Drude) of Ni. Our thin films. + Kramers-
Kronig analysis on our thick films.

A similar structure has also been observed on different

samples by different techniques [10, 8, 6]. Two inter-
pretations have been proposed The first one assigns
the 1.4 eV peak to transitions between Q+ and Q-
at the Fermi level (in the vicinity of the L point)
[10, 11, 6], the other one to transitions between bands
near the W symmetry point [8,12]. Our measurements
do not provide any additional information which
could allow to distinguish between these two models.
Weak shoulders can also be noticed between 0.8

and 0.4 eV, which can be related to the features already
pointed out by Kirillova [7] and by Stoll et al. [6].
They are also quite sensitive to the film structure.
A clear interpretation of these low-energy absorptions
is difficult since they may result from a variety of

interband transitions, involving states close to EF
which are likely to be strongly affected by the magne-
tization state of the samples.

5. Conclusion.

We have presented a direct determination of the

complex dielectric function of evaporated thin Ni
films, in the infrared region, using the excitation of
surface plasmon waves at the metal/air interface.
This method, which requires accurate reflectivity
measurements as a function of incidence, could be
performed with the help of a specially designed
infrared spectrophotometer. The results have been

compared to those obtained by a Kramers-Kronig
analysis of the reflectance of thick evaporated samples.
The two methods are in good agreement, slight
differences appearing only between the absolute
values of a.

Reliable values of the complex dielectric function
of Ni are thus obtained over a large spectral range :
0.03 to 6 eV. They allow to determine the characteristic
parameters of the conduction electrons, as well as
the interband transition onset and the energies of the
main features of the optical absorption, related to

specific interband transitions. The results are in good
agreement with those already obtained by Lenham
[13], Lynch [5], Kirillowa [7], Stoll [6] and Ehrenreich
[10], over more limited spectral ranges, on samples
prepared by different methods.
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