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Using in situ transmission spectroscopy in the middle infrared, an enhancement of the Drude-type plasma
frequency with respect to the bulk value was found for ultrathin Fe films in �111� orientation grown on
Si�111�7�7. That finding is in good agreement with ab initio calculations that, in particular, take into account
the existence of surface states and surface resonances. These calculations also predict an increase of the plasma
frequency with decreasing thickness for Cu�111� films, but the experimental proof for Cu was hampered by an
islandlike growth. However, in experiment and in theory the bulk value for the plasma frequency of copper is
already reached at 3 nm thickness.
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I. INTRODUCTION

Transport properties of ultrathin metallic films are of basic
interest for the development of nanoscaled electronic de-
vices. The properties of ultrathin films with a thickness of a
few atomic layers are determined to a large extent by the
surfaces and interfaces. In addition to the change of the local
properties at the boundaries, quantum confinement effects
cause oscillations of macroscopic properties, such as the
magnetic interlayer exchange coupling1 and specifically the
electrical conductivity.2,3 Thus, the properties of nanostruc-
tures can substantially differ from bulk properties. Within the
relaxation time approximation, features of the plasma fre-
quency can be transferred to the interpretation of the charge
carrier mobility in thin films. The electrical conductivity can
be strongly decreased due to surface scattering. Nevertheless,
under certain circumstances, if the size- and surface-
dependent band structure results in an increased plasma fre-
quency, conductivity of ultrathin films can be increased with
respect to bulk values.

In this paper, we study candidates for increased conduc-
tivity. We compare the results from infrared �IR� transmit-
tance spectroscopy as a noncontact measurement of the film
plasma frequency with results obtained by ab initio calcula-
tions. This provides insight into the character of the valence
electrons and related consequences for the carrier mobility.
The obtained results are qualitatively different to the well-
known behavior found for the parabolic-band model where
the conductivity strongly decreases with decreasing
thickness.4 Using ab initio calculations of the plasma fre-
quency, we explain the discrepancy by the changes of the
electronic structure at surfaces and interfaces, which was not
taken into account in models with thickness-independent dis-
persion.

For the experimental studies Fe and Cu, respectively,
were deposited onto Si�111�. For this substrate, the formation
of �111� film surfaces was proved.5,6 To avoid intermixing at
the interface, the substrates were cooled during deposition.
In contrast to Fe on Si�100�, silicide interlayer formation was
not observed for iron on Si�111�, not even at room tempera-
ture. The growth of Fe on Si�111� starts with the formation of
a pseudomorphic layer that relaxes with increasing film

thickness above 1 nm.6 For Cu growth on Si�111�, it is
known that silicide is formed at the interface.7,8 The inter-
layer formation needs reactive Si atoms and, therefore,
should be favored by stepped surfaces.9 In Refs. 7–9, the
interlayer thickness at room temperature and below is men-
tioned to be one to a few monolayers. The interlayer plays a
key role in overcoming the large lattice mismatch between
Cu and Si.7 On top of the interlayer, a pure Cu film is
formed, but the growth is not an ideal layer-by-layer one,8

which gives film roughness at the beginning of that growth
phase. In the case of room temperature growth, smooth
Cu�111� films were found already at about 3 nm thickness.
Their p�1�1� low-energy electron diffraction �LEED� pat-
tern was rotated by 30° with respect to the Si substrate, in-
dicating the fcc arrangement of the Cu atoms.10

II. EXPERIMENT

The in situ experiments were performed with a vacuum
Fourier-transform IR spectrometer �Bruker IFS 66 v/S with
midrange mercury cadmium telluride detector� attached
to an ultrahigh vacuum �UHV� chamber �base pressure
�2�10−8 Pa�. A LEED system allows for in situ character-
ization of the crystalline quality of surfaces and films. The
preparation of the Si�111� substrates was as follows: For the
Fe film, the silicon wafer was heated to 1300 K for 20 min in
UHV to desorb the oxide, which revealed a clear �7�7�
LEED pattern after cooling. For the Cu-film series that is
discussed here, we used high resistivity hydrogen terminated
n-type Si and thermally processed it under UHV by heating
to 1130 K for 1 min. Because of the rather rapid cooling and
relatively low heating temperature, a perfect �7�7� super-
structure was not obtained. However, as we know from vari-
ous growth experiments at about 100 K, this kind of sub-
strate surface gave Cu films with lower scattering rate at
about 5 nm thickness than films grown on the perfect
�7�7� superstructure.

The metals were deposited with an Omicron electron im-
pact evaporator at an angle of incidence of about 35°. Metal-
film thicknesses are calculated from the deposition time and
the rate �typically 0.1–0.2 nm/min assuming bulk density�
that was calibrated with a quartz microbalance, which results
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in a relative error of about 10%. From the bulk structure, it
follows in monolayers �ML� that along the �111� direction
1 ML=0.083 nm for Fe and 1 ML=0.208 nm for Cu. Sub-
strate temperatures were measured by a Chromel-Alumel
thermocouple attached to the sample holder. They were
120 K for Fe deposition and 102 K for Cu deposition, re-
spectively. After metal deposition, the crystalline film struc-
ture was investigated with LEED. For Fe with 10 nm thick-
ness, we observed patterns corresponding to the �111� film
orientation. For the Cu films with 5 nm thickness, only a
circle with increased diffraction intensity characteristic for
�111� orientation was observed. During metal deposition, the
IR transmittance at normal incidence was recorded �spectral
resolution of 32 cm−1, 100 scans accumulated within 22 s�.
A selection of spectra is presented in Figs. 1 and 2.

The spectra were analyzed with a Drude-type model for
the dielectric function �of the circular frequency ��,

���� = 1 −
�P

2

��� + i���
, �1�

with the scattering rate

����,d� = �s�d� + ��,bulk��� �2�

as a superposition of a surface contribution �s�d� �that de-
pends on film thickness d and film roughness� and of the
frequency-dependent bulk scattering rate,11–13

��,bulk��� = ��0 + ��2. �3�

The parameters of the frequency-dependent bulk scatter-
ing rate are determined by a fit to the bulk data for the optical
and dc properties at different temperatures.11,12 The optical
data were taken from Ref. 14. As in this reference, regarding
the large values of the negative real part of ����, any back-
ground susceptibility is set to zero. The bulk optical data,

especially the dispersion of the imaginary part Im������, re-
veal Drude-type behavior of Fe and Cu in the mid-IR range.
The onset of interband transitions is indicated by an increase
or at least a plateau in Im������. This occurs well above
wave numbers of 6000 cm−1 for Fe and above 12 000 cm−1

for Cu. The film plasma frequency is assumed to be propor-
tional to the bulk values:

�P,film��,d� = ��d��P,bulk��� . �4�

The functions ��d� and �s�d� are used as parameters in the
spectral fits that were done from 1000 to 4500 cm−1 and
from 600 to 5500 cm−1 for Cu and Fe, respectively.

In the beginning of Fe growth, there is an extraordinary
strong decrease in transmittance, significantly stronger than
the one calculated with bulk values. This indicates an in-
creased metallic conductivity. The slope in iron-film spectra
for low thicknesses reflects the strong frequency dependence
of the Drude parameters of the bulk.11 For all thicknesses,
the Fe-film spectra can be perfectly fitted with reasonable
Drude parameters. As a result, the Fe-surface roughness as
shown in Fig. 3 increases up to 1 nm and then it saturates in
accordance to Fig. 2 of Ref. 6. Figure 3 shows �s�d� for Cu
and Fe films scaled by the film thickness and the bulk Fermi
velocity vF. The almost constant values of this parameter for
large thicknesses point to thickness-independent diffuse sur-
face scattering15 as described in the classical size effect by
the theory of Fuchs and Sondheimer.16,17

For Cu below 2 nm thickness, a negative transmittance-
curve slope, that is, transmittance decreases with increasing
wave number, indicates a significant deviation from the me-
tallic layer’s dispersion. The dispersion is typical for flat
metal islands that have their absorption maximum beyond
the mid IR. The metal-island-like dispersion starts already at
a deposition of about 1 ML, which means that any silicide
layer must be very thin. The coalescence of copper islands
reaches the percolation threshold at about 2 nm. Therefore,

FIG. 1. Selection of transmittance spectra �normal incidence,
spectra divided by the transmittance of the substrate� measured for
Fe growing on Si�111� at 120 K. Unity means the same transmit-
tance as the substrate and the labels indicate the average film thick-
ness. Drude-type fits to the spectra give reasonable values from
0 nm thickness.

FIG. 2. Selection of transmittance spectra �normal incidence
spectra divided by the transmittance of the substrate� measured for
Cu on Si�111� at 102 K. Unity means the same transmittance as the
substrate. Spectra are shown in steps of 0.25 nm in average film
thickness �indicated only for some of the spectra�. Drude-type fits to
the spectra are performed for thicknesses from 2 nm.
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the fitting procedure was performed for Cu only for thick-
nesses above 2 nm.

The square of ��d� will be compared to our theoretical
calculations �see Figs. 4 and 5�.

III. THEORY

Within the quasiclassical approach, the tensor of the

squared plasma frequency �P
2ˆ is connected with the effective

mass tensor M̂�k�:18

�P
2ˆ =

4	e2

V
�

k

f0�Ek��M̂�k��−1, �5�

where e is the electron charge, V the system volume, f0�Ek�
the Fermi-Dirac occupation function in the limit of zero tem-
perature, and Ek the energy of an electron �here k is a short-
hand notation for crystal momentum vector k and band index
n�. In the isotropic relaxation time approximation �see, for
instance, Eq. �13.27� in Ref. 19�, the plasma frequency can
be related to the conductivity 
 and the relaxation time �
similar to the Drude model: �P

2 =4	
 /�. Therefore, accord-
ing to Refs. 20–22, we can write for the plasma frequency
�per spin direction 
� the following expression:

��P

�2 =

4	e2

V
�

k

��Ek

 − EF�vk,i


 vk,i

 , �6�

where EF is the Fermi energy, and vk,i

 denotes one Cartesian

component of the group velocity vector vk

. Here, we exploit

the fact that for a cubic crystal or a two-dimensional lattice
with C4v or C6v symmetry, the conductivity tensor is isotro-
pic and is represented by a scalar.

Finally, performing the integration in Eq. �6� over the
Fermi surface, we obtain in the case of a bulk system

��P,bulk

 �2 =

e2

2	2�
�

Ek

=EF

dSk



	vk

	

vk,i

 vk,i


 , �7�

where dSk

 is a differential Fermi surface element of the nth

Fermi surface sheet.
In the case of a film with the thickness d, performing the

integration in Eq. �6� over the Fermi lines, we can rewrite the
expression for the spin-dependent plasma frequency in the
following form:

��P,film

 �2 =

e2

	�d
�

Ek

=EF

dlk



	vk

	

vk,i

 vk,i


 , �8�

where dlk

 is a differential Fermi line element arising from

the nth band.
The electronic structure of the considered systems was

calculated self-consistently using a screened Korringa-Kohn-
Rostoker multiple scattering Green’s function method.23–27

Spherical potentials in the atomic sphere approximation were
used and an angular momentum expansion of the charge den-
sity up to lmax=6 was used. Exchange and correlation effects
were included within the local-density approximation in the
parametrization of Vosko et al.28 The film unit cell contains
N atoms of the considered material, each representing one
atomic layer and sufficient empty sites on both sides of the
film to ensure a proper treatment of the charge relaxation at
the surfaces. Structural surface relaxations were not taken
into account. However, in experiment the films are deposited
on a substrate and the electronic structure at the interface is
different from the idealized one. The modeling of the realis-
tic interface structure is out of the scope of these investiga-
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FIG. 3. The thickness dependence of the surface contribution to
the scattering rate for Cu/Si�111� and Fe/Si�111�.

0.8

1

1.2

1.4

1.6

1.8

2

0 1 2 3 4 5 6 7

(
ω

P
,fi

lm
/ω

P
,b

ul
k

)
2

film thickness (nm)

experiment
theory

FIG. 4. Experimental data and theoretical results of the film
plasma frequency �P,film relative to the bulk value �P,bulk for
Cu/Si�111�.
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FIG. 5. Experimental data and theoretical results of the film
plasma frequency �P,film relative to the bulk value �P,bulk for
Fe/Si�111�.

MOBILITY OF CONDUCTION ELECTRONS IN ULTRATHIN… PHYSICAL REVIEW B 75, 245427 �2007�

245427-3



tions. Due to the slab geometry, the states at the Fermi level
are described by lines in the two-dimensional Brillouin zone
�BZ�. The Fermi surface integrals have to be replaced by line
integrals according to Eq. �8�.29 In the considered �111� sur-
face geometry, the irreducible part equals one twelfth of the
whole BZ and contains about 100 000 k
 points to obtain
convergence of the transport integral in Eq. �8�.

IV. RESULTS

The plasma frequencies of Cu�111� and Fe�111� films in
the thickness range of 2–5 nm and 0–10 nm, respectively,
from Drude fits to IR transmittance spectra were compared to
theoretical results for Cu�111� and Fe�111� slabs in the thick-
ness range between 1 and 32 ML. The theoretically treated
thicknesses correspond to about 0.2–6.6 nm for Cu�111�,
and about 0.1–2.6 nm for Fe�111� films.

Figure 4 shows the experimental and theoretical results
for ��P,film�2 of Cu�111� films. Due to the fact that the Fermi
surface of bulk Cu is very similar to a sphere,20 a free-
electron model4 was used to explain the plasma frequency of
Cu films. In this parabolic-band model, �P

2 is proportional to
the charge density and vanishes with the layer thickness go-
ing to zero.4 In contrast, a strong increase of �P,film for small
thicknesses is obtained from our ab initio calculations �Fig.
4�. As it was shown in Ref. 22, the main reason of this effect
is the increase of the Fermi velocity caused by the large
contribution of fast surface states and resonances. In the ex-
periment, the continuous Cu film is formed only after 2 nm
average thickness. Below 3 nm, the increase in the plasma-
frequency parameter partially reflects the typical behavior
after percolation.11 So, comparison to theory is not possible
below 3 nm, but at about 3 nm, the bulk value is reached in
theory and experiment, which is an important result and
which may be of great interest for the production of nanoint-
erconnects.

Bulk Fe has a complicated Fermi surface20 with a few
sheets for each spin direction. In this case, the applicability
of the Drude-Sommerfeld approximation is restricted be-
cause of very different characters of electronic states at the
Fermi level. That seems to be one reason of the limited quan-
titative agreement between the experimental values of
��P,film�2 and the theoretical results in Fig. 5. Another reason
could be the change of the lattice constant in the pseudomor-
phic Fe layer below 1 nm.6 Nevertheless, the significant in-

crease of the plasma frequency for small Fe thicknesses is
reproduced.

In addition, our ab initio calculations show strong oscil-
lations of the plasma frequency in dependence on the film
thickness for very thin Fe�111� films. It is a clear quantum
size effect4,30–32 like the density of states oscillations in the
case of Cu�001� films.22 In a recent publication,33 we have
shown that this effect is governed by corresponding Fermi
surface nesting vectors along the �111� direction. In the
in situ experiment, the thickness resolution was limited and
the growth was not an ideal layer-by-layer one, which
smeared out any oscillation on a small-thickness scale.

V. SUMMARY

We have investigated the Drude-type plasma frequency
�P,film for Cu/Si�111� and Fe/Si�111� films. The qualitative
behavior of the theoretical values of the plasma frequency is
very close to experimental data particularly in the case of the
Fe films. It can be concluded that the method for the extrac-
tion of the plasma frequency from the experimental IR trans-
mittance spectra is valid and can be used to analyze the mo-
bility of conduction electrons in ultrathin metallic films and
multilayers. So, the considered experimental method is well
suited for the investigation of the transport properties of me-
tallic components of nanoscaled electronic devices. How-
ever, comparison to theory may be hampered by film growth
different to ideal theoretical assumptions. Our results are
qualitatively different from the prediction of a free-electron
model,4 where the squared plasma frequency �P,film

2 vanishes
with the film thickness going to zero. The calculated and
observed strong increase of �P,film

2 for small thicknesses is
related to the increase of the Fermi velocity caused by the
large contribution of surface states and resonances. In addi-
tion, our ab initio calculations find a pronounced quantum
size effect for very thin Fe�111� films, which is analyzed in
detail in Ref. 33.
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