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Abstract Development and appl icat ions of new
nanomaterials and nanocomposites that include metal
nanoparticles have received much attention in the last
years. However, there are relatively few studies
concerning basic physical characteristics of the dielectric
function at the nanoscale, which is needed for predicting
their optical and plasmonic response. The size-dependent
complex dielectric function of metal Fe, Pt, Ti, Ta, Al,
and V nanoparticles (NPs) is calculated for the first time
for an extended wavelength range from UV to FIR, based
on experimental bulk complex refractive index measure-
ments in the mentioned range at room temperature.
Calculation is based on a Btop-down^ approach, based
on a stepwise modification of the Drude model. Bulk
plasma frequency (ωp) and damping constant (γfree) in this
model are determined using a method that improves the
relative uncertainties in their values and provide an in-
sight about the wavelength range over which the metal
may be considered Drude like. Validation of ωp and γfree
values is demonstrated by the improved accuracy with

which the experimental bulk dielectric function is
reproduced. For nanometric and subnanometric scales, di-
electric function is made size dependent considering size-
corrective terms for free and bound electron contributions
to the bulk dielectric function. These results are applied to
analyze the synthesis of Al NP suspensions using a 120-fs
pulse laser to ablate an Al solid target in n-heptane and
water. The presence of Al, Al-Al2O3, and air-Al core-shell
structures is also reported for the first time in these type
of colloids. Analysis of the structure, configuration,
sizing, and relative abundance was carried out using op-
tical extinction spectroscopy (OES). Sizing results are
compared with those provided by atomic force microsco-
py (AFM) studies.
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Introduction

Optical properties of metal nanoparticles (NPs) are cur-
rently an active research field due to the basic plasmonic
properties of nanoscale materials and their broad applica-
tions in several areas of science and technology. Until
now, the vast majority of research has been devoted to
noble metal NPs (Au, Ag, and Cu). With the advancement
of new synthesis methods, other metal NPs are now being
the center of intense research, since they can be used as
part of composite materials. In particular, Fe, Pt, Ti, Ta,
Al, and V NPs have important applications in therapeutics
[1, 2], sensors [3–5], biology [6, 7], environment [8],
materials sciences [9–11], catalysis [12, 13], plasmonic
nanoantennas [14, 15], solar cells [16] and lithium battery
cathodes [17], among others. Many of these applications
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in the vis-NIR rely on the optical and plasmonic proper-
ties of these elements, which, in turn, depend on the com-
plex dielectric function.

Metal dielectric function can be regarded as the sum of
free (intraband transitions in the Drude model) and bound
(interband transitions) electron contributions. These two
terms must be modified when the size of NPs decreases
down to a few nanometers, to account for electron con-
finement size effects. It is important then to determine the

Drude metal bulk dielectric function parameters (plasma
frequency (ωp) and damping constant (γfree)) as a first step
to calculate the size-dependent dielectric function of the
studied NPs. Knowledge of this size-corrected dielectric
function may prove very useful when using effective me-
dium models to determine optical properties of composite
materials that have these NPs embedded in a host, espe-
cially in the NIR-FIR, including the THz region. Besides,
it may be used in effective medium models (Maxwell-
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Fig. 1 Plots of Eqs. (2) and (3) are indicated by circles and squares,
respectively. Linear regressions fit the experimental data for the
wavelength range where the dielectric function can be described purely
by the Drude model. The slopes of the linear regressions yield the values

of γfree (dashed line) and ω2
p (full line) for a Fe, b Pt, c Ti, d Ta, eAl, and f

V. Arrows indicate the vertical axis corresponding to each function
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Garnett, Brugerman, or others) to determine optical prop-
erties of global composite materials that have metal NPs
embedded in a dielectric host.

In this work, we determine ωp and γfree for Fe, Pt, Ti,
Ta, Al, and V using the experimental bulk dielectric func-
tion at large wavelengths, where the influence of bound
electron transitions is negligible. The determination of
these parameters is carried out using a procedure that lifts
the commonly used restriction ω >> γfree in the Drude
expression, providing a wider wavelength applicability
[18]. Then, we rewrite the full size-corrected dielectric
function as the sum of three terms, one corresponding to
the experimentally measured bulk values from UV-visible
to NIR-FIR and two size-corrective contributions for free
and bound electrons [19]. When the full size-dependent
dielectric function is written in this way, the uncertainty in
the calculated values corresponds to that of bulk experi-
mental data. The correct determination of ωp and γfree is
validated by the improved fitting of the bulk experimental
dielectric function when their values are introduced in the
expression of the size-dependent dielectric function.

Finally, the previous theoretical calculations are ap-
plied to analyze the extinction spectra of Al colloids gen-
erated by femtosecond laser ablation in n-heptane and
water. From the fit of the spectra, species composition
and sizing are obtained by optical extinction spectroscopy
(OES). Size derived from AFM images is in good agree-
ment with OES results.

Determination of ωp and γfree: Bulk Dielectric
Function

The simplest approach to metal dielectric function is
based on the so-called Drude model, which considers that
electrons in the metal are essentially free and can be
forced to oscillate when an electromagnetic wave of fre-
quency ω is incident upon it. In this case, it can be readily
shown that the metal dielectric function εfree(ω) takes its
simple form [20–22]:

εfree ωð Þ ¼ 1−
ωp

2

ω2 þ iωγfree
ð1Þ

where ωp and γfree were mentioned before.
If the real (ε′) and imaginary (ε ′ ′) parts of Eq. (1) are

written separately, it is possible to obtain two different
linear relationships between them [18]:

ωε″ ωð Þ ¼ γfree 1−ε
0
ωð Þ

� �
; ð2Þ

ω2 ε″ ωð Þ� �2 þ 1−ε
0
ωð Þ

� �2
� �

¼ ω2
p 1−ε

0
ωð Þ

� �
; ð3Þ

If the functions ω ε′′(ω) and ω2[(ε′′(ω))2 + (1 − ε′(ω))2]
are plotted against (1 − ε′(ω)), γfree and ω2

p can be easily

derived from the slopes of the curves defined by Eqs. (2)
and (3).

Experimental values of the complex refractive index
(n + ik) for the studied metals are reported by different
authors [23–27] for discrete wavelength values. These
are specific for each metal, spreading from UV-visible to
FIR as follows: from 0.667 to 286 μm for iron, from
0.206 to 12.4 μm for platinum, from 0.667 to 200 μm
for titanium, from 0.667 to 14.3 μm for tantalum, from
0.0165 to 4 μm for aluminum, and from 0.031 to
12.407 μm for vanadium. The real and imaginary parts
of the experimental dielectric function may be derived
from the relations ε ′(ω) = n(ω)2 − k(ω)2 and ε ′ ′(ω) =
2 n(ω) k(ω). Introducing the experimental ε′(ω) and ε′′(ω)
values for each metal into Eqs. (2) and (3) for the differ-
ent frequencies given in [23–27], it is possible to plot the
left sides of these equations as a function of (1 − ε′(ω)), as
shown in Fig. 1. The data can be fitted by a linear regres-
sion in the frequency range where each metal satisfies the
Drude model. Circles correspond to data for Eq. (2) and
squares to data for Eq. (3). Arrows indicate the vertical
axis corresponding to each function. From the slopes of
the linear plots, γfree and ω2

p can be determined.

Since the wavelength ranges over which the real and
imaginary parts of the dielectric function differ for each
metal, the abscissa axes have different scales. Data points
in Fig. 1 can be linearly fitted with the zero ordinate

Table 1 Values of ωp and γfree determined in this work compared with
values given by other authors

Metal
ωp

rad
s

� 	� 1015
γfree [rad/s] × 10

13

Fe 5.167±0.024 (this work)
5.557 [23]

3.053±0.040 (this work)
2.939 [23]

Pt 8.327±0.030 (this work)
8.4078 [24]

13.136±0.632 (this work)
12.154 [24]

Ti 3.966±0.010 (this work)
4.710 [23]
4.2610 [24]

4.565±0.076 (this work)
7.008 [23]
12.458 [24]

Ta 11.406±0.080 (this work)
9.420 [23]

9.600±0.200 (this work)
8.855 [23]

Al 19.656±0.059 (this work)
17.465 [23]
16.459 [24]

17.073±0.690 (this work)
7.6867 [23]
7.141 [24]

V 7.8073 ± 0.039 (this work)
33.91 [26]

9.3775 ± 0.047 (this work)
8.7719 [26]
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intercept according to Eqs. (2) and (3) only for the wave-
length range in which the Drude model is satisfied. Data
points in the extreme left of the plots depart strongly from
a straight line, indicating that interband transitions domi-
nate at smaller wavelengths.

Table 1 summarizes the values of ωp and γfree deter-
mined in this work at room temperature, together with
those calculated by other authors, for comparison pur-
poses. It can be seen that the method derived from
Eqs. (2) and (3) is capable of determining both ωp and

γfree simultaneously with small uncertainties. No mention
of uncertainties is made by other authors.

With the obtained values of ωp and γfree, the real and
imaginary parts of Eq. (1) can be fitted in the wavelength
range for which the complex refractive index of each met-
al was experimentally determined [23–27]. Figure 2a–f
plots ε′(ω) and ε′′(ω) as a function of wavelength for Fe,
Pt, Ti, Ta, Al, and V, respectively. Experimental bulk di-
electric function data are represented by squares and cir-
cles for ε′(ω) and ε′′(ω), respectively. Arrows indicate the
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Fig. 2 Experimental real (squares) and imaginary (circles) parts of bulk
dielectric function, respectively. Full lines represent the fit of the
experimental data based on free electron contribution given by Eq. (1)

using ωp and γfree values calculated in this work. Dashed lines represent
the same calculation using ωp and γfree values given by other authors
listed in Table 1. Panels correspond to a Fe, b Pt, c Ti, d Ta, eAl, and f V
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vertical axis corresponding to each function. Full lines
represent the fit using ωp and γfree values determined in
this work, while dashed lines show the fit using the pa-
rameter values given by the authors cited in Table 1
(named in the panels of Fig. 2).

It can be seen that our method for the determination of
ωp and γfree allows reproducing with high reliability the
behavior of the bulk dielectric function in a wide wave-
length range from UV-visible-NIR to FIR. For certain el-
ements, such as Ti, Ta, Al, and V, theoretical calculations
using the parameters reported by other authors mentioned
in Table 1 depart strongly from the experimental bulk
values for NIR-FIR wavelengths. Instead, our method al-
lows a much better fit of the measured dielectric function
in this range, as well as to the visible-UV.

Size-Dependent Dielectric Function at the Nanoscale

Having obtained a reliable bulk dielectric function, we are
ready to build the appropriate size-dependent expression
for nanosized spheres. Metal dielectric function may be
considered as an additive contribution of free and bound
electron terms. As mentioned in the previous section, free
electrons can be described with the well-known Drude
model (Eq. 1), while the bound electron term contains
contributions from interband transitions which, in general,
depend on the band shapes of the particular studied metal.
With these assumptions, the bulk dielectric function can
be written as [28, 29]

εbulk ωð Þ ¼ εfree ωð Þ þ εbound ωð Þ; ð4Þ

where εbulk(ω) is the experimentally determined dielectric
function.

For spherical NPs under about 10 nm radius (depend-
ing on the specific metal), electron collisions with the
particle boundary begin to have a relevant role in electron
dynamics. A size-dependent expression for the free elec-
tron damping constant of the form γsize ¼ γfree þ Cv F

R [22,
30] is often introduced to account for the reduced mean
free path, vF being the Fermi velocity and C a constant
that depends on the material, having a value of about 0.8.
The free electron contribution can now be written as

εfree ω;Rð Þ ¼ 1−
ωp

2

ω2 þ iωγfree þ iωC
vF
R

ð5Þ

For NPs about an order of magnitude smaller, bound
electron contribution must also be size modified to take

into account the decrease in energy level density within
bands, through an expression that takes the form
εbound(ω, R) = εbound(ω)(1 − exp (−R/R0)) [31–33] where
R0 is a reference radius value. With the above correc-
tions, the full size-dependent dielectric function of spher-
ical NPs can be written as a function of frequency and
radius as

ε ω;Rð Þ ¼ εfree ω;Rð Þ þ εbound ω;Rð Þ ð6Þ

Making a suitable regrouping of terms, the general
size-dependent dielectric function can be expressed as
the sum of three terms: the experimental bulk dielectric
function, a size-corrective term for free electron contribu-
tion (which includes ωp and γfree), and a size-corrective
term for bound electron contribution

ε ω;Rð Þ ¼ εbulk ωð Þ þΔεfree ω;Rð Þ þΔεbound ω;Rð Þ ð7Þ

where

Δεfree ω;Rð Þ

¼ ωp
2

ω

iCvF
.
R

ωþ iγfreeð Þ ωþ iγfree þ iCvF
.
R

� �
0
@

1
A ð8Þ

and

Δεbound ω;Rð Þ

¼ exp −R
.
R0

� �
εbulk ωð Þ−1þ ωp

2

ω2 þ iωγfreeð Þ

 �

ð9Þ

In this way, the expressions for Δεfree(ω, R) and Δεbound(ω,
R) in Eqs. (8) and (9) may be regarded as size-dependent
corrective terms to the experimental dielectric function
εbulk(ω) (Eq. 4). Based on Eqs. (7), (8), and (9), ε′(ω, R) and
ε′′(ω, R) were calculated for the studied metals for several NP
radii and shown in Figs. 3, 4, 5, 6, 7, and 8. Since the dielectric
functions were reported in [23, 24] and [26] for wavelengths
larger than 700 nm, data given in [27] were used for calcula-
tions at smaller wavelengths. Values of ωp and γfree for each
metal were taken from our results shown in Table 1, while
values of Fermi velocity were taken from the literature and
are shown in Table 2.

In all figures, squares and circles correspond to exper-
imental data. It can be observed that for decreasing sizes
between 50 and 20 nm (depending on the metal), the
dielectric function still behaves very much like bulk.
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However, for NP radii smaller than 10 nm (depending on
the metal), there is a general departure from the bulk be-
havior, especially for wavelengths larger than 750 nm.
This departure is due to the influence of the size-
corrective terms for free and bound electron contributions,
as indicated in Eq. (7).

The strength of our method is that it allows calculating
the size-dependent dielectric function for any size and, for
50 nm (size for which all metals behave like bulk), theo-
retical curves accurately fit the experimental values re-
ported in the literature.

In previous works devoted to the study of noble metal
nanoparticles [31–33, 39] we concluded that, while both cor-
rections on the complex dielectric function are present for
sizes smaller than 50 nm, Δεbound(ω, R) is negligible for sizes
down to about 2 or 3 nm, depending on the metal. For smaller
radii (down to about 0.7 nm), the latter correction must be
taken into account to describe the metal dielectric function.
Similar calculations carried out for the metals studied in this
work also show that the influence of the bound electron cor-
rective term is noticeable for sizes smaller than 2 nm.

Application to Sizing Al NPs Fabricated
by Femtosecond Laser Ablation

When the size-dependent metal dielectric function is used as
an input to Mie theory, structure, configuration, and size dis-
tribution of spherical metal NPs can be derived. To show the
ability of OES to characterize metal colloids, we apply it in
this paragraph to one of the studied metals. Aluminum nano-
structures have become a very active area of research since, in
contrast to noble metals, aluminum exhibits good plasmonic
properties in the UV, it is compatible with complementary
metal-oxide-semiconductor (CMOS) technology [40], and it
is low cost and widely available. Its plasmonic properties are
useful in photocatalysis [41], fluorescence enhancement [42]
and nanofocusing of ultraviolet light [43], among others. Due
to these possible applications, we selected aluminum to apply
our previous results for NP sizing.

Aluminum colloids were fabricated using pulsed laser ab-
lation in liquids (PLAL). A 1-mm-thick solid disk of high-
purity-grade aluminum was immersed in a vessel filled with
4 cm3 of n-heptane or Milli-Q water. Laser ablation of the Al
disk was performed using a Ti:sapphire (Ti:Sa) chirped pulsed

Table 3 NP species present in Al colloids fabricated by laser ablation in
n-heptane

Species External radius
Rm [nm]

σ Shell
(% R1)

Total relative
abundance [%]

Al 14.4 0.54 0 89

Air-Al 29.8 0.15 11 9

Air-Al 30.6 0.52 21 2

Table 2 Values of Fermi
velocity used for
calculations of ε′(ω, R)
and ε′′(ω, R)

Metal vF × 10
15 [nm/s] References

Fe 1.72 [34]

Ti 1.73 [35]

Ta 1.72 [36]

Pt 1.45 [37]

Al 2.03 [34]

V 0.372 [38]
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amplification (CPA) system from Spectra Physics, emitting
pulses of 120 fs with a 1-kHz repetition rate centered at 800-
nm wavelength. The maximum output energy was 1 mJ per
pulse, but it could be attenuated using a classical waveplate-
polarizer system. The laser beam was focused on the target
disk surface by a 5-cm focal length lens. The sample was
moved using an XY motorized micrometric stage.

AFM images of aluminum colloid samples were re-
corded in air, at room temperature, and at a scan rate of
1 Hz, using the standard semicontact mode of an NT-
MDT Solver Pro microscope. Rectangular-shaped cantile-
vers coated with aluminum on the reflex side, with a
spring constant of 37–58 N/m and holding a pyramidal
silicon tip of 6-nm curvature radius, were used for topo-
graphical measurements. The AppNano ACTA probe at
resonant frequencies of 300 kHz was used to scan NPs
prepared in water. For these measurements, part of the as-
prepared colloidal suspension was sonicated and diluted
to 1/100 (v/v) in water, placed on a freshly cleaved mus-
covite mica sheet V-1 grade (SPI Supplies), and dried for
10 min at 40 °C temperature.

Figure 9 shows the extinction spectra of Al NPs fabricated
in n-heptane using 500 μJ laser pulse energy. Notice that there
is a clear plasmon peak at 223 nm and a smaller absorption
peak at 327 nm. The spectrum is fitted based on bare Al
(radius R1) and air-Al (external radius R2) NP species, the
latter with two different Al thicknesses. No oxidized species
appear since oxidation in the ablation plume may be assumed

almost non-existent due to the absence of oxygen in n-hep-
tane. Log-normal size distribution and composition that result-
ed from the theoretical fit are added as an inset, which shows
the relative abundance of the two NP species present in the
colloid: Al bare-core and hollow-Al (air-Al). The former ac-
counts for the majority of the NPs, while the latter appears in
the least amount and with two different shell thicknesses (11%
R1 and 21% R1). The size distribution of air-Al NPs with the
larger shell thickness (dashed-dotted line) is multiplied by a
factor of 10 to make it visible in the same scale as the others.

Table 3 summarizes the species, modal external radius Rm,
scale parameter σ, shell thickness, and total relative abun-
dance [%] corresponding to the inset of Fig. 9.

Figure 10 shows the extinction spectrum of Al NPs inwater
also for 500 μJ laser pulse energy. In contrast to the case of n-
heptane, no plasmon peak is observed. Both the growth of an
oxide shell around Al NPs due to the presence of oxygen
(molecular and atomic) in the ablation plume and a broader
size distribution are the causes of the disappearance of the
plasmon resonance. The experimental spectrum is fitted based
on bare-Al, Al-Al2O3, and air-Al NP species. The inset in
Fig. 10 shows that the species size distribution is quite broad,
reaching sizes of about five to six times the modal radius.

Table 4 summarizes the main results derived from fitting
spectrum. The external radius Rm corresponds to the modal
radius of the partial size distribution of each species indicated
in the inset of Fig. 10. The most abundant is oxidized as Al-
Al2O3, while Al bare-core and air-Al NPs appear in almost
equal proportion.

Independent AFM analysis carried out over the same sam-
ple supports sizing results derived from OES. Figure 11a
shows a panoramic 40 μm × 20 μm area image where several
isolated NPs are observed. Panel b shows the height profile
(diameter) of some sampled particles indicated by the dashed
lines drawn in panel a. It can be seen that the radius values are
in the range 40 to 110 nm.

To sample medium and smaller particles, the scanned im-
age area was reduced. Figure 12a shows a 14 μm × 14 μm

Table 4 NP species present in Al colloids produced by laser ablation in
water

Species External radius
Rm [nm]

σ Shell
(% R1)

Total relative
abundance [%]

Al 10.8 0.94 0 23

Al-Al2O3 11.3 1.03 19.4 53

Air-Al 15.1 0.67 20.3 24

X [ m]

Y
[

m
]

line 1 line 2
line 3line 4

line 6

line 5

line 7 line 8

(a)

X [ m]
0 10 20 30 40

]
mn[

h

0

50

100

150

200

250 line 1 
line 2
line 3 
line 4 
line 5 
line 6 
line 7 
line 8 

(b)

Fig. 11 a AFM 40 μm × 20 μm area image of Al NPs generated by laser ablation with 500 μJ pulse energy. The profile (height) of sampled NPs
indicated by the dashed lines drawn across them is shown in b
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area, for which the sampled NPs have radius values in the
range 20 to 40 nm, as can be seen in panel b.

Figure 13a shows an even smaller area of 2 μm × 2 μm, for
which the sampled NPs have radius values in the range 4 to
15 nm, as can be seen in panel b

Conclusions

We have simultaneously determined the parameters ωp and
γfree for Fe, Pt, Ti, Ta, Al, and V metals from the slope of

linear fits of relations between ε ′ (ω) and ε ′ ′ (ω) for large
wavelengths, avoiding the traditional approximation
ω >> γfree which restricts frequency values to the UV-deep
UV region. The values of ωp and γfree obtained using our
method allow fitting the experimental discrete values of the
bulk dielectric function of the mentioned metals with larger
accuracy in the UV-visible and especially extending to NIR-
FIR. The continuous function so obtained allows calculating
the bulk dielectric function for any wavelength.

The obtained parameters were then introduced in the ex-
pression for the full size-dependent dielectric function to

X [ m]

Y
[

m
]

line 1line 2

line 3

line 5

line 4

line 6

(a)

X [
0.0 0.5 1.0 1.5 2.0 2.5

]
mn[

h

0

3

6

9

12

15 line 1 
line 2
line 3 
line 4 
line 5 
line 6 

(b)

Fig. 13 a AFM 2 μm × 2 μm area image of Al NPs generated by laser ablation with 500 μJ pulse energy. The dashed lines drawn across certain NPs
show their profile (height) in b
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Fig. 12 aAFM 14 μm × 14 μm area image of Al NPs generated by laser ablation with 500 μJ pulse energy. The dashed lines drawn across certain NPs
show their profile (height) in b

1822 Plasmonics (2017) 12:1813–1824



analyze its behavior with size. The expression is rewritten as
the sum of three terms: the experimental bulk dielectric func-
tion, a size-corrective term for free electron (Δεfree(ω, R)), and
a size-corrective term for bound electron contribution
(Δεbound(ω, R)). The main advantage of this approach is that
the uncertainty in the dielectric function determination is
mainly due to that of the bulk experimental data. The influ-
ence of the term Δεfree(ω, R) is important for radii below
10 nm, while the influence of Δεbound(ω, R) is noticeable for
radii below 5 nm. The expression of the size-corrected dielec-
tric function allows predicting very accurately the optical
properties of small metal NPs in the NIR-FIR range.

The introduction of the determined size-dependent dielec-
tric function in Mie theory allowed application to sizing Al
NPs fabricated by femtosecond laser ablation in n-heptane and
water. In the former medium, a clear plasmon in the UV is
observed, while it vanishes when the NPs are obtained in
water. Optical extinction spectroscopy (OES) allowed also
determining the species present in each case. Independent
AFM analysis made over the same sample agrees with the
sizing results derived from OES.
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