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Abstract

The concept of wavelength dependent absorption Angstrém coefficients (AACs) is dis-
cussed and clarified for both single and two-wavelengths AACs and guidance for their
implementation with noisy absorption spectra is provided. This discussion is followed
by application of the concept to models for brown carbon bulk absorption spectra in-
cluding the damped simple harmonic oscillator model, its Lorentzian approximation,
and the band-gap model with and without Urbach tail. We show that the band-gap
model with Urbach tail always has an unphysical discontinuity in the first derivative of
the AAC at the band-gap — Urbach-tail matching wavelength. Complex refractive in-
dices obtained from the bulk damped simple harmonic oscillator model are used to
calculate absorption spectra for spherical particles, followed by a discussion of their
features. For bulk material and small particles, this model predicts a monotonic de-
crease of the AAC with wavelength well above the resonance wavelength; the model
predicts a monotonic increase for large particles.

1 Introduction

The Angstrém coefficient was originally introduced as a wavelength-independent con-
stant to describe wavelength-dependent extinction of light by aerosols (Angstrém,
1929). It was concluded that it has a “very marked dependence on the size of the
scattering particles, but not, in the case of uncoloured substances like MgO, ZnO,
SbO, on the substance itself” (Angstrom, 1929). The aerosol size dependence of the
Angstrom coefficient was known and used to deduce the average diameter of atmo-
spheric aerosols as ~1um for several surface stations between 35m and 2250 m in
altitude. In addition, it was recognized that the ambient Angstrém coefficient was far
lower during the haziest days of the summer of 1912, after the eruption of Mount Kat-
mai, and it was concluded that the size of volcanic particles from this eruption must
have been considerably larger than the ordinary size of dust particles in the atmo-
sphere with an estimated diameter of ~1.5-2.0 pm (Angstrém, 1929).
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In addition to using the Angstrém coefficient to describe the wavelength dependence
of aerosol scattering or aerosol extinction dominated by scattering, the coefficient has
been applied to aerosol and bulk matter absorption spectra. For aerosol absorp-
tion dominated by the typical small black carbon combustion particles, the absorption
Angstrém coefficient AAC remains a wavelength-independent constant, which equals
one in the visible and near-visible spectral region (Moosmuiller and Arnott, 2009). It has
recently become clear, however, that for many common aerosols, the AAC is not a con-
stant but depends on parameters including wavelength (Lewis et al., 2008; Chakrabarty
et al., 2010), particle size (Gyawali et al., 2009), coatings (Lack and Cappa, 2010), and
possibly morphology (Liu et al., 2008). The use of a variable AAC necessitates further
discussion of its definition, determination, and use. In particular, we discuss use of the
AAC in describing the wavelength-dependent absorption of bulk and particulate brown
carbon (BrC) in connection with different bulk theoretical models including the damped
simple harmonic oscillator model and its Lorentzian approximation (Demtroder, 2003)
and the band-gap model with and without Urbach tail (Sun et al., 2007). The bulk com-
plex refractive index prescribed by the damped simple harmonic oscillator model is
used to calculate absorption spectra for spherical particles with a small size parameter
approximation (Bohren and Huffman, 1998) and Mie theory (Mie, 1908).

2 Absorption Angstréom coefficients

The absorption Angstrém coefficient AAC is the exponent in a power law expressing
the ratio of the absorption coefficients a(1) at two vacuum wavelengths 1; and 1, as
function of the ratio of these wavelengths as (Moosmdiller et al., 2009)

O'(/11) B (’1_1)_AAC

a(ls)  \1 '

The AAC can be written explicitly as
In(a (1)) - In(a(1y))

In(14) -In(4z)

(1a)

AAC(14,4,) = — (1b)
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Measurement or calculation of the AAC requires determination of the absorption coef-
ficient a(1) at two wavelengths 1, and 1, making the AAC specific for this wavelength
pair and complicating comparison of different determinations if the AAC is wavelength
dependent. Therefore, definition of the AAC as a function of a single wavelength can
be useful.

Figure 1 gives two examples of wavelength dependent absorption coefficients a(A1)
with In(a) (plotted on the y-axis) shown as a function of In(1) (plotted on the x-axis).
Here the AAC is the negative slope in log-log space. The thin solid line is an example
for black carbon (BC) aerosol in the Rayleigh regime, where the size parameter x
(i.e., the ratio of particle circumference and wavelengths; see Eq. 11) is much smaller
than one and the imaginary part of the refractive index is independent of wavelength,
resulting in a straight line with a constant slope of —1 and an AAC of one, independent
of wavelength (Bohren and Huffman, 1998; Moosmdller and Arnott, 2009; Moosmdiller
et al., 2009). The thick solid line is a hypothetical example of what the absorption
coefficient of a mixture of BC and BrC may look like, that is the sum of a function with
the inverse wavelength dependence of BC and a resonance peak in the UV (in this
example, at 0.3 um) (Andreae and Gelencsér, 2006). Note that for BrC, the slope and
therefore the AAC are dependent on wavelength. For both example absorption spectra,
Fig. 1 illustrates measurement of the two-wavelength AAC (14, 1,) for 1; =0.4 ym and
A, =1.0um, resulting in AACs of 1.0 for BC and 2.4 for the hypothetical BrC. Obviously
for this BrC example, measurements for a different wavelength pair would result in a
different AAC.

From this discussion and Fig. 1, the definition of a single wavelength AAC is obvious.
Itis the negative log-log slope of the absorption spectrum at a wavelength 1 as shown in
Fig. 1 by a dotted line tangential to the absorption spectrum at wavelength A. Therefore,
the single-wavelength AAC can be written as

din(a) din(a) di A da

ACID=~Giny =~ "dx_an@m - a@ a1’ @)
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Expressions for single-wavelength AACs can be obtained directly from analytical ex-
pressions of the absorption coefficient using Eq. (2) or from multi-wavelength mea-
surements with the help of analytical interpolation and/or numerical differentiation.

Single and two-wavelength AACs can be connected by integrating the single-
wavelength AAC in In(1) space and dividing by the distance in In(1) space, thereby
yielding the two wavelength Angstrém coefficient as

1 Ao Ap
A/ AAC(2)dIn(2) —A/ A5 g2din(l) _A/ ga.
IN(A)—n(t) (k) -In()  In(l)-In(ly) (3)

__In(a(1p)) = In(a(ty))
- In(Ay) —In(A4)

AAC(/{-] ,/12) =

in agreement with Eq. (1b).

While the discussion and definitions above are useful for analysis of line shape mod-
els, they cannot directly be applied to analysis of frequently noisy absorption spectra,
especially as numerical differentiation further increases noise. Therefore, noisy spec-
tra first need to be fitted or approximated with theoretical or empirical expressions that
consequently can be used to calculate AACs as discussed above. A simple exam-
ple is analysis of experimental absorption spectra that have a near-linear wavelength
dependence on a log-log plot between two wavelengths 1; and A,. Such an analysis
can define a two-wavelength AAC (14, A,) as the negative log-log slope determined
by linear regression of the absorption spectrum between the two wavelengths 1, and
1, (e.g., Hecobian et al., 2010), taking the linear dependence in the log-log plot as
an empirical or theoretical model for the wavelength dependence of the absorption
coefficient.
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3 Brown carbon (BrC) absorption spectra

We discuss models of BrC absorption spectra, first for bulk BrC where the absorption
coefficient is directly proportional to the imaginary part of the refractive index. This is
followed by use of complex refractive indices calculated with the bulk damped, sim-
ple harmonic oscillator model in the approximation of absorption spectra of small BrC
spheres and in Mie theory calculation of absorption spectra of BrC spheres of arbitrary
size.

3.1 Bulk absorption spectra

Models for BrC bulk absorption spectra discussed in the following are the damped
simple harmonic oscillator model and its Lorentzian approximation plus the band-gap
model without and with Urbach tail.

3.1.1 Damped simple harmonic oscillator model

Very little is known about the spectrum of the complex refractive index m (m= n+ ik) of
BrC; therefore, it is described here with a very basic physical expression: the Kramers-
Kronig dispersion relations for the damped simple harmonic oscillator (Demtroder,
2003) as

V2 - V2
I’ISHO = 1 +a 0 > and (4a)
(vg - v2> +(yv)?
yv
kSHO =a (4b)

(vg - v2)2 +(yv)? ]

where ngyo and kgyo are the real and imaginary part of the complex refractive in-
dex mgo for the damped simple harmonic oscillator model, respectively; v=c/1 and
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Vo = c/Aq are the frequency and resonance frequency of the oscillator, respectively;
with ¢ being the speed of light, a is a constant, and y is a line width parameter. An
example of the real and imaginary part of the complex refractive index mgg is shown
in Fig. 2, plotted as a function of wavelength 1 as solid black lines for a = 1029572,
y=2x10"s"" and Ao =300 nm corresponding to v, = 10"°s™". The real part Ngyo
has the typical dispersion shape with normal dispersion (i.e., n decreasing with in-
creasing wavelength 1 for wavelengths well above the resonance wavelength), and a
limit of ngyo=1+a (/lo/c)2 (=1.1 for the parameters above) for 1 — co. The imag-
inary part has the shape of a typical absorption line with its peak at the resonance
wavelength 1,. Note that the assumption of a single resonance frequency is overly
simplistic, especially for describing spectral properties in the ultraviolet below the reso-
nance wavelength 1y, where, for most materials, multiple absorption lines, often result-
ing in continuous, strong absorption bands are expected. Spectral properties in this
region are shown more for an appreciation of the mathematical equations than for a
realistic description of spectral properties, while the wavelength region well above the
resonance wavelength, is most relevant for most applications.

The imaginary part k of the complex refractive index is directly related to the bulk
absorption coefficient ay,, through (Bohren and Huffman, 1998)

Apui =41, (4c)
and ap,x can be written for the damped simple harmonic oscillator as

Ksho _ 4ma yv2
Tpuk sHO = 4T—— = — (4d)

> .
(vg - v2> +(yv)?

The single wavelength AAC for bulk materials AAC,,« can be calculated for the damped
simple harmonic oscillator model from Eq. (4d) using Eq. (2). Note that for k indepen-
dent of wavelength (as in the case of BC), AAC,,, always equals one. For BrC and the

parameters above, AAC, i« sHo as a function of wavelength 1 is shown in Fig. 3 as a
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solid black line. With the AAC,,« proportional to the derivative of the imaginary part of
the complex refractive index, it has a dispersion shape with the AAC,,x sHo decreasing
with increasing wavelength A for wavelengths well above the resonance wavelength 4
towards the limit of AAC,,x sho =2 for 4 — co.

3.1.2 Lorentzian approximation of the damped simple harmonic oscillator
model

Close to the resonance frequency (i.e., vy — V| << Vg), the term (vo +v) in the Kramers-
Kronig dispersion relations for the damped simple harmonic oscillator (Eq. 4a, b) can
be approximated as

v+ Vg =2, (5a)
yielding simplified expressions for the complex refractive index as (Demtroder, 2003)
a Vo=V
2Vo (v — V)% +(0.5y)?
I 14
W0 (-2 + 0.5y

and (5b)

(5¢c)

Lor

where k|, has a Lorentzian line shape and both n ., and k|, are shown in Fig. 2 as
dotted red lines for the same parameters used for the curves of the damped simple
harmonic oscillator shown in the same figure. Note that the Lorentzian approximation
results in sizeable changes for the real part of the complex refractive index away from
the resonance wavelength, while the imaginary part is largely unchanged.

The bulk absorption coefficient is proportional to the imaginary part of the complex
refractive index (Eq. 4c) and can be written as (Demtroder, 2003)

Kior  ma Y
Qpuik_Lor = 4T——= = — (5d)

A C (vy-v)?+(0.5y)7
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The resulting AAC,,k_Lor Of this Lorentzian line shape (Eq. 5d) can be calculated with
Eq. (2) and is shown in Fig. 3 as a red dotted line. As expected, agreement with
the damped simple harmonic oscillator is excellent near the resonance. Away from
the resonance, however, AAC, i« Lor has an absolute value substantially smaller than
that of AAC, ik sHo, and its limit for A — co is one instead of two. While we are not
aware of any physical reason for using the Lorentzian approximation away from the
resonance, detailed comparisons with measurements are needed to ultimately decide
on an appropriate line shape model.

3.1.3 Band-gap Model

The band-gap model (Tauc et al.,, 1966) has attributed the AAC=1 of BC to its
zero band gap and also has been used to discuss the absorption spectrum of BrC
(Bergstrom et al., 2007; Bond, 2001; Sun et al., 2007) This model relates the bulk
absorption coefficient a,,x gg to the band-gap energy Egg, the difference between the
highest occupied and lowest unoccupied energy state as (Sun et al., 2007)

2
tomse=Cr1-) (1212 ) v 0<acigg 6)
- 1 Agg 1 g AEG ’

Apuk_8c(1) =0 A>1gg

where Agg is the wavelength corresponding to Egg (i.e., Agg = hc/Egg; h is Planck’s
constant) and C is a constant (i.e., C = B?hc in the notation of Sun et al., 2007). Note
however that some of Sun et al. (2007)’s notation is not consistent. For example with
B in the units given in the caption of their Fig. 1, a in their Eq. (5) would have to be
replaced by a/p as can be shown by simple dimensional analysis. An example of a
bulk absorption coefficient a,, gg calculated with the band-gap model (blue dotted
line), is shown in Fig. 4 for C =1 and Agg = 0.5um. Note that a, gg is zero at and
above the band-gap wavelength Agg.
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Using Eq. (2), the AAC of the band-gap model AAC,,« gg readily can be calculated
as

A’BG +A

AACp,k B (4) = . —1 V 0<A<1gg (7)
BG —

AACuk Bg(A)=0 V 1> Agg,

in agreement with Sun et al. (2007). An example of AAC, i« _gg IS shown in Fig. 5 (blue
dotted line) for Agg = 0.5pum as a function of wavelength demonstrating that AACgg
monotonically increases with increasing wavelength diverging toward AACgg = co at
Agg- This theoretical behavior is opposite to experimental measurements reporting that
brown carbon AAC generally decreases with increasing wavelength without showing
any divergence toward longer wavelengths (Russell et al., 2010; Chen and Bond, 2010;
Lewis et al., 2008). The drop of the band-gap model absorption coefficient towards the
band-gap wavelength, however, is a well-known shortcoming of the simple band-gap
model, as displayed in Fig. 5. To mitigate this shortcoming, the band-gap model often
is combined with an empirical exponential decay of the absorption coefficient towards
longer wavelength, the Urbach tail, which is discussed in the following section.

3.1.4 Band-gap model with Urbach tail

Because a few energy states exist within the band gap, absorption spectra exhibit a
tail beyond the band-gap wavelength Azg, rather than a sharp cutoff (Sun et al., 2007;
Urbach, 1953). This tail can be described with an exponential decay of the absorption
coefficient oy urp @s (Sun et al., 2007)

Qpuik_urb (4) = @, €Xp (‘/10 (Al - %)) . (8)

where A is a characteristic decay width and a,,, = a pyk_ur(4,,) is the absorption coeffi-
cient at a matching wavelength 4,,,. An example of an Urbach-tail absorption coefficient
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Tpulk_urb SPectrum is shown in Fig. 4 as a red dotted line for 15 =3.6 pm, 4, = 0.4 pm,
and a,,=0.1 um'1.

The AAC of the Urbach tail AAC,,«_un, €an be calculated from Eq. (8) using Eq. (2)
as

A
AACik_um (1) = To’ 9)
with limits of AAC, ik u(4 =0) = co and AAC,k up(d = 0) =0. An example of
AAC,,ik ub a@s a function of wavelength is shown in Fig. 5 as a red dotted line for
Ao =3.6 um.

The Urbach tail can be added to the band-gap model through matching properties of
the two models at a matching wavelength 1,, below the band-gap wavelength (i.e.,
Aym <Agg)- The resulting band-gap/Urbach-tail model uses the band-gap model at
wavelengths shorter than the matching wavelength and the Urbach-tail model at longer
wavelengths.

Starting this matching process with the absorption coefficient i.e.,
Apuik BcAm) = Tou_uw(dm), gives the parameter a,, in the Urbach-tail model as

1 1)\? 1 2 A
a, =CA (———) oLl (10a)
S Ve (’lm Aga A§G>

and yields a continuous function for the absorption coefficient @, sc_urn, iN the result-
ing bandgap/Urbach-tail model as
1 1

2
Apuik_BG_Urb(4) = Aoy (1) =CA| = — — V 121, (10b)
A g

1 1)\? 1 1
Qpulk_BG_Urb(4) = Aoy un (1) =C Ay, (/l_ - E) exp (‘/10 (/1— - I)) vV 121,
m m

In addition to obtaining a continuous function for the absorption coefficient, it also is

desirable to obtain a continuous function for the AAC of the resulting band-gap/Urbach-

tail model AAC, ik Bg urb» Which is equivalent to a continuous first derivative of the
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absorption coefficient. This match gives the characteristic decay width 1, of the Urbach
model as

(10c)

for use in Eq. (10b).

Unfortunately, additional matching of the first derivatives of the AACs cannot be
achieved. Therefore the first derivative of AACy,x gg_um, remains discontinuous at the
matching wavelength. An example of this can be seen in Fig. 5, where the slope of
AAC,uk Ba urb ‘jumps” from a positive to a negative value at the matching wavelength.
Obviously, this kind of behavior is unphysical and has to the best of our knowledge, not
been observed. Therefore, even the addition of the Urbach tail to the band-gap model
does not yield a sensible model of AAC,, in agreement with observations making the
band-gap/Urbach-tail model unsuitable for explaining the behavior of the bulk brown
carbon AAC

3.2 Absorption spectra of spherical brown carbon particles

Absorption spectra of particles depend on the properties of the bulk matter, particle
morphology, and size (Moosmiuiller et al., 2009). Here, we limit discussion of parti-
cle absorption spectra to those of homogeneous, spherical particles as a function of
particle diameter.

A complete analytical solution of Maxwell's equations for the scattering of infinite
electromagnetic plane waves from homogeneous, linear, isotropic, spherical particles
(Bohren and Huffman, 1998; Mie, 1908) has been developed by the German physicist
Gustav Mie (Lilienfeld, 1991; Mishchenko and Travis, 2008) and is commonly known
as Mie theory. This theory calculates particle optical properties from the complex
refractive index of the particle and that of its surrounding medium (here assumed to be
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1) and the size parameter x of the particle, which is the ratio of particle circumference
nd (d being the particle diameter) and wavelength A of the electromagnetic wave as

_nd
X = T
Mie theory uses bulk material properties contained in the complex refractive index
spectrum to obtain the absorption spectra of particles. While this theory depends only
on the size parameter x, any explicit dependence of the complex refractive index on
wavelength 1 (such as for BrC) removes this scale invariance (Mishchenko, 2006) and
particle size and electromagnetic wavelength need to be considered separately.

While Mie theory contains solutions for all particle size parameters, it is often useful
to investigate simpler solutions for specific size parameter ranges to gain additional
physical insight. This is done in the following section for small spherical particles,
followed by a section discussing Mie calculations for a large range of particle sizes.

(11)

3.2.1 Small spherical particles

For small spherical particles, that is for particles with a size parameter x << 1, the
absorption cross-section o,,s can be written as (Bohren and Huffman, 1998; Sun et
al., 2007)

enV m? -1
Oabs = Im < > = V1), (12a)

P m2+2

where Im denotes the imaginary part of its argument; and the absorption cross-section
for small spherical particles is the product of their volume V, bulk absorption coef-
ficient ay,,, and of &(1), a weak function of the imaginary refractive index k, with
(Sun et al., 2007)
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(n2 — k2 +2)2 +4n2k2

¢ = (12b)

This function is shown in Fig. 6 for the complex refractive index m = n + ik of the damped
simple harmonic oscillator model specified in Eq. (4) with a = 1029572, y=2x 10Ms77,
and A, =300 nm as used in the discussion of bulk matter absorption. Note that ¢ has a
dispersion shape and in this example depends only weakly (<15% deviation from one)
on wavelength, changing only by a few percent in the visible spectral region. Therefore,
the absorption cross-sections of these small spherical particles have a wavelength de-
pendence very similar to that of the bulk absorption coefficient. The long wavelength
limit of ¢ is ¢, = 9n.,/(n5 +2)° with n, =1+a (Ag/c)? for A — co. We compare the
resulting mass absorption efficiency E,,s and AAC spectra of small spherical parti-
cles with those from Mie theory and of bulk matter in Figs. 7 and 8, demonstrating
agreement with small particle (i.e., d = 0.01 um) Mie theory and similarity and a small
enhancement of the AAC of small particles compared to that of bulk matter near the
resonance frequency.

3.2.2 Spherical particles of arbitrary size

For homogeneous, spherical particles with a diameter ranging from 0.01 to 10 um,
Mie theory has been used to calculate their mass absorption efficiency as a function
of wavelength 1 ranging from 0.01 to 10um. The mass absorption efficiency £ is
defined as the particle absorption cross section o, per particle mass m or

Oabs Oabs 6O-abs
E = a = = s 1 3

where o and V' are particle mass density and particle volume, respectively. Results

of these Mie theory calculations are shown in Fig. 7 with p =1 g/cm3 for the damped

simple harmonic oscillator and parameters identical to those used for previous figures

together with results for the small spherical particle approximation. Interpretation of this
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figure depends upon the spectra of the complex refractive index and absorption prop-
erties of spherical particles. For the shortest wavelength shown (i.e., A =0.01 um), the
imaginary part of the refractive index is very small (i.e., k =7.4 x 10‘7) corresponding to
a bulk absorption coefficient of ap = 9.4 x 107 um'1, which allows the light to nearly
fully penetrate all particle sizes resulting in volume absorbers with virtually identical
mass absorption efficiency (Sun et al., 2007) as obvious in Fig. 7. For the longest
wavelength shown (i.e., A = 10 um), the imaginary part of the refractive index is not as
small (i.e., kK =6.0x 10'4) as for the shortest wavelength, however the longer wave-
length results in a comparable bulk absorption coefficient of ay, =7.6 x 1074 um'1.
Therefore, full penetration of the spheres by incident light is expected. As a particle
size parameter x of about one is approached, however, particle absorption is enhanced
by internal resonances yielding increased mass absorption efficiencies (i.e., by ~15%)
for the largest particle size (i.e., 10 um in diameter) as clearly visible in Fig. 7.

The spectra for the small particle limit (Eq. 12) and for the particle diameter of
0.01 um show excellent agreement with each other and peak just slightly below the res-
onance wavelength (i.e., A = 0.3 um), where the bulk absorption coefficient and imag-
inary part of the refractive index peak. This slight shift is related to the asymmetry
of the function ¢(1) (see Eq. 12, Fig. 6) and the real part of the refractive index n(1)
(see Eq. 4, Fig. 4). Toward larger particle diameters, the peak of the mass absorption
efficiency is lowered and broadened due to incomplete light penetration of the particle,
where a decreasing particle volume fraction contributes to the absorption. In addition,
the peak is shifted above the resonance wavelength, where in the geometric optics
interpretation (X >> 1) the Fresnel reflectivity is reduced and more light penetrates the
sphere to be absorbed (Moosmuller and Arnott, 2009)

Using Eq. (2) the AAC spectra of these spherical particles can be calculated readily
from the absorption coefficient spectra used for Fig. 7. Results are shown in Fig. 8
together with the AAC for bulk matter. Interpretation of these AAC spectra is closely
related to interpretation of the mass absorption efficiency £, spectra in Fig. 7 dis-
cussed above and focuses on the region above the resonance wavelength that is of
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most practical importance. Spectra for the particle diameter of 0.01 um are in excellent
agreement with those for the fine particle limit discussed in the previous section (small
spherical particles). With increasing particle size, the AAC peak above the resonance
wavelength is lowered, broadened, and shifted toward longer wavelengths until it dis-
appears for a particle diameter between 1 and 10 um and is replaced by a monotonic
increase of AAC above the resonance wavelength as seen for a particle diameter of
10 um. We are not aware of any experimental determination of the AAC spectrum for
brown carbon particles in this size range.

4 Conclusions

The concept of wavelength-dependent AACs has been clarified including the descrip-
tion and mathematical connection of single- and two-wavelength AACs among each
other and to absorption spectra. These concepts can be applied to noisy experimental
and theoretical data by utilizing theoretical or empirical spectral models. We applied
this discussion of wavelength-dependent AACs to models of BrC bulk absorption spec-
tra including the damped simple harmonic oscillator model, its Lorentzian approxima-
tion, and the band-gap model with and without Urbach tail. The simple harmonic os-
cillator model yields bulk AAC spectra that are physically reasonable and in qualitative
agreement with experimental observations and yield AACs > 2, well above the reso-
nance wavelength. Its Lorentzian approximation predicts a distinctly smaller AAC (i.e.,
AAC > 1) for this spectral region. The band-gap model without Urbach tail yields AACs
monotonically increasing with wavelength, in qualitative disagreement with experimen-
tal observations, and diverging toward infinity at the band-gap wavelength. While the
addition of an Urbach tail truncates this divergence, yielding a monotonic increase of
AAC below and a monotonic decrease above the matching wavelength between band-
gap and Urbach-tail models. This instantaneous change in AAC slope corresponds to
an unphysical discontinuity of the first derivative of the AAC spectrum at the matching
wavelength.
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The use of complex refractive indices obtained from the bulk damped simple har-
monic oscillator model for calculation of absorption and AAC spectra for spherical par-
ticles results in prediction of a monotonic decrease of the AAC with wavelengths well
above the resonance wavelength for small particles but of a monotonic increase for
large particles.
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Fig. 4. Bulk absorption coefficient a calculated with the band-gap model (blue dotted line), the
Urbach-tail extension (red dotted line), and the band-gap model with Urbach tail (black solid
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Fig. 5. Bulk absorption Angstrém coefficient AAC,, calculated with the band-gap model (blue
dotted line), the Urbach-tail extension (red dotted line), and the band-gap model with Urbach
tail (black solid line). Parameters used for this example are Agg =0.5pm, 4, =0.4pum, and

Ao =3.6um.
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Fig. 7. Damped simple harmonic oscillator model wavelength dependence of the mass ab-
sorption efficiency (E,; for a mass density of 1 g/cm®) for fine particles (Eq. 12 and Fig. 6) and
for spherical particles with particle diameter ranging from 0.01 pm to 10 pm from Mie theory
calculations using the bulk refractive index (Eq. 4a, b and Fig. 2).
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spherical particles with particle diameter ranging from 0.0 um to 10 um from Mie theory calcu- %- g
lations using the bulk refractive index (Eq. 4a, b). '30 g
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