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a b s t r a c t
We have determined the real and imaginary indices of refraction (n and k) for six iron oxide/oxyhydroxide phases—magnetite, maghemite, goethite, lepidocrocite, akaganéite, and ferrihydrite. A single crystal
of magnetite was used to derive bulk n and k values from 100–2000 cm1 (5–100 lm). Synthetic nanocrystalline samples of maghemite, goethite, lepidocrocite, akaganéite, and ferrihydrite were pressed into
compact pellets used to determine bulk n and k values from 100–1200 cm1 (8.33–100 lm). All values of
n and k (the optical constants) were determined from specular reﬂectance spectra acquired at 2 cm1
spectral sampling using classical Lorentz–Lorenz dispersion theory. In this paper, we present the optical
constants of all six minerals and the oscillator parameters with which they were modeled. Use of these
optical constants could aid in radiative transfer models of terrestrial dust as well as Mars, the Moon, and
airless bodies in the Solar System.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
Iron oxide and oxyhydroxide minerals are some of the most
important products of weathering of primary igneous iron-bearing
minerals on Earth and Mars. They are important components of
terrestrial and martian dust, and therefore contribute to the atmospheric radiative transfer on those bodies (Pollack et al., 1979;
Morris et al., 1989; Bell et al., 1995; Prospero, 1999; Sokolik and
Toon, 1999; Kandler et al., 2007). Iron oxide and oxyhydroxides
have also been detected or suggested to occur on the Moon and
other airless bodies throughout the Solar System (Williams and
Gibson, 1972; Vilas et al., 1994). Their presence in meteorites (Kerridge et al., 1979; Tomeoka and Buseck, 1988; Keller et al., 1994;
Brearley, 1995, 2006) suggests that they might be detectable via
remote sensing methods on asteroids, comets, and interplanetary
dust. In order to quantitatively interpret thermal infrared spectra
of these objects, the real and imaginary indices of refraction
(n and k) of these and other minerals must be determined and used
in radiative transfer or other light scattering models such as the extended boundary condition method (EBCM) recently employed by
Mishchenko et al. (2007a,b).
In this work, we determine the mid-infrared indices of refraction (also called optical constants) from bidirectional specular
reﬂectance spectra. Optical constants of a magnetite (Fe3O4) single
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crystal were determined from 100 to 2000 cm1, while pressed
pellets of other samples allowed determination of the optical constants between 200 and 1200 cm1. Pressed pellet samples are all
derived from nanocystalline synthetic powders and include
maghemite (c-Fe2O3), goethite (a-FeOOH), akaganéite (b-FeOOH),
lepidocrocite (c-FeOOH), and 2-line ferrihydrite (Fe5HO84H2O).
The optical constants are determined by applying classical
Lorentz–Lorenz dispersion analysis to these laboratory reﬂectance
spectra. The reﬂectance spectra, optical constants, and dispersion
parameters used to calculate them from the spectra are presented.
2. Methods
2.1. Sample descriptions
The samples used for this study are summarized in Table 1.
They consist of a magnetite single crystal, and synthetic powders
of maghemite, goethite, akaganéite, lepidocrocite, and ferrihydrite.
The magnetite crystal is from Cerro Huañaquino, Bolivia. The goethite (GTS2) and lepidocrocite (LPS2) powders are described by
Morris and Lauer (1981) and Morris et al. (1985) and were loaned
to us by R.V. Morris. They are both synthetic powders manufactured by Pﬁzer, Inc. Both powders are composed of acicular
(blade-shaped) crystals with mean crystal sizes of 50  400 nm
and 30  900 nm for the goethite and lepidocrocite, respectively.
The akaganéite (AKG1) sample is described in detail by Glotch
and Kraft (2008). It is composed of somatoidal (spindle-shaped)
crystals with a mean size of 150 nm in the long direction. The
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Table 1
Fe oxide/oxyhydroxide samples examined in this study.

a

Sample

Stoichiometric formula

Sample preparation

Crystal shape

Crystal size

Reference/origin

Magnetite MAG1
Goethite GTS2
Lepidocrocite LPS2
Akaganéite AKG1
Maghemite ISK1
Ferrihydrite FHYD2

Fe3O4
a-FeOOH
c-FeOOH
b-FeOOH
c-Fe2O3
Fe5O7(OH)4H2O

Single crystal
Powder pellet
Powder pellet
Powder pellet
Powder pellet
Powder pellet

Octahedron
Acicular
Acicular
Somatoidal
Acicular
Irregular

5 mm
50  400 nm
30  900 nm
150 nma
337  53 nm
2–3 nm

Brumado, Bahia, Brazil
Morris and Lauer (1981)
Morris and Lauer (1981)
Glotch and Kraft (2008)
Rossman collection
Michel et al. (2007)

Typical size in long direction.

Fig. 1. Schematic of the FT-30 specular reﬂectance accessory used for all sample
measurements. Angles of incidence and reﬂection are 30°.

maghemite powder was manufactured by ISK Magnetics and is
part of the mineral collection of G.R. Rossman. It consists of
acicular crystals with mean lengths and widths of 337 nm and
53 nm, respectively. The ferrihydrite is a synthetic powder that
shows 2-lines in an XRD analysis, indicating that it is poorly ordered. It consists of irregularly shaped particles with diameters

of 2–3 nm. The sample description and synthesis procedure is
described by Michel et al. (2007). The sample was loaned to us
by R. Harrington.
The single crystal of magnetite was polished to 1 lm roughness,
providing a mirror-like surface, and ensuring specular reﬂectance at
mid-to-far-IR wavelengths. The quality of the polish was checked
with an optical microscope. Powdered samples were pressed into
compact pellets at 15,000 psi using a Carver hydraulic press and a
Pike Technologies 13 mm die kit. The resulting pellets had highly
reﬂective surfaces, with the exception of ferrihydrite, which had a
matte-like ﬁnish, resulting in a low sample reﬂectance.
2.2. Collection and processing of spectra
Mid-infrared (MIR) reﬂectance spectra (400–4000 cm1;
2.5–25 lm) were acquired on Stony Brook University’s Nicolet
6700 Fourier Transform Infrared (FTIR) spectrometer at 2 cm1

Fig. 2. Optical constant data for magnetite MAG1 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.
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spectral sampling and in an atmosphere purged of H2O and CO2.
The spectrometer is equipped with a Baseline FT-30 specular
reﬂectance accessory with incidence and reﬂection angles of 30°.
A schematic of the reﬂectance accessory is shown in Fig. 1. For collection of MIR spectra, the spectrometer is equipped with a KBr
beamsplitter and a thermoelectrically cooled deuterated L-alanine
doped triglycine sulfate (DLaTGS) detector with a KBr window. Far
infrared (FIR) spectra (50–600 cm1; 16.67–200 lm) are collected
with the same instrument using a Solid Substrate beamsplitter
and a DTGS detector with a polyethylene window. A total of 512
scans were averaged for each MIR spectrum and 1024 scans were
averaged to create each FIR spectrum. For several reasons (discussed below) pellet spectra are only modeled over the 100–
1200 cm1 range.
Both MIR and FIR spectra are referenced to a ﬁrst-surface protected gold mirror. Because this mirror does not have a reﬂectance
of unity, we determined the ‘‘reﬂectance function” of the instrument to remove the effects of non-unit reﬂectivity. This process
involves several steps: (1) For both the MIR and FIR spectrometer
setups, the reﬂectance accessory was removed from the spectrometer providing an unimpeded path from the modulated IR beam to
the detector. A spectrum of the unimpeded beam was acquired as a
background measurement. (2) The reﬂectance accessory was then
inserted into the spectrometer along with the gold reﬂectance
standard. We then acquired a spectrum of the standard using the
spectrum acquired in step 1 as the background. It is the spectrum
of the standard that we refer to as the instrument reﬂectance
function. (3) Samples were placed on an aluminum aperture mask
painted with Krylon ultra-black paint. The underside of the aperture mask was scored with 100 lm sandpaper and coated with
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black parafﬁn soot to further reduce its reﬂectance. Spectra were
acquired of each sample placed on the aperture mask. (4) A spectrum of the empty mask was acquired as a ‘‘blank.” (5) Each blank
and sample spectrum was multiplied by the instrument reﬂectance
function to cancel out the effects of non-unit reﬂectivity of the
reﬂectance standard. (6) The corrected blank spectra were subtracted from the corrected sample spectra to arrive at the ﬁnal fully
processed spectra suitable for modeling.
MIR and FIR spectra of each sample were collected separately
and merged near 500 cm1. Occasionally, there are small differences (1–3%) in the spectral contrast between the MIR and FIR
spectra, perhaps due to measurement of slightly different spots
on the sample. In these cases, the FIR spectra are multiplicatively
scaled to exhibit the same spectral contrast as the MIR spectra
before they were merged together. Glotch et al. (2007) showed that
measurement errors for a similar laboratory arrangement were
1% over the wavelength range utilized in this study, with a maximum error of 3% of the maximum spectral contrast near
1050 cm1. Errors also tended to be higher (1–2%) at <300 cm1,
where SNR degrades. In general, there is great reproducibility of
reﬂectance spectra with current laboratory equipment, lending
conﬁdence to the derived optical constants.
Spectra of pressed pellets were modeled from 200 to
1200 cm1. This is due to the fact that at higher wavenumbers,
the assumption of specular reﬂection from the pressed pellets
becomes less valid. Additionally, the oxyhydroxide samples contain several minor spectral features between 1200 and
2000 cm1 that are not well-accounted for by our model. At low
wavenumbers, where the detector sensitivity is lowest, the pellets
are not reﬂective enough to provide adequate signal.

Fig. 3. Optical constant data for goethite GTS2 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.
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2.3. Modeling of optical constants

where j represents the jth oscillator and the strength q is deﬁned as

To model the optical constants of the oxide/oxyhydroxide minerals described above, we make use of dispersion theory in combination with a Fresnel reﬂectance model using a nonlinear least
squares optimization routine. Mineral spectra are iteratively ﬁt
with a modeled spectrum produced using dispersion and Fresnel
equations. The real (n) and imaginary (k) indices of refraction are
determined when the best ﬁt between the measured and modeled
spectra is achieved.
Each oscillator in a dispersion model is deﬁned by three
parameters: m, 4pq, and c, which represent the center frequency
of the oscillation, the band strength, and width, respectively. An
additional term, e0, is the high frequency dielectric constant,
which is a bulk mineral property rather than an oscillatordependent property and should be equal to n2vis measured
in the visible part of the spectrum (Roush et al., 1991). We
use the dispersion theory formulation of Spitzer and Kleinman
(1961) (Eqs. (1) and (2)) and combine it with a nonlinear
least squares optimization routine described by Glotch et al.
(2007).

qj ¼

2

n2  k ¼ e0 þ

nk ¼

X

4pqj m2j ðm2j  m2 Þ

j

ðm2j  m2 Þ2 þ ðc2j m2j m2 Þ

X

2pqj m2j ðcj mj mÞ

j

ðm  m2 Þ2 þ ðc2j m2j m2 Þ
2
j

;

;

ð1Þ

ð2Þ

Ne2
;
4pm m2j

ð3Þ

where N is the concentration of ion pairs, e is the charge, and m is
the reduced mass (Spitzer et al., 1959).
3. Results
The measured and modeled spectra of each sample, the residual
between them, and the modeled values of n and k derived from the
dispersion analysis are shown in Figs. 2–7. All measured and modeled spectra as well as the derived values of n and k can be accessed
at http://www.ms.cc.sunysb.edu/~tglotch/optical_constants.htm
or by contacting the ﬁrst author.
The measured and modeled reﬂectance spectra and the optical
constants of magnetite (MAG1) and goethite (GTS2) are shown in
Figs. 2 and 3 and the oscillator parameters used to ﬁt the reﬂectance spectra are shown in Table 2. The magnetite model required
15 oscillators to adequately model the MAG1 spectrum, while the
goethite model required 17 oscillators to adequately model the
GTS2 spectrum.
The measured and modeled reﬂectance spectra and the optical
constants of lepidocrocite (LPS2) and akaganéite (AKG1) are shown
in Figs. 4 and 5 and the oscillator parameters used to ﬁt the reﬂectance spectra are shown in Table 3. The lepidocrocite model
required 14 oscillators to adequately model the LPS2 spectrum,

Fig. 4. Optical constant data for lepidocrocite LPS2 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.
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Fig. 5. Optical constant data for akaganéite AKG1 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.

while the akaganéite model required 12 oscillators to adequately
model the AKG1 spectrum.
The measured and modeled reﬂectance spectra and the optical
constants of maghemite (ISK1) and ferrihydrite (FHYD2) are shown
in Figs. 6 and 7 and the oscillator parameters used to ﬁt the reﬂectance spectra are shown in Table 4. The maghemite model required
27 oscillators to adequately model the ISK1 spectrum, while the
ferrihydrite required eight oscillators to adequately model the
FHYD2 spectrum.

4. Discussion
4.1. Optical constants measured from pressed powder pellets
Ideally, optical constants are obtained from polarized spectra
measured of highly polished single crystals that are oriented
parallel to the crystal axes (e.g. Spitzer and Kleinman, 1961; Long
et al., 1993; Lane, 1999). In some cases, as for ﬁve of the six
samples described in this work, it is not possible to obtain single
crystals larger than 5 mm (required by our spectrometer setup)
for polarized IR spectral analysis. In these cases, optical constants
derived from pressed powder pellets represent an adequate alternative. Long et al. (1993) performed classical dispersion analysis
on spectra obtained of both single crystal and powder pellets of
calcite and gypsum. Their analysis indicates that optical constants
derived from spectra of pellets are within about a factor of 2 of
those derived from single crystals. This is mainly due to the fact
that spectra of pressed pellets have lower reﬂectance values than
single crystals. In terms of the oscillator parameters used in the

model, the lower reﬂectance translates to lower values of e0 (high
frequency dielectric constant) and 4pq (oscillator strength) and an
increase in c (width) due to the larger full width at half maximum
(Long et al., 1993). For the samples measured in this study, it is
expected that optical constants derived from the ferrihydrite
(FHYD2) pellet with a matte ﬁnish surface are not as close to
‘‘truth” as those derived from the highly reﬂective pellets.
An additional drawback of determining optical constants from
powdered pellets is that they represent the ‘‘bulk” properties of
the minerals in question. That is, the optical anisotropy of the samples cannot be modeled using polarized IR spectral analysis. The
exception for the powder pellets analyzed in this study is maghemite, which is optically isotropic (Greenwood, 1970; Pecharromán
et al., 1995).

4.2. Comparison with previous work
The optical constants of most of the minerals presented in this
paper have not been previously modeled. While hematite
(a-Fe2O3) has been the focus of several studies (Popova et al.,
1973; Onari et al., 1977; Glotch et al., 2006) other iron oxide/oxyhydroxide minerals have received relatively little attention. The
extinction coefﬁcient (related to n and k) of magnetite from
2.5–100 lm was presented by Koike et al. (1981), but not information on the nature of the sample or the experimental conditions
was given. Optical constants for magnetite from 0.14 to 300 lm are
listed in table format by Mukai (1986). Again, however, there is no
information regarding the sample characteristics, the measurement conditions, or the method of optical constant derivation.
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Fig. 6. Optical constant data for maghemite ISK1 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.

Comparison of the Mukai (1986) data with that presented in this
work (Fig. 8) shows signiﬁcant deviation in the magnitude and
shape of the optical constant spectra between 100 and
2000 cm1. These differences could be due to sample size, composition, and/or preparation.
Pecharromán et al. (1995) determined the optical constants of
several maghemite samples from pressed powder pellets. The samples examined by Pecharromán et al. (1995) varied greatly in their
crystallinity and the positions of octahedral vacancies in the mineral crystal structures. The maghemite sample examined in this
work most closely matches Sample 8 of Pecharromán et al.
(1995) which shows a high degree of crystallinity. Using the model
and oscillator parameters of Pecharromán et al. (1995), we have
plotted the resulting optical constants of Sample 8 along with
our maghemite sample ISK1. The results are shown in Fig. 9. The
modeled optical constants of Pecharromán et al. (1995) are a factor
of 2.5 higher than those determined in this study. Pecharromán
et al. (1995) modeled a pressed pellet of maghemite as a mixture
of maghemite crystal spheres and air using effective medium theory (Landauer, 1978). This model uses assumptions of the particles’
depolarization factors as well as volume fraction of particles within
the pellet. In practice, the assumption of a signiﬁcant fraction of air
in the pellet (46% by volume assumed for Pecharromán Sample 8)
has the effect of increasing the values of the optical constants
needed to accurately model the reﬂectance spectrum of the pellet.
Optical constants of an aqueous goethite suspension were
determined using variable angle attenuated total reﬂectance
(ATR) spectroscopy and Kramers–Kronig modeling (Tickanen
et al., 1997). These results, however, are not appropriate for

comparison to dry bulk goethite. Optical constants of all other
minerals discussed in this work have not been previously reported
in the literature.
4.3. Application to Mars and other planetary bodies
Models based on radiative transfer are used to determine the
scattering properties of ﬁne particulates in planetary regoliths,
which are present in the atmosphere and on the surface of Mars.
Determination of the composition of these ﬁne-grained surfaces
throughout the Solar System remains a difﬁcult problem due to
the lack of appropriate optical constants of relevant materials.
Perhaps the best example of such a problem is determining the
mineralogical composition of the globally homogenous martian
dust. This dust component, both entrained in the atmosphere
and deposited on the classically bright regions of Mars, has been
the subject of numerous studies (e.g. Toon et al., 1977; Pollack
et al., 1979; Singer, 1982; Clancy et al., 1995; Bell et al., 2000;
Murchie et al., 2000; Bishop et al., 2002; Hamilton et al., 2005) that
have fostered signiﬁcant discussion about the composition of the
dust. Based on radiative transfer modeling and comparison to
Mariner 9 IRIS spectra acquired during the 1971–1972 dust storm,
Toon et al. (1977) concluded that the dust was composed primarily
of weathering products of felsic rock components with SiO2 >60%,
and a secondary component such as basalt. Pollack et al. (1979)
suggested that a minor magnetite component in the dust would
be consistent with visible and ultraviolet dust absorptions. The
presence of magnetite in the martian surface dust appears to have
been conﬁrmed by the magnetic properties experiment on the MER
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Fig. 7. Optical constant data for ferrihydrite FHYD2 including: (a) laboratory and modeled spectra, (b) residual of model ﬁt, (c) real index of refraction, (d) imaginary index of
refraction.

Table 2
Derived oscillator parameters for magnetite and goethite.

Table 3
Derived oscillator parameters for lepidocrocite and akaganéite.

Magnetite MAG1 e0 = 4.1778

Goethite GTS2 e0 = 2.4991

Lepidocrocite LPS2 e0 = 2.5969

Akaganéite AKG1 e0 = 3.0708

m (cm1)

c

4pq

m (cm1)

c

4pq

m (cm1)

c

4pq

m (cm1)

c

4pq

135
268
293
336
344
431
462
532
559
612
635
692
770
1049
1747

2.1764
1.1106
0.1477
0.1564
0.0623
0.0678
0.1635
0.1922
0.0819
0.0855
0.0402
0.1031
0.3523
0.7096
1.0689

33.8797
8.9758
0.3104
0.7450
0.1154
0.0620
0.2123
0.4379
0.2582
0.0486
0.0116
0.0433
0.2357
0.6783
1.1531

268
276
287
297
353
374
398
420
454
466
582
608
632
674
799
895
909

0.0505
0.0501
0.0507
0.0433
0.0587
0.0596
0.0579
0.1008
0.0591
0.1513
0.0470
0.1108
0.0426
0.0590
0.0391
0.0328
0.0265

0.3974
0.2610
0.1343
0.0612
0.0506
0.1248
0.4917
0.3504
0.0375
0.2845
0.0065
0.0842
0.0032
0.0085
0.0765
0.0215
0.0130

223
259
269
281
356
379
467
504
524
602
748
895
1023
1154

0.0469
0.0633
0.0732
0.1082
0.0968
0.3821
0.1057
0.0637
0.1306
0.1520
0.0464
0.0281
0.0229
0.0798

0.1051
0.1094
0.2138
0.3026
0.3569
1.1177
0.2312
0.0297
0.1102
0.0927
0.0228
0.0008
0.0181
0.0113

248
264
280
360
390
436
475
637
668
692
786
854

0.0645
0.0953
0.1438
0.1831
0.1625
0.1745
0.1411
0.0847
0.0650
0.0762
0.0762
0.0944

0.1299
0.4801
0.3406
0.5851
0.8689
0.2533
0.2250
0.1101
0.0689
0.0922
0.0116
0.0552

Spirit rover (Bertelsen et al., 2004). Later work by Clancy et al.
(1995) indicated that the martian dust spectrum may be more consistent with the major component being palagonite, a weathering
product of basaltic glass. This result is consistent with previous visible/near-IR observations (Allen et al., 1981; Singer, 1982) and later
mid-IR observations (Morris et al., 2003).
The iron oxide and oxyhydroxide optical constants presented in
this paper will enable more detailed modeling of the optical properties of the martian surface as well as the Moon and asteroids

(Williams and Gibson, 1972; Vilas et al., 1994). Future work to
determine the optical constants of a variety of silicates, including
plagioclase feldspar, pyroxenes, and a range of olivine compositions will also make future compositional modeling efforts more
robust.

5. Conclusions
We have acquired mid-IR reﬂectance spectra of a magnetite
single crystal (100–2000 cm1) and pressed powder pellets of
goethite, lepidocrocite, akaganéite, maghemite, and ferrihydrite
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Table 4
Derived oscillator parameters for maghemite and ferrihydrite.
Maghemite ISK1 e0 = 2.7679
1

Ferrihydrite FHYD2 e0 = 1.9390

m (cm )

c

4pq

m (cm1)

c

4pq

212
234
258
262
275
282
288
309
327
349
366
393
419
442
465
476
485
526
552
584
608
635
645
691
702
729

0.0278
0.0391
0.9621
0.0368
0.0171
0.0200
0.0365
0.0877
0.0319
0.0580
0.0613
0.0621
0.0581
0.0789
0.0279
0.0285
0.0468
0.0846
0.0629
0.0484
0.0635
0.0408
0.1110
0.0259
0.0550
0.0296

0.0237
0.0646
0.5464
0.0779
0.0033
0.0046
0.0169
0.3155
0.0486
0.0853
0.1398
0.2475
0.0573
0.1597
0.0080
0.0132
0.0442
0.0688
0.2162
0.0525
0.0722
0.0549
0.0658
0.0121
0.0290
0.0079

260
321
390
462
597
692
830
930

0.4766
0.3371
0.3446
0.3353
0.2328
0.1944
0.1354
0.1581

0.3521
0.1888
0.1695
0.4057
0.1218
0.0681
0.0075
0.0148

(200–1200 cm1). We used the Spitzer and Kleinman (1961) formulation of Lorentz–Lorenz dispersion theory to model the optical
Fig. 9. Comparison of maghemite optical constants from Pecharromán et al. (1995)
and this work between 100 and 1200 cm1. (a) Real index (n). (b) Imaginary index
(k).

constants of these minerals from the reﬂectance spectra. The optical constants determined in this work may aid in future studies of
radiative transfer of terrestrial dust and modeling remote sensing
data acquired of Mars, the Moon, and other airless bodies.
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