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ABSTRACT

Context. Knowledge about the composition and structure of interstellar ices is mainly based on the comparison between astronomical
and laboratory spectra of astrophysical ice analogues. Carbon monoxide is one of the main components of the icy mantles of dust
grains in the interstellar medium. Because of its relevance, several authors have studied the spectral properties of solid CO both pure
and in mixtures.

Aims. The aim of this work is to study the profile (shape, width, peak position) of the solid CO band centered at about 2140 cm™" at
low temperature, during warm up, and after ion irradiation to search for a structural variation of the ice sample. We also report on the
appearance of the longitudinal optical-transverse optical (LO-TO) splitting in the infrared spectra of CO films to understand if this
phenomenon can be related to a phase change.

Methods. We studied the profile of the 2140 cm™! band of solid CO by means of infrared and Raman spectroscopy. We used a free
web interface that we developed that allows us to calculate the refractive index of the sample to measure the thickness of the film.
Results. The profile of the fundamental band of solid CO obtained with infrared and Raman spectroscopy does not show any relevant
modification after warm up or ion bombardment in the dose range investigated. We explain that the LO-TO splitting is not connected
to a structural variation of the film. Ion irradiation causes the formation of new molecular species. Raman spectroscopy allowed us
to detect, among other bands, a band centered at 1817 cm™! that has been attributed to the infrared inactive species C, and a band
centered at 1767 cm™! that remains unidentified.
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1. Introduction

After molecular hydrogen, carbon monoxide is the most abun-
dant molecule in space. The first detection of this molecule
in the gas phase of the interstellar medium (ISM) was re-
ported by Wilson et al. (1970). Infrared observations have
shown the presence of solid CO in quiescent molecular clouds
and in both low-mass and high-mass star-forming regions
because this molecule, together with water, is one of the
main components of the icy mantles of dust grains (e.g.,
Boogert et al. 2015). Because of the relevance of CO in astro-
physics, several laboratories have been involved in the study
of this molecule and its spectral properties in astrophysi-
cal ices analogues (e.g., Sandfordetal. 1988; Tielens et al.
1991; Palumbo & Strazzulla 1993; Quirico & Schmitt 1997,
Dartois et al. 2006; Palumbo et al. 2006; Cuppen et al. 2011).

As discussed in detail by Quirico & Schmitt (1997), two
main experimental approaches are used: direct deposition on a
single window (thin-film technique) and crystal films growth
from the liquid phase in a closed cell. The thin-film technique
has the advantage that films with good optical quality and well-
known thickness can be obtained. On the other hand, only a
limited range of temperature can be investigated owing to sam-
ple sublimation since it is in direct contact with the chamber
vacuum; also a limited range of thicknesses can be investigated
(less than few micrometers) making it difficult to study weak ab-
sorption features. The closed cell technique allows crystals to be
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grown from the liquid in a closed cryogenic cell under thermo-
dynamical equilibrium. This allows cm-thick samples to grow
with good optical and crystal qualities and it is not possible to
form phases outside the thermodynamical equilibrium (e.g., to
obtain amorphous solids). Closed cell technique studies have
shown that CO has four different phases (namely a-, -, y-, and
e- CO), a phase transition occurs at 61.6 K between the a- phase
(the coldest one) to the - phase, and that CO melting point is
at 68.14 K (e.g., Lowen et al. 1990; Quirico & Schmitt 1997).
When deposited following the thin-film technique, CO sublimate
at about 30 K (e.g., Collings et al. 2004), which is well below the
a- - phase transition temperature.

The profile of the CO stretching mode in pure ice samples
shows two features at about 2138 and 2142 cm™! known as the
transverse optical (TO) and the longitudinal optical (LO) modes
(e.g., Chang et al. 1988; Palumbo et al. 2006). Both these fea-
tures can be observed when IR spectra are taken in reflection-
absorption IR spectroscopy (RAIRS ) and oblique transmittance,
while only the TO mode is observed in transmittance spec-
tra taken at normal incidence. As discussed by Palumbo et al.
(2006) the presence of the LO-TO splitting is not attributable to
the presence of crystalline CO.

Recently, an interesting phenomenon has been investigated,
which is the appearance of a spontaneous electric field due to
dipole orientation within thin films of dipolar molecules. Materi-
als that exhibit this behavior are called spontelectric (from spon-
taneously electrical). Using RAIRS, Lasne et al. (2015) studied
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the Stark shift created by the spontelectric field in vibrational
frequencies of solid CO. They measured the LO-TO splitting to
determine the values of the spontelectric field as a function of
film deposition temperature.

In recent decades, several experimental investigations have
focused on astrophysical relevant molecules, such as H,O,
CO,, CH30H, CH;3;CN, and CH3;OCHO. Many of these ex-
periments were meant to study the profile (i.e., shape, width,
and peak position) of IR bands at different temperatures in
pure ices and in mixtures. Laboratory spectra show that dur-
ing warm up the profile of IR bands change. These changes
can be attributed to a transition between a disordered phase
to a much ordered one, i.e., an amorphous to crystalline tran-
sition. Some examples are reported by Hudgins et al. (1993),
Palumbo et al. (1999), Moore etal. (2010), Abdulgalil et al.
(2013), and Modica & Palumbo (2010). Bossa et al. (2012) re-
ported about the thermal processing of porous amorphous solid
water. They observed that between 20 and 120 K the ice under-
goes a thickness decrease that they attribute to a phase transition
to a nonporous and more compact structure of the ice.

Other studies have focused on the effects of energetic pro-
cessing (i.e., ion bombardment and UV photolysis) on the struc-
ture and morphology of ices. As an example, on the basis
of laboratory experiments, it has been shown that polycrys-
talline water ice is converted to amorphous ice after energetic
processing (e.g., Barattaetal. 1991; Moore & Hudson 1992;
Leto & Baratta 2003; Dartois et al. 2015). Furthermore, ener-
getic processing also causes the conversion of porous amorphous
water to compact amorphous water (e.g., Palumbo et al. 2006,
2010; Raut et al. 2007; Dartois et al. 2013) at 10-20 K.

Also some attempts have been made to look for a phase
change of solid CO, both pure and in solid matrices, by
studying its infrared spectrum (Maki 1961; Nealander 1985;
Sandford et al. 1988; Loewenschuss et al. 1997). Katz et al.
(1984) reported about a Raman scattering experiment of solid
CO placed in a diamond cell and subjected to variation in tem-
perature and pressure. Looking at the feature of the CO stretch-
ing mode, they identified four structures named a-, 8-, y-, and
e- CO, each showing a different profile of the stretching-mode
feature.

Fuchs et al. (2006) reported on the change in the heights,
widths, and position of the '3CO stretching vibrational band
by means of RAIRS spectroscopy during a temperature pro-
grammed desorption (TPD) experiment. At low temperatures
(18.5 K) these authors observed a single peak at 2096 cm™~! due
to amorphous '3CO. Raising the temperature to 27.5 K, a peak
centered at 2095.1 cm™' appears and they attributed it to the
a-crystalline LO component. They concluded that these varia-
tions are due to a phase change from amorphous to crystalline
ice at close to the desorption temperature. Studying the effect
of photodesorption in CO ices, Oberg et al. (2009) reported that
raising the ice temperature from 15 K to 27 K the CO photodes-
orption yield decreases. They carried out a RAIRS experiment
that shows a change in the CO band profile between 15 K and
27 K. They concluded that because the annealing determines the
formation of a more compact ice, its structure, rather than the
temperature, affects the photodesorption yield.

Recently, Mundz Caro et al. (2016) reported on some exper-
iments they carried out to evaluate if there is a connection be-
tween the structure and photodesorption rate of solid CO by
means of IR spectroscopy, vacuum-UV (VUYV) spectroscopy,
and TPD. They observed that the photodesorption yield linearly
decreases with the deposition temperature of CO from 7 to 20 K,

A80, page 2 of 9

but they do not attribute this decrease to a variation in its mor-
phology toward a crystalline solid.

To extend previous work, in this article we present new
laboratory experiments on solid CO. Both infrared and Raman
spectroscopy are used to analyze the samples. These are two
powerful and complementary tools to study the physical and
chemical properties of frozen samples. By means of infrared
spectroscopy it is possible to identify molecular groups and spe-
cific molecules. Raman spectroscopy gives further information
on the structural properties of the samples and it is often used
to study the effects of ion induced lattice damage in carbona-
ceous solids (e.g., Elman et al. 1981; Strazzulla & Baratta 1992;
Baratta et al. 1996; Kalish et al. 1999; Strazzulla et al. 2001;
Costantini et al. 2002). The main purpose of this work is to ver-
ify whether it is possible to observe a structural variation in solid
CO during warm up and after ion bombardment. The article is
organized as follows: the experimental methods are described in
Sect. 2, the results are presented in Sect. 3, and a discussion is
given is Sect. 4.

2. Experimental methods

Experiments were performed in the Laboratory for Experimen-
tal Astrophysics (LASp) at INAF-Osservatorio Astrofisico di
Catania (Italy). The solid CO samples were prepared in a stain-
less steel high vacuum (HV) chamber (pressure <10~ mbar) in
which a crystalline silicon substrate is placed in thermal contact
with a cold finger whose temperature can vary between 17 K and
300 K.

The samples were analyzed using infrared and Raman spec-
troscopies. Infrared transmission spectra were taken at oblique
incidence (45°) by a Fourier transform infrared (FTIR) spec-
trometer (Bruker Equinox 55 or Vertex 70). Transmission spec-
tra are obtained through the KBr windows in the chamber and a
hole made in the cold finger, which allows the infrared beam to
be transmitted through the substrate and the sample. The align-
ment of the IR beam of the spectrometer through the hole of the
cold finger and KBr windows of the chamber is obtained using a
moveable optical bench, on which an IR spectrometer is placed
that permits fine vertical and horizontal adjustments. A rotatable
polarizer placed along the path of the IR beam allows us to take
spectra both with the electric vector parallel (p-polarized) and
perpendicular (s-polarized) to the plane of incidence. Infrared
spectra are taken with a resolution of 1 cm™!.

In situ Raman spectra were acquired using two different se-
tups with visible and near-infrared laser excitation, respectively
(Fig.1). In the first setup, a Triplemate spectrometer by SPEX
equipped with a Peltier cooled CCD detector is used. A continu-
ous Ar-ion laser beam (1 = 514.5 nm) enters a confocal illumi-
nator by DILOR, perpendicularly to its optical axis, into which
it is deflected by a microprism. The confocal optical system is
arranged in such a way that any parallel beam incident along the
optical axis in the opposite direction of the laser is focused onto
the entrance slit of the spectrometer. By means of two flat mir-
rors, the laser beam is reflected toward the vacuum chamber and
focused by an objective lens into a 40 um spot on the sample. The
back-scattered Raman light is collimated by the same objective
into a parallel beam that, according to the setup geometry, goes
back along the same path of the laser beam and reaches the con-
focal illuminator where it is focused onto the entrance slit of the
spectrometer. Since the incoming laser and the Raman collected
light are collimated into parallel beams, this configuration allows
us to acquire Raman spectra up to several meters away from the
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Fig. 1. Schematic view of the Raman setup. The Ar laser beam is focused on the sample mounted inside the HV chamber, which is connected to

the Ion implanter.

spectrometer with negligible performance loss. The spectral res-
olution is about 5 cm™".

The second setup, with near-infrared laser excitation, uses an
optical fiber-based compact monocromator HE785 by HORIBA.
The spectrometer has a fixed objective grating and is equipped
with a Peltier cooled CCD detector. The probe head has a con-
focal optical configuration and is oriented directly toward the
objective lens of the chamber. The optical path of the incom-
ing laser beam that emerges from the head, and the collected
Raman beam is analogous to that already described for the vis-
ible setup. A solid state continuous wave (CW) 785nm laser
diode is used as exciting source. The near-infrared excitation
permits a significant decrease in the strong fluorescence contin-
uum usually observed in carbon containing molecular samples
irradiated at low doses, when using visible laser excitation (e.g.,
Ferini et al. 2004). Although the Raman features are relatively
(785 nm/514.5 nm)* = 5.4 times less intense with respect to
the 514.5 nm excitation, this setup is particularly useful when
searching for weak features of species formed by ion bombard-
ment. A strong fluorescence continuum can indeed totally mask
weak features. The spectral resolution is 10 cm™'.

In the experiments we present here, a needle valve is used
to admit gaseous CO (Aldrich, 99.0%) into the vacuum chamber
where it freezes on the substrate. The gas inlet is not directed to-
ward the substrate, thus a “background deposition” is obtained.
This method ensures a uniform thickness of the film, but has the
disadvantage that the gas phase molecules can freeze out onto
all of the cold surfaces inside the chamber. To avoid any deposi-
tion on the backside of the substrate, this is protected by a 2 cm
long copper tube aligned with the IR beam with a central hole of
4.5 mm.

The vacuum chamber is connected to a 200 kV ion implanter
by Danfysik. The irradiation experiments were carried out using

200 keV H*. The ion beam is electrostatically swept to ensure
a uniform coverage on the target and produces a 2 X 2 cm? spot
on it. To avoid a macroscopic heating of the irradiated sample,
we used an ion current density between 100 nA cm™2 and a few
uA cm~2. The ion fluence (ions cm~2) was measured by integrat-
ing the ion current monitored during irradiation.

The energy deposited by incoming ions to the sample (dose)
was obtained by multiplying the fluence and stopping power
(i.e., the amount of energy deposited per unit path length;
eV cm?/molecule) given by SRIM code (Ziegler et al. 2008).
In this work the dose is given in eV/16u, which is a con-
venient way to characterize chemical changes and to enable
a comparison with other experiments with different samples
(Strazzulla & Johnson 1991).

2.1. Thickness measurement

We followed the procedure described in Fulvio et al. (2009) and
Modica & Palumbo (2010) to measure the thickness of the CO
solid film. In the experiments we present here, a He-Ne laser
beam (4 = 543.5 nm) is directed toward the sample and re-
flected at 45° both by the vacuum-ice and ice-substrate inter-
faces. The reflected laser beam is detected by an external silicon-
diode detector. There is a difference in the optical path between
the reflected components of the laser beam that varies with the
thickness of the film, so that interference is produced. Hence it
is possible to follow the accretion of the frozen film by looking
at the interference curve (intensity versus time) of the reflected
laser beam (see Fig. 2A).

The spikes in the interference curve indicate the time when
the infrared spectra are taken. The damping seen in the interfer-
ence curve is due to scattering loss, either by the bulk or sur-
face of the film, and a loss of coherence of the reflected light
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Fig. 2. Panel A): experimental interference curve obtained during the
deposition of gaseous CO on a Si cold substrate using an He-Ne laser.
Panel B): theoretical interference curve for solid CO film on a Si cold
substrate. The comparison between the theoretical and experimental
curves allows us to measure the sample thickness using the interfer-
ence fringe method. Panel C): theoretical interference curves calculated
assuming an ice with refractive index equal to 1.26 that is deposited on
cold Au substrate for different laser wavelengths. For comparison, the
interference curve computed for the same ice deposited on silicon is
shown.

at the two, vacuum-film and film-substrate, interfaces. It should
be considered that the damping is not usually due to absorption
since most of the molecular ices are transparent at visible wave-
lengths. In general, the reflectance of a thin film deposited over
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a substrate can be schematically represented by Eq. (1)

R = F(ny,ng,d, 6, ), ey

where ny and n, are the complex refractive indexes of the film
and substrate respectively, d is the film thickness, 6; is the inci-
dence angle and A is the wavelength. If the incidence angle is
not equal to 0, this function also depends on the polarization of
the incident electromagnetic field. At fixed wavelength, the re-
flectance R versus the thickness is, for nonabsorbing materials,
a periodic function whose period (distance between two maxima
or minima) is given by Eq. (2)

Ao

2n; |1 - sin® ; /n%

where A is the laser wavelength. From Eq. (2), it is evident that
the refractive index of the sample must be known in order to
measure the thickness. Nevertheless, the amplitude of the inter-
ference curve itself depends on the refractive index, so by mea-
suring this quantity (intensity ratio between maxima and min-
ima) it is possible to derive the refractive index of the sample
and then the thickness. In particular in Eq. (1), Ao, 6;, and ny
are known quantities, hence for a given refractive index of the
film (ny), an interference curve (R versus the thickness d) can be
computed. In order to derive the refractive index of the film, ny
is automatically varied, using a FORTRAN code, until the theo-
retical amplitude of the interference curve becomes equal to the
experimental amplitude. We found ny = 1.30 for frozen CO. As
an example, looking at Fig. 2 it is possible to compare the ex-
perimental interference curve obtained during the deposition of
CO on a silicon cold substrate (A) with the computed theoretical
curve (B).

A free web interface to the FORTRAN code used in
this work is available at http: //www.oact.inaf.it/spess/.
This interface calculates the refractive index of the ice sample
and gives the theoretical interference curve from the amplitude
of the experimental interference curve. The sample thickness can
be obtained by comparing the theoretical interference curve with
the experimental one. Since the experimental reflectance is usu-
ally given in arbitrary units and exhibit a damping due to scat-
tering losses, a direct comparison between the theoretical and
experimental curves is not possible. In this work both the exper-
imental and theoretical curves are normalized by placing all the
minima at 0 and the maxima at 1 before the comparison. The nor-
malization procedure is straightforward for the theoretical curve
since the minima and maxima have the same intensity. In the
case of the experimental curve two spline continuum, passing
through the minima and maxima, respectively, can be used for
normalization. For each chosen point, we read the intensity in
the normalized experimental interference curve. Then we iden-
tified the point at which the normalized intensity corresponds at
the given fringe number in the normalized theoretical curve; the
abscissa of the point is the value of the thickness.

This method ensures a measure of the film thickness with
an absolute accuracy of about 5%. The main limits are the un-
certainties in knowledge of the refractive index of the substrate
at low temperature and the error in measuring the incidence
angle of the laser. In the present version of the web interface,
only some of the more common opaque substrates (silicon, alu-
minum, gold) are considered. We would like to note that a
smaller amplitude of the interference curve increases the uncer-
tainty in the derived refractive index and thickness of the film
owing to the experimental noise of the interference curve. In par-
ticular in the case of a gold substrate, the use of a laser at violet
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or UV wavelength is suggested. In fact, as shown in Fig. 2 C, the
amplitude of the interference curve is small when laser wave-
lengths greater than about 500 nm are used. The theoretical
optical model for the reflectance does not take into account the
reflection at the second substrate interface (the one in contact
with the cold finger). Indeed it is not straightforward to con-
sider, in a reliable way, the contribution of the electromagnetic
radiation that is transmitted through the substrate and reflected
at the second substrate interface. Also, it is not straightforward
to take into account the reflected component by mirror-like pol-
ished cold finger surface. Hence the procedure can only be used
reliably in the case of substrates that are opaque at the laser
wavelength.

3. Results

We carried out several experiments to study the profile of the
2140 cm™' fundamental band of solid CO by infrared trans-
mission spectroscopy and Raman spectroscopy as a function
of temperature, irradiation dose and thickness of the CO sam-
ple. Throughout the paper IR spectra are plotted in a decreas-
ing wavenumber scale (i.e., increasing wavelength) as this is the
common style in the astronomical literature, while Raman spec-
tra are plotted in increasing wavenumber scale. We present our
results in the following sections. In Fig. 3 we show the peak
position of the CO band at different temperatures (A), irradia-
tion doses (B), and film thicknesses (C). To obtain these values,
we fitted each CO band with a polynomial curve and then we re-
ported the position of the maximum of each fit. As said in Sect. 2,
the Raman spectral resolution is 5 cm™!, so it is not possible to
resolve the LO and TO mode of solid CO.

3.1. Temperature experiments

In this paragraph we show the data collected for a 0.1 um-thick
CO sample increasing its temperature from 17 K to 32 K, the
highest temperature at which spectra can be acquired in our
experimental condition before which CO starts to sublimate.
In Fig. 4A we report the IR spectra in P polarization show-
ing the LO-TO splitting, while in Fig. 4B we show the spectra
of the same sample in S polarization. No significant variation of
the band profile occurred during the warm up. As is discussed in
Sect. 3.3, the relative intensities of TO and LO bands depend on
the thickness of the sample. It is possible to notice just a small
variation in the intensity of the band. The same experiment has
been repeated in the case of Raman analysis and the results are
reported in Fig. 4C. It is well known that this technique is par-
ticularly sensitive to structural variations, but except for a small
increase of the peak intensity, as seen for IR spectra, the band
profile does not show any significant change.

In Fig. 3A it is clearly visible that from 17 K to 32 K is not
possible to observe any variation of the band peak position either
in the IR or in the Raman spectra. The measured values, in fact,
differ by less than the uncertainties (0.25 cm™' in the IR spectra
and 1 cm™! in the Raman spectra). The peak position of the band
in the IR spectra, remains nearly constant at about 2138.7 cm™!
for the TO band and 2142.8 cm™! for the LO band. The Raman
peak position also remains almost constant at 2140.0 cm™".

3.2. Irradiation experiments

In Fig. 5 we show the Raman spectra and IR spectra ac-
quired in P polarization and S polarization of a 0.2 um-thick
solid CO film before and after irradiation with 200 keV H™.
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Fig. 3. Experimental CO peak positions measured in IR and Raman
spectra varying the sample temperature (panel A), irradiation dose
(panel B), and film thickness (panel C). Red squares: LO band in P po-
larization; black triangles: TO band in P polarization; green triangles:
CO band in S polarization; and blue rhombus: Raman stretching mode
band.

In Figs. SA and B it is possible to see that the band inten-
sity decreases at increasing irradiation doses. The energetic ions
(keV-MeV) used to irradiate the sample release their energy
to the target along the ion track. As a consequence molec-
ular bonds are broken, and radicals and molecular fragments
recombine to form new molecular species not present in the
original sample. The irradiation of solid CO causes the synthe-
sis of carbon dioxide and others carbon and oxygen contain-
ing molecules, such as carbon chain oxides. This phenomenon
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Fig. 4. Experiments performed increasing the sample temperature. Pan-
els A), B): infrared spectra of the fundamental vibrational band of solid
CO and panel C): Raman spectra of the stretching mode feature. Black
solid line: solid CO film at 17 K; red dashed line: 25 K; and blue dotted
line: 32 K.

is well known and extensive studies have been reported by
Trottier & Brooks (2004), Loeffler et al. (2005), Palumbo et al.
(2008), and Seperuelo Duarte et al. (2010). In Fig. 5C we report
a portion of the Raman spectra showing the solid CO band. As
described in Ferini et al. (2004), after ion bombardment, an in-
tense fluorescence continuum appears in all the Raman spec-
tra because of radiative recombination of electron-hole pairs
produced by the Raman laser irradiation. For clarity we sub-
tracted this continuum. Because of different selection rules, by
using Raman spectroscopy it is possible to observe molecular
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Fig. 5. Energetic processing of solid CO film with 200 keV H*.
Panel A): IR spectra in P polarization. Panel B): IR spectra in S po-
larization. CO film as deposited (black solid line); CO film after irra-
diation dose of 0.5 eV/16u (red dashed line), 5.6 eV/16u (green dotted
line), and 18.4 eV/16u (blue dash-dotted line). Panel C): Raman spec-
tra. CO film as deposited (black solid line); CO film after irradiation
dose of 1.1 eV/16u (red dashed line), 2.2 eV/16u (green dotted line).

transitions that are not active in the infrared. In Fig. 6 a different
portion of the same spectra shown in Fig. 5C is reported. The
contribution due to the fluorescence continuum has also been
subtracted in these spectra. We observed a band centered at
1817 cm™! that is clearly visible at higher irradiation doses and
a band centered at 1767 cm™' since the first irradiation step.
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Fig. 6. Raman spectra of solid CO irradiated with 200 keV H*. CO
film as deposited (black solid line); CO film after irradiation dose
of 0.14 eV/16u (red dashed line), 0.37 eV/16u (green dotted line),
0.66 eV/16u (cyan short-dashed line), and 1.01 eV/16u (blue dash-
dotted line). Black dotted vertical lines indicate 1767 cm™! unidentified
band and 1817 cm™! band tentatively attribute to C,.

The Crovisier database! reports a vibrational band of gaseous
C, at 1828 cm™!, so we tentatively attribute the 1817 cm™!
band to solid C,. A contribution from C50, which had been as-
signed to a feature observed close to this position by Sicilia et al.
(2012), could also be present. We were not able to attribute the
1767 cm™! band to any molecule. Since the feature is not present
within the noise level in the IR spectra, this suggests that it could
be due to a symmetric vibrational mode in a molecular species
without a permanent dipole moment.

In Fig. 3B we report the peak position of the CO band versus
the irradiation dose. No significant variation of the CO band peak
position is observed during irradiation in the range of doses that
we investigated. In fact, the band peak positions remain almost
constant at about 2138.4 cm™! and 2142.6 cm™! for the TO and
LO mode, respectively. The Raman spectra show that the band
is centered at about 2139.9 cm™! and that it remains unaltered,
within the noise, throughout the experiment.

In order to decrease the strength of the fluorescence back-
ground that adds noise to the Raman spectra, we carried out an
experiment using a near-infrared laser excitation wavelength at
785 nm. Nevertheless, in this case there is also no significant
variation of the CO profile increasing the irradiation dose, so we
do not report the spectra.

3.3. Increasing thickness

We carried out some experiments in which the thickness of the
solid CO layer has been varied. As shown in Figs. 7A and B,
we acquired the IR spectra both in P and S polarization after
the deposition of 40 nm (black solid line), 300 nm (red dashed
line), and 600 nm (blue dotted line) thick solid CO. Both P
and S polarization spectra show an increase in transmittance
at about 2133 cm™'. This happens because of the sharp varia-
tion in the real part of the refractive index (n) of solid CO at
this wavenumber, and also this increase depends on the optical
properties of the substrate. This feature is predicted by theory
and is well reproduced by theoretical optical models employ-
ing experimental optical constants of solid CO (see Fig. 4 in

! http://www.lesia.obspm.fr/perso/jacques-crovisier/
basemole/
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Fig. 7. Thickness experiment. Panel A): IR spectra in P polarization;
panel B): IR spectra in S polarization. CO film thickness: black solid
line: 0.04 um; red dashed line: 0.3 pm; blue dotted line: 0.6 um.
Panel C): Raman experiment. CO stretching mode band of a 0.2 um
(black solid line) and 0.4 um (red dashed line) film.

Baratta & Palumbo 1998). In Fig. 3C we observe the band peak
position of the TO mode slightly increasing from the 40 nm to
the 600 nm thick layer; in particular it varies between 2138.1
and 2138.7 cm™!. The peak position of the LO mode remains al-
most constant between 2142.6 and 2142.2 cm™! throughout the
experiment.

In Figs. 7 A and B the CO band of the 0.6 ym thick sam-
ple is close to reaching saturation. In principle, this could hinder
the linear correlation existing between the thickness of the film
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(related to the amount of CO in the sample) and the area underly-
ing the band. In Fig. 8 black squares represent the values of the
CO band area measured at 0.04, 0.3, 0.4, 0.6, 1.3, and 1.9 um
thickness. The graph shows that even if the band is close to sat-
uration at 0.6 um thickness (see the blue dotted line in Figs. 7A
and B), its area still linearly increases with the film thickness, as
shown by the linear best fit (red line) in Fig. 8.

Raman spectra are shown in Fig. 7C. They were acquired
at 200 nm (black solid line) and 400 nm (red dashed line) thick-
ness. The band shape and peak position do not show any relevant
variation.

4. Discussion

Comparing our Raman spectra of solid CO with those presented
by Katz et al. (1984), we notice that the profile of the CO band is
similar to the profile of 8-CO, which is a much disordered phase
if compared to the ordered @-CO. We explain the formation of
a disordered structure in our HV chamber because of the fast
cooling of the CO gas when it comes in contact with the cold
surface of the substrate on the sample holder.

In the experiments that we carried out at increasing temper-
atures from 17 K to 32 K (see Fig. 4), we would have expected
a relevant variation in the IR and an even more pronounced in
the Raman of the CO band profile if a structural change had oc-
curred. But these variations are almost absent. This result is in
agreement with Lasne et al. (2015) who studied the LO-TO split-
ting to calculate the spontelectric field in solid CO. They found
that annealing from 18 to 26 K does not produce detectable shifts
of the LO and TO bands. A study of the profile of the LO- and
TO-components at about 2140 cm™" of solid CO during warm-up
in the temperature range 14-26 K has recently been reported by
Mundz Caro et al. (2016). Also, in their experiments, the band
profile remained unaltered. Our results are also in agreement
with those presented by Lowen et al. (1990). They report that no
change of structure and no frequency shifts have been observed
in the Raman spectra of solid CO in the temperature range be-
tween 4.5 and 30 K. So we conclude that our samples preserve
the same structure during warm up. Alternatively, the profile of
the CO band does not depend on the structure of the sample.
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We have also investigated any possible modification of the
CO band profile after ion irradiation (see Fig. 5). As already
noticed in the previous section, ion irradiation causes the reduc-
tion of the intensity of the CO band in the IR spectra. This is
due to the formation of new molecular species in the samples. In
Fig. 3B we see that while the peak position of the TO band re-
mains almost constant, the peak position of the LO band slightly
shifts to higher wavenumbers between the first and second irra-
diation step. This small variation is comparable with the shift of
the LO peak position observed as a function of film thickness.
The Raman spectra do not show any significant variation in the
band profile after ion irradiation.

Most of our knowledge about the composition and structure
of interstellar and planetary ices is based on the comparison be-
tween laboratory and astronomical spectra. When high resolu-
tion astronomical spectra are available, it is possible not only to
identify a given solid phase species but also, from the band pro-
file, to infer the mixture it is embedded in and the average tem-
perature experienced by the ice in a given environment. As an
example, crystalline water ice has been identified toward high-
mass young stellar objects based on the profile of the 3 ym water
ice band (e.g., Dartois & d’Hendecourt 2001).

Some attempts have been made to infer the structure of
solid CO observed toward low-mass young stellar objects.
Pontoppidan et al. (2003) reported about the stretching band of
solid CO detected toward several young stellar objects by means
of the VLT-ISAAC. They found that this band results from the
superposition of three components centered at 2143.7 cm™,
2139.9 cm™! and 2136.5 cm™!, respectively. They suggested that
in the majority of the observed lines of sight, most of the CO is
in a nearly pure form. Moreover, they attributed the 2143.7 cm™!
component to the LO mode of the vibrational transition of solid
crystalline CO.

To date, the James Webb Space Telescope (JWST) launch
is scheduled in October 2018. We expect that the Near In-
frared Spectrograph (NIRSpec) and the Mid-Infrared Instrument
(MIRI) on board, covering the wavelength range from 0.6 ym to
28 um, will provide intriguing data that will be largely used to
study the chemical composition and physical structure of differ-
ent objects in space and, among them, of the icy mantles of dust
grains in the ISM.

Based on the laboratory results presented in this paper we
conclude that the profile of the stretching mode of solid CO
obtained following the thin-film technique both in IR and Ra-
man spectra does not provide evidence for any modification af-
ter warm up or ion irradiation. As a consequence, the comparison
between laboratory and astronomical spectra cannot be used to
draw any conclusion on the structure of solid CO in space.
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