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High-pressure studies of solid iodine by Raman spectroscopy
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Raman spectra of solid iodine were measured up to 26.8 GPa. New bands observed above 10 GPa are
discussed within the framework of a previously suggested quasi-one-dimensional molecular phase exist-
ing prior to molecular dissociation. Higher-order spectra due to two- and three-phonon processes were
observed up to 10 GPa, and provide information on the pressure dependence of phonon states near the

edge of the Brillouin zone.

INTRODUCTION

Solid iodine undergoes a molecular to metallic transi-
tion around 16 GPa, as evidenced by electrical resistivi-
ty"? and optical reflectivity measurements.’ High-
pressure x-ray-diffraction studies provided evidence that
the insulator-metal transition was followed by a structur-
al phase transition with molecular dissociation around 21
GPa.*"% In disagreement with this conclusion, two
high-pressure phases of molecular character, which ap-
pear around 16 GPa and around 24 GPa, were proposed
on the basis of Mdssbauer-effect measurements at 4 K.’
Subsequent x-ray-diffraction studies at temperatures
down to 35 K (Ref. 8) and Mossbauer experiments at 75
K and at room temperature’ confirmed the respective re-
sults. Therefore, a proposed explanation that the
discrepancy might be due to a different phase behavior of
solid iodine at room temperature and in the low-
temperature regime'® does not appear to be valid. The
possibility of an isostructural phase transition before
molecular dissociation has also been stressed in a theoret-
ical study. !

In previous high-pressure Raman-scattering experi-
ments four out of six first-order Raman-active modes
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FIG. 1. Raman spectrum of solid iodine at a pressure of 2
GPa. Higher-order bands are labeled by numbers.
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were observed up to 21 GPa.!>!* The softening of the li-
brational 4, mode and the stretching B3, mode observed
upon approaching the dissociation pressure of 21 GPa, as
well as the complete disappearance of the Raman spec-
trum at 24.6 GPa, were taken as strong support for the
dissociation concept and the suggested high-pressure
structure (D2} Immm, one atom per primitive unit cell).

Second-order Raman spectra were observed in thin
iodine films at 80 K for ambient pressure, and were attri-
buted to overtone scattering as well as to combinations of
intramolecular phonons with lower frequency lattice
modes.'* In the present study first-order Raman spectra
were observed up to 24.6 GPa, and higher-order Raman
spectra up to =~ 10 GPa.
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FIG. 2. Raman signals of the librational modes B, and B,,
at various pressures.
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FIG. 3. (a) Raman spectra in the frequency
range of the librational 4, mode at various

pressures. (b) Raman spectra in the frequency
range of the librational B;, mode at various

pressures.
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EXPERIMENT

The present experiments were performed with a
Syassen-Holzapfel diamond-anvil cell.’* Pressure was
determined by the ruby fluorescence method.!%!” The
pressure distribution within the sample chamber was
determined by observing the fluorescence from ruby
chips at several locations. Pressure inhomogeneities
gradually increased with pressure, reaching 2 GPa at the
highest pressures applied.

Commercial bisublimated polycrystalline iodine was
used as sample material. The 647-nm line of a Kr? laser,
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FIG. 4. Raman spectra of the internal modes at various pres-
sures.

with a spot size of 20 um, was used for excitation. Back-
scattered Raman light was analyzed using a triple spec-
trograph (Spex, model 1877) equipped with liquid-

nitrogen-cooled CCD multichannel detector (Pho-
tometrics Ltd.).
RESULTS AND DISCUSSION

The survey Raman spectrum of solid iodine at 2 GPa
in Fig. 1 shows all six Raman-active k =0 phonon modes,
as identified by the corresponding symmetry species. The
additional features labeled by numbers are due to higher-
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FIG. 5. Pressure-induced shifts of the observed frequencies
of first-order Raman bands.
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FIG. 6. Higher-order Raman
spectra of solid iodine at various
pressures.
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order processes, to be discussed below.

In comparison to earlier high-pressure Raman studies
of first-order Raman spectra, '>!3 the following additional
observations have been made in the present investigation.
The pressure dependence of the two low-frequency modes
B, and B,, could be followed up to 6 and 2.7 GPa, re-
spectively (Fig. 2). At higher pressures these modes be-
come unobservable due to their small intensities or due to
overlap with other bands. The evolution with pressure of
the librational 4, mode [Fig. 3(a)] suggests that a new
peak (labeled X) emerges on the low-frequency side and
grows in intensity, whereas the original peak has nearly
vanished around 20 GPa. An additional band (Y) ap-
pears on the high-frequency side of the librational B,
band above =~10 GPa [Fig. 3(b)]. In the internal mode
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FIG. 7. Pressure-induced shift of higher-order bands ob-
served above 200 cm™!. The solid lines serve as a guide for the
eye.
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region (Fig. 4), a crossing of the 4, and B;, modes
occurs at 9.5 GPa. The frequency of the 4, mode con-
tinues to increase with pressure, whereas the B3, mode
exhibits a shallow maximum around 18 GPa followed by
a slight decrease, as observed earlier by Hayashi et al.!3
The spectral features at 21 GPa, which cannot be ex-
plained by continuation of the two internal modes of the
low-pressure phase, suggest the appearance of an addi-
tional band between the B;, and A, modes. Above 21
GPa, no peak can be observed in the frequency range
where one would expect the internal B;, mode from the
given trend. Instead, a broadband, probably a multicom-
ponent structure, is observed at 22.5 and 24.6 GPa. At
higher pressures the intensities become so weak that it is
difficult to trace any peak out of the background. The
pressure shift of all modes described above is shown in
Fig. §.

The present observation of the low-frequency lattice
modes (B, and B,,, Fig. 2) in the low-pressure range
does not suggest any interpretation different from the
model of molecular dissociation.!> However, from the
other observations some questions on the way of molecu-
lar dissociation arise. The appearance of two new bands
(X,Y) above 10 GPa may be related to the new spectral
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FIG. 8. Dispersion curves of solid iodine along the [100] and
[001] directions. Reproduced from Refs. 20 and 21.
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components observed in Mossbauer spectroscopy at 16
GPa, which have been explained as the result of the for-
mation of a quasi-one-dimensional lattice, i.e., an I,-I,
zigzag chain.” Conversely, this structure has been re-
garded as arising from a dimerization of iodine atoms of
the high-pressure phase upon decreasing the pressure, as
formulated by Takemura ef al.® and by Luthi and
Reich.!!

In the latter study,!! a quasi-one-dimensional lattice
has been predicted on theoretical grounds as a possible
phase of solid iodine preceding the molecular dissocia-
tion. On the basis of a charge-density-wave concept,
molecular dissociation was treated as the reverse process
of dimerization or polymerization. It was found that the
charge-density distortion caused by the application of
pressure increases the charge transfer between neighbor-
ing atoms of adjacent molecules in such a way that a
quasi-one-dimensional lattice can be formed, at pressure
below molecular dissociation. Although this intermedi-
ate phase was suggested to be of the same symmetry as
the normal molecular phase,!! and would not give rise to
any new normal vibrations, the different charge-density
distribution of the quasi-one-dimensional lattice would be
likely to shift the frequencies of the phonon modes. The
new Raman bands observed in our measurements may be
regarded as a manifestation of the coupling between pho-
non modes and charge-density wave. The structure sug-
gested for the high-pressure phase after molecular disso-
ciation has one atom per primitive unit cell, and should
not give rise to any Raman spectra. The distinct Raman
spectra in the internal mode region observed above 21
GPa might thus be due to a coexistence of low- and
high-pressure phases. On the other hand, the observation
of a new band in the internal mode region above 19.4
GPa may be also understood within the framework of an
intermediate high-pressure phase of molecular character.

Higher-order Raman spectra have been observed in the
frequency range up to 500 cm ™!, and are shown in Fig. 6.
For the bands above 200 cm ™! the pressure dependence
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of the frequencies is displayed in Fig. 7. Above 7 GPa,
the distinction of frequencies 6, 7, 8, 9, and 10 becomes
difficult as the bands merge. From consideration of the
symmetry species of the normal modes, and of the Ra-
man tensor at the symmetry points,'®!° we find that all
overtones and combination bands should be Raman ac-
tive, except for a few combinations at the center of the
Brillouin zone.

By comparing the dispersion curves available from
Refs. 20 and 21 (Fig. 8) with the present experimental re-
sults, the following assignments can be made. Band 4 is
attributed to the overtone spectrum of the internal
modes. The features between 200 and 320 cm ™! (bands
5-10) are due to two-phonon combinations of the inter-
nal modes and lower-frequency lattice modes. The peaks
above 400 cm ! (1-3) arise from three-phonon states due
to combinations of internal overtones with lattice mode
states.

On the basis of this assignment, the frequencies of the
involved lattice modes may be determined as a function
of pressure, by simply subtracting the known frequencies
of the internal overtone states from bands 1-3, and of the
first-order internal states (estimated as half the frequen-
cies of the overtone states) from the positions of bands
5-10. Results are shown in Fig. 9(a); we note that the
frequencies derived from features 1, 2, and 3 agree with
those derived from features 5, 7, and 10, respectively.

Next we turn to the discussion of the three weak bands
11, 12, and 13 observed in the low-frequency region of
the spectrum, i.e., below 160 cm™!. It is suggested that
these higher-order bands arise from difference transitions
between internal phonon states and the lattice mode
states. Figure 9(b) compares the experimentally observed
pressure shift of the mentioned bands, with possible
differences calculated from the internal mode frequencies,
and from the lattice modes derived above as shown in
Fig. 9(a). The agreement of frequencies 11, 12, and 13
with some of these combinations suggests that these
features are in fact due to difference transitions involving

FIG. 9. (a) Pressure-induced
shift of the lattice mode states
involved in the higher-order Ra-
man bands. Differences between
experimentally observed fre-
quencies were calculated as de-
scribed in the text. The solid
lines serve as a guide for the eye.
(b) Comparison of observed
higher-order bands below 160
cm™!, with possible differences
between the frequencies of inter-
nal modes and lattice modes, as
derived in (a). The solid lines
serve as a guide for the eye.
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internal phonons and lattice modes.

Proper assignment of the lattice mode states involved
in the observed higher-order spectra is rather difficult due
to the limited knowledge of the dispersion curves, which
have been measured only for the [001] and [100] direc-
tions. 2’ Moreover, no information is available on the crit-
ical points, which are intimately connected with any
structure occurring in the higher-order spectra. Based on
a comparison of the frequencies of the lattice modes at or
near ambient pressure [from Fig. 9(a)] with the available
dispersion curves,?®*?! and accounting for a slight tem-
perature shift, the following tentative assignments may be
proposed. Modes 4, B, and F may be identified with
states at or near Z ‘1‘, Z ?, and Z %, respectively (cf. Fig. 8);
modes C, D, and E may be attributed to states at or near
Z3 and Z!, and near Y around 65 cm™!. Information
about critical points can be obtained by analysis of the
phonon density of states. Any structure occurring in the
higher-order spectra reflects structure in the frequency
dependence of the phonon density of states. In our as-
signment of the higher-order spectra, mainly the Z point
was used to account for the observed frequency
differences. This may indicate that the Z point is a criti-
cal point.

Next we address the relation between zone edge and
zone center modes. Comparing Fig. 5 with Fig. 7 we find
that the observed frequency of the overtone (band 4 in
Fig. 7), which is probably due to states near Z], shifts
with pressure in a manner analogous to the one of the 4,
internal mode at lower pressures. At higher pressures,
however, the pressure dependence of the overtone is more
similar to the one of the B;, internal mode at higher
pressure. The frequency shift with pressure of branch Z?

is similar to that of the B, lattice mode.

Such pressure-induced changes may be related to al-
terations in the k dependence of the dispersion curves,
which in turn may be due to changes of structural param-
eters and lattice dynamics of iodine under pressure.
Theoretical studies’>?* of the pressure dependence of
normal mode frequencies at the I" point are found to be
in qualitative agreement with the experimental results. It
is desirable that the present observation will stimulate
further theoretical investigations, to gain a better under-
standing of the lattice dynamics, and of the way of molec-
ular dissociation in solid iodine under pressure.

CONCLUSIONS

The present high-pressure study of solid iodine by Ra-
man spectroscopy reveals the appearance of new bands
above 10 GPa. The new features are discussed with
respect to a previously suggested quasi-one-dimensional
molecular phase existing at intermediate pressures before
molecular dissociation, and may point out a more subtle
way of dissociation than previously proposed on the basis
of X-ray-diffraction studies. Higher-order spectra have
been observed for the first time up to =10 GPa, and are
assigned to two- and three-phonon processes involving
combinations of lattice mode states near the edge of the
Brillouin zone with internal modes and their overtones.
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