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Raman spectra of a high-pressure iodine single crystal
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Raman spectra have been collected in iodine single crystal at room temperature in the pressure range 1-14
GPa using a micro-Raman apparatus. The pressure at the sample was generated by means of a diamond anvil
cell. Single crystals were growin situ over the inner diamond surface. A careful analysis of the frequencies
and intensities of interndbtretching and externallibration) modes as a function of the pressure is reported.

In particular, analysis of the relative intensities of the Raman modes confirms a theoretical prediction about the
pressure evolution of tha, stretching mode eigenvector and the huge intensity increase of the external modes
with respect to the internal ones is well consistent with the predicted increased role of the charge-transfer
interaction when approaching the metallization transition pressure. At pressures higher than 10 GPa, spectral
features were observed simultaneously with the appearance of two peaks forbidden in the adopted sample
geometry. The experimental results obtained are eventually discussed in comparison with recent experimental
and theoretical works.
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[. INTRODUCTION the metallization transition was observed in the molecular
phase at 16 GPa and ascribed to a band overlap mechanism.
One of the most intriguing phenomena exhibited by mat-The crystal structure remains unchanged up to 21 GPa where
ter under extreme pressure conditions is the occurrence aie dissociation transition takes place with a structural tran-
the metallization transition. It is well known that diatomic sjtion to a monatomic orthorhombicbco structure
molecular systems show a metallic behavior when the d|Sf|mmn(D§ﬁ)]_10,ll The dependence of the structure on the
tances between nonbonded atoms become comparable Withsjieq pressure is well known from x-ray diffraction

the molecular bond length. Even thqugh the.exact path fronéxperiments":lz the unit cell contracts anisotropically
the molecular nonmetal to the atomic metal is often not well

) . ) ) Aal/a>Ab/b>Ac/c), reaching a volume compression of
defined from both an experimental and theoretical point Q{more than 30% at 21 GPa. The molecular axis, forming an

view, a two-step transition is nowadays predicted for a vari- o : .
ety of systems: a first nonmetal-to-metal transition, whichang|e7 of about 32° with thg long axis at ambuoan_t pres-
preserves the molecular unit, followed by a transition from a>U'€: rotates and the value increases up to-40° in the
molecular-metallic phase to an atomic-metallic phase. Thaholecular metallic phase. These large changes in the crystal
metallic and dissociation transition pressures depend upofiructure induce a small increase of the mtramoIeCLgI?sr dis-
the peculiar characteristics of the system. In particular lowfance(from 2.720 A atP=0 t0 2.740 A aP=6 GPa)”
transition pressures are found for systems with small energfts & matter of fact, a strong pressure-driven intermolecular
gap and high intermolecular interaction. Interaction modifies the intramolecular potential in a way to
lodine is an ideal system for studying the evolution fromapproximately balance the lattice compressibiElectron
an insulating molecular system towards the high-pressurdensity maps, obtained by an advanced x-ray diffraction data
atomic metal. Under ambient conditions, iodine is aanalysis, show a systematic increase of the electronic delo-
semiconductdrwith an energy gap of 1.35 eV and many of calization in thebc plane as the pressure is increasedihe
the properties of its condensed phases are driven by theppearance at high pressure of a planar network of strongly
strong intermolecular interacticn® The iodine crystal be- connected moleculefzigzag chains in qualitative agree-
longs to the face-centered orthorhomhimca(D3%) space  ment with the theoretical calculatitthas been regarded as a
group @=7.136 A, b=4.686 A, andc=9.784 A atP  precursor of the insulator-to-metal transition.
=0). The molecules lie in théc plane in a zigzag planar Changes in the polarizability are expected to be induced
arrangement stacked along thaeaxis”® The distance be- by this electronic rearrangement and therefore Raman spec-
tween first neighboring atoms (3.49 A) is shorter than twicetroscopy is an ideal tool to probe them. In the orthorhombic
the van der Waals radius R=4.15 A) and suggests a phase the internal stretching modés{Y andB)) are both
remarkable intermolecular interactidt room temperature, Raman active while only four external modeB,f, Byg,
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A, and BY) librations are Raman activ€:*® High-  nally, an absolute frequency calibration was performed using
pressure Raman studies have been also carried out dhe known emission lines from a Ne lamp.

iodinet®*?°up to 27 GPa. In agreement with lattice dynamics High pressure at the sample was generated by a mem-
calculations performed using a rather complex potentiabrane diamond anvil celiMDAC) purchased by BETSA.
model?* a weak pressure dependence of the internal modeBhe anvils were low-fluorescence Il A diamonds with an
in comparison with that shown by the external ones wag00-um culet diameter; the gaskets, 250m thick, were
observed up to the molecular-atomic transition where all thenade of a Mo foil in order to withstand chemical reactions of
spectral features disappedr’ The spectra collected at pres- jodine. Under working conditions the sample inside the gas-
sures above 10 GPa showed the appearance of spectral fgay had a typical diameter of 30@m and was 30-5Qum

tures which were discussed with respect to the onset of g,k The pressure on the sample was measured after each

quasrﬁne—fjlmengﬁn_al n;olecular n.etvxé%ri n m? ptl)ant(aj Raman acquisition oh, by collecting the fluorescence spec-
(i.e., the zigzag chain above mentioj Simple bon trum from small ruby chips placed at the surface of the

charge model has also been propo_sed t(.) accqunt for the rgé\mple itsel?* The pressure uncertainties were estimated to
sults from Raman and x-ray diffraction hlgh-pressurebe +01 GPa

14,22 \\fisti ; L
data:™“* Within this model the observed pressure depen The sample, doubly sublimatdg powder (by Mercks,

dence of the phonon modes has been mainly ascribed to | handled with . Is i I b .
remarkable changes in the relative distribution of the bond?2S 8Wways handied with ceramic tools in & glove box main-
charge and in particular to the increase of the two intermot@ined a low temperatur@elow 5 °C) under Bl atmosphere

lecular bond charges with respect to the intramoleculat’ order to prevent .C.hemlpal contamination. A pellet was
onel*?223ynfortunately, due to the polycrystalline nature of obtained by synthesizink, fine powder at high pressure in
the samples, no intensity analysis was reported in the previhe gasket hole. After heating up the cell to room tempera-
ous high-pressure papéers2°This analysis would be of great ture, the load on the diamond anvils was released and a small
interest since the intensity of the Raman peaks is related tguantity of iodine was allowed to sublimate outside the cell.
the charge density involved in the phonon modes and caAfter resealing the cell by applying the load on the anvils,
therefore be useful in investigating the occurrence of chargeve obtained a gasket hole partially filled with Finally, by
transfer processes. As a matter of fact a polarization analysimpulsive laser heating of the surface of the sample, we were
of Raman intensities collected at ambient condition hasible to grow by sublimation small single crystals on the in-
shown the presence of a detectable charge transfer fromer free surface of the diamond. The pressure on the single
within the molecule towards the intermolecular bondingcrystals was generated by a further increase of the load on
in 18 . . .
region: the anvils. Due to the complexity of loading the sample, no
In this paper we report an analysis of Raman spectra colpressure transmitting media were used as well as in Ref. 20.
lected on a single crystal of iodine in the 1-14 GPa pressurghe lowest pressure attained following this procedure was
range. The experiment was performed using a diamond anviround 1 GPa. Crystals grown in the MDAC were identified
cell for generating the pressure and a micro-Raman setup fajy means of a microscope under polarized light since differ-
collecting the spectra. lodine single crystals were grown ently oriented crystalline domains appear as different gray
situ on the diamond surface. This procedure in conjunctionones. We want to note that, because of the very high thermal
with the high quality of the data allowed us to study the conductivity of diamond, crystals grown directly on diamond
pressure dependence of the intensity of the allowed Ramago not suffer any detectable increase of temperature caused
modes. by the laser beam. The absence of laser heating on the
sample was checked by analyzing the Stokes/antiStokes
ratioX® The crystals grow with théc plane parallel to the
diamond surfacéas reported also in Ref. 25n this geom-
Raman spectra were collected by means of a LABRAMetry, the electric field of the incoming laser beam lies in the
spectrometefby Dilor) using a 632.8-nm excitation from a bc plane and therefore the only allowed modes are those of
16-mW He-Ne laser. A confocal microscope focused the poAy and Bs, symmetry, namely two interndbtretching and
larized laser beam and provided collection of backscatteretivo external(librationa) modes. The quality and orientation
photons. An optical notch filter is used to improve rejectionof the crystals were also checked by collecting Raman spec-
of the elastically scattered light from sample and optics. Atra at the lowest pressure on different crystalline domains
polarization analyzer is used to select the polarization of thevith parallel polarization configuratiofi.e., with the polar-
scattered light. A 30-cm-focal-length grating monochromatolization axes of the analyzer parallel to that of incoming laser
disperses the spectra on a cooled low-noise ¥02%6 pixel bean). In Fig. 1 the spectra from the darkest and lightest
charge-coupled deviceCCD). In the present experiment, a domains are shown in the frequency range of the vibrational
22-mm-focal-length (28 magnification) objective was used modes. In the formefthe “dark gray” ong both Ay andB3,
and the confocal pinhole was adjusted to obtain a scatteringibrational modes are well evident while in the latighe
volume of only a fewum across. The entrance slit of the “light gray” one) the B3y mode has practically disappeared.
monochromator was set to yield the ultimate resolution ofFrom the intensity ratio of the two modes, according to the
the instrument which was better then 3 chin the spectral previously reported polarization analysfswe can infer that
region investigated. By slightly tilting the notch filter, we the electric field of the incoming laser beam makes an angle
were able to collect reliable spectra down to 80 ¢mFi- 6 greater than 60° with thb axis for the dark gray crystal
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9000 - - - (AP andBY)) modes, centered at 101 ¢ 113 cmi'?,

182 cm?, and 191 cm?, respectively, are quite intense
and well resolved. Minor broad structures are also detectable
- around 225 cm?, 290 cm!, and 370 cm!. The latter,
marked by an asterisk in Fig. 2, can be safely ascribed to the
first overtone of the stretching modes while the others are
stretching-libration combination bands. In the following we
will focus on the pressure dependence of fhgand B
one-phonon peaks.
The high quality of the data, together with the situ
?40 160 180 200 200 crystal growth technique and the high spatial resolution of
the confocal microscope, allowed us to perform a careful
shape analysis of the Raman peaks. The central frequency,
FIG. 1. Raman spectra of iodine collectedPat 0.9 GPa focal-  the widths, and the integrated intensities of internal and ex-
izing on a “dark gray” (solid line) and on a “light gray” (dashed  ternal modes were determined by fitting the experimental
line) crystal. The absence of tH& mode in the spectrum from data with Voigt profiles in the stretching and librational fre-
light gray crystal confirms the very good crystallinity and the dif- quency range. A typical best-fit curve together with the four
ferent orientation of the two crystalsee Ref. 18 single-phonon contributions is also shown in Fig. 2. A low-
power polynomial background was also used in the fitting
while it is almost parallel to thé axis for the light gray routine. Very good agreement between the experimental data
crystal. and the fitting curve shown in Fig. 2 was obtained for all the
We collected Raman spectra with parallel polarization agpectra at the different pressures.
a function of pressure in the 1-14 GPa range from the dark-
est domain owing to the low Raman intensity from the
lighter domains. A systematic reduction of the overall Raman 1. RESULTS AND DISCUSSION
signal was observed as the pressure was increased but a
guantitative analysis of this effect was not attempted due t§

6000

| (arb. units)

3000

Raman shift (cm™)

In Fig. 3(@) room-temperature Raman spectral intensities
I) from solid iodine at different pressur@are shown in a

the strong dependence of the Raman intensity on focusin »,P) three-dimensional plot. Photon counts were normal-

A e ot e e crence of resre We i o et ety of ) srtcing e I
J ) P g Fig. 3(b) a smoothed intensity plot in gray toneslobdn the

sity of the Raman signal. We want to point out that the ab- 'P) plane is shown. The main four peaks are the two li-

solute intensities of the Raman modes can be affected rational modes and the two molecular stretching modes in
both different focusing and optical properties which Can 0 80-120 cmt and 180—210 cmt frequency ranges, re-

show a pressure depender(eeg., the refraction indgxIn . ; .

the following, therefore, we just deal with the pressure de-Sp:é:é':ﬁg'W-gﬂeevﬁ)(;g?uirne't'ﬁguffio hggj;e?:r? eOfa%Litﬂ}g:g

pendence of intensity ratios between Raman modes, thedd ; g€,
pronounced for the internal modes. A saturation in the pres-

?eunas?tt;'g?tﬁzlrganmognag%?:rj by variation of the absolute In_sure dependence of the librational mode frequencies and the

i i (S (S i
In Fig. 2 the spectrum collected at 5 GPa is shown. LatCrossing of the internah™ and By modes in the 10 GPa

tice librational (AéL) and ng)) and molecular stretching pressure range are also evident in Figh)3O0ur data are in _
good agrement with the pressure dependence of the experi-

mental frequencies reported in Ref. 20 and shown in Fig.
3000 — T T 3(b) as white circles. The pressure dependences are also in
agreement with theoretical calculatiofs.
The most relevant feature that clearly emerges from Figs.

@ 2000 3(a) and 3b) is the remarkable pressure dependence of the
€ Raman peak intensities. In particular, the spectra show a dra-
g matic increase of the librational mode intensities with respect
g; to the vibrational ones. Although, as mentioned above, a

s
o
o
o

comparison among the absolute intensities between different
spectra may be questionable, a detailed analysis of peak in-
tensity ratios can be safely performed for each spectrum. The
best-fit values obtained for the integrated intensities of
stretching and librational modes was used in the intensity
analysis. The pressure dependence of the intensity ratio
FIG. 2. Raman spectrum of iodine B&5 GPa; the solid line Aés)/BgSg) is shown in Fig. 4, and the ratios between the in-
is the best-fit curve obtained by four Voigt profiles plus a low-ordertensities of librational and stretching modes having the same
polynomial background. The asterisk marks the position of the firssymmetry (A\E]L)/Aés) and Bg'é)/Bgz)) are shown on a logarith-
overtone of the vibrational modes. mic scale in Fig. 5. Up to about 10 GPa all the reported

H
100 200 300 400
Raman shift (cm™)
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FIG. 4. Integrated intensity ratié¥/BS? between the stretch-
ing modes as a function of pressure. The dotted line is a guide for
the eyes; the dashed vertical line indicates the pressure at which
crystal damage occurs. The 9 GPa ratio is affected by a large un-
certainty since the two peaks are almost superimposed.

evolutiorf* these peaks can be tentatively ascribed tcBthe
mode (90 cm?) and to the first overtone of thd,,
(125 cm ') mode, which are both forbidden in the original
sample geometry. It is worth noticing that, almost at the same
pressure, two additional broad structures appear as low- and
high-frequency shoulders of tie” andBY; peaks, respec-
tively. These structures, hatched in Fig. 6, were already ob-
served to appear at high pressube gnd Y band3.2° Their
0 100 150 200 frequencies as a function of pressétshown in Fig. 8b) by
Raman Shift cm ') black and white squares, are in good agreement with our
data. These spectral features were ascribed to the onset of a
FIG. 3. (a) Three-dimensional plot of room-temperature Ramanguasiunidimensional ordering in the plane?®in agreement
spectra as a function of pressure. Each spectrum was normalized With some theoretical speculations and experimental
the integrated intensity of tha(® stretching mode(b) Smoothed findings>26-%’
intensity plot in grey tones as a function of pressure and frequency As mentioned before, the pressure rotates the molecular
(the higher the intensity, the darker the tanéhite circles are the axis in thebc plane. In particular, in the pressure range ex-
measured peak frequencies reported in Ref. 20 for the internal anglored in the present experiment, the anglébetween the
external A; and B3y modes. White and black squares are the
frequencies measured in Ref. 20 for the and Y structures,
respectively. 101

P (GPa)

pressure dependences show a quite regular and monotonic
behavior, giving us further confidence about both crystal and
alignment stability. In particular, as the pressure is increased,
the intensity values of the two stretching modes become very
similar (see Fig. 4 and a huge increase of the librational/
stretching ratios takes pladsee Fig. % The increase of
about two orders of magnitude in the intensity ratios
ADIAL andBY)/BSY can be well reproduced, in the 1-10
GPa pressure range, by an exponential grotshed and
solid lines in Fig. 5. At pressures greater than 10 GPa the
data shown in Figs. 4 and 5 scatter away from the described

trend, suggesting that something is occurring to the sample. fig. 5. |ntegrated intensity ratio between stretching and libra-

In this same high-pressure regime two new small peaks aRonal modes as a function of pressure on a logarithmic scale: open

pear in the spectra at around 90 chnand 125 cm?, as squaresA/AS | open circlesB{)/BS . Solid and dashed lines

can be seen by an inspection of both Fig®) &nd 3b). In are exponential fitting curves for th, andBs, ratios, respectively.

Fig. 6 a single spectrum collected Bt=14 GPa is shown The 9 GPa ratios are affected by a large uncertainty since the two
where the new peaks are marked by arrows. Based on th&retching peaks are almost superimposed. The dashed vertical line
theoretical prediction for the phonon frequencies pressuréndicates the pressure at which crystal damage occurs.

Intensity Ratios

[¢]
o

0.01 L
0 12 15

P (GPa)
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' " ' " this situation the Raman intensity of the molecular modes is
A much larger than that of the librational lattice modes
’ 1 (ALDIAS = BL/IB{I<1072 at P<1 GPa), since the in-
tensity of the latter is due to the molecular polarizability
anisotropy and to intermolecular “interaction-induced” po-
larizability contributions’® The present results show that the
" 1 intensities of the librational modes steeply increase with re-
2xB 3 spect to the intensities of the stretching ones until, in the
19 high-pressure regime, they become almost of the same mag-
| S nitude A{/ALY~ BL)/BS)~1 around 10 GPa This be-
100 120 340 160 havior thus indicates that the relevance of intermolecular
. .1 “interaction-induced” contributions on the Raman spectrum
Raman Shift (cm™) are becoming more and more important with respect to the
FIG. 6. Raman spectrum of iodine Bt=14 GPa in the libra- m_olecular ones as the den_sity is increased, _wel! consist.ent
tional frequency region. The new peaks, which appear only abovith the idea of a progressive charge delocalization outside
10 GPa, are marked by arrosee text. Dotted lines are the best- the molecule over thec plane®**Moreover, since the in-
fit Voigt profiles. TheX and Y structures are indicated by the tensity ratios increase by more than two orders of magnitude
hatched areas. while the bc plane surface reduces by less than 15%e
observed effect shows a very strong dependence on the in-
termolecular distances. Such a behavior suggests the occur-
rence of considerable “induced” effeéfsdue to charge-
overlap and charge-transfer mechanisms. The results
reported in Fig. 5 can thus be seen as the spectroscopic sig-
! , . 2 . .~ nature of the onset and of the increased role of the charge-
present scattering cclnﬁgurauon, the |nc:|d(_ant eI(_ectnc .f'el ransfer interaction as the pressure is increased. On the other
m(%!( es(s?r.l angle>60 Wl.th theb axis, the intensity ratio hand, theoretical calculations and advanced x-ray diffraction
Ag /By is expt(asc);tet?s)to increase with pressure. The large, 5 vsis show that the effect of applying pressure is to
decrease of thé”/Byg ratio exhibited by our experimental gyrongly enhance nonaxial contributions to the charge
data can only be reproduced by relaxing some of the congensity!® brought about by the charge-transfer intermolecu-
straints of the BP model, such as the assumed coincidengg, bonding. This effect is quite evident in the pressure de-
between the stretching eigenvector direction and the m0|eCLbendence of the electron density map calculated in Ref. 16
lar axis. In particular, if we allow the anglg/, formed by the  ang extracted from x-ray diffraction data in Ref. 15.
vibrational stretching eigenvectors with tleaxis, to d|_ffer It should be noted that, for thé, modes, pressure-
from the molecular axes anglg, our results can be inter- jnqyced electronic rearrangements can in principle also pro-
preted in terms of a reduction of with pressure even iy duce variations in the relative strength of the three nonvan-
is increasing. Indeed very recent theoretical calculations Ofshing components of their Raman tensors. A detailed
the pressure evolution of th&Y mode predict a rather large analysis of this effect would require changing the crystal
rotation of theA' eigenvectof® opposite to the direction of orientation and controlling the polarization of incident and
the molecular rotation in the crystal lattice. In particular thescattered light, both quite difficult tasks using a sample under
value of y' is predicted to decrease from 27P£0 GPa) pressure in a MDAC. Nevertheless, taking into account that
to 5° (P=10 GPa), producing a progressive misalignmentthe Raman tensors of th#&;, modes have only one compo-
between the eigenvector and the molecular axes whichent (two equal off-diagonal elementhe similar pressure
amounts to 33° at 10 GPa. This effect has been related tioehavior shown by the ratios in Fig. 5 suggests that the
pressure-induced rearrangement of the electron density above mixing effects are not so important, at least as far as
thebc plane, in particular to increases of the nonaxial chargehe ratio of theA; modes is concerned.
density along the intermolecular charge-transfer bonds. The The appearance of thé andY structures in the Raman
pressure dependence shown in Fig. 4 is therefore well corspectra at pressures greater than 10 GPa also deserves a de-
sistent with the theoretical predictidfisand can be consid- tailed discussion. Our data confirm the presence of these pre-
ered as a clear spectroscopic evidence of a pressure-induceidusly observed structures but in our experiment their ap-
electronic rearrangement. We want to notice that the resultgearance seems to be almost simultaneous to that of extra
reported in our previous papéisuggest that the eigenvector peaks which are forbidden in the adopted sample geometry.
is slightly rotated with respect to the molecular axisq{°) Indeed both effects can be understood on the basis of a pro-
also for ambient-pressure iodine, in good agreement with thgressive onset of strong pressure gradients within the sample
theoretical estimat®. which can lead to a strong distortion of the peak profile as
A second experimental evidence of the pressure-inducedell as the appearance of forbidden peaks. Also the irregular
electronic rearrangement can be found in the increase of theehavior for the intensity ratios shown in Figs. 4 and 5 above
librational/stretching intensity ratios shown in Fig. 5. At am- 10 GPa can be ascribed to the presence of anisotropic
bient pressure iodine is basically a molecular crystal, thestresses in the crystal. From our data and in the light of the
charge being essentially localized within the molecule. Inabove discussion the assignmentXfand Y bands to the

4000

1 (arb. units)

2000

molecular axis and the axis increases from 32.2°P(
=0 GPa) to 37.6° P=10 GPa)’ As a consequence, on
the basis of the simple bond polarizabiliy8P) model
adopted in the previous papBand recognizing that, in the
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onset of zigzag molecular chain structure is therefore doubtor the A{”/BY? intensity ratio supports the theoretical pre-
ful, particularly since this new intermediate phase is not supdiction of a remarkable pressure-induced rotation of Aje
posed to give rise to any new normal modés. eigenvector in thebc plane and, together with the abrupt
In conclusion, we have collected room-temperature Raincrease in the internal to external modes intensity ratio, is in
man spectra on iodine single-crystal grownsitu on the full agreement with a strong displacement of charge density

inner diamond surface of a diamond anvil cell. Spectra havdowards intermolecular bonds. This scenario is consistent
been collected as a function of pressure in the 1-14 GPg'th the hypothesis of a metallization process brought about
y a charge transfer from inside the molecular unit towards

pressure range. The quite QOOd quality of the data allows e neighbor molecules, along defined directions of charge-
to perform a careful analysis of the pressure dependence @f;«far bondds:22 Finally the present data show the appear-
both internal and external Raman modes. The effect of apsnce of several new spectral features 10 GPa in

plying pressure on the sample is that of inducing quite eviggreement with previous findingsalthough leaving doubts
dent modifications in the relative intensities of the four ob-as to the origin of these structure and to the previously
served Raman-active modes. The pressure behavior foundported interpretatioff.
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