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Fourier-transform infrared and Raman studies are performed on,}y(¢dmpound single crystals over a
large pressuré5s—30 GPaand temperatur€30—300 K range in a diamond-anvil cell. The effect of polariza-
tion on the infrared absorption is investigated. On the basis of the spectroscopic features and comparing to the
cases of pure solid Hand of matrix isolated Kin argon crystal, we assign the quite complex infrared spectra
to the pure vibron and vibron plus phonons and vibron plus rotons combination bands. The difference of the
infrared and Raman vibron frequency, as a function of pressure, is interpreted quantitatively with reference to
vibrational coupling between hydrogen molecules, as in the hydrogen crystal case. Information on the struc-
tural properties can thus be derived. Finally, this study highlights the similarity in the molecular problems for
the Ar(H,), compound and for solid hydrogef50163-182¢09)12529-3

[. INTRODUCTION pure molecular solid are stabilized. Furthermore, these make
it possible to create two-dimensional layers of interacting
The study of molecular crystals has undergone renewetholecules.
interest in recent years, with the possibility of performing Interestingly, the Ar(H), compound has been proposed
accurate and detailed experiments under static pressures ap a suitable system for observing extreme effects originally
in the megabar range. Important properties such as thpredicted to take place in pure hydrogen, namely, the
insulator-metal phase transition, the phase diagram of binargressure-induced insulator-metal transitioFhe experimen-
mixtures, or the quantum effects of density could be investital situation in the 200 GPa range is confusing since a pos-
gated. Among the molecular crystals, solid hydrogen keeps sible metallization has been reported in Raman
particular status for its quantum nature and its fundamentaheasurementsvhereas no signs of the disappearance of the
interest. Many spectroscopic investigations have been pewbron nor Drude edge due to free electrons have been ob-
formed on solid hydrogen at high pressure. One of the issueserved in IR measurements to 240 GRais suspected that
discussed most frequently refers to the pressure induceiie orientation of the crystal to the load axis might strongly
insulator-metal transition related to the softening of the vi-influence the properties of the system at extreme pressures.
bron as an indication of the weakening of the intramoleculaAlso, the analogy with the hydrogen problem has been ques-
bond and possible structural phase transitions. tioned under the argument of the possible hybridization of
A completely new phenomenology has emerged with thehe Ar orbitals with those of the Hmolecules.

unexpected discovery that the application of high pressure to We show below that, at least to the 50 GPa range, there
binary mixtures may stabilize ordered solid phases of tware strong analogies between the spectral data of Ag(H
molecular systems mixed in stoichiometric proportiérs. and solid H. The same well-known excitations of solid, H
These are, under all aspects, new compounds where the malre here observed in a different environment. The structural
ecules are held together by weak van der Waals forces. Aftgsroperties of this compound, discussed extensively in the
the first identification of the He(},; compound, others next paragraph, create in the sites occupied by the hydrogen
have been found such as Ne(HgAr(H,),, CH,(H,), etc.  molecules a crystal field with a different symmetry than that
The importance of these systems lays in the fact that they aii@ the hcp pure hydrogen crystal. This configuration can have
useful to study interactions among simple molecules in antriguing consequences on some physical properties, such as
different environment. Different structures than those in thethe rotation of the molecules and theg-H, coupling. Prin-
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FIG. 1. Drawing of the unit cell of the Ar(k), compound. The FIG. 2. Rotational and vibrational energy level diagram of the

H, molecules are shown as little dumbbells, and the Ar atoms a§ydrogen molecule including the standard nomenclature of molecu-
large spheres. Theaxis is vertical and the origin is coincident with 1ar transitions.
molecule No. 7. The distancéy , R,, andR3, used in Sec. V, are
indicated. Cs,, at the coordinates xfy2) =(1/3,2/3y), (1/3,2/3,1/2
—v), (2/3,1/3,1/2-v), (2/3,1/3y) while the H, molecules

cipally this latter aspect will be investigated quantitatively toare positioned in two sites of different symmetry, namely,
interpret the spectroscopic data. In addition, our set of extwo molecules(7 and 8 in Fig. 1 at the positiong0, 0, 0,
perimental data of vibron frequencies versus pressure, o9, 0, 1/2, in sites of symmetryD3y, and six Lnolecules
tained at low pressure, is an important prerequisite for thglabeled from 1 to 6 in Fig. lat the positions ,u,3/4),
analysis of the synchrotron infrared7absorption data obtainefizu u,3/4) (UZU3/4) u 31/4) (ZUU 1/4), (u,2u,1/4)
at ultrahigh preSSl,_lr(aJp o 220 GP_h . in sites of symmetryC,, . Molecules 7 and 8 are vertex of

In the next section we discuss in some detail the StruCtUrgs ahedra. whose bases are formed by molecule 6 of the
of the Ar(H,), compound, on the basis of the available x-ray same cell and molecules 4 and 5 of adjacent cells. The pa-
data® Section Ill is a brief description of the experimental rametersu (1/2<u<1) andv (0<v<21/2) have not been
setup, while in Sec. IV the spectroscopic results areé Prégetermined by x-ray measurements. In particular, depending
sented and the observed spectral components assigned. §f e yalue ofu (see Ref. § the equilateral triangles de-
Sec. V we discuss in detail two aspects of the data. One 'ﬁicted in Fig. 1 change their dimensions. fox5/6 all the

the splitting of the IR vibron observed at low temperature.  Jiacules on the= 1/4 andz=3/4 planes are arranged on
The second part of this section is devoted to the calculatio%qual equilateral triangles, at a distarRe=R,=a/2. If c

of the difference between the Raman and the IR vibron

. - . =./8/3xXa then we have als®;=a/2.
modes, and the comparison with the experiment. As it will be demonstrated in this study, similarly to what

happens in pure solid hydrogen, the iHolecule in this com-
Il. STRUCTURE OF Ar (H,), pound crystal at relatively low pressure can perform almost
free rotations and vibrations, whose energy levels are only
When a 2:1 mixture of bland Ar gases is pressurized in slightly displaced from that of the free molecules. Also the
a diamond-anvil cell at room temperature, it solidifies atdistinction between para and ortho hydrotfda still valid in
about 4.3 GPa into an homogeneous solid. If pressure risahis solid. For clarity on the nomenclature, therefore, we re-
smoothly, in some cases, visual observation suffices to iderport in Fig 2 a scheme of the first few rotovibrational levels
tify a faceted crystal in the cell, in equilibrium with the fluid of the ortho and para species of the hydrogen molecule.
mixture. The structure of this compound has been deterAmong the transitions represented in the figure, the pure ro-
mined by synchrotron x-ray diffractichThe diffraction re- tations Sy(0), So(1), Sp(2), andSy(3), and thevibrations
sults are consistent with theoretical considerations by Gibbg),(0) andQ,(1) are observed in the Raman spectra, while
free energy calculations, which predict a stable structure iscthe IR spectra are characterized, in the frequency region in-
morphous to the MgzZnLaves phase. The unit cell is hex- vestigated, by features due to vibrational and rotovibrational
agonal, and contains eight,Hnolecules and four Ar atoms. transitions(see Sec. V.
Dimensions of the unit cell at 6.2 GPa aae-5.211(2) A
andc=8.482(7) A® The crystal structure of the MgZral-
loy was determined first by x-ray analysis and density mea-
surements by Friadf Accordingly, he specified the position The Ar gas(purity 5.0 and H, gas(purity 4.5 were pre-
of Zn and Mg atoms and proposed the two space groupfixed in the ratio 1:2 in a bottle, and left to equilibrate for a
DS (P6322) orDg, (P63/mmg. More recent results have few days. Subsequently the sample was filled into the mem-
confirmed that the space groupD4,,.>1°The unit cell of the  brane diamond-anvil ce(lMDAC) (Ref. 12 via a high pres-
Ar(H,), compound is drawn in Fig. 1, where the small dumbsure gas loading system. Solidification, obtained rising
bells represent the hydrogen molecules and the larger circlesnoothly the pressure above 4.3 GPa at room temperature,
are Ar atoms. Two molecules of a neighboring cell are alsgroduced usually a faceted oriented hexagonal crystal.
shown. The H molecules are numbered from 1 to 8 and the The Raman spectra, excited by an Ar-ion laser either
distancesR;, R,, andR; are here indicated for future refer- in forward scattering or at an angle, were collected by a
ence. Spex triple-mate spectrometer equipped with a cooled CCD
The four Ar atoms occupy equivalent sites of symmetrydetector, in the range of the ,Hrotation lines (356

IIl. EXPERIMENT
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FIG. 3. Overview of the pressure evolution of the FTIR spec- FIG. 4. Infrared spectra as a function of temperatures at a con-
trum at room temperature. Vibron excitations contribute to the abstant pressure of 7.7 GPa. Decreasing temperature, the vibron band
sorption feature centere@dt 5.4 GPaaround 4250 cm' (referred  shows more clearly its structure, as discussed in the text.
to in the text as theibron band, while the band between 4450 and
4900 cm ! is due to vibron-rotons and vibron-phonons combina—ing subsection. Raising the pressure, the frequency of this
tions. band increases almost linearly in energy, and its intensity

grows considerably.
—1000 cm') and in the region of the H vibron A stronger band, containing a few broad maxima, whose
(=4200 cm 1) with a typical resolution of 2—3 cit. The relative intensities vary drastically with increasing pressure,
infrared spectra have been recorded with a FTIRdS evidentin the range 4500-5000 th The decomposition
spectromete(Bruker 120 HR equipped with a InSb detector Of this complex pattern, discussed later in detail, shows that
in the region of 4000—6000 cm, with a typical resolution  the frequencies of the band maxima evolve quite differently
of 0.5 cmi *. The infrared beam was focused on the samplévith pressure. With respect to the fundamental mode the
in the MDAC via Cassegrain optics. This system allows affequency of this band is shifted, roughly, by the energy
remote control and measurement of the sample pregbyre corresponding to the rotational excitatiods=0—2 or J
means ofin situ observation of the ruby fluorescerfideand  =1—3 of the H, molecule. Therefore, at least two of the IR
the sample temperature, independently, without altering th@eaks observed in this frequency region are due to excita-
alignment of the MDAC, which is thermally coupled to a tions that correspond to a combination of one vibration and
closed-cycle cryostat. This complete system, for the meaone rotation jump of the fimolecule. The total intensity of
surements of IR spectra at high pressure and low temperhis band in comparison to the one in the former region is
ture, has been described in detail elsewHérg. about ten times larger at each pressure.

Many samples have been used for these measurements. Two further broad bands are present in the region 5000~
By finely tuning pressure, while observing visually the 6000 cm ! that may be associated to the combination of one
sample, we were able to grow perfect, faceted single crystal@bl’on plus a higher rotational transition. These bands are
of the Ar(H,), compound with a fluid mixture of equal con- pretty weak in comparison to all other described features,
centration surrounding it. The faceted crystal has been oband merge into one broad excitation increasing pressure.
tained either with the axis almost perpendicular and paral-  In cooling the sample at moderate pressure we hoped to
lel to the faces of the diamonds. Using a polarizer, it wasobserve more detailed spectisee Fig. 4, spectra taken be-
therefore possible to obtain spectra with radiation polarizedween 300 and 30 K However, the width of the various
in two nonequivalent directions, namely, parallel or perpenbands does not change too much, and the whole pattern is
dicular to thec axis, as described in the following. pretty much the same at different temperatures, aside from

two significant changes. In the first regiod100-4500
cm 1) the zero phonon line splits into a sharp doublet on
IV. RESULTS cooling. In the second rang@500—-5000 cm?) only the
first broad band around 4600 crhincreases remarkably in
intensity on cooling; due to the rough assignment above this

An overview of the absorbance spectra at room temperamight be a combination mode of & Kibron and a rotation
ture and different pressures is displayed in Fig. 3. The conef the para modification of H
sideration of the frequency ranges where absorption bands To complement infrared spectra we performed also Ra-
appears, in combination with the knowledge of molecularman scattering on the Ar(}H, compound crystal. In Fig. 5
excitations in the hydrogen solid suggests a rough assigrwe present some Raman spectra, at room temperature and
ment. The band located in the range 4200-4500ia to  different pressures, in the region of the rotational excitations,
be assigned to excitations closely related to the intramolecuwhich contain four well resolved bands between 300-1200
lar vibration, and will be referred to in the following as the cm™%, and in the region of the vibron, where we observe one
vibron band. This band is structured, and shows particulasingle band near 4200 cm.
polarization characteristics. The origin of this structure and The assignment of the rotational part of Raman spectra is
the assignment of its components is discussed in the followstraightforward. The four bands, from lower to high fre-

A. Description of spectra
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FIG. 5. Pressure dependence of the rotational and vibrational
Raman spectrum of the Ar(hl, compound crystal at room tem- o )
perature. The four pure rotational lin8g(J), J=0- - - 3 are clearly 0.08 | WA N
observed at frequencies similar to those of the single molecule, in
the low frequency region. The frequency of the intense vibron peak,
observed above 4200 c¢rh, increases rapidly with pressure.

0.04

quency shift, are identified aS,(0), Sp(1), Sy(2), and
So(3) (see Fig. 2 for the nomenclatyreThe presence of

well resolved rotational lines demonstrates that thentbl- ¢ -y
L ; 0.00 2 ]

ecules are freely rotating in this compound as in the pure H - ', s -

crystal. 4200 4300 4200 4300 4400

The relative iptegrated intensity of these four.bands is Frequency (cm'1)
almost constant in pressure. With respecssfl), theinten-
sities of S3(0), Sy(2), andSy(3) have the average values  FIG. 6. Infrared vibron banda) evolution with temperaturéb)
0.29, 0.12, and 0.09, respectively. These may be compared #pectra obtained with polarization either parallBl ¢r perpendicu-
the theoretical values 0.34, 0.15, and 0.10 which are calcuar (L) to the direction of the axis of the crystal{c) decomposi-

lated for one isolated molecule. tion of the band as it results from the discussion in the tékt;
The single band in the Raman vibrational spectr(fig. experimental phonon branchéStokes and anti-Stokes side, solid
5) corresponds to both single molecules transitiGghg0) line) obtained by subtraction of tHe,,, and induced bands from the

andQ;(1), that, as in pure solid Hat high pressure, are not €xperimental spectrum. The dotted line is the anti-Stokes branch
resolved. Up to a pressure of about 20—25 GPa, all the rotdpultiplied by the Boltzmann factor.

tional lines are well resolved and nonoverlapping. We can

measure then the frequency shift of the modes with pressur@pear completely with light polarized parallel to thexis
and the broadening of bands. of the crystal. This demonstrates the different origin of the

broader unpolarized band from that of the narrower peaks.
_ _ Since the selection of the polarization has been done with-
B. Analysis of spectra and mode assignment out altering any other aspect of the experimental setup, it is

We discuss in this section the assignment of the infrared?0SSible to obtain very good results by a simple subtraction
vibron band. This band, as mentioned in the Introduction, i€f the spectra measured in the two polarizations. This proce-
structured, and its shape changes drastically with temper&lure puts in evidence three bands, which then appears in the
ture, as appears from Fig(88. When our sample consisted dlfferenc_e spectra on a zero background. The central peak
of a single crystal having the axis parallel to the two dia- Nas @ width of about 7 cnt at room temperature, and is
mond faces it has been possible to obtain infrared spectr@Perimposed to two broader bands, symmetrically displaced
with incident radiation polarized in two nonequivalent direc- @t the sides, but with a different intensity. _
tions. These polarized spectra, obtained for a crystal of Since the structure of the Arg, compound is known,
known orientation, have been of fundamental help for theVe can analyze the activity of the vibron mode, and its po-
assignment of the observed bands to different crystal modekarization properties, on the basis of group theory arguments.

A series of 24 spectra at 12 different pressures from 7.7 t41 Table | the correlation diagram of the hydrogen vibron
36 GPa has been measured, at room temperature, using twede is shown, according to the proposag), structure.
different polarizations of the incident radiation at each pres- In theDg, structure the fundamental vibratior&g mode
sure. The shape of the rotovibrational combination bandspf the isolated H molecule splits into four components for
located above 4500 cml, does not show any significant the H, molecules in site€,, and into two components for
difference when the spectra collected with different polarizathe two molecules in siteB 4. The optical activity is re-
tions are compared, demonstrating that this band is esseatricted to two Raman and one infrared bandsy(, Eyg,
tially depolarized. Very evident differences, on the otherandE,,, respectivelyfor the molecules in site§,, , and to
hand, are manifest in the region of the vibron pg&kg.  only one Raman bandy;) for the molecules in siteB3q.

6(b)] where the narrow central peak and two sidebands disThe two total symmetric modes will be distinguished in the
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TABLE I. Correlation diagram for the hydrogen vibron mode in the Ar\fHHcompound crystal.

Molecular symmetry Site symmetry Factor group symmetry Activity

D Den
Aqg Raman

3 (Co) Ay Eq Raman
By, inactive
Eq, infrared

2 (D3g) Agg Aig Raman
Bog inactive

following with the notationAj, and A7;. The analysis by manent quadrupole of the,Hnolecule, that, however, has a
means of group theory shows also which are the polarizatiomero expectation value for a para-tholecule in theJ=0
properties of the IR active vibron. It results that for thg,  state.
infrared mode, the electric vector is oscillating in thé In Ar(H>), the situation is more complicated than in pure
plane. hydrogen. Since the Hmolecule does not possess a perma-

The simplicity of the measured vibrational Raman specnent dipole moment, also in this case the IR activity is due to
trum (Fig. 5 contrasts with the expected number of activedipoles induced by neighboring molecules. However, here,
components. A justification why some of the Raman fre-group theory analysis predicts, even for a perfectly ordered
guencies are not observed will be given in the following. crystal, the possibility of a symmetry allowed vibron mode,

The observed infrared spectrum can now be analyzed owith dipole moment oscillating in thab plane. Experimen-
the basis of these results. The depolarized spectra have begifly, in fact, not a single band but a structured feature is
collected with the crystat axis coincident with the optical observed in the vibron region, that results then as the sum of
path, thereforeey,, should be observable, since the electricsix componentgsee Fig. 6c)], whose assignment is now
vector is oscillating in the@b plane. In the polarized spectra, clear. The polarized central peakks, zero phonon IR ac-
collected with thec crystal axis perpendicular to the optical tive vioron mode, associated to the six Kolecules per unit
path, the IR active mode should be observed only when theell in the C,, sites. This will be denoted in the following,
polarization is perpendicular to theaxis. Therefore, one of analogously to the pure ftasé’ asQq, and corresponds to
the three narrow componentactually, the central one, as it the Q,(J) excitation of the single molecule. At room tem-
will be clear in the following, that is superimposed to the perature and high pressure, t9g(0) andQ4(1) lines are
broad band, and disappears when the polarization is rotatesbt resolved. The other two pairs of polarized bands, sym-
[see Fig. 60)] should be assigned to the allowig, infrared  metrically displaced with respect to tlg, peak, are to be
vibron. The presence of the unpolarized broad band and cfttributed to the Stokeghigher frequencyand anti-Stokes
the two other narrow bands remains to be discussed. (lower frequency components of combination of vibration

It is illuminating at this point to repeat the group theory and phonons. The existence of these low frequency excita-
analysis for pure hydrogen in the hcp phase. The space grodjpns is a characteristic of this compound that has no reci-
is the same of the Ar(}), compoundDg,, (P63/mmg but  procity in pure H. This assignment is confirmed by the spec-
all molecules are sitting on equivalent sites of symmetrytra obtained at low temperature, as it will be described in

D (6m2). The result is that no IR active vibron mode is det@il in the following. . -
predicted in this structure. TH@ branch of the IR absorption | :;he unpolafnzed bbroad4%ar_lri has_aswcl;j;h wh|cbh mclrggses
spectrum of pure solid 5 however, has been known for a with pressure from about 40 cm atp= a to about

long time, from the measurements of Gifsht low pressure, cm - at 30 GPa. We assign this band to the vibration of all

those of Jean-Louis at low temperature and higher"[he H; molecules(i.e., those on boti€,, andDsq Site9 in

pressuré’-°to the more recent ones, at room temperatureWh'Ch the dipole moment is induced by neighboring ortho

in th b #9eThis band i i molecules by means of multipole induction or overlap
In the megabar pressure rangetnis band 1S aSymmetric, ., chanism. The ortho molecules are randomly distributed in
and has a width of about 13 ¢rh at low pressure and low

6 i v the lattice sites, therefore this contribution cannot be can-
temperature;’ growing to about 180 cm' at 80 GPa and celed out by the symmetry of the crystal. This is exactly
room temperatur& The IR vibron band in His interpreted what happens in pure Hand this band corresponds, in our
as induced by the presence of orthg-hholecules in the interpretation to the one observed in i all different ex-
crystal'® Since these molecules are randomly distributedherimental conditiond®'”-?°The width of this band in pure
among the lattice sites, no cancellation effect due to the symH,, as measured, for example, by Gush, is narrower, but this
metry of the crystal occurs in this case. A more rigorouscan be easily explained by the lower pressure and tempera-
analysié! leads to the conclusion that this band is essentiallyture of the sample in that case. From Fig. 1 of Ref. 20 one
due to double transitions, in which a purely vibrational tran-can derive for this width in Kthe value of about 180 cnt
sition in one molecule is accompanied by an orientationabt room temperature and 80 GPa. Since we measured this
transition in one or more of its nearest neighbor ortho molbroad band between 5 and 30 GPa, we can extrapolate to
ecules. The stronger induction mechanism is due to the perero pressure, and we reach a value of about 12'¢ciretty
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close to the bandwidth by GushSince the dipoles induced 4500
on the molecules are randomly oriented, this band is not ® ArH,), IR
polarized. Ar(H,), Raman

All the spectra, recorded as a function both of temperature 4400
and of pressure have been fitted on the basis of this assign-
ment. A typical decomposition of spectrum into individual
bands is presented in Fig(®. The best fit of the phonon
side bands is obtained with two components both on the 43001
Stokes and on the anti-Stokes side.

It is noteworthy to observe the behavior of this band low-
ering temperature. The change of intensity of the Stokes pho- 4200
non band with respect to the anti-Stokes is dramatic. This is 0 10 20 30 40
documented in Fig. @), showing the temperature evolution Pressure (GPa) '

OL the wgror:j bant()jt, .an((jj In Etlg'(?)’ there tvr\:e show_the t FIG. 7. Pressure shift of the IR and of the Raman vibron modes
phonon argr_s, ?Kal;;]e ”SU rgtc Ny rodm de e;(p(?tr)lmen % Ar(H,), (solid symbols fitted with second order polynomjals
spectrum aff =9 the allowed E,,) and induced vibron compared with analogous data obtained for (dmpty symbols,

band, d_erived_ from the fit _Of the Who_le band. o joined by splines The fit parameters are given in Table 1.
The intensity of the anti-Stokes side, once multiplied for

the population factor exp-h(v—wo)/KT} [dashed line in Fig.  Before discussing the region of the IR spectrum in the
6(d)], wherev, is the frequency of th&,, vibron mode and  range 4500-5500 ct, it is useful to analyze the pure ro-
k'is the Boltzmann constant, is perfectly comparable to thafational Raman spectrum recorded at room temperature in
measured on the Stokes side. This nicely confirms the asne range 200-1200 ¢ (see Fig. 5 The pressure depen-
signment of these bands as due to combinations withjence of the frequencies of the four band maxima is dis-
phonons. The profile of this structure can be considered regsjayed in Fig. 8. The frequencies of the bands are fitted lin-
resentative of the density of states of low frequency phononeayly, and the resulting parameters are collected in Table 1.
These low energy excitations are induced by the presence @yr room temperature data of the compound crystal are very
the heavy Ar atoms in this compound. In fact, consideringgjose, within error, to our own room temperature data and
the typical values of the phonon energies in purdg&e, for oy temperature values of natural solid, ksee Table .
example, Ref. 2Pone obtains, for solid Ar at 10 K, values Fijrst therefore our assumption of freely rotating hhol-
between 0 and 100 cr, which compare perfectly with the ecules in Ar(H), as in solid H is justified. The second
spectrum of Fig. @l). This indicates, therefore, that the pho-

non modes which involve the Ar atoms are essentially un- — T T T T T T
coupled from those that involve the lighter, Hinolecules. -S (3) 2.68 cm/GPa
This will be more evident after the analysis of the phonon 1080 |70
modes, discussed in the following.

We now discuss the pressure shift of the modes that con- 1060
tribute to the 4200—4500 cnt band. The IR allowed vibron
frequency has been derived from the experimental runs done
with polarized radiation since in these cases the subtraction
of the spectra polarized in the two independent directions
gives, even at the highest pressure, a very evident narrow
peak. In these cases thexis of the crystal is perpendicular
to the load axis of the cell. A significative difference in the
IR peak frequency is measured if one considers instead the
maximum of the broad band observed when the cryssis
is oriented parallel to the load axis, and no polarization
analysis is possible. In these cases the IR frequency results
higher, of a quantity of the order of 30 ¢rhat 30 GPa. This
indicates a strong elastic anisotropy of this compound. For 600 .
all the subsequent analyses we have used the data obtained 400 F Cr T ]
with the c axis perpendicular to the load axis of the cell. The | S,(0) 0.28 cm’'/GPa
measured pressure shift of the IR and Raman vibron of
Ar(H,), are reported in Fig. 7, as a function of pressure,
where they are compared with analogous quantities mea-
sured for pure K (from the smoothed values of Ref. 23, 360 , — % T A
reported as a function of pressure by means of thedlia- 4 8 12 16 20
tion of staté*?9. As in pure H the IR vibron peak is at a
higher frequency than the corresponding Raman one, and the
difference amounts to about 70 chat 30 GPa. This differ- FIG. 8. Pressure shift of the pure rotational Raman lines in
ence for the Ar(H), compound will be quantitatively ana- Ar(H,),. Numerical values for the slopes are reported in each fig-
lyzed in the next section. ure.
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Line peak position (cm™)

380 .

Pressure (GPa)



6508

ULIVI, BINI, LOUBEYRE, LeTOULLEC, AND JODL

TABLE Il. Pressure dependence of frequencies of Raman and infrared excitations in thg Actirh-
pound crystal, compared to pure and matrix isolated Fhe coefficients), and Q5 of a polynomial fit
o(p)=wo+ Qp+Q,p?+Q,p° are sometimes indicated in brackets belw, if necessary.

Ar(H,), (300 K) H, H, in Ar
o 0, o O, o 04
cm ! cm Y/GPa cm?  cmYGPa cm? cm Y/GPa
Rotons(Raman
So(0) 358 0.28 361 0.01 381
Sp(1) 592 1.46 595 1.58 584
SH(2) 818 2.65 816 3.69
So(3) 1036 2.68 1036 2.98
Vibron (Raman
Q,(9) 4185.8 9.027 4166 8.9
(—0.08539 (—0.22f
Q4(1) 4153 9.4223%
(—0.1636°
[0.00179°
Vibron (infrared
Q,(9) 4189.4 11.472 4142
(—0.1085%
Q.,(0) 415% 26°
Q4(1) 4146 25°
4166 14
(—0.28'
vibron+phonons(IR)
Q. 4202 11.50 4257
Q: 4198 14.64 4165
Qp 4184 6.46 422%9
Qpr 4182 9.23 4037
vibron + rotons(IR)
S,(0) andQ(J) + Sy(0) 4516 13.27 4500 25° 4478
(-0.13
S1(1) andQ;(J) +Sy(1) 4700 17.39 4732 41° 4697
(—0.19
4760 9.5
(—0.083¢
vibron + phonons(IR)
Qr1 4379 26.30
(—0.29
Qry 4448 28.44
(-0.23
Qrs 4479 41.99
(—-0.52
Qra 4583 40.77
(—-0.42
Qk 42206 19
4641 31.37
(—0.25¢

T =13 K, Ref. 30.

bT=295 K Ref. 31.

‘Results of a linear fit up to 1 GPa, of the data of Ref.(42 K).

YResults of a parabolic fit in the range 12—40 GPa, of the data of R&01 K).
‘Ref. 32.

Results of a parabolic fit to the low pressure part of the model of Ref293 K).
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measured here. Th,, phonon, measured directly by Ra-
man spectroscopy, shifts from 80 to 500 c¢hat p=30
GPa?® and the phonon frequencies, measured indirectly from
IR active phonon sidebands, increases up to 900 amach-
ing a pressure of 80 GP&?° For lower pressure, we can
compare with measurements performed in pugeat low
temperaturé’'® The similar frequency range where these
bands appear in Ar(§), and in solid H testify for the simi-
lar origin of these excitations, that is, phonon excitation due
to the hydrogen molecules.

The nature of the various bands has been disclosed prin-
cipally from their slope analysis. The parameters of the poly-

FIG. 9. Pressure dependence of Exg IR vibron (solid squares nomial fit of the freqL_Jencies of the erious bands are listed in
fitted by a polynomial and of vibron-phonon combination mode Table Il, together with values, obtained from the literature,
frequenciegsolid dot3. The bands whose frequencies are indicated€ferring to pure H. Remarkable are the similarities among
by empty symbols are assigned to vibron roton combination bandg1e slopes of the different class of bands in this compound
[squares:S;(0) and Q,(J)+Sy(0), triangles: S;(1) and Q,(J)  and in pure H. In summary, we identify three classes of
+5(1)]. Thedotted lines correspond to the sum of the measuredslopes. For the pure rotof;=1—2 cm Y/GPa, almost
RamanSy(0) and Sy(1) frequencies to the infrarel,, vibron identical to the case of in natural solid,HFor the pure
frequency. vibron Q,=9—11 cm YGPa, which is very similar for

solid H, if obtained from a fit in the same pressure range. For
result is the fact that the slopéy, increase with increasing the vibron plus rotatiorf2;=13—17 cm /GPa (for solid
rotational quantum number. This happens also in solid purél, this value depends on pressure, and amounts to about 9 if
H,,?® and is not surprising, since for highdrvalues, the obtained in an analogous pressure randg@r the phonon
internuclear distance is larger, due to centrifugal stretchingcombination band;=30—40 cm /GPa, that compares
and the molecule is more perturbed by the interaction witHfavorably with solid H if analyzed in a similar pressure
neighboring molecules. The pressure slope of the mode freange. The interpretation of these four cases is already docu-
quency is about 4 times larger for the vibron than for themented in the hydrogen literatuté!
rotations.

Now we will analyze the region 4500—5000 cfnof the
IR spectrum, which we already roughly assigned to a vibron
plus rotations of the Fimolecule in the Ar(H), compound
crystal. After a careful analysis of al=100) spectra taken
at different pressure®—30 GPaand temperature80—300 Our low temperature spectra are displayed in Fig. 4. On
K), a consistent pattern of evolution with pressure of bandtooling the sample the zero-phonon li@g(J) splits into a
frequencies, widths and intensities could be established. Idoublet[see Fig. €a)]. Two possible causes are proposed to
Fig. 9 the band positions are reported as a function of presexplain this behavior. First, the degeneracy of the infrared
sure. The dotted lines are obtained by summing the measuredode E,,) may be removed, due to a strong decrease of the
RamanSy(0) andSy(1) frequencies to the one of the;,  crystal quality, or to a phase transition to a lower symmetry
infrared allowed vibron line. Therefore the assignment of theunit cell. Otherwise, the high and low frequency components
two sets of frequencies, which evolve rather flat with pres-of the infrared vibron are to be attributed to tgg(0) and
sure, to the vibron plus rotations combination bands is eviQ,(1) transitions of the hydrogen molecule, respectively.
dent. These bands are represented by empty sqpgse3) This splitting is not observed, for example, in the Raman
and Q1(J) +S,(0)] and empty triangled S;(1) andQ;(J) scattering of compressed, ldt room temperature because of
+Sy(1)] in Fig. 9. Then, we attribute the four band, whose motional narrowing> but may become evident in this case,
frequencies evolve more steeply with press(elid dots where a symmetry allowed IR vibron mode is observed at
in Fig. 9), to the vibron plus high frequency phonons low temperature. In the IR spectrum of natural &t 4.2 K,
(Qr1- - - Qr4). These bands represent essentially an uniquéhe splitting of the vibron is observed up to 1 GPa, and
density of states of high frequency phonons, that couple to amounts to about 6.3 cm.*°
H, vibron. Therefore, in Fig. 9, we shaded the corresponding The size of the splitting increases, decreasing tempera-
frequency region. In Table Il the parameters describing theure, from 3.5 cm® at 200 K to 6 cm* at T=35 K, a value
pressure evolution of these bands are collected, and conabout that of the gas pha¥t®® The interpretation of this
pared to the data of pure solid,knd of matrix isolated 5l behavior is unclear. It should be noted, however, that in the
in solid argon. solid H, at room temperature the two Raman lines merge,

The dispersion of the high frequency phonon sideband iwhile they are separated at low temperature.

Ar(H,), at p=15 GPa is about 300 cnt and atp=30 GPa If this interpretation is correct, the measured intensity of
it reaches 600 cm'. Extrapolation of this width tgp=0  the para componer®,;(0) should increase with respect to
achieves=100 cm . This value might be compared to the the ortho componer®;(1), cooling the sample. This is ac-
density of states of solid Hwhich is about 100 cm! at  tually what we observe, the intensity rati@;(0)/Q(1)
ambient pressurésee, e.g., Ref. 27 The evolution of pho- varying from 0.3, at the highest temperature where we ob-
non bands with pressure in solid, Hs similar to the one serve this component, to 0.6 at 35 K. In addition the intensity

V. DISCUSSION

A. Splitting of vibron at low temperature
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of the combination band);(J)+Sy(0) increases, and its We are here interested in the ter@®(R;,)u,u,, that
ratio with the ortho componer®,(J) + Sy(1) grows from a  couples the vibrational motion of all pairs of molecules in
value of 0.6 at 300 K to 1.0 at 35 Ksee Fig. 4. the system. The pure Jtcrystal can then be modeled as a

Another effect due to the ortho-para conversion is therigid hcp lattice of one-dimensional coupled harmonic oscil-
decrease of the global intensity of the depolarized broad vitators. With two molecules per unit cell, there are two vibra-
bron band. As discussed in the previous section, this band igonal normal modes, whose frequencies have been derived
indeed induced by double transitions. As found experimensolving exactly the dynamical matrix, fdc=0 and in the
tally by GusH?® in low temperature solid 5} we may assume assumption of only nearest-neighbor coupffhgSince the
that the total intensity of this band is proportional to23 two vibrational modes correspond to in-phase and out-of-
+2¢,Cp, Wherec, andc, are the ortho- and parahydrogen phase motion of the two oscillators in the unit cell, these
molar fractions, respectively. From both spectroscopic evihave been identified, respectively, as the Raman and the IR
dences we can estimate now the concentration of paranode of the H crystal, even though no IR active mode ex-
molecules in the compound on cooling. It results, at the threésts for a rigid hcp lattice of one-dimensional harmonic os-
lowest temperatures of this study, 147, 97, and 35 K, respegillators.
tively, of about 26—29, 31-40, and 45-50 %, lower than the We have extended this analysis to Ag)El The interac-
equilibrium values, that are 29, 40, and 90% at the thredion potential energy of the {HAmnolecules in this crystal is the
temperatures. Consideration of the equilibration time is thersame[Eqg. (1)]. The presence of Ar atoms does not influence
important for a complete modeling of this phenomenon. Ofthe H,-H, vibrational coupling. Here, there are 8, khol-
course it would be interesting to vary pressure in this cooledcules in the unit cell, and the solution requires the diagonal-
compound crystal, because pressure should accelerate tlzation of a 8<8 dynamical matrix. Moreover, the distance
ortho-para conversion appreciably, via an increase in théetween the llmolecules is not exactly knowisee Sec. )|
magnetic spin-spin interaction varying the distance betweeand is different for different pairs. For the moment, we leave
molecules. the positions of the Kl molecules in the unit cell as a free

parameter, that will be determined in the following analysis.
This kind of information is new for this crystal, and could
B. Vibrational coupling not be extracted from the available x-ray data.

In this section we discuss the frequency difference of the For constructing the dynamical matrix, a cutoff distance
IR and Raman mode. The model of vibrational coupling ishas been set for the vibrational interaction, such that each
applied here, as in the pure ldase. Moreover, a quantitative Molecule interacts with its nearest neighbors only. The hex-

agreement is demonstrated among the value of the couplirggonal unit cell of Ar(H),, of dimensiona andc, is repre-
constant G derived here with values reported in the sented in Fig. 1, where the relevant intermolecular distances

literature2331 Ri, R,, and R; are indicated. The expressions for these

The measured pressure dependence of the vibron fréiuantities as a function of the unknown parameferu
quencyQy in the IR is compared with the Raman one in Fig. —5/6 and ofk=c/a= \/8/3, are
7. The differencel w = wg— wg for the vibron in this com-
pound has the same sign and is of the same order of magni-
tude as in pure hydrogen, even if somewhat loweeg., at
p=30 GPa, it is=60 cm ! for Ar(H,), and=100 cm !
for pure solid hydrogen This difference and the turnover or a
softening of both vibronsdg andwg) at different pressures R,=5(1-69), 2
in pure hydrogen have been extensively discussed in the lit-
erature recently>-36-38 a
Common to all these discussions are the basic consider- Ry=—
ations by van KranendonR.The coupling among molecular 2
vibrations arises from the dependence of ititermolecular ) , .
potential energy on thatramolecularbond lengths of the The more symmetric case is that for whigh=0, k
two interacting molecules. A pair potential model suffices to= V8/3, andR;=R,=Rs=a/2, but the experimental value
reproduce the results. Following van Kranendonk, the potenof k at 6.2 GPa is 1.628/8/3=1.633. The problem is trac-
tial energy®(Ry,,r,,r,) of two interacting H molecules, table if we assume that the functional form fG(R) is a
averaged over all orientations, at a distafge between the power law, that is,
centers of mass, is expanded as a function of the deviations |
u;=r;—r. of the intramolecular coordinates andr, from G(R)=G (&) 3)
their equilibrium valuer . according to %R

a

Rl:2

(1+66),

2

4

1/2

11 65)2
3(1-69)"+

This should happen at low density, with=6, and it has

D(Ryp,1,)=D(Ryp e, o) FF1(r) +Fy(ro) been demonstrated tci holdith n=7) in the density range
relevant for this study* We can, therefore, define three pro-
+Fa(ry,ra) portionality factorse; (i = 1, 2, or 3 that satisfy
=®(Rys,Te,le)+F(Ryp) (U +U3) o
+G(Ru ;. & R~ “iG(E) @
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TABLE lll. Frequencies and symmetries of thke=0 vibron modes in Ar(H),.

0’u 0’u Symmetry Activity
a1=ar,=az=1

F+G(ar+ay)+G\(ar+ay)?+12a3 F+6G Alq Raman
F—G(a;+ay) F-2G = Raman
F+2G(aq+ ay) F+4G Biy inactive
F—G(ai+ay) F-2G Eq, IR
F+G(afl-i-a/2)—G\/(azl-i-az)z-&—12a32 F—-2G Agg Raman
F F Bog inactive

in such a way that in all the formulas the functi@(R) There is very good agreement among our determination in
appears for the same value of the independent variable. Thar(H,), and the data of pure H The larger difference, in
proportionality factorsa; can be derived easily from Egs. fact, amounts to about 12%. This testifies on the correctness
(2), (3), and(4). of the interaction model, and confirms that we are dealing
The dynamical matrix can be written without difficulty, with a parameter describing fundamental interaction proper-
and is diagonalized with the aid of algebraic manipulationties among hydrogen molecules.
programs. The resulting eight eigenvalues determine the fre- Unfortunately a significantly better agreement cannot
guencies of the normal modes, that are listed in Table Illbe obtained by changing the paramet&i@ndk, from which
The symmetry of each normal mode has been derived conz;, a,, and a3 depend[we assumen=7 in Eq. (3)].
sidering the transformation properties of the eigenvectors bWe have mantained fixed to the experimental value of
the application of the symmetry operations of i, space  1.628, measured at 6.2 GPa. In this case, the difference
group. Note that an additional accidental degeneracy, due tfeetweenGe,,, and the data of the other authors has a mini-
the simplified interaction assumed, makes the frequencies ahum for §=—0.004. The change, however, is not signifi-
the E,, andE,4 modes coincident. cant, as shown in Fig. 10. On the other handg ithanges
The observed Raman modeAég, which corresponds to  slightly from this value G,, becomes rapidly much smaller.
the in-phase vibration of all eight molecules. The other Ralf we accept a maximum difference of about 20% be-
man active modesHyy, andA7,), whose frequency should tween ourGe,, and previous values, it should be0.015
be very close to that of the IR active mode, are not observed- o< +0.008. This gives for the distance between the H
in this study, probably because they are very weak, sinc&olecules 1.048a/2>R;>0.910<a/2, 0.952<a/2<R,
correspond, according to their eigenvector, to vibrations<1.090<a/2.
where pairs of molecules oscillate with opposite phases. A
reliable calculation of.the int_ensiFy of the. Raman active VI. CONCLUSIONS
mode, through the unit cell vibration polarizability, would
also be possible with the knowledge of the normal mode With pressure, solid hydrogen should present a fascinat-
eigenvectors, but it is beyond the scope of the present workng evolution from an archetype quantum molecular solid
From the difference between the squares of the IR antowards the long-sought quantum metal. Unfortunately, the

Raman frequency we calculate the quantity pressure of metallization of hydrogen is still outside the
present experimental possibility. The ArfH compound
1 w|2R_ w% was proposed as an alternative to solid hydrogen for observ-
AE%—Z—G[Z(C(]_'F ay)+ \/(a1+ a2)2+ 12a§] ing this evolution. We have shown through this infrared
K study that the Ar(H), compound presents many of the
=—8G, (5) quantum molecular properties of solid hydrogen. In particu-

lar, the systematic comparison of spectroscopic data of
whereu is the reduced mass for the nuclear motion.AAs
positive, G is negative, as in pure hydrogen. Bathand G
are functions of the intermolecular distance or, equivalently,

o A8

of the pressure. In the case of pure We have, for the same S H. Moshary et al. ]
quantity Ay, =—12G. This is due to the higher number of ‘% 15l , HZ Loubeyre et al.]
nearest neighborgl?) in H, with respect to Ar(H), (6), X

and, generally, to the different crystal structure. S g0l TSSs

The quantityA/8, that coincides with— G(R) in the hy-
pothesis of5=0 andk= /8/3, is plotted as a function of the 05}
intermolecular distance in Fig. 10, obtained from the fitted : :
pressure behavior of the frequency. The unit cell dimension ' '
a has been derived from the measured pressure by the ex-
perimental determined x-ray equation of stdtén the same FIG. 10. Experimentally determined force constanG(R)
figure two other determinations oG (R) are reported, among two hydrogen molecules, compared with analogous determi-
namely, the one by Loubeyet al3! and by Moshanet al?®>  nation by Loubeyret al. (Ref. 31 and by Moshanet al. (Ref. 23.
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Ar(H,),—such as frequency (p—0), bandwidthl' (p phonon, and vibron plus roton. In cooling the sample we
—0), and their pressure dependence—produces evidence Were able to study in detail the ortho-para intensity ratio as
quasifree rotating molecules in the compound, the existenc#€ll its frequency splitting. Also, a strong elastic anisotropy
of an unpolarized spectrum, a dependence of this spectruff the compound was observed that could explain why some
on the concentration of the orthomolecules, and a vibrationgtontroversial results between Raman and infrared studies
coupling between Kimolecules identical to the one of pure have been obtained at very high pressures.
solid H,. Therefore, the present data suggests that the simi-
larity between pure KHand Ar(H,), from low pressure to
Mbar pressure is more remarkable than commonly thought.
The FTIR spectra in the combination mode region of the The authors wish to thank Dr. Frederic Datchi for his help
H, molecule turned out to be quite complex. We achieved aluring part of this experiment. This work has been supported
full assignment of band maxima as a function of pressurdy the European Union under Contract No. ERB FMGE
and temperatures and gained insight into the excitation o€T950017. One of ugH.J.J) expresses his thanks to NATO
hydrogen modes of all kinds such as vibron, vibron plus(Grant No. 95028b

ACKNOWLEDGMENTS

*Electronic address: ulivi@ieq.fi.cnr.it 21y, F. Sears and J. Van Kranendonk, Can. J. PA2s980(1964).
IH. K. Mao and R. J. Hemley, Rev. Mod. Phy6, 671 (1994. 22M. L. Klein and T. R. Koehler, irRare Gas Solidsedited by M.
2W. L. Vos, L. W. Finger, R. J. Hemley, J. Z. Hu, H. K. Mao, and L. Klein and J. A. VenablegAcademic Press, London, 1976¢.
J. A. Schouten, Natur@.ondon 358 46 (1992. 326.
3pP. Loubeyre, M. Jean-Louis, R. LeToullec, and L. Charon-2F. Moshary, N. H. Chen, and I. F. Silvera, Phys. Rev4® 12
Gerard, Phys. Rev. Letf70, 178(1993. 613(1993.
4M. S. Somayazulu, L. W. Finger, R. J. Hemley, and H. K. Mao, ?*R. J. Hemley, H. K. Mao, L. W. Finger, A. P. Jephycoat, R. M.
Science271, 1400(1996. Hazen, and C. S. Zha, Phys. Rev4B, 6458(1990.
5p. Loubeyre, R. Le Toullec, and J. P. Pinceaux, Phys. Rev. LetfoP. Loubeyre, R. LeToullec, D. Hausermann, M. Hanfland, R. J.
72, 1360(1994). Hemley, H. K. Mao, and L. W. Finger, Natuig&ondor) 383
6s. Bernard, P. Loubeyre, and G. Zerah, Europhys. [38tt477 702 (1996.
(1997. 28|, Ulivi, M. Zoppi, L. Giog, and G. Pratesi, Phys. Rev. B3,

"P. Loubeyre, R. LeToullec, D. Hausermann, M. Hanfland, R. J. 2383(1998.
Hemley, H. K. Mao, and L. W. Finger, Bull. Am. Phys. Sdd, 21A. Driessen, V. D. Poll, and I. F. Silvera, Phys. Rev3g 2517

564 (1996. (1984.
8J. B. Friauf, Phys. Re\29, 34 (1927). 28R. J. Hemley, J. H. Eggert, and H. K. Mao, Phys. Revi@35779
9T. Ohba, Y. Kitano, and Y. Komura, Acta Crystallogr., Sect. C:  (1993.
Cryst. Struct. Commurd0, 1 (1984. %M. Hanfland, R. J. Hemley, and H. K. Mao, iHigh-Pressure
10y, Komura and K. Tokunaga, Acta Crystallogr., Sect. B: Struct.  Science and Technologgdited by S. C. Schimdt, J. W. Shaner,
Crystallogr. Cryst. Chen6, 1548(1980. G. A. Samara, and M. Rog&IP, New York, 1994, p. 877.
1 silvera, Rev. Mod. Phys52, 393(1980). 30K. D. Bier, H. J. Jodl, and H. baéer, Can. J. Phys66, 708
2R, LeToullec, J. P. Pinceaux, and P. Loubeyre, High Press. Res. (1988.
1, 77 (1988. 31p. Loubeyre, R. Le Toullec, and J. P. Pinceaux, Phys. Rei5,B
13H. K. Mao, P. M. Bell, J. V. Shaner, and D. J. Steinberg, J. Appl. 12 844(1992.
Phys.49, 3276(1978. 2R, J. Kriegler and H. L. Welsh, Can. J. Phyi&§, 1181(1968.
¥R, Bini, L. Ulivi, H. J. Jodl, and P. R. Salvi, J. Chem. Phg63  33N. E. Moulton, G. H. Watson, W. B. Daniels, and D. M. Brown,
1353(1995. Phys. Rev. A37, 2475(1988.
1SR, Bini, R. Ballerini, G. Pratesi, and H. J. JodI, Rev. Sci. Instrum.**S. Bhatnagar, E. J. Allin, and H. Welsh, Can. J. PH4@. 8
68, 3154(1997). (1962.
164, P. Gush, W. F. J. Hare, E. J. Allin, and H. L. Welsh, Can. J.%°J. L. Feldmann, J. H. Eggert, J. de Kinder, R. J. Hemley, H. K.
Phys.36, 177 (1960. Mao, and D. Shoemaker, Phys. Rev. L@4, 1379(1995.
M. Jean-Louis, Chem. Phys. Lef1, 254 (1977). 36 L. Cui, N. H. Chen, and I. F. Silvera, Phys. Rev.58, 14 987

8A. Coulon and M. Jean-Louis, itigh Pressure Science and (1995.
Technology edited by B. Vodar and Ph. Marteg®ergamon  ’I. F. Silvera, S. J. Jeon, and H. Lorenzana, Phys. Re46,5791
Press, Oxford, 1980 (1992.

19M. Jean-Louis and H. Vu, Rev. Phys. Apfl. 89 (1972. 38D, M. Brown and W. B. Daniels, Phys. Rev. 45, 6429(1992.

20M. Hanfland, R. J. Hemley, H. K. Mao, and G. P. Williams, Phys. %°J. van KranendonkSolid Hydrogen(Plenum, New York, 1983
Rev. Lett.69, 1129(1992. 4Op. Loubeyre(unpublisheil



