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In the Ar(H,), stoichiometric compound, stable only at high pressureSii@) rotational excitation shows
a complicated fine structure when the orthg-tbncentration is sufficiently low in the sample. In this work
experimental results for the rotational frequencies are reported up to 70 GPa. Moreover, we present here the
details of the theoretical analysis, by which we calculate the number of active Raman rotational components,
their symmetries, relative intensities, and shifts from the unperturbed rotational frequency, on the basis of the
known models for the kH, and H-Ar anisotropic interaction. The calculated frequencies are extremely
sensitive to the shape of the anisotropic interaction potential components, and agree with the measured ones, up
to 35 GPa, only if some adjustments are done on the literature models, especially for small intermolecular
distances. All the newly determined anisotropig—HH, and H—Ar interaction potential components are
reported and compared with literature values.
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[. INTRODUCTION tion of the hexagonal close packélcp structure of the
solid, by the observation of the splitting of the pure rotational
The study of molecular solids, and of solid hydrogen inmolecularSy(0) line into a triplet® Analogously, the spec-
particular, has gained great benefit from spectroscopic reroscopic properties of para-Argh}, reflect with great sensi-
sults, which have contributed, more than any other techtivity all the details of the structure and of the interaction
nigue, to the understanding of the structural and dynamicaamong molecules, and the absence of orthdr-the sample
properties-? Spectroscopic data have an even greater impormakes the theoretical analysis much easier.
tance in high pressure studies, where other direct techniqgues We have recently reported some experimental results on
(neutrons, x raysencounter difficulties either for the sample the pure rotational Raman bag(0) of the H, molecule in
dimensions or for the weakness of the scattered signal. Hypara-Ar(H,),.” The observed pressure evolution of the fine
drogens under pressure have attracted a great interest in theucture has been modeled on the basis of a theoretical
past years, triggered by the prediction of the pressureanalysis. The comparison between experimental results and
induced transition to a metal state. A large amount of specealculation has demonstrated that these data can serve for a
troscopic studies, though failing to demonstrate the metallireliable determination of the anisotropic intermolecular po-
zation, have revealed many unexpected phenomena at higéntial in the solid for H-H, and H-Ar at short range. In
pressure, evidencing progressive changes in the intermolecthis paper we present all the experimental data and discuss
lar interactiong. some specific aspect of the experiment, and, principally, the
Stoichiometric compounds containing molecular hydro-theory in detail. This is carried out for a rigid lattice on the
gen as one of the components also have great importance fbasis of perturbation theofywith pair additive anisotropic
studying the properties and the interactions of the hydrogesomponents of the HAr and H,-H, potentials. A good
molecule in this environment. A recent study, by infraredagreement with the experiment is obtained with potential
spectroscopy, of Ar(k), has revealed strong analogies be-functions different from those given in the literature, mostly
tween the dynamical behavior of the, hnolecules in this in the short-range repulsive core. Here we report all the
compound and in solid }{ at least up to 50 GP&In par-  newly determined potential components.
ticular, the molecules rotate almost freely in both cases, and This paper is organized as follows. In Sec. Il, we will
their interaction gives rise to a vibrational coupling effect, describe the experiment and show the results. Section Ill is
which is described quantitatively by the same model. Alsodevoted to a thorough explanation of the theory and of the
the intrinsic ortho-para conversion rate in a solid sample ofipproximations involved. In Sec. IV we discuss the shape of
Ar(H,), grows very rapidly with pressutemuch like in  the interaction potential components, and present our conclu-
solid H,.® It is then possible, in a reasonable time, to obtainsions.
a sample with an almost complete parafbtoportion[para-
Ar(H2)2]_, by keeping the sample at cryog_enic temperature. Il EXPERIMENT
In solid hydrogen, when the concentration of the ortho-H
is sufficiently low, even the fine details of the spectra can be An Ar/H, mixture in stochiometric 1:2 proportion solidi-
modeled from first principles. This analysis has been particufies at about 4.3 GPa at room temperature, and forms the
larly fruitful for determining the structural properties of the Ar(H,), compound, whose structure has been studied by
solid. As an example, it suffices to mention the demonstrasynchrotron x-ray diffractioA.Recent spectroscopic restlts
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6 GPa
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FIG. 1. Crystallographic unit cell of the Ar(3l, compound. P S S S
The eight hydrogen molecules are labeled with numbers from 1 to 8 300 400 500 600 700
to write explicit expression for the wave functions in Sec. Il A. Frequency shift (cm'1)

are consistent with the structure proposed after the diffrac- g5 2. Shape of th&,(0) andSy(1) hydrogen rotational bands
tion experiment, that is, space grob,, (P6;/mmag with  pefore and after ortho-para conversion, at a pressure of about 6 GPa
eight H, molecules and four Ar atoms in the unit cell. A and a temperature of 30 K. TH&(0) band shows a complicated
drawing of the unit cell is reported in Fig. 1, where the H internal structure which becomes clearer as conversion proceeds.
molecules are identified with numbers from 1 to 8. This is
necessary to write explicit expressions for the wave functionghe intensity of thesy(1) band with time and the progressive
(see Sec. Il A. The coordinates of the Ar atoms and of the structuring of theSy(0) band. Only when conversion is al-
molecular centers of mass in the unit cell are given explicitlymost complete th&y(0) band develops a complicated fine
in Ref. 3. structure, showing several peaks. In Fig. 2 we present two
A diamond anvil celDAC) was filled with the gas mix- spectra in the frequency region relative to the rotational tran-
ture at about 1000 bar and room temperature. One or morgtions Sy(0) andSy(1), collected at the same pressure and
ruby chips, inside the sample region, served to measure iriemperature of 6 GPa and 30 K, with a time interval of about
ternal pressuréWe used a Cu-Be gasket for experiments up300 h. The lower curve corresponds to the sample just after
to 36 GPa and a rhenium gasket for higher pressures. #ooling, which presents a substantial concentration of ortho-
single crystal of Ar(H), was grown by slowly rising pres- H, molecules, while the upper spectrum, where the ortho-H
sure at room temperature. In all our samples, as it often hagoncentration is as low as 3%, shows the fine structure of the
pens for this compound, the solid has grown with the crysSy(0) line. At this pressure, th&,(0) band spreads over a
tallographic c-axis along the cell axis, as seen observing thffequency range of about 100 cth Five components with
faceted(hexagonal crystal during the growth process. The larger intensity are evident, while some weaker components
DAC is then mounted on the cold finger of a close-cyclecreate several shoulders.
cryostat. We employed a forward scattering configuration, With completely converted samples-3% ortho-H) at
using either the 488.0- or 514.5-nm line of an'Aaser. The  about 30 K, we have measured spectra along several isother-
incident radiation is focused into a spot of aboub® di-  mal pressure scans up to 68 GPa. With increasing pressure,
ameter on the sample by a microscope objeciidikon  the total frequency spread of ti83(0) band increases from
20X SLWD) and the scattered radiation is collected by an80 cm ! at 4 GPa to 250 cm' at 68 GPa. The various com-
equal objective, in a confocal configuration. Both objectivesponents also change their relative intensity. At 14 GPa a peak
are inside the cryostat vacuum chamber but their position caanters into the investigated frequency range, from the low
be controlled externally. The radiation is analyzed by anfrequency side, and moves rapidly with pressure toward
U-1000 Jobin-Yvon or a Spex Triplemate spectrometer, botthigher frequencies, being located at 210 ¢rat 16 GPa and
equipped with a CCD detector cooled with liquid nitrogen.at 250 cm ! at 26 GPa. Due to its evolution with pressure,
We use a notch filter positioned in front of the entrance slit towe assign this line to a lattice phonon excitation. At 35 GPa
prevent the radiation at the laser frequency to enter thé overlaps a weak component of ti8(0) band, showing
monochromator. interesting hybridization phenomena, and then it overlaps
When the pressurized sample is cooled to cryogenic temand eventually goes beyond the most intense component of
peraturesiaround 30 K, conversion of H molecules from the Sy(0) band, producing substantial changes on the shape
the ortho species to the para one takes up at a rate which ¢ the band.
strongly pressure dependérin order to measure the ortho- Polarization analysis has been essential to assign the vari-
para concentration, we recorded spectra in the frequency reus peaks of the band to the computed active components.
gion from 150 to 800 cm!, where the pure rotational tran- This in principle is possible, knowing the orientation of the
sitions of the hydrogen molecule give rise to tBg0) and  crystal, but encounters serious experimental difficulties due
Sp(1) bands. One then observes the progressive decreasetof the depolarization of the radiation by the two stressed
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T T energy, and between 20 and 30 GPa at higher energy. The

% ad
500 .m" . latter phonon band becomes very weak when its frequency
[o] . . .
.o Oo@" ° grows higher than the upper limit of ti&(0) band.
L /*"‘ 000P%  @®ee | The relative displacement of the energy levels is a conse-
—~ 450 » 000°0_oqee? . . : )
e o °°f,==:::- F797 quence of the intermolecular interactions, which create a
o o Ses® VVVWWVV‘AAA strong perturbation into thé=2 manifold. Their measure-
> 4001 e t ide deep insight into th ties of thi
2 9 e ment can provide deep insight into the properties of this
5 M aast aettt quantum solid. This effect will be calculated in the next sec-
S 350 a mﬁwﬁﬁ”* 1 tion, in the framework of a first order perturbation theory.
[}
§ 300 - IIl. THEORY
o . -,
250 - A. Raman active transitions
In this section we evaluate the energies of the rotational
200 | So(0) states, using a method that is taken from Ref. 6 and
e extended here to the case of Ai)H. In such a method the
0 10 20 30 40 50 60 70 rotational motion of the molecules is treated perturbatively

Pressure (GPa) with respect to the anisotropic components of the intermo-
lecular potential. At zeroth order the intermolecular interac-
FIG. 3. Pressure behavior of the frequencies of the measuretions are thus purely isotropic and the molecules rotate
peaks. Full and empty symbols represent assigBg@) compo-  freely. The anisotropic components of the interactions are
nents, polarized and not polarized, respectively. Asterisks represefken into account at first order with the consequence that the
It)aqu V:th a Iar%e;] pressure slope, that are tentqt(;vely assigned fBtational quantum numbéris still a good quantum number.
attice phonons. onon-roton interactions are evident at pressures H iyi i
where resonance occurs. The position of a weak band which is no&n(\jN ﬁbc(?enr?tlgz gf r:g;isgrl(b\lglgéI?r:telcagglrevgggrcggﬁg rir;saAst
assigned s represented with crosses. A typical spectrum at about §9, e 1o e rigid. We refer to Fii;. 1 for the positions and
GPa is reported in the inset to show the assignment. numbering of the atoms and molecules in the primitive cell.
The rotational states that can be Raman excited from the
diamonds. Observing the vibron Raman line of therhbl- ~ J=0 ground state can be representeckby0 Bloch waves.
ecules around 4150 c¢m, with the use of a Babinet-Soleil That is due to the fact that the exciting radiation is in the
compensator and of a polarizer after the DAC, we have obvisible and thus, for all practical purposes, its linear momen-
tained a substantial contrast between two perpendicularly paum can be neglected. In view of the previous consideration
larized components of the scattered intensity. The configurawe write the wave function for thé= 2 rotational states that
tion for which the measured vibron intensity is a minimum can be Raman excited as
would correspond, without scrambling effects of the dia-

monds, to vertically polarized incident radiation and horizon- 1 EN: 28: §
tally polarized scattered radiatidivH configuratior). Spec- yp=— ComYom(Qqp). (D
tra measured in this configuration and with the polarizer YN(4m)*N"t =1 p=1 m==2

rotated by 90 degred¥V configuratior) demonstrate differ-
ent polarization for different componentsee Fig. 2 of Ref.
7).

Here the indexg runs over all the primitive cells of the
systemp indicates one kimolecule in thegth primitive cell,

A fit procedure of the fine structure, performed by meansanqup represents Its orientation in a Iabgratory frame hav-
g the z axis along the crystallografic axis. Y,,({)) are

of pseudo-Voigt line shapes, has allowed us to obtain thd! herical h . a it Hicient
value of the line positions, intensities and widths for everySp erncal harmonics an,, are appropriate coefticients.

pressure. In Fig. 3 we report the frequency position of theThe normalization of they functions leads to the condition

Sp(0) components up to the maximum pressure reached in 8 42

this work. There are at least eight lines for all pressure values E 2 ICf?=1
even if at higher pressures it is difficult to determine the SimEsly, TP '
weaker ones.

The frequency positions of the maxima of the componentd here are 40 linearly independerjt functions due to the
increases slowly with pressure, and the total spread of theight H, molecules present in the cell and to the five possible
band increases substantially. tienter of massnoves very —myvalues for the projection of the molecular angular momen-
little due to the weak pressure dependence of the most irtum. The energies of the=0 rotational states could thus be
tense peak. Two peaks with a much higher slope than thebtained by diagonalizing a 4040 matrix.
average one are assigned to lattice phonon excitations. These Calculations are simpler if the functiong are chosen
are marked with an asterisk in Fig. 3. Interesting hybridiza-among those that transform according to the irreducible rep-
tion phenomena occur at pressures where such phonon linessentations of the rotation group of the crysfarhe sym-
are almost resonant with a rotational excitation of the samenetry group for rotations iBgy, . It contains sixg irreducible
symmetry. Such crossings are evident around 40 GPa at lovepresentationsAy, Ayg, Big, By, E1g, and E,g) and
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six similar u representations. A Raman transition from the Nooq Q7)) — YA Q)
ground to thel=2 rotational band is possible only if Py =A> —x a a );
3= 20\ Yo Q) — Yo Qge)
(Ofa,[¢)#0,

and for the five representatiofs, :
where|0) represents the ground rotational state of the crys-

tal. The quantitye, is the uth spherical component of the ) N Yoo Qg7) + Yoo Qgg)
anisotropic part of the polarizabilitithe isotropic, or trace, ¢( ) = E —
component does not contribute to the excitation of fhe =1 \/E 54 0q7) + Y35 Qqge)

=2 state.® Because th¢0) state transforms a4, only the

| ) states that transform according to the irreducible trans- 1

formations contained i, can be Raman excited. l/f(Ez) = 2 —=X
. . “ T 2g J6

Since the spherical components of the polarizabidity,

@1, and a., transform, respectively, ad,q, E;4, and

E,q. it is sufficient to consider only thosg¢ functions that 3)

transform according to these representations. By the applica- ‘ﬂ —AE T

tion of standard methods of group thetfhjt can be shown

that the (reducible representation of the rotation group,

Z3F (Qq1s - - - Q)
Z§(Qq1, - - - Qge)

[E=Y

qlv"'! q61

|
)
)
|

whose basis is given by thg functions of Eq.(1), contains ) —A% ix Zg*(quv - fdge)
three times the representatién,, four timesk,y, and five lﬁEZg_ e BN ZY(Qq, - - Qo)
timesE,g.

We write down explicitly convenient basis functions for N .
those irreducible representations and, to this aim, first define o) ZAZ i ><< 21(Qq7) = Y71(Qge)
the auxiliary functions Fo U@ 27 | Yau(Qqr) — Yau(Qqe)

6

a whereA is the normalization factor
X3( Qg1 - .. ,szq6>=p§1 Yo, (Qqp),

N(4)°™N~
Z9(Qq1, - . Qg = Zl Yo, (Qqp) x2P5) (4m)
P The zeroth order eigenstates and first order eigenvalues for
with y=exp(27i/6). By means of the previous definitions the rotational motion are then obtained by diagonalizing the
we can write the basis functions for the three irreducibleanisotropic potential energy for states of the same symme-
representationg\: try:

N — (0 )

Vi (Ty) = (| V] wil)), (6)
Vhy=A 2 [Yao Q7) + Yool Q8) 142, T
a= whereI" stands for one of the three irreducible representa-

tions (A14,E14,E2q), and y specifies the line in case the

(2) —A X4( () a.9//6 representation is not unidimension& ¢epresentations In

2 o(qu, %) V6 the case okE representations, however, the two basis func-
(3) tions are complex conjugates of one another, which makes

N them equivalent for our purposes. The rotational states asso-
tjxf’l)ngZ [Zg(qu, oo Qge) ciated with anE r.epre.s.entgtion are doubly degenerate.
a=1 One further simplification arises from the fact that the
)
+XZZ§*(Qq1, q6)]/\/—2. anisotropy of the intermolecular potential does not m&‘(

and zp(5)g with the other functions of the same symmetry, S0

for the four representatiori,q that the matrices to diagonalize have dimensions33for

N and 4x 4 for E,,. Moreover, the states represented by
Yo1(Qq7) +Y21(Q 29-
,p(l) ZAE i il( a7) il( qs))7 f;‘) and¢(5’ are not Raman active, because they have mag-
\/_ 210827) + Y21({gp) netlc quantum numbersH{2 and =1, respectively that do
N a not match theu values of the polarizability components
@ _AS ix X1(Qq1, - -+ Lgp) needed for the transitions to those statesl(and =2, re-
Ve TAZ T8 X (g, L Q) spectively.
4) In the end we are left with tek=0 levels corresponding
N 79 (Q Qo) to Raman active states: threeAfy symmetry, thre¢doubly
O =D —x 1 A%aly - hab ) degenerateof E;q symmetry, and foufdoubly degeneraje
4= 6\ Z3(Qq1, - Qqe) of Eyy symmetry.
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B. Polarization whereC(ll,L;m;m,M) are Clebsh-Gordan coefficients.

As described in Sec. II, our scattering geometry is such. FOr HZ'Aer?‘AirrS_' information on the anisotrl(gpic interac-
that the crystal symmetry axis is aligned with the light wavelion €nergyv """ is available in the I|teraturé1.: The pro-
vector and the scattered light is observed along the samf@Sed functional models are fitted on experimental data of
direction, so that we collect mostly the componextsand rotationally inelastic scattering of molecular beams and of

xy. The relations between spherical and orthogonal compgSPECtroscopy of dimers. In this case, the only reported com-
nents of the anisotropy of the polarizability are ponent isV0p. For Hy-H, various semiempirical analytic
expressions have been derived based on molecular beam

> scattering dafd* and the low temperature second virial
AE Ayt a_,— \/;ao, coefficient** Moreover a recent theoretical determination is
available®® For H,-H, we will consider the components
@) Vo0o= V22, responsible for crystal field effects, ai},,,
which gives rise to propagating rotonic excitations. Other
From their symmetry, it is readily seen that the polarizabilitycomponents, like/,,, andV.,,,, are shown to give a negli-
components transform a&,; and E,q. It is thus expected gible contribution.
that the lines associated with titg, states are absent, or  Analytic functions often used in the past to represent
very weak, in the experimental spectrum which thus containshese potential componefhts®may be written in the general
essentially the components associated to the tAggeener-  form
gies and to the foufdoubly degenerajeE,, energies. It is

Clxyoc Ay~ A _»9.

also seen thaty,, contains bothA;; and Eyg, while a,y V(R)=V,ep(R)—D(R)[Cg/R®+Cq/R®+C1o/R™],
contains onlyE,,, which is a consequence of the fact that (12
A4 states are fully polarized. where V¢ (R) is a short range repulsive contribution and

For the calculation of the Raman line intensities, matrixD(R) is a damping function. More explicitly, for the 202
elements as in Eq6) have to be calculated. In order to do components of BAr (Ref. 11 and H-H,,*® the potential is
this we assume that the polarizability is composed only off the Buckingham-Corner type, that is,
single molecule contributions

N 8 Vrep( R)=Aexp — BR) (13
0. B2 2 You(Qap). (® and

= —_ —_ c =
where is the polarizability anisotropy of the single hydro- D(R)=exp(~a(Ro/R=1)7) for R<Ry

(14)
gen molecule. D(R)=1 for R=Ry.

C. Intermolecular interactions For the 224 component of the,HH, interaction,V ¢(R) is

H 3
For the calculation of the energy of the rotational stategven by
we need a model for the anisotropic potential enevgywe Viepl R)=Cs/R%+C, /R’ (15)

assume thaV is pairwise additive, that is,
andD(R) is the same as in Eq. 14.
_ 1 (Ha—Hy) (Hy—Ar)

V= 2 ; vij +% Vik ' ©) IV. RESULTS AND DISCUSSION
where nowi andj enumerate the hydrogens akithe argons The theory described in Sec. Il predicts ten allowed Ra-
in the whole crystal. The pair intermolecular potential func-man transitions. Three of them have zero intensity when the
tions v are expanded in spherical components in the usualirections of both the incident and scattered radiation coin-
way, that is cide with thec axis of the crystal. Among the remaining
seven components, three are polarizagy,j while the other
four are not polarizedg,).

The theory gives the frequency splitting of t8g(0) fea-

) ] ) tures, by the numerical evaluation of the matrix elements as

where the functiorF, ;| (with I4,l,,L#0,0,0) takes into 5 Eq. (6), and the relative intensities. By the use of Egs.

account the dependence from the angular coordinates of tH@)—(5) for  functions and of the equations of Sec. Il C for

ith andjth molecules ; and(};) and of the vector joining the anisotropic intermolecular potential, each matrix element

them (Q;;). For H,-Ar interaction, |,=0. The function in Eg. (6) can be written as a lattice sum. The density, and

Fi,L is given by thus the intermolecular distance, has been derived at each
pressure using the Ar(Hl, equation of state determined by
x-ray diffractionl® The lattice sum has been calculated by

0ij=(4m*2 2 Vi (Ry)FLLU(0,Q5,9:), (10
1'2

— m m M
FIl'ZL(Ql’QZ’Q)_mgM Y|11(91)Y|22(Q2)YL*(Q) considering, given an Hmolecule, all its neighbors con-

v tained in the closest five primitive cells in each direction. We

X C(I415L;mmyM), (1)  have verified this to be sufficient for our purposes. Finally,
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for each irreducible representation, the diagonalization is T

easily performed, allowing a determination of the energy cor-

rections and eigenfunctions. P (GPa
The calculation performed with the anisotropic interaction

potential components reported in Refs. 11-15 gives, on the

average, a much smaller separation of the lines than the ex- MM

—
)
25.0
perimental one. We have then adjusted the potential param-
eters of the model functions for thé,g,, V2,4 (Hy-H,) and 21.0
V502 (Hy-Ar) components, performing a best fit of the ex-
perimental spectrurhWe have limited this analysis to pres-
sures below 35 GPa, because it is to be expected that the 17.0
perturbative method fails when the distance between nearest
neighbors is too short. Our calculations show that the theo-
retical frequencies change dramatically even for a very small
change in the potential model, proving the sensitivity of this 14.0
10.4
0

method for determining the fine details of the anisotropic

interaction. As a merit parameter to judge of the goodness of

the fit, we have chosen, somewhat arbitrarily, the sum of the

squares of the differences between the theoretical and experi- Ave O O AT 60

mental frequencies, weighted with the corresponding inten-
sities. An alternative method we have exploited was to cal-
culate a theoretical spectrum, choosing a linewidth for each

component, a”?' comparing it with th_e, SpeCtrum Obta_'ned FIG. 4. Left panel: experimental spectra, after having removed
from the experimental frequency positions and intensitieSyhe \eak unassigned components. Right panel: spectra computed by
using the same linewidths. In both cases, the experimentgking, for each theoretical component, a Lorentzian lineshape hav-
and theoretical frequencies of the most intense componeffg the computed frequency and intensity, and a width as close as
have been set equal, since the theory provides only the shifffossible to the experimental one. The symbols mark the position of
from the unperturbed rotational frequency. The comparisorkach component and correspond to the ones used in Fig. 3. No
between experimental and calculated frequencies has be@blarization selection has been applied in the measurements in these
already presente@ee Fig. 3 of Ref. )fand is satisfactory for cases and the spectra have been calculated accordingly.
most of the components, with the exception of the two ex-
treme lines. For these ones the perturbative correction is
quite large, and may not be correctly accounted for by the
first order theory. In Fig. 4 we report a comparison of the - T -
overall computedright panel and experimental specttteft 100 A H,-H, E
pane), after subtraction from these latter of the unassigned R "7 Norman-Watts-Buck
components and of the lines assigned to lattice phonons. For AN gﬁgife':"f&ller
the components of the computed spectra we have used the BN — this work
experimentally determined linewidths. The computed peak \ S
assigned to the experimental highest frequency msdkd
diamond is centered above 500 ¢rh, and does not appear
in the figure. For the most intense components, a good agree-
ment at all pressures is visually evident from the figure.
Some discrepancy in the intensity can be detected for some
componentse.g., that indicated by upside-down triangles
better agreement should imply the use of an increased num-
ber of free parameters in the potential model, which appears
to us not to be justified. 05+
In Figs. 5 and 6 the anisotropic componeMs,, (for
H,-Ar and H,-H,) and the component,,, (for H,-H,) ob- s s 4 s e
tained by our fit are reported together with previous
models!'~'°*The values of the potential parametgsse Egs.
(12), (13), (14), and(15)] of the V20_2 components, both for FIG. 5. Anisotropic components of the,HH, interaction poten-
Hp-H, and for H-Ar, are reported in Table | of Ref. 7. FOr i35 pashed, dotted and dash-dotted lines are from Refs. 13—15,
the H-H, V5,4 component we obtailCs=1160, C;=275  ypile the continuos line is our model. In the caseVbh, the dif-
Ce=194 C=1250 Cyp=15700 a=1.2, c=2, and Ry  ference between this latter and the potential of Refs. 13 and 14 is
=5.82, for energies measured in chand lengths in A. The negligible, while it is more substantial for the case\6f,, even
resultingV,,4 component is very similar to the models given though in this case also the models reported in the literature do not
in Refs. 13 and 14. Also th&,;, component for H-Ar agree among themselves.

Intensity (arb.units)

m]
1 1 1 L 1 "
300 40 300 400 500
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o
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(i) The effects related to the zero point motion of the
molecular centers of mass, for what concern the quadrupole-
quadrupole interaction in 44H,, have been effectively taken
into account in the past by the factés,, which reduces the
interaction energy by about 5% at the densities of our
interest!” No similar information is available for the 202
components. It is reasonable, however, to assume that the
corrections to be applied to the 202 components are of the
same order of magnitude.

(iii) We have used a pair-additive potential for our calcu-
lation, without including known dispersion energy
coefficientd® for three body interaction, first because a
theory considering also three body potential in the calcula-
tion of rotational energy has not been developed, and, in
addition, it is not reasonable to use those values at the small
intermolecular distances probed by our experiments.

The difference from our determination of the potential
components and the literature values can then be understood.
As a consequence @i ), our pair potential may indeed con-
tain effectively many body interactions, and it is appropriate

) _ _ ] for a dense phase. On the other hand, the potential model

~ FIG. 6. Anisotropic component of the;HAr interaction poten-  gptained by fitting gas phase properties is the sum of a large
tials. Dashed and dotted lines are from Refs. 11 and 12, while th?sotropic part with a much smaller anisotropic part. There-
continuous line is our model. fore, a small variation in the assumed isotropic part of the
potential is reflected in a relatively larger variation in the

agrees with previously reported results within a 10% discrep@nisotropic components, which may be affected by larger
ancy. We find, instead, much larger differences for theH relative unhcerpa|nt|es_. This is rrqt theI case in our metholt_j,
V50, cOmMponent. In the repulsive part, this is almost twice ag€cause the isotropic potential in a low temperature solid

large as the result of Ref. 13, the difference amounting tgM9Nt affect the orientational dynamics only through the
about 30—40 cm’ at a distancé of 2.5 A. Such a difference small zero point motion. We therefore believe that the results

is smaller if one compares either witib initio results of of these kinds of experiments are extremely valuable for a
; pare determination of the anisotropic intermolecular interaction,
either Ref. 15 or 14see Fig. 5.

. ; > o due to the highiand highly selectivesensitivity, even with
The_ dlscu§3|_on on the rellab|l_|ty of our determlnatlpn of the limit of being fitted on one property alone.
the anisotropic interaction potential has been outlined in Ref. 1o knowledge of a reliable, anisotropic empiric pair po-

7. Several approximations are present in the theory, namelyential is of paramount importance for a good theoretical
(i) we have neglected the second and the higher orders in thgsscription of the high pressure ordered phases of solid
perturbative series(ii) the molecular centers of mass are H,.1%? This is a quite arduous theoretical problem, to be
considered fixed on a rigid latticéii) only two-body inter-  faced taking fully into account quantum effects in the mo-
action is considered between molecules; d@wd the 222  |ecular motion, which are indeed very strong, as is demon-
anisotropic components of the,HH, interaction has not strated by the large difference betweep ahd D, transition
been considered in the fitting procedure. pressures. Only one quantum mechanical method not de-
This latest point has little relevance, sinve,, is very  manding for empiric potential models has been repofted,
small}* We have checked its effect in a few cases, obtainindout this is affordable only with long runs on big supercom-
the result that its inclusion in the calculation of the rotationalputers, with few molecules. More affordable quantum com-
energy changes this by less than 3%, and its inclusion in thButations are based on the path integral Monte Carlo method.
fit procedure does not appreciably changes the calculated p§Uch an approach was attempted for hydrogen some time
tential parameters. The other points are discussed in the fofl90; "~ using, however, somewhat arbitrary effective interac-
lowing. tions. These were derived on the ba3|s of a comparison with
(i) The approximation involved in the use of the first order tN€ total energy calculated by density functional theory meth-
perturbative method has been estimated by computing th@dS: This procedure to derive an anisotropic interaction po-
second order contribution to the rotational energies comin%e,ntlal in the solid testifies to the lack of knowledge about
from the Hy-H, and Hy-Ar V0, components. This is accom- 1S quantity. We think that the result of our work, deriving
plished rather easily, involving only a crystal field calcula- 2NiSOropic components of the interaction potential from high
tion. The result is that the calculated energies change ledENSity experimental data, is a step towards a modeling of
than 10 cm! in the pressure range up to 35 GPa. This is ydrogen ordered phases.
also the order of magnitude of the discrepancy with the ex-
perimental frequencies. Such a difference, if considered in
the potential model fitting, brings forth a quite small change Financial support from the European Union, under the
in the potential parameters, that can by no means reduce tt@ontract No. LENS HPRICT1999-00111, is gratefully ac-
discrepancy with the literature models to negligible values. knowledged.
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