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Absorption intensity of the Q;(0)+Q;(0) and Q;(0)+Q,(0) double vibrational transitions
in solid parahydrogen
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We present a theoretical calculation of the integrated absorption intensities @-{i®+Q,(0) and
Q1(0)+Q,(0) pure vibrational double transitions in solid parahydrogen which agrees well with recent ex-
perimental measurements by Mengel, Winnewisser, and Winnewisser. The infrared activity of these transitions
is found to arise from two- and three-body exchange- and dispersion-induced dipole moments.

. INTRODUCTION order field$ of individual H, molecules. Insteadyl repre-
sents the effects of isotropic exchange and dispersion inter-
Spectroscopists have long been interested in the infraregctions between nearby ,Hnolecules. These interactions
(IR) absorption spectrum of solid hydrogéfThis interest cause small deformations of the molecules’ electron-density
stems largely from the fact that the IR activity of solid hy- distributions, and ultimately generate the transition dipole
drogen arises from intermolecular interactions; consequentlynoment responsible for the IR activity of the double transi-
the IR spectrum of solid hydrogen constitutes an importantions considered here.
source of information about these interactions. In addition, To illustrate these effects, we consider an isolated
solid hydrogen is unique among molecular solids in that ity p-H,), dimer in which both molecules haye=0. At large
IR spectrum features discrete transitions corresponding tg|,-H, distances, dispersion forces polarize the molecules
rovibrational transitions of gas phase hydrogen moleculesand cause a slight buildup of electron density in the region
indicating that the rotational and vibrational quantum num-petween the molecules. Conversely, when thenttlecules
bers of H remain “good” in the condensed phase. are close together, exchange forces shift electron density out
Mengelet al>* have recently identified IR absorption fea- of the region between the molecules. Neither of these effects
tures in solid hydrogen corresponding to th@i(0)  can generate an overall dipole moment if the i, mol-
+Q1(0) andQ,(0)+Qy(0) double transitions, in which a ecules have the same vibrational quantum number; however,
single photon excites the vibrational coordinates of two H if the two molecules are in different vibrational states, the
molecules simultaneously. They note that these transitiongp-H,), dimer acquires a nonzero dipole moment. This ac-
arise from “induction mechanisms that are not yet under-counts for the absorption features in the gas phase IR spec-
stood” and the IR activity of these transitions therefore “re- trum of (p-H,), which correlate with th&;(0) andQ,(0)
mains a fully unsolved question.” vibrational transitions of free 5
Previous theoretical treatmerit$ of the IR activity of In the present work, we assume that the total dipole mo-
solid H, explain this activity in terms of the transition dipole ment of thep-H, crystal can be written as the sum of two-
moment induced in the JHcrystal by the permanent electro- body and three-body contributions:
static multipoles of H molecules withj>0. What is puz-
zling about the transitions observed by Mengehl. is that
these transitions do not involve rotationally excited states of M= ij
H,; hence these electrostatic multipoles are absent. In this
paper, we outline an induction mechanism which explainsThe pair dipoleM;; arises from the exchange and dispersion
the IR activity of these transitions in terms of isotropic induction mechanisms described above. The irreducible

. (1)

Mij+ > M
kK#1,j

exchange- and dispersion-induceg-H, dipoles. three-body termM;; , represents the dipole induced i, H
moleculek by the exchange- and dispersion-induced dipole
Il. THEORY OF IR ACTIVITY IN SOLID moment of the nearby pair,(j) of H, molecules, and has the
PARAHYDROGEN form®
We consider a hexagonal close packédp) crystal of Mij k= ak[3(Mij‘Rij,k)Rij,k/RiE},k_Mij/Rﬁ,k]a 2)

pure parahydrogenpfH,) in which the rotational quantum
number of each molecule is=0. The transition between where «y is the isotropic polarizability of molecul& and
crystal states andf is IR active only if the transition dipole R;j « is the vector directed from the midpoint of thigj) pair
momentM;;=(i|M|f) is nonzero, wheré/ is the total di- to moleculek.

pole moment of thep-H, crystal. In the pure vibrational In the double vibrational transitions considered here, the
double transitions considered here, no molecule in the crystahitial and final states of the-H, crystal differ in the vibra-
changes its rotational state. Consequently, in both the initidiional wave functions of two neighboring ,Hmolecules,
state and the final state of the crystal, eachrhblecule is  which we will call molecules 1 and 2. We will use the nota-
spherically symmetric, with electrostatic moments that ardion |v4,v,) to denote the state of the crystal in which these
identically zero. HenceM contains no contributions from molecules have respective vibrational quantum numbers
dipoles induced by the quadrupolar electric fiétd higher and v,. Terms inM which do not depend on the bond
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lengths of molecules 1 and 2 cannot contribute Mgy Q4(0)+Q,(0): apair:2_05>< 102 cmi/s.
=(0,0|M|v,v,); therefore the only portion of Eq(l) ~
which is relevant for the transitions considered here is For the Q1(0)+Qy(0) transition, the samexp,;, value is
obtained for out-of-plane pairs in which the two, khol-
1o ecules reside in adjacent hcp crystal planes. ForGh@)
ME2=M+ k;,z (Mzi M2t Maxy)- ) +Q4(0) transition,fzpairzo for out-of-plane pairs because
the hcp lattice has inversion symmetry about the point mid-
BecauseM; falls off rapidly with increasing distanc@we  way between the two molecules forming such a pair.
simplify Eq. (3) further by making the assumption thistt; Integrated absorption coefficients pek kholecule are
=M; k=0 unless molecules andj are nearest neighbors. readily obtained fromw; asa=ga,ay, Whereg is a factor
Inserting Eq.(2) into Eq. (3) shows that the evaluation of relating the number of unique nearest-neighbgrHy pairs
Mir=(0,0lM™]v ,v,) for a rigid H, crystal lattice can be in the crystal to the number of individual,Hnolecules. Be-
reduced to the computation of various kbrational matrix  cause each molecule in the hcp lattice has twelve nearest
elements oM;; and ay. neighbors, ordinarilyg=12/2=6; the factor 1/2 prevents
Expressions foM;; andM;; , have been reported for the “double counting” of H,-H, pairs. However, because only
long-range limit in which only dispersion mechanisms arein-plane pairs contribute to the absorption coefficient of the
active and exchange contributions can be negleCtéd. Q,(0)+Q,(0) transition,g=3 for this transition. Further-
However, exchange interactions are not negligible for twomore, the factor 1/2 must bemittedfrom g for the Q,(0)
H, molecules separated by 7.2§ (the equilibrium nearest-  +Q,(0) transition because the final vibrational states
neighbor distance in solid §. Estimates for the exchange =1v,=2) and|v,=2p,=1) are distinct; thereforg=12
contribution toM;; andM; , can be obtained from empirical for this transition.
models?*? but these models have not yet been calibrated for Consequently, the integrated absorption coefficients per

transitions involving they =2 level of H,. We have there- H, molecule predicted by our model for a rigid hcp Hit-
fore chosen to evaluatd (2 from ab initio quantum chemi-  tice are
cal calculation¥ which include both dispersion and ex-

change effects. These calculations are performed using Q1(0)+Q4(0): @=9.09<10"2 cmd/s,

augmented correlation-consistent triple zeta atomic basis sets

and a coupled cluster treatment of electron correlation in- Q.(0)+Q,(0); @=2.46x10"2 cnils.

cluding single and double excitations and a noniterative

treatment of triple excitations. The corresponding experimental integrated absorption coef-
Specifically, we hold two b molecules at a fixed inter- ficients aré*

molecular distanceR and compute the dipole momepi ~

along the H-H, bond for several different orientations of the Q1(0)+Q4(0): a=1.8+0.4x10"* cm?/s,

H, molecules and at selected, tond lengths 1(;,r;) be- _

tween 1.0a, and 2.2a,. Angular quadrature over the,H Q1(0)+Q5(0): a=9.3+0.9x10 ° cm¥/s.

orientational degrees of freedom yields the dipole moment o
a pair ofj=0 H, molecules separated by the distafitand

at our selectedr(,r;) values. These results are then fit to
polynomials inr; andr; to facilitate integration over the
vibrational wave functions of the Hmolecules:

bur computed absorption coefficients are not in particularly
good agreement with the experimental measurements. Al-
though our model does preditin accord with experimeint
that theQ(0)+ Q,(0) transition is substantially more in-
tense than th&,(0)+ Q4(0) transition, our calculated ab-
sorption coefficients are more than an order of magnitude
w(r; ,rJ)ZE Crp(Fi+1)"(ri—r)P. (4) ~ smaller than the observed values.
n,p As we will demonstrate shortly, this discrepancy seems to
) arise from our assumption that the hcp Etystal lattice is
These calculations were performedR6.5a0, 7 @p, and  (igid. |t is well established that individual molecules in solid
7.16a,. H, undergo extensive zero-point motion; even in the limit
T—0 K, the root mean-square displacement of a given mol-
Ill. RESULTS AND DISCUSSION ecule from its nominal lattice site is about 18% of the
nearest-neighbor distance of 7.46° To properly account
for this zero-point motion, we must average the transition
dipole momentM;; over the many-body wave function of
the solid H crystal.

Equipped with theseb initio results, we evaluate the
transition dipole momen#;; by direct summation over the
rigid hcp H, lattice, using Egs(2) and (3) and the H-H,
dipole moments of Eq(4) calculated aR=7.16a,. The Such a task is rather daunting. Fortunately, we can re-
integrated absorption coefficients pep-H, pair for the  ,er most of the effects of lattice nonrigidity by examining
double V|brat|onal~tran5|t|ons considered here can be Comyq . the induced btH, dipole momentsVl;; change due to
puted fromM;; as ap=7|Mi¢|%/3%i 5. The values we ob- |attice zero-point motion. Equatiori@) and(3) show that the
tain for in-plane H-H, pairs, in which both B molecules  transition dipole momentM; is a function of M;; and
reside in the same hcp crystal plane, are M;; /R? . BecauseM;; depends strongly on the distance

between moleculesandj,*’ it is reasonable to expect that
Q1(0)+Q1(0):  @pg=3.03<10 2! cm/s, the average oM;; over the zero-point motion of the lattice
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may differ substantially from the value ®f;; evaluated at body” term M, for this transition is identically zero and this
the nearest-neighbor distance of 746 On the other hand, transition therefore acquires its intensity solely from three-
previous theoretical studi¥s'’ of solid H, show that the body effects.

value of 1Rﬁ,k averaged over the Hattice zero-point mo- In summary, we have presented a model which accounts
tion is almost identical to its value for a rigid hcp lattice.  for the IR activity of the Q;(0)+Q;(0) and Q;(0)

We have therefore recomputed the integrated absorptiorr Q2(0) pure vibrational double transitions observed in
coefficients for theQ,(0)+Q,(0) andQ,(0)+Q,(0) tran-  solid H, by Mengelet al>* The IR activity of these transi-
sitions by simply replacing the induced dipole momeMts  tions arises from isotropic dipole induction mechanisms.
appearing in Eqs2) and(3) with their “renormalized” av-  Theoretical analyses of the IR activity of solid, lgenerally
erages over the nearest-neighbor two-particle distributiongnore these induction mechanisms, because the dipoles in-
function of solid B at T=0 K. This distribution function duced by the permanent electrostatic multipoles ofédre
was obtained from a variational quantum Monte Carlo simu-usually much larger than those induced by isotropic ex-
lation of 180 hcp H molecules using periodic boundary con- change and dispersion forces. However, in gus® parahy-
ditions and the approximate wave function described in Refdrogen, and in parahydrogen doped with spherical
18. The H-H, induced dipole moment matrix elements wereimpurities® such multipoles are absent and these weak iso-
assumed to depend on the intermolecular distaRcas tropic induction mechanisms provide the only way to induce
w(R)=puoexp(—BR), and the parametera, and 8 were IR activity in the solid. As we have seen, the extensive zero-
computed by fitting theb initio dipole moment calculations point motion of the H crystal lattice can make these induced
at R=6.5a, and 7a,. [Our choice of this functional form moments larger than might otherwise be expected.
was motivated by Ref. 10; adding a long-range inverse Our ab initio calculations provide enough data for us to
power contribution tou(R) does not significantly change estimate the absorption coefficient of tl@,(0)+Q,(0)
our results} double transition atx~6x 10~2°> cm®/s, which is probably

Using the renormalized induced dipole moments in Egstoo weak to be observed. Ti@;(0)+ Q3(0) double transi-

(2) and (3), summation over the hcp crystal lattice givestion may be stronger, although oab initio calculations do

integrated absorption coefficients pes hholecule of not cover the range of Hbond lengths needed to give a
- gquantitative estimate of the intensity of this transition. Fi-
Q1(0)+Q4(0): a=3.4+0.1x10"% cm’/s, nally, we note that a polarization study of th@;(0)
_ +Q4(0) transition should prove interesting, as our model
Q1(0)+Qx(0): a@=1.1+0.1x10"8 cm¥/s. predicts that the transition dipole moment for this transition

The absorption coefficient computed for tQg(0)+ Q,(0) is perpendicular to the axis of the H hcp crystal.

transition is in almost quantitative agreement with experi-
ment, while the theoretical absorption coefficient for the
Q1(0)+Q4(0) transition agrees with experiment to within a

factor of five.(The cited uncertainties in reflect statistical This work was completed while R.J.H. was a visitor at the
uncertainties in our variational quantum Monte Carlo calcu-Air Force Research Laboratory’s Propulsion Sciences Divi-
lation of the renormalized transition dipole matrix elements. sion (Edwards AFB; the generous hospitality of the Divi-
The remaining discrepancy between theory and experision’s scientific and administrative staff is gratefully ac-
ment could originate in our omission of induced,-H, knowledged. R.J.H. thanks Dr. M. E. Fajardo in particular
guadrupole moments, which are thought to play a role in théor several helpful conversations. This work was supported
three-body collision-induced IR spectrum of gaseoys™H by the Air Force Office of Scientific Research and the Air
Presumably the inclusion of induced quadrupole moment§orce Research Laboratory’s Propulsion Sciences Division
would affect the integrated absorption coefficient of thethrough contracts administered by Research and Develop-
Q1(0)+Q4(0) transition more strongly, as the “pure two- ment Laboratories and by ERC, Inc., respectively.
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