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We have conducted high-resolution laser spectroscopic studies of the arihaptfity-pair Q.(1) (v=1
«—0,J=1+-1) transitions in solid para-fHwith the ortho-H concentration 0&0.2%. Several hundred lines
were observed in the frequency region between 4142.9 and 415023 with the linewidth of 7 to 200 MHz
half width at half maximum. Except for the single-molec@g(1) transition located at 4146.5621 ci all
transitions are due to the pairs and higher-order clusters of orshdJ$ing calculated relative intensities for
spectral lines of nearest-neighb@®N) pairs and next-nearest-neighb®NN) pair, and the accurate energy
levels of the ground states by microwave spectros¢@yw. Statt, W. N. Hardy, and R. Jochemsen, Can. J.
Phys.58, 1326(1980], we have assigned 180 spectral lines that are due to NN and NNN pairs, including both
symmetric and antisymmetric excited states. The ground-state frequency-combination differences agree to
within 0.001 cnT?, the accuracy of the measurement. The agreement of the relative intensities and polarization
dependences between the observed spectrum and the calculated spectrum is also satisfactory. The energy levels
in the excited states obtained from the assignment demonstrate that the pair splitting due to the first- and
second-order electric quadrupole-quadrug&l@®Q) interaction and the crystal-field interaction remains similar
between the ground and excited states. Small and similar deviations from the ground state have been noted for
the excited states of NN in-plan@P), NN out-of-plane(OP), and NNN pairs. The widths of the observed
spectral lines differ by more than an order of magnitude depending on the levels. We noticed that only the
F=2,M=0 level, which has the highest energy among allEh& components due to the EQQ interaction,
has significant homogeneous broadening on the order of 100 MHz due to relaxation to th& |bvevels.
The inhomogeneous broadening due to the randomly distributed ogti®approximately proportional to the
difference in EQQ energy between the ground and exdi@dd levels. These observations were useful in
conducting spectral assignments. Complete energy level patterns for the six excited states:s\N, IRIY
OP (s,a), and NNN (,a) pairs have been determined and discussed. A comprehensive analysis using the
Hamiltonian is left for a future work.S0163-18288)02325-X]

I. INTRODUCTION form a pair. It is this type of splitting that we discuss in this
paper.

Since the observation of the Raman spectrum of liquid The large interaction betweeh=1 pair molecules was
hydrogen by McLennan and McLeddind the infrared spec- suspected in the early observation of the anomalous specific
trum of solid hydrogen by Allin, Hare, and MacDon&lit,  heaf’ and the anomalous temperature variation in the width
has been well known that hydrogen molecules are rotatingf the J=1 H, NMR signal®~*° Nakamura'! in a paper
nearly freely in the condensed phdsbecause off@ the  which “marks the beginning of the modern microscopic
weak intermolecular interaction and the resulting large intertheory of the solid hydrogerf’located the origin of the in-
molecular distance, an@) the nearly spherical charge dis- teraction as the electric quadrupole-quadrupole interaction
tribution in the molecule. The total nuclear spin quantumbetween thel=1 H, and, using the experimental value of
numberl, which specifies orthol& 1) and paral(=0) spin  the H, quadrupole moment given by Harrick and Ram&ey,
modifications, is almost a rigorous good quantum numbeexplained the major part of the specific heat anomalies re-
and the rotational angular momentum quantum nundtisa  ported by Hill and Ricketsof The validity of Nakamura’s
good quantum number. At the liquid helium temperatureinterpretation was further evidenced by a neutron-diffraction
where solid hydrogen samples have been studied, all para-téxperiment* and NMR spectroscopy. Nakamura’s theory
molecules are in thé=0 level, and ortho-bimolecules are was greatly extended by Harfi$who considered finer inter-
in theJ=1 level. While para-Hin theJ=0 level is spheri- molecular interactions and phonon renormalization, paving
cally symmetric, and its interaction is isotropic, orthg-iH  the way to his later spectroscopic analysis.
the J=1 level is anisotropic. Sublevels of the latter with A direct observation of the split energy levels of the
different magnetic quantum numbBt, which are degener- J=1 pair was reported by Silvera, Hardy, and McTadue
ate in free space, are split in the anisotropic crystal fleld. using Raman spectroscopy. The splitting was also observed
This splitting is very small (0.0071 cnd) for J=1 impurity by Boggs and Welsfi in the infrared region as a simulta-
surrounded byl=0 H, and its direct measurement has beenneous transition with th€,(0) (v=1<0, J=0+0) pure
reported only recently However, the splitting of the sublev- vibrational transition. The time variations in the intensities of
els becomes much larger and amounts to several wave numair spectrum in NMRRef. 19 and infrared® were used to
bers when twal=1 H, molecules are close to each other to study quantum diffusion in solid hydrogen. Experimental in-
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formation on thel= 1 pair splitting made a quantum jump in diameter and 11.5 cm in length, which were sealed by
1975 when Hardy and Berlinsky observed the high- wedged(0.5% sapphire windows with indium gaskets and
resolution microwave spectrurthereafter called the pair mounted in a commercial helium Dewar. The sapphire win-
spectrum between the split levels of the “impurityJ=1  dows were cut with theic axis normal to the surface so that
H, pair in nearly pure paraJcrystals, using a calorimetric accurate polarization dependence of the spectral lines can be
method. This and subsequent observafibfchave revealed observed. Para-Hgas was produced by liquefying high-
extremely sharp spectral linga v~1.5-40 MHz half width  pyrity hydrogen gas from a hydrogen purifier into a column
at half maximum(HWHM)] and fine structure demonstrating of APACHI nickel silicate catalyst placed above the liquid
intricate nature of the intermolecular interactions of the pgjium surface in a commercial Dewar at 14 to 20 K. The
=1 H, pair embedded in thé—0 H, crystal and leading 10  jqiig H, was kept for a few hours and extracted at a tem-

. . . 24 . .
exltet_nswte tlheore.tc'ﬁ% stu ddlti .tThe relf\xatlon dmechanlsrg perature controlled by the height of the catalyst container
refating to finé wi and the temperature and pressuré 0€4., ., 1na helium surface. Lower temperature gives lower

pendence of the spectrdfwere also studied. The treatment artho concentration. After the conversion, the pasagds

of the present paper borrows heavily from the understandin%as introduced into the cylindrical sample cell througsa

and energy information obtained from the microwave works..

With the advent of new techniques in infrared spectros™ o.d. stainless steel tube with the rate that kept the tem-

copy, the hydrogen pair spectrum came to be studied in thRerature of the ceII_ at about 11 K. The temperature was mea-
infrared region. The =10 spectrum of the pair has been sured by a Ge resistance temperature sensor mounted on the

reported using Fourier-transform spectroscopy in mediunf€ll- The hydrogen condensed directly from gas to solid and
resolutio” and in high resolution4»~0.011 cm %).2 La- the crystal grew radially inward from the wall. After the cell
ser infrared spectroscofyhas demonstrated that the fine Was filled, the temperature was brought down slowly to
structure of the vibrational pair spectrum can be observe@round 5 K. The crystal did not simply settle into the equi-
with the linewidth comparable to those of the microwavelibrium structure at 5 K. Since the crystal was attached to the
spectrum resulting in the absolute resolution &f/»  copper wall of the cell and the thermal expansion of the
~10"’. Since in this case the pair levels in the excited staterystal is higher than that of copper, the crystal was under
are also split into 18 components, the number of spectrahegative pressure. This resulted in a crystal with a slightly
lines is greatly increased. Several hundred lines were olarger lattice constant than that of a freestanding crystal at
served in the region between 4142.9 and 4150.3%cwith 2.1 K used in the microwave experimént? Therefore, the
the linewidth of 7 to 200 MHz HWHM, centered at pair splitting is slightly smaller than that in the microwave
4146.5621 cm?, the single-moleculeQ;(1) (v=1<0, J  experiment. Since the major cause of the splitting, the elec-
=1+1) transition frequency. The present paper reports outric quadrupole-quadrupoléEQQ) interaction, is inversely
recent observations and an analysis of these structures.  proportional to the fifth power of the intermolecular distance
R, the variation of the pair splitting is approximately propor-
Il. EXPERIMENT f[ional to the variation o_R. B_ecause of the slight difference
in temperatures at which different crystals were made, the
The complete spectrum has been recorded several timesequencies of transitions vary as much as 0.007 cfrom
three times in the original scans with different ortheddn-  crystal to crystal for levels far from the center of the EQQ
centrationg(0.2 and 0.06 %?° and several times later when splitting. However, we see our measurement of each crystal
we studied spectroscopically theray-irradiated para-Hl  is consistent when a scaling factor taking into account the
crystals (0.2% ortho-H).>° These scans were done with a variation in crystal size is applied. A set of frequency data
difference-frequencyDF) laser spectrometer. Recently we for a particular crysta{0.2% ortho-H) is used in this paper.
rescanned the region with a color-center laGe€L) spec-  Since the molar volume of parasHrystal varies little from
trometer. The CCL system allows better accuracy in fre-11 to 5 K3! a crystal with little stress and without breakage
guency measurement, higher sensitivity, and higher resolus obtained by this method. The temperature at which the
tion compared to the DF system. Consequently, manyrystal is made is crucial to the quality of the final crystal.
previously unseen transitions were observed and previouslMigher temperature gives a more transparent crystal to begin
overlapped transitions were resolved. More importantly, bewith, but which is more likely to break as the temperature is
cause of the much higher accuracy in frequency measurdewered. Crystal made at lower temperature is more stable
ment enabled by the CCL system, assignments can be doffier lowering its temperature, but is less transparent probably
with confidence using combination differences in the centrabecause of the decreased tunneling of the molecules during
region of the spectrum, where spectral lines are very muchrystallization. The growth of large single crystals by con-
congested. In total two crysta(®.2% ortho-H) were mea- densing directly from gas to solid has also been reported by
sured with the CCL system. The method of crystal preparathe Kharkov group? While our crystal was not a complete
tion has changed in the intervening eight years. However, theingle crystal because of our method of growing it from a
observed spectra are very consistent with each dthighin cylindrically shaped wall, the sharpness, purity, and repro-
0.0005 cm'Y) if a scale factor is allowed for the splitting of ducibility of our high-resolution spectta® imply that the
the F,M levels, indicating the reliability of the observed crystal had a good hexagonal close packiech lattice at
spectrum. This linear scale factor results from slightly differ-least locally where the laser radiatiqdiameter~1 mm)
ent temperature@ few K) at which the crystals were made probed the sample. There is usually a bubble of about 4 mm
and will be discussed below and later in Sec. VI A. in diameter in the center of the cell, but we have at least a
Para-H crystals were grown in a copper cell 2 cm in few millimeters of transparent sample for laser spectroscopy.
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A more detailed description of the crystal preparation can b@rtho concentration in our samples0.2%) we expect that

found in Kerr's thesis® the pair transitions dominate these lines. In this paper, we
The commercial color center laser is pumpgd2W of  restrict ourselves to the study of the nearest-neigtihidt)

the 647.1-nm radiation from a Kraser. The output power is and next-nearest-neighb@INN) ortho-H, pair transitions.

about 10 mW in the region of interest. The free-running fre-

quency jitter is 3 MHz. A tone burst techniciiés employed B. Pair splitting

in t.his system tp improve the sensitivity. A CdTe electro-  1he complexity of the pair spectrum is caused by the
optic modulator in the path of the laser beam generates aboyiaractions between a pair 31 H, molecules and their

25% side bands from the radiation for rf frequency betweeréurroundingJ=0 para-H molecules. Since there are three
6 and 120 MHz. The side bands are switched on and off at @ ,pjevels for onal=1 molecule withM=0+1. a pair of

frequency of 30 kHz and the signal is detected by an InShyyh, 1y has nine sublevels. These nine sublevels would be
detector followed by a lock-in amplifier. The effect of the degenerate if we were to consider two noninteracting mol-

amplitude noise of the color center laser is minimized bygqjes in free space but they are split because of intermo-
SP““'”Q the beam aqd using tike-B noise subtraction tech- lecular interaction between the two and the crystal-field in-
nique. The modulation gives spectral lines, the second dégaction. For a pair of=1 H, there are different relative
rivative shape, and emphasizes sharp spectral features at fifsitions in the lattice. There are in-plafi®) and out-of-
expeﬁnﬁlse of broad ones. Th.e. se,n5|t|V|ty.|s typically'l ~5 plane(OP) pairs for NN pair, while there is only one kind of
< 10"". A temperature-stabilizedaon with a free spectral NN pair. In addition, thev=1 excitation can be on either
range of 150 MHz is utilized to generate wave numb7er markmolecule of the pair, causing an additional degree of free-
ers on the scans. Together W't,h a N@ferepce ga%, the  dom. In total, there are 99X 2X2=324 possible transi-
frequency can be dgtermlnegl within 0.0002 Crduring ON€ " tions for the NN pair, and 8 9x 2= 162 for the NNN pair.
normal scan spanning 0.09 ¢ For a much more detailed  of coyrse, only infrared active ones are observable, but be-
description of the spectrometer, consult Weliky's thé8is. cause of the lowered symmetry due to the presence of the
For the crystal from which our final data are taken, we rtho-H, pair, many transitions are infrared active.
scanned the region with five different tone-burst side band /51oys interactions which cause the splitting of the nine
frequencieg6.65, 13.05, 28.05, 60.05, and 120.05 MHiB-  |o\6|5 in the ground vibrational state of tfe=1 pair were
ing the color center laser with both perpendicular and para'discussed by Harris, Berlinsky, and HaRh#3 A schematic

lel polarization of the laser radiation with respect to the hierarchy of the splitting is shown in Fig. 1. Apart from the

axis of the crystal. Tone burst m_odulation with higher fre- isotropic dispersion interactioiwhich amounts to about
guency helps us observe broad lines near the outer edge gg cm %% but does not contribute to the splittinghe larg-

the scanned region, whose linewidth is on the order of 10Q¢; interaction between thé=1 molecules is the EQQ

MHz, v_vhiIe the lower-frequency modulat.i(.)n al!ows better interactiort® with the Hamiltonian
resolution for the congested sharp transitions in the center
region. Q:1Q> —

Heog= \/7_OR—5 % C(224;mmM0) Cp( @7) Coml @,),
I1l. THEORETICAL BACKGROUND v (1)

A. Single moleculeQ,(1) transition where C(224mm0) are Clebsch-Gordan coefficients,

At 4146.5621 cm?, in the middle of the thicket of lines, Cam(«i) are Racah spherical harmonics of iftle molecule
is the single-molecul®;(1) transition, which is by far the (I =1,2) with angle variables; with respect to the pair axis,
strongest among all the observed lines. It is infrared activé"dQi (i=1,2) are their quadrupole moments. This interac-
through the quadrupole-induced-dipole mechanism, wherion sphts the ninefold degenerate states into fo_ur levels with
the quadrupole moment of &= 1 molecule induces dipole €N€rgles B'ZF’ O,émd—41“ whe[? the EQQ SP"“'”leafam'
moments on the surrounding para-kholecules and these Eter FEE_BIQ /25R> is 0.576 cm’ for the NN paif* and
many-body dipole moments interact with the radiation to0-116 cm™ for the NNN paif? in the ground vibrational
cause the central ortho,Ho be excited to the =1 state. State. The eigenfunction foHgqq are given by bipolar
Direct quadrupolar transition is many orders of magnitudeSPherical harmonics
smaller. This mechanism was initially worked out by Sears
and Van Kranendon& who showed that in the hcp lattice of |F,M)=>, C(11F;mnM)|1m)|1n), 2
solid para-H, the transition is allowed only with radiation mn
whose electric field is perpendicular to tlieaxis of the with the total rotational angular momentum quantum number
crystal, and the selection rule for the transition iSF and its projection along the pair axid, where the first
AM==2. HereM is the magnetic quantum number, i.e., theand the second eigenfunction on the right-hand side repre-
projection of the rotational angular momentunalong thec  sent rotational stateJM) of the first and the second=1
axis. Experimentally the two transition®l=1—M=-1 H,, respectively.Hgqq shifts and splits the five substates
and M=—-1—M=1 are observed at the same frequencywith F=2 into three levels withM =0,=1,=2 while the
because th&1= =1 levels are degenerate in the hcp latticefour states withF=1 and 0 are unaffected and stay degen-
due to the threefold symmetry ax@ . All the other features erate. This degeneracy is lifted by other anisotropic interac-
observed in our experiment are due to the orthghbir with  tions such as second-order EQQ interaction, dispersion, and
a variety of relative positions and to higher ortho clustersinduction?! However, the cylindrically symmetri¢CS) in-
randomly distributed in the lattice structure. For the lowteractions between the pair molecules leave tHd levels
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[F.M> [P OPNNN  (vibron) may be on either of the two molecules of the
pair?829 This leads to symmetrifs) and antisymmetri¢a)

20> AL A vibrational eigenstates

Is) [vi=1)[v,=0)*[v,;=0)v,=1)
&)~ v2 @

which are multiplied tdFM).. to give the overall eigenfunc-
tions. The energy difference between thend a states is
given by twice the vibron hopping frequency

9V 1 9%V
vp=| 10— 0;0,|01 (5)

22>

0,0> A
0> A

d019Q; "2 dq19q;"

whereV is the intermolecular potential in cmh andgq; and
g, are dimensionless vibrational coordinates gfddch that
(v|glv—1)= /2. SinceV~—25 cm ™%, v~ k?V,*? where
k~10"1 is the Born-Oppenheimer constant, is expected
to be on the order of-0.25cm ! and the antisymmetric
level is higher than the symmetric level. Van Kranendbnk
uses notatior:’ = — 9°V/dq,9q, ande’' =0.41 cm %, corre-
sponding tov,= —0.21 cm !, while Steinhoffet al?® gave
vp=—0.29 cmL. Since the equilibrium intermolecular dis-
B, tance in the crystal 3.783 fRef. 31 is much higher than the
Ay A equilibrium distance of the intermolecular potential 3.36
EQQ  EQQ+CSI  Including A,%43 and is even higher than the inflexion pdimt73 A,
non-CSI molecules sense mostly the attractive part of the intermo-
FIG. 1. The energy diagram of a pair of orthg-hiolecules in  lecular potential due to thR™® dispersion term. Thus, the
solid para-H crystal and the symmetry of each level. Levels arehopping frequency is expected to scale i)jn going from
labeled by the total angular momentum of the paiand its pro- NN to NNN pairs. We find that this is not the case and the
jection onto the interpair axill. The unit for energy is the electric scaling factor iss5, indicating that the Raman-type hopping
quadrupole-quadrupoléEQQ interaction splitting parametel processes using nonresondnrt0 H, as stepping stones play
=6Q?/25R°, whereQ is the quadrupole moment of the hydrogen, an important role. This will be discussed in a separate
andR is the intermolecular distance. If only the EQQ interaction is papel‘.“‘
considered the nine states split into four levels. Cylindrically sym-
metric (CS interactions split the fouF=0 and 1 states into three
levels while maintaining the degeneracy of {fid). states. Non-
cylindrically symmetric(non-CS interactions split all the nine lev- A detailed theory of the vibration-rotational transitions of
els. The symmetry is labeled for each level for a pair of orthdrH  the J=1 H, pair will be published separatefy.Here we
the free spacgabove “EQQ+CSI" in the figurg and three types summarize useful results without proof. First we consider a
of pairs in solid para-bl nearest-neighbor in-plangP), out-of-  pair of nearly freely rotatingl=1 H, without surrounding
plane(OP), and next-nearest neighb@NN). J=0 H,. This system has cylindrical symmetry and the cen-
) ) ter of inversion, and the symmetry of tHe,M) states can be
doubly degenerate. These degeneracies are lifted by nonc¥xpressed by irreducible representations of Ehg, point
lindrically symmetric (non-CS interactions between thé& groug® as shown in Fig. 1. The states are gerader un-
=1 H, of the pair and the surroundin=0 H,. Since there geradeu depending on whethef is even or odd and
still remains a plane of symmetry, the split states with - +1 +2 correspond to th&, II, and A states, respec-
#0 are expressed by tively. Since the H molecule as a whole is regarded as a
boson,g andu relate to+ and —, respectively, for thes,
|F.M)*=|F,—M) states. We see that the only mixing due to the CS interaction
[F.M).= Y ’ @ s between2,0) and|0,0). If we choose the axis along the
pair axis, the symmetries of the components of the transition
for M>0, where the+ represent eigenfunctions symmetric dipole moment are g, ,u,)CII,, x,C3; . The selection
or antisymmetric with respect to the plane symmetry. Theules areAF=*1 andAM==*1 for (u,,u,) andAM =0
two interactions CS and non-CS also mix the njReM).. for u,, the latter only forM # 0.
levels with the same symmetrisee Sec. Il ¢ but these When the surroundind=0 H, are also considered, the
mixings are small and neglected in tHie M) .. labels of the cylindrical symmetry is broken and the symmetry of the sys-
levels in Fig. 1 and in the theoretical calculation of the in-tem is loweredFig. 2). The coordinate axes are chosen such
tensities. that thez axis is along the pair axis and tlyeaxis is the axis
The pair level pattern in the vibrationally excited state hasof C, rotation, then the symmetry of the IP pair system is
an additional complication because the vibrational excitatiorC,, with symmetry operationsE, C,(y), o(y2z), and

& FBF Pl >

+
[1,1>

+
21>

C. Symmetry, selection rules
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in-plane transitions induced by the small mixings &¥,M).. states
due to CS and non-CS interactions were not observed.
® ® ® o o
y D. Relative intensities
X X X . . . .y . -
Theoretical relative intensities of the pair transitions were
® (H) o . ;
very useful for their assignments. They were calcuf&ted
x % using the basis set)|F,M). (v=0s,a) and spherical

o [ ® component§N=0,*1) of quadrupole-induced dipole mo-
ment operators of molecule 1:

13
out_of_plane ,LL]N: \/3—aglk;l % R_ilk C(321lmnN)CZH(Ql)C3m(Qlk)!
C)
i d and the same expression with 1 replaced by 2, and
X X
5
° . ., A2 B2 S corimN-mN)
y 3 R12 m,n
X X
® ® XC(32L,N—m—n,n,N—m)
s x X Can(21)Com(22)Can-—m-n(212), (10

FIG. 2. Lattice configurations of nearest-neighbor in-plane andand the same expression with 1 and 2 interchanged, where
out-of-plane ortho-K pairs, and the corresponding symmetry axes.q=(2a, + a,)/3, andy=a,—a, are the isotropic and an-
Circles and crosses indicate two consecutive hexagonal planes |§otropic polarizability of H, respectively.; and Q;, are
the hcp lattice of the para-Hcrystal. Circled molecules are the angle variables of molecule and the directioni —k with
ortho pair, while the others are the surrounding pasa¥tdlecules. respect to the crystal axis. The operator in E).represents
the sum of dipole moments induced in the surrounding mol-
eculesk (including 2 through their isotropic polarizabilities
by the quadrupolar field of molecule 1, and the operator in
I"Eq. (10) represents the dipole moment induced in molecule 2
c!hrough its anisotropic polarizability,. Intensities calcu-

a(xy)}, while that of OP and NNN pair system @, with
symmetry operationtE, C,(y), i, ando(x2)}.%8 Irreducible
representations of the levels are given in Fig. 1. Levels wit

the same symmetry are mixed by the non-CS crystal fiel
Interaction. For exar_npl¢2,0>, 2.2), |_0'0>’ gnd|1,1), be- |ated from|(f| up,+ 2|i)|? using Eq.(9) give terms that are
longing toA,, are mixed for the IP pair, whilR,0), |2,2) , , . .

. . proportional to the squares 01le0§3 and a1¢Q, while the
|0,0), and|2,1) _ belonging toA, are mixed for OP and NNN intensities from]( |+ 2|2 using Eq.(10) are propor-
pairs. Symmetries of pair levels in the symmetric and anti-. € ISt esth OMI{TTANT N >+ using +q]; are p %po
symmetric excited vibrational states are obtained by multi-ona to Ie sauares 0:‘731:([)7—(()?710 (; fr vO—S arli a,
plying A; andB; (for IP), andA, andB, (for OP and NNN, ~ "espective Y, whereQ14=(1/Q|0), a10=(1|a|0), andyo
respectively, to the symmetry of the ground-state pair Ievels.=<1| 7|Q> are off-dllalgonal wbratuTal matrix elaments of the
Selection rules are obtained from the symmetry of compo!€SPective —quantities, and%szk(_RO/ Rai) "Caa(211)
nents of the dipole moment parallel and perpendicular to the ~0-391 is a crystal sunN=0 gives intensities when the
crystal ¢ axis ;= uyC By, ) = uyCA;, and u,CB; for polarization of the electric field of the laser radiation is par-
IP pair and MHZ(MXX Mz),C B, /‘LyJ_:(:U,’x ) CZBU and  allel to the crystak axis whileN=+1 gives intensities for

wu,CA, for OP and NNN pairs. For the latter pairs, the in- the perpendicular polarization. The theoretical intensities are
y u . ’ . . . . .
version symmetry is preserved and the selection rules ar@Ven in Fig. 3 as a computer-generated stick diagram. They

simply are also shown below the observed spectral lines collected in
Fig. 4.
g—u (6)
and E. Linewidths
Another observed characteristic of the individual spectral
AF=x1. () line that helped our assignment of the complicated spectrum

For IP pair, where the center of symmetry no longer existsiS the linewidth. It is noted in Fig. 4 that widths of spectral
the rules are more complicated. Anyhow, all of the observedines vary widely depending on transitions. Since the tone-

transitions follow selection rules burst modulation method records higher intensities for nar-
rower lines, we should take into account the linewidths in
I'iel'sdl, | (8)  comparing relative intensities.

Although the method of our crystal preparation is less
wherel'; ,I'¢,I', are irreducible representations of the ini- sophisticated than that of Hardy al?®?*and our transition
tial and final states of the transition apg, is the component energies are higher by more than three orders of magnitude,
of the transition dipole moment. Not all of the transitions we find that there exists a correlation between the linewidths
allowed by these rules were observed. For example, weatf the infrared spectrum and the microwave spectrum. The
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IV. ASSIGNMENT

Perpendicular

NN The final assignment of the complicated spectrum was

(=10 MHz) except for the scaling factor mentioned earlier
—— and will be addressed later in Sec. VI A. Since the symmetry
of the system is not very high, there are plenty of allowed
i transitions as discussed in Sec. Il C and there was no short-
SN |/ O ST PRNSSRY 1 OO R age of ground-state combination differences. Thus, some en-
4152 4150 4148 4148 4144 4142 ergy values that are missing in the microwave work, such as
Frequencyfem?) IP |1,2). levels and the OR0,0) level were readily filled
FIG. 3. Computer-generated stick diagram of the nearestusing the infrared result. This assignment procedure is quali-
neighbor and next-nearest-neighbor pair transitions. Frequency fatively different from and less satisfactory than the tradi-
calculated from energy diagrams in Fig. 5. Calculated intensities fotional method in which energy levels from an interaction
laser radiation field of both polarizations with respect to ¢hexis Hamiltonian with suitable molecular constants are used. We
of the hcp lattice of the crystal are shown. For each polarization, theghandoned this latter approach in view of the facts taat
upper and lower stick diagrams refer to the NNN and NN pairs,eyen for the simpler ground state, the extensive analysis by
respectlve!y. The scale of the relative intensity is consistent W'”Harris et al23 did not explain all the levels antb) our at-
those of Fig. 4. tempt to develop such calculation for tie=6—J=1 pair

sharpest linewidth we observed is 7.8 MHz HWHM. This interaction ran into difficulty. The assignment based on the
suggests that the linewidth resulting from vibrations such aground-state combination difference is also used in gaseous
T, vibron-phonon relaxation an@, vibron dephasing is not Spectroscopy when the analysis of the excited state is pro-
high. The energy of vibron 4150 chhis nearly two orders hibitively difficult as in the case of gi;*.%2
of magnitude higher than the crystal Debye temperdture  The assignment of the transitions by the NN pairs pro-
70 cmi ', and bothT; andT, relaxations are expected to be ceeded as follows. Here we were helped by the work by
very slow#’~%9At the ortho concentrations of 0.2 and 0.06 % Steinhoffet al?® especially for taking into account the split-
used in our experiment, the mean interpair distance ising between the symmetric and antisymmetric states, al-
~35R, and 7&R,, respectively, and vibrons are well local- though our final assignments differ from theirs considerably
ized on the pairs. Overall, as far as the linewidths are conin detail. We first simply scaled the ground-state splitting by
cerr_1ed_, we can ignore_ complications due to the_ vibrationa_lts/ro or I',/T, to approximate the pair splitting for the
eXC|tat|or_1. The_ re_Iaxat|0n b_etwee_n th_e symmetric and ant_'symmetric and antisymmetric=1 vibrational states, re-
symmetric excitations requires vibrational operators and i$pectively. This gave a reasonable first approximation for the
expected to be much slower than the relaxation between P M splitting since the first-order EQQ interaction is the
Iev$lhse. linewidth of the microwave pair spectrum was Stud_dpminant cause for the splitting. The values Io§ were
ied experimental§*?? and theoreticalf® by Statt, Hardy, 2o by Hardyet al** to be 0.576 07 et for IP pair and

’ ' 0.57526 cm? for OP pair.I'g and T, for the excited states

and Jochemsen. They observed that the linewidths var% timated b I £ th :
greatly depending on the transition. For example, the line- ere estimated by assigning some of the more prominent

widths for the|1,1), «|2,1)~ transitions were 13 MHz, one _spe_ctral lines from frequency, linewidth, intensity, and pplar-
half of those for theé1,1) . «|2,1) . transitions although they 'Zation deperl(ience. For example, the strong sharp line at
appear in the same frequency region. Such variations of lingt148.4704 cm™ was assigned the OP11, —21_ transition
widths have also been noted in our infrared spectrum an@nd the line at 4143.8595 cth was assigned to be the
give us an additional guide for spectral assignment. The inOPs 21,11 . From the ground-state splitting of
frared spectrum includes th@-type transitions|F,M)  2.21085cm* between 21 and 11 levels given by micro-
«—|F,M), which do not exist in a microwave spectrum. They wave work, splitting between the G11, and 21, levels
were found to be very sharp as shown, for example, by linavas calculated to be 2.40005 ci Comparing this value
117:1Ps|1,1) . «|1,1) _ in Fig. 4. The same phenomenon with the corresponding ground-state splitting  of
was observed in HD and Ompurity spectra and explained 2.13805 cm® given by microwave work, the scaling for
by Weliky et al>® The levels with same quantum numbers in OPs pair was calculated to bE/T'y=1.12254. This in-

the excited and the ground state tend to be shifted similarlgrease is mainly due to the 10.7% increase of the quadrupole
due to the presence of impurities and thus their differencesioment of B from 0.4853 to 0.5370 a.u. due to the vibra-
are not much affected)-type transition|2,0)—|2,0) is the  tional excitatior®® The scaling factors for other pair states
only exception for this because of a large homogeneouwere obtained similarly. In order to fill the IP 1levels and
broadening. This will be discussed more fully later in Sec.OP 00 levels that are missing in the microwave result, we
VI C. assumed that in the first approximation the scalind-d¥l

=
=z
P4

T - tabaala based on the method of ground-state combination difference
8| using the accurately determined ground-state energy levels
N reported by Hardy and his collaboratéfs2%25?®uring this

ngﬂ IJ ‘ L “\ Hl il sl ¥ l.nwl ] procedure we noted 'Fhat the'ground-state energy values in
Z our crystals are consistent with those by Statt, Hardy, and
% Paralle| Jochemsef? within the accuracy of measurements

§

N
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FIG. 4. Observed spectral lines compared with the theoretical, in which frequencies are calculated from the energy diagrams of Fig. 5.
The radio frequencies used for the tone-burst-modulation for each figure were 120, 120, 120, 60, 13, 13, 13, 60, 120, 120, and 120 MHz,
respectively, in the order of high to lower frequency of infrared. Spectra taken by laser radiation with perpendicular and parallel polarizations
with respect to the axis of the hcp lattice are shown in the same figure. The scale for the relative intensity in each figure is the same
although it differs widely for different figures. The different rf frequencies were used because of the variety of linewidths of the observed
spectrum. Spectral trace in each figure is stitched from multiple scans each spanning 0.0Fhentraces have gaps where no transition
was observed. The numbering of the spectral lines is the same as in Table I.

splitting also holds between the IP and OP pairs. The splitthus obtained the first approximate relative energies for the
ting parameter for the antisymmetric excited state was foundour groups of nine split levels corresponding to the vibra-
to be smaller than that for the symmetric state by about 5%ionally excited states IB; IP-a, OP=s, and OPa. Since the

for the reason that will be discussed later in Sec. VI B. Weorientation-dependent EQQ, CS, and non-CS interactions do
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FIG. 4. (Continued.

not change the center of gravity of the energy levels muchels in the excited states allowed us to assign more spectral
we first assumed the energy difference between the center tihes using observed linewidths, relative intensities, and laser
gravity of each of the four groups and that of the ground-polarization dependences. Each time a new line was as-
state pair levels to be equal to the energy of the singlesigned, an energy level in the excited state was fixed which
moleculeQ4(1) transition. We then shifted the antisymmet- in turn led to assignments of other transitions sharing the
ric levels upward and symmetric levels downward by aboutevel. The new assignments revised the scaling factdr of

the same amount. This shift corresponds to the hopping adind the shift of the ands states, and the scaling was gradu-

thev =1 vibron between the ortho-+bf the pair, known to ally abandoned as more spectral lines were assigned. This
be 0.2—0.3 cm'. These first sets of approximate energy lev-procedure was repeated several times until all observed lines
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TABLE I. ObservedQ,(1) spectral lines that are due to the nearest neigfhi) and next nearest neighb@INN) ortho-H, pairs. IP
stands for NN in-plane pair. OP stands for NN out-of-plane pis for antisymmetric vibrational state,for symmetric. The numbering
of lines is the same as in Fig. 4. The values of the observed-minus-calculated frequencies were calculated from the energy diagrams in Fig.
5 and simply indicate the consistency of spectral lines satisfying various combination differences rather than a result of a fit to a theoretical
model as in an ordinary spectroscopic analysis.

Transition Transition
v=1, v=0, Observed Obs—cal. HWHM v=1 v=0, Observed Obs—cal. HWHM

No. Pair F,M F,M (em™  (10%cml)  (MHz) No. Pair F,M  F,M (em™)  (10%cml)  (MHz)

1 IP a20 11, 4150.2944 0 195.7 49 OP s22, 11, 4147.1462 +7

2 IP a20 00 4150.0880 -—g 199.1 50 NNN g22. 21  4147.1415 43 27.4

3 OFP a20 00 4150.0841 0 194.8 51 NNN g22. 21, 4147.1377 0 28.5

4 OP s20 11, 4149.9497 0 138.4 52 IP s22 11 41471377 4212

5 IP s20 11, 4149.9405 +4 121.2 53 IP s22. 11, 41471377 4157

6 IP s20 11 4149.9400 +5 151.9 54 NNN s20 11, 4147.1278 +2 32.4

7 OoP s20 11 4149.9208 -3 128.9 55 NNN 520 11 4147.1247 o 34.0

8 IP s20 00 4149.7343 0 122.9 56 OP 22, 11 4147.1169 0 27.2

9 IP a22, 21, 4149.7201 —16 93.5 57 OP g2 10 4147.0640 0 17.3
10 IP a22, 21 4149.7201 _342 88.0 58 IP s22, 00 4147.0206 0 27.8
11 OP a22. 21, 4149.7201 +1 88.0 59 NNN go0 21 4146.9949 0 25.9
12 OP a22, 21 4149.6581 0 86.3 60 NNN g00 21, 4196.9914 +1 34.1
13 OP a20 22, 4149.6581 +82 61 IP a20 20 4146.9821 +¢ 97.5
14 IP a22 21 4149.6363 0 97.7 62 OP 320 20 4146.9817 +9 117.6
15 IP az22_ 21, 4149.6344 -1 74.6 63 IP alo 11, 4146.9762 19 44.5
16 OP a20 22 4149.5583 -2 107.1 64 IP al0 11 4146.9753 +6 40.5
17 1P s22, 21 4149.3944 0 73.1 65 OP g10 11 4146.9677 +4 26.2
18 IP s22_ 21, 4149.3024 0 70.4 66 NNN s11 21 4146.9581 g2
19 OP a00 21 4149.1996 0 60.7 67 NNN s11 21, 4146.9545 g2
20 IP a00 21 4149.1744 0 73.2 68 NNN s11, 21 4146.9545 42
21 IP a00 21, 4149.1727 +1 86.5 69 OP 22 10 4146.9545 _3 16.5
22 1P al0 21, 4149.1417 +2 54.4 70 NNN s11, 21, 4146.9499 142
23 IP all, 21 4148.9558 0 60.9 71 NNN s10 21 4146.8983 0 29.0
24 IP all. 21, 4148.9558 13 72  NNN gs10 21, 4146.8947 0 27.7
25 OoP s10 21 4148.8184 0 70.3 73 OP a22 22 4146.8399 +1 12.9
26 OP s10 21, 4148.7738 -1 39.2 74 1P az22, 22, 4146.8385 2 14.4
27 IP s00 21 4148.7313 0 80.3 75 1P a22 22  4146.8326 0 15.2
28 OP s11. 21 4148.5081 0 71.1 76 OP ga22. 22,  4146.8326 +3 14.2
29 OP s11, 21 4148.4704 0 40.2 77 OP  a11 11, 4146.8173 0 69.8
30 OFP s11. 21, 4148.4638 +2 49.5 78 OP g10 10 4146.8048 —4 14.5
31 IP s11. 21, 4148.4638 +32 48.4 79 NNN g22 00 4146.8048 _oa
32 IP s11, 21 4148.4638 4242 48.4 80 IP alo 10 4146.8039 2 12.2
33 OFP s11, 21, 4148.4260 +1 48.6 81 OP 311 11 4146.7890 +3 10.3
34 NNN  a20 21, 4147.7200 -2 68.6 82 OP  ga11, 11, 4146.7878 0 14.8
35 IP a22, 11, 4147.5560 +5 36.7 83 IP all, 11, 4146.7878 ] 15.5
36 1P a22 11 4147.4677 0 36.7 84 IP all 11 4146.7878 412 15.5
37 OP a22 00 4147.3653 -1 29.8 85 NNN z22, 00 4146.7809 0 20.1
38 NNN g20 00 4147.3636 +2 51.0 86 NNN 511 10 4146.7148 0 41.2
39 IP a22 10 4147.2972  +1 21.4 87 NNN ga11, 10 4146.7117 0 45.4
40 OFP a22, 00 4147.2592 12 24.3 88 OP g21, 21 41466912 _—g¢ 29.7
41  OP s22_ 11, 4147.2547 0 41.0 89 NNN z20 20 4146.6870 +5 12.4
42 NNN  a20 22, 4147.2264 +02 49.9 90 NNN a11 11, 4146.6494 43 354
43 IP s22, 11, 4147.2264 ] 49.9 91 OP a2l, 21, 4146.6476 +3 15.1
44 OP s22 11 4147.2258 —32 52.9 92 IP a2l, 21, 4146.6455 ] 14.1
45 IP s22, 11 4147.2258 0 52.9 93 IP a21 21 4146.6455 ] 141
46 NNN  a20 22 4147.2021 -2 54.7 94 OP 321 21 4146.6455 0 125
a7 NNN g22 21 4147.1654 0 28.9 95 NNN ga11, 11, 4146.6455 i) 14.1

48 NNN a22 21, 4147.1618 0 258 96 NNN a11 11 4146.6455 _4a
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TABLE I. (Continued.
Transition. Transition
v=1, v=0, Observed Obs—cal. HWHM v=1, v=0, Observed Obs—cal. HWHM

No. Pair F,M F,M (em™)  (10%cem™)  (MH2) No. Pair F,M F,M (em™  (10%em™)  (MH2)

97 NNN a22. 22 4146.6444 +5 7.8 139 OP s10 22 4145.8938 0 10.4

98 NNN a22, 22, 4146.6438 +8 9.8 140 IP s0O0 22, 41458459 -6 19.1

99 NNN al0 10 4146.6366 0 9.2 141 OP sl11 22, 41456818 -5 19.8
100 NNN s22_ 10 4146.6317 0 10.2 142 IP sll. 22_ 4145.6606 —1C¢°
101 IP s10 11 4146.6182 0 143 IP s11, 22 41456578 +1 315
102 NNN a2l 21 4146.6095 0 14.4 144 OP sl11, 22, 4145.6442 -4
103 NNN a2l1, 21, 4146.6095 -—52 145 OP sl11 22 41455832 -3
104 NNN s22, 10 4146.6038 0 8.9 146 IP s11 22, 41455801 —4
105 OP a21 21, 4146.6009 -1 147 IP s11, 22, 41455769 +3 35.6
106 IP S22, 22, 4146.5096 0 10.9 148 NNN a21, 20 41455769 +6°
107 IP S22 22_ 4146.5006 +1 11.6 149 OP s11, 22 41455456 -2 44.0
108 NNN a00 22 41464731 -3 150 1IP a2l 11, 41444784 +9 50.0
109 NNN sl11 22, 41464593 +1 151 IP a21, 11 41444784 -—3% 40.8
110 NNN s11, 22, 4146.4572 +6 152 IP a2l1, 10 41443085 +4 435
111 IP s10 10 4146.4477 0 8.0 153 IP a2l1, 00 41442738 +3 61.2
112 NNN sl11 22 41464351 -9 154 IP a2l 00 41442722 +5 67.3
113 NNN s10 22, 4146.4000 0 9.5 155 OP a22. 20 4144.2615 0
114 NNN s10 22 4146.3765 -3 13.7 156 OP a21 00 41442463 -1 52.6
115 OP a00 22, 4146.3741 +3 16.6 157 OP s21, 11, 4143.8879 0 42.1
116 IP al0 22 4146.3396 0 18.2 158 OP s21, 11  4143.8595 +2 39.9
117 1P s11 11 4146.2965 -2 13.8 159 |IP s21, 11 4143.8528 -3 66.2
118 OP a00 22 4146.2753 +3 17.9 160 IP s21 11, 4143.8496 +12 73.0
119 NNN a21, 00 4146.2532 0 35.7 161 IP a2l 22 4143.8421 +3
120 NNN a21 00 4146.2491 0 18.4 162 OP s21 11, 4143.8325 0 39.6
121 IP all 22 4146.1525 1 35.0 163 OP a2l 22, 4143.8198 +1 70.0
122 NNN a22_ 20 4146.1287 +6 66.4 164 OP s21 11 4143.8038 -1 80.4
123 IP s11 10 4146.1259 -2 32.7 165 OP a2l, 22 4143.7669 -3 53.5
124 NNN a2l1l, 22, 4146.1154 +1 19.7 166 IP az2l, 22, 4143.7627 +2 63.0
125 NNN a21 22, 4146.1113 +1 167 1P a2l 22, 4143.7610 +3
126 NNN a22, 20 4146.1040 0 52.3 168 OP a00 20 4143.6968 —5 79.7
127 NNN a21, 22 4146.0918 -3 19.0 169 OP s21, 10 4143.6968 —4°2
128 NNN a2l 22 4146.0879 -1 23.8 170 IP a00 20 4143.6931 -5 104.4
129 IP all, 22, 4146.0710 0 30.4 171 IP s21_ 00 4143.6426 0 76.8
130 NNN s21, 10 4146.0265 0 172 OP s21_ 10 4143.6426 +8°
131 NNN s21_ 10 4146.0227 0 23.1 173 IP all, 20 4143.4750 0 95.6
132 IP s21, 21, 4146.0203 +4 14.1 174 IP s0O0 20 4143.2505 0 124.5
133 OP s10 22, 41459927 +1 9.4 175 IP s21, 22 4143.2181 +1
134 NNN s21_ 11, 41459576 +11° 176 IP s21 22, 4143.1313 -3 81.2
135 NNN s21, 11 4145.9576 0 177 OP s11. 20 4143.0059 +1 69.6
136 NNN a00 20 4145.9576 0 178 IP s11. 20 4142.9849 +4 124.5
137 NNN sl11 20 4145.9202 0 50.2 179 IP s11, 20 4142.9825 +19
138 NNN sl11, 20 4145.9176 0 22.6 180 OP s11, 20 4142.9680 -1 71.2

aSpectral lines overlapping with stronger lines.

were assigned. During this process, we noticed that thgested central region, i.e., those from 4150.3 to 4148.4'cm
ground-state splitting of our crystals was smaller than that oft the high-frequency side and those from 4144.5 to
microwave work. This point will be discussed further in Sec.4142.9 cm* at the low-frequency side were assigned to tran-
sitions of NN pairs. This enabled us also to assign many NN
All observed spectral lines, which are far from the con-pair spectral lines in the central region. We then proceeded to

VIA.
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FIG. 5. Energy level diagrams d&) nearest-neighbofNN) in-plane (IP), (b) NN out-of-plane(OP), and (c) next-nearest neighbor
(NNN) ortho-H, pair in para-H crystals. Unit is in wave number. Values for all levels were calculated from the observed infrared spectrum.
Levels are shown to scale except for the separation betwean-lieandv =0 states. Energy scales are the same also across three figures
except for that of the NNN pair that has been magnified by a factor of 5.

assign transitions of NNN pair from the spectral lines thatantisymmetric states is also much lower. In assigning those
had been left unassigned using similar procedure as for Nrowded spectral lines, theoretical relative intensities, polar-
pairs. Because of thR™° dependence of the EQQ interac- ization dependences, and linewidths reported by Hardy
tion, the pair splitting for the NNN pair is less than one fifth et al?%?> were indispensable. We often relied on théror
of that for the NN pairs. The splitting of the symmetric and effectin which the mirror transitions|F’,M’), «|F,M),
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and|F,M),«—|F’,M"),, appear symmetrically with respect higher-order harmonics of the tone burst modulation are neg-
to the single-molecul&,(1) frequency, with similar line- ligible as in our system. Both Gaussian and Lorentzian line
widths, intensities, and polarization dependences. profiles were tried for the fitting and the Lorentzian gave an
The polarization dependences are not always followedverall better fit to the experimental line profile. The pure
strictly due to the birefringence of some Gadhd sapphire Lorentzian form was adopted to maintain the consistency.
windows used in the experiment. Even using sapphire winThe uncertainty of the measured linewidths depends on the
dows with thec axis cut normal to the plane, a slight bend of signal-to-noise ratio of the line but it is on the average 15%
the laser radiation affected polarization dependences. Amef the width.
other degradation of the polarization dependence was caused The polarization dependence agreed well between the ex-
by the finite size of the laser radiation, which made part ofperiment and calculation as can be seen from Fig. 4. How-
the beam not strictly aligned with respect to thaxis of the  ever, there exists a residual intensity leftover from one po-
crystal because of the cylindrical shape of the crystal cell. larization to the other for reasons mentioned earlier in Sec.
Eventually all spectral lines except those in the highlylV. Intensity data can be deceiving at times. The tone-burst
congested central region over one wave number from 4147 modulation technique used in our experiment gives a second-
to 4146.1 cm? have been assigned. The unassigned lines inlerivative line shape and enhances sharp lines at the expense
this region are thought to be due to orthg-phirs farther of broad ones. However, if we take this into account, the
separated than the NNN pair and orthg-¢lusters starting intensity data match the calculation pretty well.
from trimers®* For the first 0.2% crystal studies with CCL,
we observed some weak features near the SNN-1).
—]2,; and|2,1).+|1,1)- transitions. They are not pair
transitions from their frequency positions. We ascribe these As mentioned earlier in Sec. IV, we have not carried out a
to trimer transitions, with a third orthoHmnolecule close by fyjl-fledged spectral analysis based on the interaction Hamil-
a pair perturbing th¢F,M) levels. These spectral lines are tonian. In the following we single out four interesting aspects

complicated since there are many different configurations fopf our results and discuss them semiquantitatively.
trimers>*

VI. DISCUSSION

V. RESULTS A. Lattice constant

Assigned transitions are listed in Table I. Energy levels As mentioned earlier, the observed ground-state pair lev-

determined from observed frequencies for NN IP, NN OP,gisal%?zz\éi?ep??;ea t:ceflri]r?g géﬁgﬁw?xg f;c?tlg?ssfocr)fN:iEy
and NNN pair are shown in Figs(®—5(c), respectively. For NN-OP, and NNN are 0.99858, 0.99878, and 0.99908, re-

many cases, more than one transition sharing the same Ievéagectively, with the microwave splitting being larger. Using

was observed. Weighted averages of measured values ng_‘e R 5 dependence of the EQQ splitting, their average

used to determine energy levels for such cases, with weig Son .
: . o .99881 indicates that the lattice constant of our crystal was
reflecting the accuracy of measuring a transition. For ex rger than that of Hardt al. by 0.024%. There are two

ample, if a transition is strong, sharp, and close o a stron easons for this larger lattice constant. First, the temperature
reference, it was given the largest weight in averaging. Weal ge o ' P
of our crystal was higher than theirs. Our crystal cell was

U:eeé’ g;?alfsle'geisr; ct)rq (Ia' naevsecr);l/g;laq_ﬁlg QV;\?LEZSO tgfe :hsgr%rggs (la'R/ee}_eat sunk to the helium bath at 4.2 K. However, the cell was

minus-calculated frequencies listed in Table | were calcu—yplcally a5 K due to the radiation from the sapphire win-

: : I~ dows, while their crystal, grown in a microwave wave guide,
lated from the energy diagrams and simply indicate the Conwas at 2.1 K. Second, our crystal was attached to the cell

sistency of spectral lines satisfying various combination ; - . .
y b fying all while theirs was freestandirfg. Using the molar-

differences rather than a result of a fit to a theoretical mode"
. . . : olume formulaV(T)=V(0)+2.233< 10" 6T44243! the ef-
as in ordinary spectroscopic analysis. Most of observed SIOe%ctive temperature of our crystal is estimated to be 7.5 K.

tral lines are given in Fig. 4. In these figures, the calculate op i .
transition frequencies and intensities for both polarizations ur crystal was expanded by about 0.02% in the lattice con-
tant because it was attached to the wall.

are included for easy comparison with the observed specs-
trum.

The measured linewidths for most of the assigned transi- B. Dependence of pair splitting on the vibrational state
tions are listed in Table |. To measure the linewidth from the

tone-burst spectral line shape, a least-square fit to Lorentzian .From_ the energy Ieve]s given in Fig. 5 Itis clear that the
profile was applied with the following form: pair splitting increases in the excited vibrational states and

that the splitting is larger in the symmetric vibrational state
2 1 than in the antisymmetric state. If we neglect the small effect
lo 7 7 of the CS and non-CS interactions, we obtain the observed
— +1 — vyt +1 _ - ' . .
[(v=ro)/7] [(r=votvp/y] ratios of the EQQ splitting parameters in the excited state
1 I's,I', and ground stat&', as follows:

 [(r=vo—vplyPP+1)° (0
wherevy is the frequency of the transitior,is the HWHM 5_11217 and=2=1.0623 for the IP NN pair,

of the transition.vy, is the side band frequency of the tone- T’ I'y
burst modulation. This form is valid when the second- and (128
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I r, . which are in reasonable agreement with the observed values.
r_ 11217 and-—=1.0620 for the OP NN pair,  The fact that the observed ratios are smaller than the calcu-
0 0 (12b) lated suggests that theffectiveintermolecular distance of a
J=1 pair increasesupon vibrational excitation contrary to
and the case of thd=0 pair orJ=0—J=1 pair where the vi-
brational excitationdecreasesntermolecular distances:>®
s r, _ This may be explained as due to the fact that, at the equilib-
Ty~ 11331 andr—0=1.0735 for the NNN pair. rium position, molecules sense the attractive part of the iso-
(120 tropic potential while they sense the sharply rising repulsive
part of the anisotropic potenti&P’ We see that the agree-
These results are approximately explained by the formulasment is better in the NNN case when molecules in the pair
are farther separated.

I's=A(s|Q1Q,/s) =A((1]Q|1)(0|Q[0)+(0|Q[1)?),

(133 C. Linewidth
) The linewidth of a transition in a solid involves contribu-
I'a=A(a]Q1Q2l2) =A((1|Q[1){0|Q[0) —(0|Q[1)*), tion from both the homogeneous broadening due to relax-

(13b  ation and dephasing, and the inhomogeneous broadening due
to the impurities and the crystal imperfections. As mentioned
I'o=A(0]|Q|0)?, (130 in Sec. lll, Q-type transitions showed minimum inhomoge-
neous broadening and are the best candidates for studying
the homogeneous broadening. We plot the linewidths of all
the Q-type transitions in Fig. 6 as a function of
|AEgqoy—1—AEgqg,—ol, where AEgqq denotes energy
shift of the EQQ level from the center of gravity of the
splitting. We note that all transitions show a similar small
width except for the two NN2,0)«|2,0) transitions. This
demonstrates that the relaxation rate is less than a few MHz
for all levels except thé¢2,0) level, which stands high above
and the rest of the levels. In their theoretical study of the line-
width of the microwave pair spectrum, Statt and H&rdy
a showed that, analogous to Einstein’s formula for spontane-
F—O=1-073 65, (14D ous emission, the uncertainty broadening due to the phonon-
induced relaxation is proportional to the third power of en-
ergy difference between the initial and the final state

where A=6/25R°, and with theab initio values of quadru-
pole matrix elements given by Karl and Pdll.Using

(1]/Q|1)=0.5370,(0|Q|0)=0.4853, and(1|Q|0)=0.0880

all in atomic units, we obtain theoretical values
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FIG. 6. Linewidths(HWHM) of all the Q-type transitions that IAE 6 ve1 = 20 vmd (em™)

have same values fér andM for the ground and the excited states.

The horizontal axis shows the absolute values of the difference of FIG. 7. Linewidth versus the absolute value of the difference of
the electric quadrupole-quadrupole interactiggQQ energy the electric quadrupole-quadrupole interactidBQQ) energy
AEgqq between the excited and ground states for these transitiond Egqq between the excited and ground state levels for all the tran-
AEgqqis defined as the relative energy of a level from the averagesitions whose linewidths have been measured accurately. Open
of the nine levels. Filled circles represditype transitions involv-  circles indicate the transitions that do not involve the [210) level,

ing the highest NN2,0) level. while filled circles indicate those that do.
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FIG. 8. Deviation from proportionality between tie M splitting in the excited state and the ground states. ylagis represents the
deviation of the measured level of an excited state from the value assuming the proporti@halitywg thex axis stands for the energy
levels of the excited states according to the energy diagrams in Fig. 5.

=g;—¢;. If we assume equal relaxation matrix elements be-

tweenF,M levels, we obtain the following ratios of sponta-

neous relaxation for the,M levels:

Spontaneous relaxation

|F,M) rate in arbitrary unit
2,0 3114

2,2, 254
0,0;1,0; 1,1 128

2,11 0

that is an order of magnitude higher than the other levels.
the ortho pair with randomly distributed=1 H, mainly
Fig. 7, we plot the observed linewidth versiSEgqg, -1

excluding transitions involving thg,0) level shown in black
circles. The approximate linearity attests to the fact that thehat of the latter by a factor of 10.

D. Deviation from a linear dependence

It is observed that the linear dependence for the splitting
between the excited and ground states is much better fol-
lowed in the antisymmetric excited state than in the symmet-
ric one. This phenomenon is shown in Fig. 8, where the
deviation from a straight linear dependence is plotted for all
cases. The deviation is calculated to be the difference be-
tween the measured level of the excited state and what its
value would be assuming a perfect linearity between the
splitting in the excited and the ground states. The figures lead
This explains why only2,0) has homogeneous broadening us to the following qualitative observations.

(1) For both the symmetric and antisymmetric excited
Inhomogeneous broadening due to the EQQ interaction gftates of the NN pairs, the deviations from the linearity are
practically identical for IP and OP pairs. This suggests that
depends on the angle-dependent interaction Hamiltonian. Ithe deviation is mainly due to the CS interactions.

(2) Between the symmetrifFig. 8@)] and the antisym-
_AEEQQ,v:O|- We note an approximately linear dependencemetric[Fig. 8(b)] excited states, the pattern of the deviations
is very similar but the magnitude of the former is larger than

EQQ interaction between the pair and a farther away ortho- (3) The deviation of the NN antisymmetric excited state
H, shifts theF,M levels in the ground state and the excitedand that of the NNN symmetric excited state are similar both
in pattern and magnitude.

state in a similar fashion.
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(4) The deviations of the NNN antisymmetric excited ment. There are no extraneous or missing lines. The assign-
state are one order of magnitude smaller than those of theent has provided complete energy patterns for the six
NNN symmetric state and have an inverted pattern. excited pair states. We leave the fitting of the observed levels

by interaction Hamiltonian for future work.
VII. CONCLUSIONS

The extremely complex high-resolution infrared spec-
trum, observed nearly ten years &jdas been assigned to
theQ4(1) transitions of NN IP, NN OP, and NNN ortho,H We would like to thank Dr. Robert Curl for lending us the
pairs by the method of ground-state combination difference€dTe modulator used in this work. We also thank Dr. Mary-
using microwave results of Hardy, Berlinsky, and Harris.Frances Jagod for the software used for data acquisition and
Observed and theoretical relative intensities, polarization demeasurement. This work was supported by the Air Force
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