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Observation of discrete energy states of weakly confined vibron
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The first overtone pure vibration&l,(0) [v =2+0, J=0«0] transition of solid parahydrogen was
studied using high-resolution laser spectroscopy. The absorption spectrum exhibits extremely
narrow linewidthg20 MHz full-width-at-half-maximuny, which allowed us to observe rich spectral
structure in the transition. Part of the structure is attributed to Nhesublevel splitting of
orthohydrogen that induces dipole moments on surrounding parahydrogen molecules, but the finer
spectral structure is due to vibron hopping of the2 excited state of parahydrogen molecules. The
Stark field of the orthohydrogen localizes the vibron on a finite number of parahydrogen molecules,
which results in the discrete vibron states. From the analysis of the spectral structure, the vibron
hopping frequency of the=2 state is determined to be114 MHz. It is also found that the spectral
structure cannot be explained completely unless the quantum nature of solid hydrogen is taken into
account for the analysis. @002 American Institute of Physic§DOI: 10.1063/1.147251]7

I. INTRODUCTION action and proximity between particles as well as the imper-
fections of solid or liquid structure, both homogeneous and
The optical interaction of atoms and molecules in theinhomogeneous broadening in the condensed phase is, in
condensed phase is intrinsically different form those in thegeneral, too large to observe such spectral structure explic-
gas phase. In the gas phase, atoms and molecules are wigl),
separated from each other so that they interact with electro-  Selid parahydrogen, however, is an exception to this
magnetic radiation independently. On the other hand, due tgeneralization. Solid hydrogen is the simplest and most fun-
the proximity of neighboring particles in the condensedgamental molecular crystalSince intermolecular interaction
phase compared with the wavelength of optical radiation, ihenyeen hydrogen molecules is extremely weak compared
happens quite often that many atoms and molecules interagfith its rotational energy level spacings, each hydrogen
with one photon simultaneously. The simultaneous excitationnglecule exhibits almost free rovibrational motion re-

of multiple atoms and molecules by one photon is a Characfaining the rotational quantum numb&gs a good quantum
teristic feature of the optical interaction of the condensed, mper. Optical transitions to such quantized rotation-

phase. , . vibration states have been found to exhibit extremely sharp
An excited state in the condensed phase hops from ong,q\idth. After the pioneering work of Hardst al, on the
atom/molecule to others due to interatomic/molecular imer’nigh-resolution microwave absorption spectroscopy of solid

actions. The eigenstate becomes delocalized, which results B};lrahydrogeﬁ“a various transitions have been studied with
a finite width of the energy state. The width of the energy;q i resolution’24 The narrowest transition so far reported
corresponds to the strength of the interaction between neare tg4 MHz (=0.0001 cni?) in the case of a pure vibrational

Eeighborir}gﬂ?airs, f?{rcijt r?utgh_ly {sflectstthe f_ﬁquency Of;hegl(O) transition [v =10, J=0-0] of a D, molecule in
opping of the excited state in the system. The energy bang,;y parahydrogeh.The sharpness is a result of the small

IS f|IIe_d with an_ infinite numb_e r_of states when the eXC't.edmass of hydrogen and weak intermolecular interaction. At
state is delocalized over the infinite number of the constitu-

. ..~~~ "“the temperature of liquid He, all parahydrogen molecules
ent particles. Conversely, when the delocalization is I'm'tedi)ccupy theJ=0 rotational state. Due to the spherical nature

to a finite number of the constituent particles, the energy . ;
; of the J=0 rotational wavefunction, the homogeneous broad-
state becomes discrete. Nevertheless, the spectral structure. : ;

. . . ening of solid parahydrogen decreases drastically. Moreover,
that originates in the discrete energy levels has rarely beep . S S )
. . . the inhomogeneous broadening is almost negligible in solid
observed spectroscopically, though many excited states in thea ahvdroaen because the crvstal defects could be self

condensed phase are considered to be partially delocalize@?' 209 us ys s cod s

The reason is due to the inherent broadness of optical trar(—epalred due to the large zero-point lattice vibration as a

sitions in the condensed phase. Because of the strong intéle-SUIt of thg small mass of hydroggn. Thus, both homoge-
neous and inhomogeneous broadening are almost completely

suppressed in solid parahydrogen to exhibit extremely nar-
dPresent address: Department of Electronic Science and Engineerinq;OW linewidth. The narrow spectral linewidth allows us to
Graduate School of Engineering, Kyoto University, Kyoto 606-8502, Ja- . ) . . . .

pan. observe fine spectral structures originating in subtle interac-
Y Author to whom correspondence should be addressed. tions in the condensed phase.
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Here we report the first high-resolution study of the purepies theJ=1 rotational state at the low temperatures. Be-
vibrational overtone transitio®,(0) [v=2<0, J=0—0] of  cause of the nonspherical nature of thel rotational wave
solid parahydrogen. Th@,(0) transitions in solid hydrogen function, the orthohydrogen has quadrupole moment, which
become infrared active only upon interaction with internal orinduces dipole moment on the surrounding hydrogen mol-
external electric field as is briefly described in the next sececules to cause th® (AJ=0) type transitions. Upon th®
tion. Thus, high-resolution spectroscopy of Qg(0) transi-  transitions, the inducer orthohydrogen changes its value of
tions gives us detailed and accurate information on intermothe quantum numbew! which is the projection of the rota-
lecular interactions and the nature of excited states in théonal angular momentum. Thus the pure vibratio@gl0)
condensed phase. The sharpness ofQh&®) transition al-  transition induced by orthohydrogen is a simultaneous tran-
lowed us to directly observe discrete energy levels of thesition which should be written agn(O)+Q0(1).25 But herein
weakly confined vibron of the =2 state in solid parahydro- it will be referred to simply as th@,(0) transition.
gen. Moreover, it is found that the quantum nature of solid  Since theQ,(0) absorption is a simultaneous transition
parahydrogen can be clearly drawn from the frequencywvhich occurs near orthohydrogen impurities, the final state
analysis of the observed spectral structure. of the transition is not the same as that of @0) transition

The mechanism of the pure vibrational transition of solidinduced by the external field. For example, althoughutkel
parahydrogen is briefly summarized in Sec. Il. The experivibrational excited state of solid parahydrogen has a band
mental setups for high-resolution laser spectroscopy in thidth of 4 cmi ™%, the Q,(0) transition induced by external
near-infrared region is described in Sec. lll. The experimenelectric fields(stimulated Raman or Condon effecthows
tal results are given in Sec. IV, which follows the theoreticalextreme|y sharp linewidth, because only #we0 of the vi-
background and analysis in Secs. V and VI. The discussioBron band is optically accessible from the ground state. On

on the determined parameters is given in Sec. VII. the other hand, th@,(0) infrared absorption of solid parahy-
drogen induced by orthohydrogen shows a broad spectrum

Il. Q,(0) OPTICAL ABSORPTION IN SOLID with a width of 4 cm L. Since it is a simultaneous transition

PARAHYDROGEN with orthohydrogen, the optical selection rudk=0 does

Since the hydrogen molecule is a homonuclear diatomiét hold so that the entire vibron band becomes infrared
molecule, the dipole transition of vibrational transition is in- active. The spectral shape is roughly proportional to the den-
frared inactive. Nonetheless, various infrared absorption haSity of states of the =1 vibron state, which means that the
been observed in solid hydrogen. Those transitions becomébron is delocalized almost completely throughout the entire
infrared active upon interaction with the electric field. Be- crystal?®
cause of the polarizabilityr of the hydrogen molecule, in- The second overton@3(0) absorption of solid parahy-
ternal or external electric fiel& induces dipole momenz ~ drogen has been studied with high-resolution by Dickson
— «E on the hydrogen molecule, which interacts with pho-et al!*?" They observed several lines at approximately
tons. 11758 cm!. The spectral structure has been interpreted as

Pure rotation and rotation-vibration transitions 8f theM sublevel splitting of the inducer orthohydrogen. In this
(AJ=2)2 U (AJ=4)°W (AJ=6)""andY (AJ=8) (Ref. case, the» =3 excited state is considered to be localized on a
11) types become active through instantaneous dipole mdiydrogen molecule next to orthohydrogen. The breakdown
ment induced by the fluctuation of the electric field of sur-0f the symmetry upon excitation lifts the degeneracy of the
rounding hydrogen molecules. Pure vibrational transitions oM sublevel, which was detected as a spectral structure of the
the Q (AJ=0) type have also been observetf; °but the  Q3(0) absorption.
mechanism is different. The instantaneous fluctuation of the ~ The first overtoneQ,(0) absorption at 8070 cit has
electric field which inducedJ>0 transitions does not in- been observed with low-resoluti6hA Fourier-transform in-
duce theQ (AJ=0) type transition. The permanent electric frared(FTIR) spectrum observed by Welilat al?*showed a
field is indispensable to induce ti@type transition. It has doublet with a spacing of 0.5 ¢m, but no further spectral
shown that theQ-type transition of pure parahydrogen crys- structure was resolved. Later, Mengel al. observed the
tal is induced by external electric fields such as a laser field@»(0) absorption at a resolution of 0.009 chm?? At low
(stimulated Raman effef or a static electric fieldCondon  orthohydrogen concentration, they saw only the doublet re-
effect.}”*8 The electric field of ions produced in solid hy- ported by Welikyet al, but also a somewhat broader feature
drogen also induces th@-type transitiont®?° The observed attributable, according to the analysis of Dicksetal. for
Q,(0) transition induced by external fields showed extremelyQ3(0), to transition induced by next nearest neighbor ortho-
sharp line due to thAk=0 momentum selection rule. hydrogen monomers. Th@,(0) absorption of crystals con-

On the other hand, the internal electric field of the quad+aining higher orthohydrogen concentration has also been
rupole moment of the orthohydrogen impurity also inducesstudied by Mengekt al. They observed quite complicated
the Q-type absorption of parahydrogen crystal. But the tran-spectra, which were interpreted as to the transitions of dimer,
sition mechanism is completely different from that inducedtrimer and larger clusters of orthohydrogen molecules in
by the external electric field. Parahydrogen, havingd  parahydrogen crystals.
nuclear spin angular momentum, occupieslk® rotational No studies of theQ,(0) transition with high-resolution
state at liquid He temperature; therefore, it has no permanetetter than 0.009 cm' have been performed until now be-
multipole moment of any order. Contrarily, the orthohydro- cause of the lack of commercially available laser sources in
gen having thd =1 nuclear spin angular momentum occu- this frequency region. We have developed a new laser system
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for high-resolution spectroscopy in this near infraredJ=0 rotational state, while orthohydrogen occupied dkel
region?® Here, we report our new observations of Qg(0) state. The actual ratio of ortho/para in this experiment was
transition of a crystal of low orthohydrogen concentrationestimated to be about 1x0L0™“ from the intensity of the
using this new laser system. We have observed more con®,(1) transitions observed by a FTIR spectrométeFhe
plicated spectral structure than t@g(0) transition observed crystal structure thus grown has been proved to be hexagonal
by Dicksonet al. We found that this spectral structure is due close-packed crystal with its-axis pointing towards the ra-
to the discrete vibron energy levels of the=2 vibron state  dial direction of the cylindrical ceff*
in addition to theM sublevel splitting of the inducer ortho-
hydrogen. Details of the observed spectrum and its analysis
are discussed in the following sections.
B. Laser system

IIl. EXPERIMENTS In order to carry out high-resolution spectroscopy of the
Q,(0) transition of solid parahydrogen at 8070 thy we
developed a new tunable continuous-wat€W) mid-

Pure parahydrogen gas was produced by passing normatfrared laser system based on the difference-frequency mix-
liquid hydrogen through globules of hydrous ferric oxide ing. Details of the laser system have been published
(lonex Research Co., Mesh size>380) kept at 13.8 K ina elsewheré® The block diagram of the laser system is shown
homemade ortho-para converiérThe equilibrium ortho- in Fig. 1. Radiation from a CW ring-dye-las¢Eoherent
para ratio at this temperature was calculated to~0°. Inc., Model 899-29 at around 18 000 cimt was mixed with
The parahydrogen gas thus produced was stored in a gasother laser radiation from a CW ring-Ti:sapphire-laser
cylinder at room temperature and then used for the prepardCoherent Inc., Model 899-21at around 10000 cm' in a
tion of the sample. Back conversion from parahydrogen tgotassium-titanyl phosphat&TiOPO,; KTP) crystal to gen-
orthohydrogen was found to be almost negligible for a fewerate CW infrared radiation at around 8000 ¢mThe spec-
days even at room temperature, in the absence of a magneti@al purity of both ring-laser radiations was about 1 MHz.
field. The KTP crystal, which is a biaxial crystal, was placed so

Parahydrogen crystals were grown in an optical cellthat thexy plane was parallel to the optical table on which
made of copper, which was attached beneath the liquid Hall system were securely tightened. The two laser radiations
reservoir of a helium cryostat. The cell was an enclosed typewyere coaxially introduced at 45° to theaxis of the crystal
and both ends were sealed with Bakindows for optical in the xy-plane. The laser radiations were focused with a
observations. The length and diameter of the cell were 10 crhO-cm-focal-length Baj-lens. Configuring both input laser
and 2 cm, respectively. Parahydrogen gas of about 10Ofadiations to be horizontally polarized by half-wave plates
cn/min was introduced into the cell through a 1/16 in. stain-(A/2), we obtained the oscillation of difference-frequency
less steel tube. The cell was kept at 8.0 K during crystalertically polarized relative to the optical table. The
growth. The crystal grew radially inwards from the copperdifference-frequency mixing was the type Il oscillation de-
surface. The entire cell except a small portion of the cylin-scribed in the previous papee{ e—0).2° The conversion
drical center was filled with completely transparent crystal.efficiency was about 510 3; and we obtained approxi-
After crystal growth, the temperature of the crystal was caremately 150uW of the difference-frequency laser radiation
fully lowered to 5.0 K for optical absorption experiments. At from 200 mW of the dye laser and 150 mW of the Ti:sap-
this temperature all parahydrogen molecules occupied thehire laser radiations. The generated infrared radiation was

A. Sample
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separated from the two ring-laser radiations by a Ge filter,

and then the radiation was introduced in a parahydroger ® (a)

crystal to observe its absorption. Q.(0)+5,(0)
The frequency scan was carried out by scanning the fre- $0) /

guencies of the dye laser radiation while fixing the frequency \ /

of the Ti:sapphire laser radiation. The scan was controlled by e
80702 80704 80706

a computer using theutoscaN program(Coherent Ing.
The frequency stability of the infrared radiation was roughly
a few MHz. As for the frequency measurement, the absolute

frequency of the difference-frequency radiation itself was not ~
measured directly, but each frequency of the dye and the Q) GO QO+
Ti:sapphire laser radiations was measured separately b \\\J‘,\\\E‘_
wavemeters. Since the accuracy of the each wavemeter we e
0.01 cnt't, the maximum error of the absolute wave num- 7% 8000 00 8200 8300
bers in this study could be 0.01 crh However, relative wavenumber (cm )
wave number accuracy of the measurements was less th@(. 2. Infrared absorption spectrum of solid parahydrogen in the wave
0.0001 cm?, which was ensured by the frequency stability number region of 7900-8600 crh (a) Overview of the spectrum observed
of the two ring-laser systems. The relative wave number acby FT spectrorp_ete(rresolution 0.01 crﬁ_l). (b) High resolution spectrum of _
curacy is important in the foIIowing discussion, but the a_b_thng(O) tran3|t|qn observed by the difference frequency laser system with
. L chopper modulation.

solute wave number is not significant.

For the detection of signals, we employed the tone-burst

modulation techniqu&*in addition to the standard chopper @, (0) transition consists of a doublet whose lower frequency
modulation. The chopper modulation is useful for recordingcomponent appears at 8070.23 chand the higher compo-
real spectral shape, but the tone-burst modulation is bettgfent appears at 8070.55 ch The spectral structure of the
for sensitive detection. The sensitivi /I of our tone-burst  Q,(0) transition is similar to that of th&;(0) previously
modulation is about 1T, which is roughly two orders of reported* but the fine structure of the,(0) is more com-
magnitude better than the sensitivity of the chopper modulapjicated than that of th€,(0). The upper panel) of Fig. 3
tion. For the tone-burst modulation of this study, the sideshows an enlargement spectrum of each component observed
band oscillation of the dye laser radiation was generated i3t 5.0 K, while Fig. 4 shows the spectrum observed by the
an EO modulatoMgO doped LiNbQ crysta) driven by tone-burst modulation with RF sideband of 10 MHz. The
radio frequenciesRF) of 5-100 MHz. The RF was switched  finer component is more clearly separated in Fig. 4 than that
on and off at a rate of 30 kHz, and the signal was demoduppserved by the chopper modulation. The lower frequency
lated at this frequency by a lock-in amplifier. The tone-bursicomponent consists of 8 sharp lines, while the upper compo-
detection enhances the spectral structure whose width igent 10 lines. TheQ4(0) transition shows similar spectral
close to the RF. Because of the demodulation scheme, thgrycture with a large spacing of 0.5 ¢/ but the lower
tone-burst spectrum appears as a second derivative-type liRg@mponent consists of only 4 lines and the upper component,
shape. 6 lines'* Roughly speaking, th@,(0) transition has twice as
many lines as th€;(0) transition.

ERan
8500

81 8400 8600

IV. OBSERVED SPECTRA

Figure 2 shows a low-resolution absorption spectrum in (
a

the region of the first overtone vibrational transition. The )
spectrum was recorded using a Bruker FTIR spectromete
(IFS-120HR at a resolution of 0.01 cit. The concentration 5.0K
of orthohydrogen was estimated to be less than 0.01%. A
sharp absorption at about 8070 this the first overtone
pure vibration transition of parahydrogé®,(0)] while the
b) 2

weak peak at 8060 cnt is that of orthohydrogefQ,(1)].
Broad absorption at the higher frequencies around 815C (
cm ! is the accompanying phonon band of g(0) transi-
tion. Transitions in the region of 8300-8600 thhave 8 0K
been assigned to th®,(0) transition and simultaneous tran-
sitions Q1(0)+Q4(1) and Q,(0)+S,(0) as annotated in Fig.
2.223%Wjith the resolution of 0.01 ct, the Q,(0) transition (
appeared as a doublet with a spacing of 0.3 tnBut it SR AL AL
turned out that each component actually consists of many 8070.22 8070.240 8070.540 8070.560
sharp lines. wavenumber (cm™)
The inset panelb) of Fig. 2 shows a high-resolution FIG. 3. Enlargement of the spectrum shown in the inset panel of Fig. 2. The

spectrum of theQ,(0) tranSiFion observed by the diffgrence— chopper modulation was use@) The spectrum observed at 5.0 &) The
frequency laser system with the chopper modulation. The&pectrum observed at 8.0 K.
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The lower panel(b) of Fig. 3 shows a chopper spectrum
observed at 8.0 K. The full-width-at-half-maximum
(FWHM) of each finer spectral peak was about 20 MHz
(0.0007 cm'?) at 5.0 K, but it became 1.5 times broader at
8.0 K. Such a drastic increase of the spectral width with the
rise of the temperature has been observed in the case of
vibration-rotation transition of CPmolecule embedded in
parahydrogen crystafS.The drastic increase of the width of
CD, has been interpreted to result from the pure dephasing
of the vibrationally excited state. The broadening shown in
Fig. 3 is also attributed to the pure dephasing of the2
vibrational excited state.

We have observed a broadening of the linewidth for
crystals which contain higher concentration of orthohydro-
gen. This broadening is due to the inhomogeneous quadru-
pole field of orthohydrogen molecules in the crystal. The
mechanism of the broadening has been discussed in the case
of the D, impurity transition in solid parahydrogef.The
spectrum shown in Figs. 3 and 4 is that of the crystal con-
taining the smallest concentration of orthohydrogen we could
obtain.

Comparing these spectra with the FTIR spectra of the
Q,(0) transition reported by Mengeit al?? (Fig. 7 of their

whler_eas{_ the m;ve:- pﬁnéb) show;_ thle stpet(;]trum g‘:fr.] the papej, it is obvious that the fine spectral structures shown in
polarization ot the light IS perpencicuiar to the Crystaxis. Figs. 3 and 4 must be attributed to te(0) transition in-

Each finer spectral line shows definite polarization depenauced by an isolated orthohydrogen molecule in the parahy-

dence. The transition frequencies and its polarization reIativ:arogen crystal, but not to transitions of dimer, trimer, and
to the crystalc-axis are summarized in Table 1. As was al- higher clusters’ of orthohydrogen molecule ' '

ready mentioned in the experimental section, the absolute In the case of theD4(0) transition, several additional

x?;t?vgu\,?alir r?l(j;:nubr:::); ér; L'Jl'raat():lj ;rlﬁoa:]bgoz; ghotlr:r?g::;;hz be}ge?k peaks hthE 1beep observed in the middle of the large
ter than 0.0001 cmt pI|tt_|ng of 0.5 cm -, I.Dllcksonet al. concluded that the dou-

' ' blet is theQ4(0) transition of parahydrogen next to orthohy-

drogen, while the weak peaks are that of parahydrogen of

TABLE I. The observed and calculated frequencies of@0) transition ~ N€xt-nearest-neighbor of the orthohydrogen. We have also
induced by an isolated orthohydrogen molecule. The polarization and th@bserved a weak transition in the middle of the doublet
assignment in terms of the extended grébg,, X 'G, are shown in the last  shown in theQ,(0) transition. Figure 5 shows a tone-burst
two columns. spectrum of the weak transition. We observed a doublet at
around 8070.45 cm' with a splitting of 0.0055 cm?, but

Inaas T aan

LB IRLALALE BLELELEL BN LIANLNLELE ILELELALE L)
8070.220 8070.560
FIG. 4. High-resolution spectrum of th@,(0) transition observed by the

tone-burst modulation. A RF sideband of 10 MHz was u$adPolarization

of the laser radiation is parallel to the crys@hbxis. (b) Polarization is
perpendicular.

The upper panela) of Fig. 4 shows the spectrum when
the polarization of the light is parallel to the crystahxis,

Wave number

(cm™Y) Obs—calc. symmetry  the transition was too weak to observe further spectral struc-
Obs. calc? (x10% Polarization label ture, contrary to the case of tlgg;(0) transition.
Lower band
8070.2250 8070.2251  —0.6 perpendicular aE”« aE” V. THEORETICAL FRAMEWORK
28;8:3223 gg;gé;;; 71:2 zz:z::g: zé}:x‘% In this _section, we describe a theoretical framework for
8070.2297 8070.2296 11 perpendiculaa A —aE" the analysis of the observed spectral structure. The general
8070.2316 8070.2316 -0.3 perpendicular aE"—aE" theory of rotation-vibration states of solid hydrogen has been
8070.2345 8070.2344 0.7 perpendiculaaE’—aE”  summarized in a revieW and a book. A theory of theQ(0)
8070.2355 8070.2355 0.4 perpendiculaa€’—aA; jnfrared absorption has been developed by Sears and Van
8070.2365 8070.2365  ~03 parallel aA1—ah;  Kranendonk® The theory is applied to the analysis of the
Higher band Q5(0) absorption by Dicksort all*in which they have as-
8070.5371 8070.5371 -03 perpendicular aEZHaE” sumed that the excited state is completely localized on one
28;8-2222 gg;g-gjgg 012-1 perpendiculaaA;—aE”  hygrogen molecule. The&,(0) absorption in the present
. . -0. parallel aE’'—aF .

8070.5444 8070.5442 19 perpendiculaaE’— aE” study can be analyzed by the same theoretical framework,
8070.5465 8070.5465  —0.3 parallel  aAl<aA, but we need to extend the theory to be able to take into
8070.5489 8070.5491  —2.0  perpendicular aE"—aE" account the delocalization of the vibron.
8070.5506 8070.5506 0.4 perpendiculaaE’ —aA,; . .
8070.5564 8070.5563 12 parallel aE'—aE’ A Hamiltonian
8070.5588 8070.5588 -0.4 perpendicular aE"«~—aE” ; ; ; ;
8070.5633 8070.5632 o8 perpendiculanE’ A, To make the discussion simple, we consider a pure

30rigin of the Q,(0) transition is fixed tov,=8070.4540 cm'?

parahydrogen crystal which contains only one orthohydrogen
molecule in it. The crystal is assumed to be a hexagonal
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action changes only the transition frequency of the entire
band, we consider only the anisotropic interaction between
the orthohydrogen and parahydrogen, which changedthe
states of the central orthohydrogen molecules. Consequently,
the isotropic interaction can be effectively included in the
band origin inH gt.yip -

The pair type interaction between orthohydrodemol-
ecule 2 and parahydrogerimolecule 2 is generally ex-
pressed ds

AR@1,0)= 2 Am(RIClm(©1)Cpn(@2), (1)
1:12s

whereR is the intermolecular distance, ang ,w, are the
orientations of orthohydrogen and parahydrogen molecules
with respect to the axis between two moleculpair-axis.

The symbolC,,(w) expresses the Racah spherical harmon-
ics, which is related to the standard spherical harmonics
FIG. 5. Spectrum of the next-nearest-neigha(0) transition. The transi- Y|m(w) as
tion appears at approximately 8070.45¢mThe spacing of the doublet is

0.0055 cm?. Since the absolute wave number was hard to determine with

our laser system, only the wave number shift relative to the lower compo- Cim(w)=
nent of the doublet is shown.

LA E— | L — |

-0.010 -0.005 0.000 0.005 0.010

wavenumber shift (cm'l)

112
Yim(®). 2

o
2l+1
The coefﬁcientA|l,2m in EqQ. (1) is a function of the distance

. R
close-packedhcp) structure without any defects. All parahy-
drogen molecules occupies tlie=0 rotational state, while numbers of ,, |, andmsurvive in the summation in Eq1).

the _(I)_Lthcz{hi/dlr?_'gen_l?ccy pies the=1 stafte. th vsis of th Furthermore, since the interaction betweenik® andJ=1
€ total Hamifionian hecessary for i€ analysis of tNeqag js being considered, only terms witk-2, ,=0 have
Q,(0) transition is generally expressed a3$=H qvip

THo where H - is a sum of the rotation-vibration a nonzero interaction. If the distance between two hydrogen
Harrlritlt,onian of éogé'ﬁ hydrogen molecule, ahty, is the molecules are assumed to be rigidly fixedRat the aniso-

S . ydroge P et > tropic interaction in Eq(1) between thel=0 parahydrogen
Hamiltonian arising from the intermolecular interaction be-

tween hydrogen molecules. We assume that the rotationélalnd‘]_1 orthohydrogen becomes

guantum numbed is a good quantum number in the crystal; V(Rg,w1)=Bp(Rg)Coo 1), 3)
and thus, the rotation-vibration Hamiltonian is that of the

standard Hamiltonian of the gas phase molectfless for
the interaction Hamiltonian, it can be divided into three part
as Hine=Verystart Hhop™ Vstark- The first termV, g is the

From the symmetry of hydrogen molecule, only even

where Bo(Rg)=A,0Ry). However, because of the small
Jnass of hydrogen molecules, the amplitude of zero-point in-
termolecular vibration is considerably large so that the devia-
crystal field potential arising from the dispersion interaction " frqm the eqU|I|br|um d'StanCRO negds to be explicitly
taken into account in the pair potential between hydrogen

between hydrogen molecules. The second tefyy, repre- . -
sents the vibron hopping Hamiltonian which is responsiblemolecules. Such a treatment has been discussed by Luryi and

for the delocalization of the =2 vibron in solid parahydro- Van Kranendonk as the “renormalization problem.” If the

gen. The third termV g is the Stark field potential due to Instantaneous posmo_R betvx_/e(_—:-n two _moleculeg 's consid-
the quadrupolar field of the central orthohydrogen. Each tern‘?red explicitly, the anisotropic interaction potential should be

in H;,; is discussed separately subsequently. written as
V(Ry, 1) =Bo(Ro)Cao @1)

: _ _ +B2(Ro)[Coxw1) + Coz(wy) ], (4)

Each hydrogen molecule is under the potential which . )
arises from the dispersion interaction between hydrogen molnstéad of Eq(3). In Eq. (4), the tilde put over the potential
ecules. We call this potential the “crystal field potential.” In V and the coefficienB,, B, indicates that the instantaneous
the first order approximation, the crystal field is a sum of theposition is renormalized in them. The coefficieBgandB,
pair potential of every possible pair of hydrogen moleculesare related to the coefficiefty in Eq. (3) and to the devia-
However, to avoid complexity, the crystal field potential of ation of the distance, that iR — Ry|, whose explicit expres-
completely pure parahydrogen crystal is taken herein as thgion is discussed in Sec. VII.
reference of the potential. Thus, as the effective crystal field The crystal field potential of the crystal is obtained by
potential, we only consider the change of the pair interactioriaking all the sums of the pair interaction in E¢) between
of the pure parahydrogen crystal by the substitution of arthe orthohydrogen and the surrounding parahydrogen mol-
orthohydrogen molecule as well as by the vibrational excitaecules. Since the quantum effect discussed above is impor-
tion of the parahydrogen molecule. Since the isotropic intertant only for the nearest-neighbor pairs but not for distant

1. Crystal field potential V' ¢rysta
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pairs, Eq.(4) is only applied to the pairs between orthohy- coordinate of each molecule, the interaction can be expanded
drogen and its nearest-neighbor parahydrogen moleculeas a power series of each vibrational coordirggtandq; as

while Eq. (3) is used for other pairs. Y 2V

The sum can be calculated by using the transformation v _—\0 4 3 2 4%, . § disp

. . . . disp disp <. Ok B

of the coordinates from the pair-axis to the crystal-axis as k=i.j 90k Kk =i,j 29k?Yk’

qkQk’

- (8)

Com(®1) =2 Din(R)Can(€), (5) . _ _
n where Vg, is the value ofVgg, with g;=q;=0. Let [i)

where () is the orientation of orthohydrogen relative to the =|vi=2uv;=0) be the state in whicth parahydrogen mol-
crystal-axis andR is the orientation of the pair-axis between €cule is in its vibrationally excited state, afid=|v;=0y;

the orthohydrogen and parahydrogen with respect to thé& 2) be the statgth molecule is in its vibrationally excited
crystal axis. The functiorDﬁm(’R) is the Wigner rotation state. The two states interact with each other through the

matrix*® The definition of the Wigner rotation matri@ is  fourth derivative term in Eq8), because the matrix element,
the same as that employed by Van Kranendonk in his Book.

Vg
When all parahydrogen molecules are in the ground 04:%@”:0“ =2|qi2qj2|vi=2,vj =0) 9)
state, the crystal field potential is found to be L]
VI(Q,Ry) = €2.Co Q). (6)  has nonzero values. Without this interaction, the two excited

o ] ] states degenerate. However, the nonzero matrix element in
The coefficiente,. is the so-caIIe_d crystal field pargmeter. In Eq. (9) lifts the degeneracy of the two states with a mixing of
this case, only the term proportional @y((2) survives be- e wave function betwedity and|j). Physically, this inter-

cause of the symmetry of the crystal around the orthohydrotion causes the hopping of the-2 vibrational state in the
gen molecule, even if we use E@) for the nearest neigh- ¢ystal. The matrix element, in Eq. (9) for the nearest
boring pairs. o _ neighboring pairs is often called the hopping frequency.
When one of the parahydrogen molecules is in the vibra-  “the order of the hopping frequency of the pure vibra-
tionally excited state, the crystal field potential becomesignal states in solid parahydrogen has been discussed by
more complicated than that of the ground state. Because ¢ficksonet al 14 They showed that the hopping frequency is
the different polarizabilities for different vibrational states, (aquced by two orders of magnitude as the vibrational quan-

pair interaction of the vibrationally excited parahydrogeny,m numbew increases by one. Since the hopping frequency
with the orthohydrogen is different from that of the ground of the , =1 vibrational state is calculated to be5.7 GHz

state parahydrogen. When tfte parahydrogen molecule is (=—0.19 cn1 %) from the spectral width of the,(0) infra-
excited to its vibrationally excited state, the crystal field po-qq absorptioR®!2the hopping frequency of the=2 vibra-

tential can be expressed as tional state is estimated to be150 MHz (=—0.005 cm %).
VE(Q,Rp)
2
=€,.CofQ)+ABy X D2, ,(R)DZ,(Q) 3. Stark field potential V  gax
m=-2

The electric field of the quadrupole moment of the ortho-
hydrogen induces dipole moments on surrounding parahy-
drogen molecules, but it also changes the energy of sur-
rounding hydrogen molecules by the Stark effect. It is clear
where the first term of the right-hand side is the ground statenat the energy shift of the 12 nearest-neighbor parahydrogen
crystal field _pote_ntial and_ th_e second term ig the correctionglecules to the orthohydrogen is much larger than that of
due to the vibrational excitation. The symi)| is the Euler  the next-nearest-neighbor hydrogen molecules. The differ-
angle whl_ch represents the orientation of the pair-axis beapce of the energy shift of parahydrogen molecules at differ-
tween thejth parahydrogen molecule and the orthohydrogerent distances is of importance for the discussion of the vi-
molecule relative to the crystal-axis. The symid@, (n=0  bron hopping, because the Stark energy appears in the
or 2) represent8%—B,,, whereB®* s the coefficient of the diagonal matrix elements of each localized vibrationally ex-
pair interaction potential in Eq4) between the vibrationally cited state, while the vibron hopping appears in off-diagonal
excited parahydrogen and the orthohydrogen molecules. Ihatrix elements.
should be noted that the paramese, related to the quan- The energy we have to consider for the analysis of vi-
tum effect appears explicitly in Eq7). bron hopping is the difference of the Stark energy between
the excited and ground vibrational state. Explicitly, the en-
ergy difference of thath parahydrogen molecule which is
separated from the orthohydrogen by a distaRcecan be
written as

2
+AB, X [D2,(R)+D.5(R)IDZ(Q), (D)
2

mI:_

2. Vibron hopping Hamiltonian H .,

Delocalization of the vibrationally excited state occurs 1
through derivatives of the dispersion interaction between 1 m
. . A . AEi=—5(ay—r—a,- -1 Ri)E_m(R;
molecules. Since the dispersion interactigp,, between two ! 2(@=2 a”‘O)mzil( )" Em(R)E-m(Ri),
hydrogen molecules (@ndj) is a function of the vibrational (10
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where&,(R)) is the spherical component of the electric field crystals?® Generalization of the theory has been discussed by
of the quadrupole moment of the orthohydrogen at the posiMiller and Decius** The extended group pertinent to the
tion R;, anda,_, and a,_, are the polarizabilities of the present system has already been discussed by €half*
parahydrogen molecule in the=2 excited state and the This group is isomorphic t®g, point group, and the char-
ground state, respectively. If the ener§¥; is considerably acter table is given in Table | of their paper.
larger compared to the hopping frequency, the vibron cannot  Using the notation given in their papgrthree ground
hop from one to the other localizing the vibron in a limited states((M), M =0, +1) are classified int@A,+aE”, while
region. the 36 vibrationally excited states for the first nearest-
The electric field of the quadrupole moment of the ortho-neighbor hydrogen molecules are classified intaA2
hydrogen at the distance &=3.783 A(Ref. 41 is roughly ~ +3aA,+4aA;+3aA;+5aE’'+7aE". Since the dipole
100 MV/cm. Using the known values af,_,=6.3729 a.u. moment operators transform accordingst;+sE’, we ex-
and a,-(=5.4139 a.u’? the AE; at the nearest-neighbor pect a total of 9 parallel transitions 44\;—aA), 5aE’
hydrogen molecules is calculated to d&,,~—0.01cm*.  —aE") and 19 perpendicular transitions gB’'—aA},
The energy is about the same order as the hopping frequen¢gaA] +3aA;+ 7aE”)«—aE”) among these states.
given in Eq.(9) so that it is necessary to take into account for
the analysis. On the other hand, the enekdy; of the next-
nearest-neighbor hydrogen molecules is calculated to b8 Transition intensit
~—0.0014 cm'* which is already negligibly small. ' ton intensity
Transition intensity is calculated from the transition di-
pole moment on each parahydrogen molecules induced by
the electric field of quadrupole moment of orthohydrogen.
Rotation-vibration states in the crystal is expressed as Bsing the spherical coordinates, the electric field of quadru-
linear combination of the basis function which is a productpole moment at a positioR is written ad
of the rotation-vibration functiond,M) for each hydrogen

B. Basis function and its symmetry

molecule. We consider a crystal 6f molecules all in the En(R)=(—1)"15 D, Q,Con(,)C(123;mn)
J=0 rotational state and one orthohydrogen molecule in the n
J=1 rotational state. The ground state basis function is writ- *
3 n-m({))
ten as > M (15)
R
N
IM)y=]3=1M) [] [v=03=0);, (1)  whereQ, is the quadrupole moment of orthohydrogéh,
i

and (), are the orientation of the vect® and the orthohy-
whereM (=0, * 1) is the projection of the rotational angular drogen molecule, respectively, relative to the crystal-axis,
momentumJ of the orthohydrogen. The basis function for and m=0, +1. The symbol €123mn) is the Clebsch—

the vibrationally excited state in whickth parahydrogen Gordan coefficient. Thenth component of the induced di-

molecule is excited to the=2 state is expressed as pole moment of a parahydrogen Rtis expressed as
N \/R)
IMK)=[J=1M) [v=23=0) J_E[klv=0,3=0>j- (12 ,um=a5m(R)—T72 C(211u m—pu)
Y22
The eigenfunction is a linear combination of the above basis X Cou(Qp)Em-u(R), (16)

functions as ) ] )
wherea andy are the off-diagonal elements of the isotropic

|i)=2 di IM) (13) and anisotropic polarizabilities between the0 andv =2
v states, respectively}, is the orientation of the parahydrogen

molecule relative to the crystal-axis, and=0, = 1. The sec-

ond term in Eq(16) can be disregarded in the present analy-

. - sis, since we only consider pure vibrational transition of a
- i

|J>_%‘< dhaid M. k) 149 320 molecule. Thus, the induced dipole moment onithe

parahydrogen molecule becomes

for the ground state and

for the excited state, wher, andd},, are the coefficients

obtained by diagonalization of the Hamiltonian matrix de- 1 _
scribed above. um=35aQ; g 2, C(28Lu M~ 1)y Qo)
The hcp lattice belongs to thes;, point group, while the !
orthohydrogen to th&s,={E,(12),E*,(12)*} permutation 3 m-u(Qoi)
inversion group. Thus, by taking an appropriate linear com- X (17

4
bination, the above basis function can be symmetrized in R

terms of the irreducible representations of the extende@vhereR; is the distance between tli#h parahydrogen and
group’'Dg,X'G,. The idea of the extended group has beenthe orthohydrogen molecule, aifdi,_; is the orientation of
introduced by Reddington and Milligan for the classificationthe pair-axis between thi¢gh parahydrogen and the orthohy-
of the rotation-vibration states of diatomic molecules indrogen molecule relative to the crystal-axis. As a result, the
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FIG. 6. In-plane(IP) and out-of-plane(OP) pair configurations. The 12 -0.15 1
nearest-neighbors of central orthohydrogéisplayed as ellipsg¢sare
shown. Molecules in the same basal plane are connected by solid lines. The 0204 P
IP and OP pairs are represented by a bold broken line. The crystal-axis T -
(XY2 and the pair-axigxy2 are also shown. -0.25 (a) (®) (c) (@

FIG. 7. Energy level diagrams of the=2 vibrationally excited statega)
Only the first terme,. of Eq. (7) is considered(b) The second terrAEo is

considered in addition t¢a). (c) The quantum terme2 is considered in
addition to(b). (d) Vibron hopping interaction is considered in addition to

3 a ) ) s
<i|§|: Mm(|)|i>:§k: V35Quaz0 > dldi, (©).

4
Re MM

transition moment between the ground stajein Eq. (13)
and the excited statg) in Eq. (14) becomes,

i nearest-neighbor pairs and of OP pairs needed to be distin-
X + -
2 CAIMM+p m=p) guished for the quantitative analysis of 1@g(0) spectrum-*
Since the crystal field potential of the vibrationally excited

X C(133;M"0) stateV®(Q) is a function of the orientation of the pair-axis,

% Dfﬂim - u(Q6)C(121;000 the coc_efficie_nts could.be dif_ferent between IP and OP pairs.
Following Dickson’s discussioff, we also assumed that both

XC(121Mu)C(231;u m—p), (18  AB, andAB, are different for the IP and OP pairs. Actually

where ay, is the matrix elementv’J’|a|vd)=(20/«|00). ~ We could not obtain good fitting without using different pa-
The above equation is used for the calculation of transitiofameters for these two coefficients. Thus, we used a total of

intensities. six parameterse,., ABl, ABS®, ABY, ABS®, ando, for
the fitting of the spectrum.
VI. ANALYSIS OF THE OBSERVED SPECTRA Figure 7 depicts how the energies of the vibrationally

xcited states split with each interaction discussed above.
he crystal fielde, slightly lifts the degeneracy dfl into
~ ~ o M=0 andM==1 as shown in Fig. (8. The crystal field
ABo, ABy, ando, were used as the fitting parameters. ThepotentiaIA~Bo andAB, split the threeM levels widely—one

Ciabiization energy for the nearsstneighbor parahydoge, e 1S lower energy and two of ther have higher en-
AE,. are fixed to the values of,—8070.4540 cm' and ergy as shown irib) and(c) in Fig. 7. Observed large split-

. 71 . . . _
AE.——0.0109 cmi, respectively, during the fitting pro- ting of 0.3 cnm * is due to this effect. Because of the differ

cedure. As the basis function we included up to the fourt"c€ of IP and OP pairs of the parametE, andAB,, the

nearest-neighbor hydrogen molecules in the calculation vibrationally excited state has a total of two levels in the
Since the parametersB, andAB, are functions of th.e lower energy levels and four levels in the higher energy lev-

inverse of the distance, those for next-nearest-neighbors are™
expected to be quite smaller than_ those for the rleares'([irogen molecule, we expect 4 allowed transitions in the
neighbors. Therefore, we only consider the paramei8§  |oywer band and 7 transitions in the higher band. This ex-
andAB; for the nearest-neighbor hydrogen molecules.  plains theQ4(0) spectrum as discussed by Dicksetral 2 In
There are twelve nearest-neighbor hydrogen moleculeghe Q,(0) transition, however, more splitting has been ob-
in the hcp lattice; six molecules are in the same hexagonaerved in both lower and higher frequency bands as is seen in
plane and three are in the above plane and three are in thiggs. 3 and 4. These extra splittings are due to the vibron
lower plane. Thus, there are two types of nearest-neighbdiopping interaction. The splitting due to the hopping is de-
hydrogen pairs in the hcp lattice, as illustrated in Fig. 6. Thepicted in Fig. 7d).
in-plane(IP) pair is a pair of two hydrogen molecules onthe  The energy diagram shown in Fig. 7 together with the
same hexagonal plane, while tbat-of-plane(OP) pair is a  theoretical intensities calculated from HG8) allowed us to
pair in which each molecule is in a different hexagonal planeassign all the observed transitions. The parameters deter-
next to each other. Dicksoet al. found that theAB, of IP  mined by the least squares fitting method are listed in

Nonlinear least-squares fitting calculations were carrie
out to analyze the observed spectra. The parametgrs

If we assume that the vibron is localized on one parahy-
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TABLE Il. Experimentally determined parameters. The values in parentheTABLE Ill. The population density distribution of the=2 vibron near

ses are one standard deviation in the last figure.

Parameter cmt
& ~0.01162)
ABP ~0.52785)
AEOOP —0.52875)
ABP ~0.00452)
ABSP 0.01493)
oa ~0.00381)

orthohydrogen. nfP): in-plane nearest-neighbor parahydrogen molecules.
nn(OP): out-of-plane nearest-neighbors. nnn: next-nearest-neighbors. 3rd
nn: the third nearest-neighbors.

Relative
wave
numbers  Sym.
(cm™ 12 label nr(IP) nn(OP) nnn 3rd nn

—0.2308833 aA] 0.2170403 0.7806869 0.0010730 0.0004407
—0.229586 3 aA;, 0.0006045 0.9974817 0.0009815 0.0005798
—0.2266261 aE” 0.4460317 0.5519255 0.0008941 0.0000995
—0.2231692 aE' 0.0003541 0.9987197 0.0004525 0.0001515
—0.2220997 aA] 0.7800766 0.2178437 0.0007153 0.0001405

Table Il. The comparison of the calculated stick spectrum-0.2200579 aE” 0.7703447 0.2278295 0.0007283 0.000 0240
with the experimental tone-burst spectrum are shown in Fig-0.2172585 aE” 0.7791056 0.2198541 0.0001788 0.000030 3

8. The calculated spectrum coincides well with the observe
spectrum both in its frequency and its intensity. The calcu
lated and observed frequencies are compared in Table I.

VII. DISCUSSION

The ground state crystal field parameter, is deter-
mined to be—0.0116+0.002 cm*. The value is slightly

different from that determined previously from the analysis

of the Q3(0) transition'* Since our spectral resolution is

¢ 02161282 aA; 0.9987696 0.0000902 0.0002771 0.0000000
0.0827288 aA, 0.6116175 0.3686628 0.0101931 0.0007295
0.0848204 aE’ 0.3050658 0.6821604 0.0057081 0.0020917
0.0854415 aE" 0.1607523 0.8244898 0.0084576 0.0029872
0.0878995 aA] 0.0480049 0.9455810 0.0026344 0.0016073
0.0904191 aAj 0.8895485 0.096397 7 0.0058945 0.000000 7
0.0917259 aA, 0.3702814 0.6245811 0.0007465 0.0009402
0.0919333 aE’ 0.7152671 0.2753844 0.0035373 0.0008212
0.0925188 aE" 0.7135718 0.2785926 0.0019853 0.000000 2
0.0968913 aE" 0.9557367 0.0394052 0.0012980 0.0001265
0.0974147 aE’ 0.9090309 0.0842482 0.0023531 0.0002887
0.0996828 aA] 0.9479348 0.0473512 0.0015973 0.0000582

much better than previous experiments, we believe that ouf.0997898 aA] 0.9978961 0.0000473 0.0000015 0.000 000 1
parameter is more accurate than theirs. The higher spectre).1045901 aE’ 0.0062280 0.9894019 0.0021485 0.0010558

resolution is mainly due to the lower orthohydrogen concen
tration in our sample than that of the previous sample.
The parameter gives the crystal field splitting of

8;=E(M=+1)—E(M=0)=—0.6ex (19)

_0.1071567 aE" 0.2000401 0.7974197 0.0007648 0.0008725
0.1085640 aA; 0.0000000 0.9978726 0.0010460 0.0000000
0.1103345 aA; 0.0978302 0.9011295 0.0001968 0.0000000

aThe origin of the wave numbers is taken as the wave number of the excited
state energy level without any interaction.

for an orthohydrogen molecule in pure parahydrogen crystal.

Determination of the value and sign &f has been attracting

much attention because it may explain the anomalous behayy ot 5114

ior of the specific heat of solid parahydrogeft. The most
accurate value of; so far reported is 0.0071 cm by Dick-

o
M

8070.220 8070.240 8070.540 8070.560

wavenumber (cm™)

(©)

FIG. 8. Calculated stick spectrum and the observed spéajrand(b) The
tone-burst spectra of tH@,(0) transition with paralle(a) and perpendicular
(b) polarizations.(c) The calculated spectrum. Transitions of perpendicular
polarization are represented by solid lines, while parallel polarizations ar
represented by broken lines.

Our experimental result support their value. The
M= =1 level is above theM=0 level and the separation
is 0.006 96-0.000 12 cm*=10.01+0.17 mK. More discus-
sion on the parameter will be made in a forthcoming p&per.

The vibron hopping parameter, is determined to be
—0.0038 cm . The value is roughly the same order of mag-
nitude as Dicksoret al. predicted. In Table I, the distribu-
tion of the vibron is calculated for each excited state. The
population is obtained by taking the square of the coeffi-
cients of each eigenfunction. From the table we see that
about 99% of the vibron is localized on the twelve nearest-
neighbor parahydrogen molecules. In the case ofuth@
excited state, the hopping parameter is roughly on the same
order of magnitude as the Stark stabilization energy. Thus,
the v=2 vibron could distribute not only to the nearest-
neighbor but also to the next-nearest-neighbor and even
more distant hydrogen molecules. However, the calculated
result indicates that the vibron is mainly localized only to the
nearest-neighbor molecules.

The localization can be explained by the effect of the
crystal field parameteAB,. As is depicted in Fig. (b), the
parameteAEo is the origin of the large splitting between the
lower and upper frequency components. If we assume that
the doublet shown in Fig. 5 is the transition to the vibron
gnainly populated on the next-nearest-neighbor or further hy-

drogen molecules, the splitting due 1B, for the next-
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nearest-neighbor molecules is only 0.0055 émThus, the Luryi and Van Kranendonk discussed two models in or-
energy levels of the vibron on the nearest-neighbor hydroge#ler to estimate the quantum parameters. One is the aniso-
molecules are shifted by0.1 or—0.2 cnv & due to theAB, tropic Debye model and the other is the perturbed Einstein

term compared with the next-nearest-neighbor vibron. Thénodel. The Debye model is based on the anisotropy of the
energy difference of-0.1~ —0.2 cm * is much larger than dispersion curve of the entire phonon band. On the other

the hopping parameter of 0.0038 cm?, which suppress hand, the Einstein model originates in the local distortion of
the hopping of the vibron from the nearest-neighbors to thdhe lattice around the pair of nearest-neighbor molecules.

next-nearest-neighbors. Comparison of the vibron hoppingeince the vibron we are studying is closely localized around
interaction among the=n (n=1, 2, and 3 excited states of he impurity orthohydrogen, the perturbed Einstein model is

solid parahydrogen will be discussed in more details in dnore appropriate than the Debye model for our discussion.
forthcoming papef® It has been discussed that the nonaxiality parametsr

different between the IP pairz{F) and the OP pair £°).

Next we di th tal field t&B, and A :
_exwe ISCUS_S e crystal e .param.e o an Based on the perturbed Einstein model, Luryi and Van
AB,. For the analysis of th@5(0) transition, Dicksoret al. Kranendonk have derived a relation gf/7°F=—1/3. From

only used the parameteYB,. We have tried to fit the ob-  the analysis of our spectrum, we obtained the difference of
served spectrum by using only the parametd; and  the parameteaB, between the IP and OP pairs. The ratio is
ABg", but we could not achieve a good fitting. We found |ABP/ABOP =0.30. The ratid AB/ABSR must be related
that the inclusion of the parameteBY and ABS” drasti-  to the ratio of5'"?/5°P according to Eqs(21) and(23). Since
cally improve the results of fitting. The significance of the our ratio is not the rati®!/BS" of the ground state, but the
coefficientsB, andB; in Eq. (4) has been discussed in detail atio of the difference of the parametBp, between the vi-
by Luryi and Van Kranendonk. They found that the coeffi- prationally excited state and the ground state, our ratio of
cientsB, andB, are explicitly written as |A~B'2P/A~B|§;F1 = |9.30 cannot be compared directly with the
~ 1 - " , ratio of " /7n~"=—1/3, but the similarity is worth noting.
Bo(R)=Bo(R) + #(U*)Ry “(RgBG +2RoBy— 6B) The parameteA B, is also found to be different between

— {(R3Bj—RoB4+3By) ], (200 1P pairs and OP pairs but the difference is very small. The
parameteA By is related to the oblateness parametend
B _ V6 the average of the zero-point deviati¢u?) as is seen in Eq.
2( R) - T 7780( R), (21) . =~ |p = 0P .
(20). The small difference betweekB, andAB; may in-

; : oP
where B)=(dBo(R)/dR)g,, and By=(d?Bo(R)/AR)g,. dicate that the differences betwegf and {°, and between

: B ) . . {u?)® and(u?)°F are small.
The vecton, defined asi=R—R,, is the instantaneous dis- There are other small interactions which we ignored in

placement between two hydrogen molecules. The symbo[he above analysis. TH@,(0) excited state interacts with the

(...) expresses the averaging over the zero-point lattic%ouble transition stat®, (0)+

; . 1 Q1(0) through the second de-
motion. The symbolg and7_7 In Egs.(20) and(21)_represent rivative of the dispersion interaction in E) with
the oblateness and nonaxiality parameters defined by

1 02:aZVdisp@i:1'Uj:1|CquJ'|Ui:2-Uj:0>- (24)

(= (ul+u2-2ud), (22) d0idq;
Ro The vibron hopping frequency of this type is approximately
1 two orders of magnitude larger than the hopping in &4).

n= —(u)z(—u2>, (23) Using the hopping parametéro,=—-0.19 cm* and the
R3 Y transition frequencies of 8070 crh for the Q,(0) and of

8300 cm * for the Q,(0)+Q4(0), the second order perturba-
tion gives the frequency shift of about 0.000 15 ¢nfor the
Q,(0) transition by this interaction. The shift of the energy is
small enough so that the mixing was disregarded in the
Es)resent analysis.

whereu,, u,, andu, are the Cartesian components of the
vectoru in terms of the pair-axis shown in Fig. 6. This ap-
proximation is known as the static phonon renormalization
where the word “static” indicates that the orientation of the
central orthohydrogen molecule is fixed during the averagin
process.
From Egs.(20) to (23) we see that the parametBp  VIII. CONCLUSION
contains information on both classical and quantum effects, pHearein we reported the first high-resolution spectro-

while the parameteB; is a pure quantum parameter. The scopic study of the first overtone pure vibrational transition
parameteB, is nonzero only when the parametgrhas a  of solid parahydrogen. The overall spectral profile is similar
finite value, which originates in the nonaxiality of the zero- to that of theQ3(0) transition, but there exists finer structures
point lattice vibration. A quantitative estimation gfin the  in the Q,(0) spectrum. We observed a total of 18 transitions.
ground state solid parahydrogen has been discussed H[yhese transitions were analyzed through the consideration of
Hardy et al>®® and Luryi and Van Kranendorkbased on the crystal field interaction and the vibron hopping interac-
the microwave spectrum of orthohydrogen pair transition andion. By the nonlinear least-squares fitting of the observed
the neutron scattering by Nielséh. spectra, the vibron hopping parameterwas determined to
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be —0.0038 cm = — 114 MHz. In addition to this, the crys-
tal field parametera B, were found to be significantly dif-

Katsuki, Nakamura, and Momose
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K. E. Kerr, T. Momose, D. P. Weliky, C. M. Gabrys, and T. Oka, Phys.
Rev. Lett.72, 3957(1994).

ferent between in-plane and out-of-plane pairs. The differ-lST. Oka, Low Temp. Phys22, 96 (1996

ence of the parameteYB, is attributed to the difference of

the nonaxiality of the zero-point lattice vibration, which is a 201

pure quantum effect of the crystal.
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