PHYSICAL REVIEW A

VOLUME 35, NUMBER 2

JANUARY 15, 1987

Absorption spectra of solid para- and normal hydrogen in the first overtone region
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Solid hydrogen crystals of both para and normal species were grown in a glass cell 6.4 cm long
and 1.0 cm in diameter using liquid-helium cryogenics apparatus. Their infrared-absorption spectra

were recorded in the first overtone region 8000—9400 cm~'.

. The absolute intensities of several

zero-phonon transitions of the type Q,(J), Q(J)+Qi(J), S»(J), Q:(J)+So(J), Q(I)+S:1(J]),
SH(J)+So(J), and S1(J)+.S1(J) and those of the accompanying phonon branches Qz and Sz were
measured. The observed spectra clearly demonstrate that there is no contribution to the intensity of
the pure overtone’ Qr phonon branch from isotropic electron overlap induction mechanism. This is
in striking contrast to the observations in the fundamental band of either solid [H. P. Gush, W. F. J.
Hare, E. J. Allin, and H. L. Welsh, Can. J. Phys. 38, 176 (1960)] or gaseous [S. P. Reddy, G. Var-
ghese, and R. D. G. Prasad, Phys. Rev. A 15, 975 (1977)] hydrogen. ‘

I. INTRODUCTION

Solid hydrogen is unique among the molecular crystals
because it retains almost free molecular rotation and free
molecular vibration and exhibits many properties of a
quantum crystal as revealed by several experimental stud-
ies both in Raman scattering? and infrared absorp-
tion.>~® In addition, the vibrational and rotational quan-
tum numbers are good quantum numbers in the solid
phase of H, because the mixing of states belonging to dif-
ferent values of v and J is negligible. In principle one can
carry out experimental studies of pure solid para-H,
(J=0), pure solid ortho-H, (J=1), or solid H, with any
desired ortho-para mixture in order to understand various
interactions and effects the solid H, crystals exhibit.

Since the first observation of the fundamental absorp-
tion of solid H,,” there have been several studies of this
absorption under different experimental conditions.3~% As
in the case of gaseous H,,® the observed absorption of
solid H, in the fundamental region is due to the electric
dipole moments induced by the intermolecular interaction.
The observed spectral features of the Q(AJ=0),
S(AJ=2), and U(AJ=4) branches are briefly explained
in the following manner: The relatively sharp zero-
phonon transitions which involve only the internal degrees
of freedom of the molecules are due to quadrupolar or
hexadecapolar interaction. In the quadrupolar-induction
mechanism, pertaining to the fundamental band, the iso-
tropic polarizability of the interacting molecules gives rise
to the zero-phonon transitions Q(J)+Qqy(J) [or simply
Q:(N], S1(N+Qu(J) [or simply S;(J)], and Q,(J)
+ So(J);° the anisotropic component of the polarizability
contributes exclusively to the zero-phonon transitions of
the form S,(J)+Sy(J).!° In the hexadecapolar-induction
mechanism, the isotropic part of the polarizability of the
interacting molecules contributes to the intensity of the
zero-phonon U;(J) transitions.* The phonon branches
which occur as sidebands on the higher-wave-number side
of the zero-phonon transitions are due to the electron
overlap interaction. In the fundamental band of solid H,,
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the isotropic part of the overlap interaction contributes to
the intensity of the phonon branch Qz and the anisotropic
part of the overlap interaction contributes to the phonon
branches Sz (J) and Ug(J) and partly to Qr(J). The side-
band phonon spectra result from transitions in which
changes in the vibrational and rotational states are accom-
panied by a change in the state of lattice vibrations. The
relative translational motion of the colliding pairs of H,
molecules in gaseous phase corresponds to the lattice vi-
brations of H, in a crystal. In Fig. 1 we reproduce the
fundamental band of solid normal H, in the region
4000—5300 cm ™! at 11.5 K reported by Gush et al.!!
Weaker U;(J) and Ug(J) transitions in the fundamental
band of solid H, which were first observed in our labora-
tory are given in Ref. 4.

Absorption spectra of pure rotational transitions S,(0)
(Refs. /12 and 13), Sp(1) (Ref. 13), Uy(0) (Ref. 5) and
Uy(1)) (Ref. 5) and those of double transitions
So(0)+So(1) (Ref. 5) and Sp(1)+Sp(1) (Ref. 5) and the
accompanying phonon spectra have also been reported.

Relative to the extensive experimental work done on the
fundamental band of solid H,, the amount of work done
on its first overtone region is rather limited. A prelimi-
nary observation of absorption of solid normal H, in the
first overtone region was first reported by Allin et al.'*
More recently Patel et al.!® reported three zero-phonon
transitions of solid normal H, in the first overtone region
using a pulsed-laser piezoelectric-transducer optoacoustic
spectroscopy. Kuo et al.'® using the same technique as in
Ref. 15 reported the positions of the TO- and LO-phonon
maxima relative to the zero-phonon transitions. Consid-
erable theoretical work has been done on the zero-phonon
branches of the fundamental and pure rotational bands of
solid H,.!”>!® Theory of the phonon branches of the rota-
tional and fundamental bands has also been given.!>!®
However, very little theoretical work has been reported on
the spectra of solid H, in its overtone regions.

In the present paper we report the results of an experi-
mental study of the infrared spectra of almost pure solid
para-H, (~99% para) and solid normal H, (25% para) at
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-FIG. 1. An absorption profile of the fundamental band of solid normal H, at 11.5 K (adapted from Ref. 11).

~12 K in the first overtone region. The observed solid
para-H, spectrum clearly demonstrates that the isotropic
overlap induction mechanism does not contribute to the
intensity of the pure overtone Q branch in contradistinc-
tion to that of the Q branch of the fundamental band.
Zero-phonon transitions Q,(J), Q(J)+Q(J), Sy(J),
Q1(N+S1(J), Qx(N)+So(), S1(N)+S8(J), and S,(J)
+Sy(J) and the accompanying Qr(J) and Si(J) have
been observed and their absolute absorption coefficients
have been measured. Section II describes the experimental
details. Results and discussion are presented in Sec. III.

II. EXPERIMENTAL DETAILS

A stainless-steel cryostat used for growing solid H,
crystals was built to our specifications by the Janis
Research Company, Inc. A schematic diagram of this
cryostat is shown in Fig. 2. The main body of the cryo-
stat, 75 cm long and 20 cm in diameter has a detachable
tail piece. A steel tube 0.60 cm in diameter was provided
in the center of the cryostat which extends into the tail
section. A Pyrex glass cell 6.4 cm long and 1.0 cm in di-
ameter was attached to the lower end of this steel tube by
a Kovar seal. The cell has a jacket surrounding it,
‘through which helium vapor was circulated to obtain the
required low temperature. The flow of liquid helium
through a capillary tube into this jacket can be controlled
by a needle valve, located at the bottom of the helium
dewar and operated from the top of the cryostat. Helium
vapor from the jacket escapes through a capillary tube
into the 2.5-cm-diameter stainless-steel tube surrounding
the 0.6-cm tube in the center. The space between different
chambers and the tail section were evacuated through the
valve H. The outer dewar was precooled with liquid ni-
trogen before liquid helium was admitted into the helium
dewar. During the precooling period the helium dewar
was kept under a small positive pressure of helium gas.

Ultrahigh-purity normal hydrogen gas from Matheson

was introduced into the cell through the central metallic
tube in the cryostat. This tube was kept warm electrically
to prevent solidification of H, inside it. Liquid helium
was then introduced into the jacket around the cell
through the capillary tube. Its rate of flow was adjusted
by the needle valve. As the temperature of the cell was
lowered, more hydrogen was admitted maintaining the
pressure at about 3 psi. When the cell was filled with
solid hydrogen, the heating coil wrapped on the outer
jacket of the cell was activated to melt the solid; the heli-
um flow was regulated such that the jacket contained only
helium vapor, cold enough to condense hydrogen into a
clear sample of solid. Once this stage was attained the
solid remained clear for the entire period of the experi-
ment.

For work on parahydrogen solid, gaseous parahydrogen
was first produced by passing pure normal hydrogen
through a column of the paramagnetic catalyst,
APACHI-1 (NiO-2.5Si0,) (supplied by Houdry Process
and Chemical Co.), kept inside a copper cylinder placed
inside a separate helium dewar. Actually the copper
cylinder was positioned in the helium dewar, just above
liquid-helium level, such that the temperature of the
cylinder was about 20 K. Hydrogen after passing through
the catalyst at this low temperature was collected at the
bottom of the cylinder in liquid form. The liquid was
then allowed to vaporize by raising the copper cylinder in-
side the helium dewar and the evaporated gas was then
admitted directly into the absorption cell. The procedure
for growing parahydrogen crystals was similar to the one
described for normal hydrogen crystals.

The source of radiation was a water-cooled General
Electric FFJ quartzline projection lamp. The spectrome-
ter used for recording the absorption spectra consisted of
a Perkin Elmer Model G112 monochromator fitted with a
300 lines/mm reflection grating, a PbS detector, and a
260-Hz tuning fork chopper. The signal from the detec-
tor was amplified by a Dunn Model LI-101 preamplifier
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FIG. 2. Schematic diagram of the stainless steel liquid-
helium dewar. A, Gas inlet; B, electrical feed through; C, safe-
ty pressure relief; D, vapor pumping post; E, helium needle
valve control cap; F, liquid-nitrogen fill in the split cover (vent
not shown); G, liquid-helium fill (vent not shown); H, evacua-
tion valve; I, radiation baffle; J, liquid nitrogen; K, liquid heli-
um; L, needle valve to adjust helium flow; M, capillary tube for
helium flow; N, highly polished aluminum radiation shield; O,
sapphire window; P, glass cell; Q, jacket of the glass cell; R, tail
section of dewar.

and a Brower Laboratories Model 101 Lock-in voltmeter
and then recorded on a Hewlett-Packard Model 7132A
strip chart recorder.

The spectral region was calibrated using different or-
ders of mercury emission lines.?’ Corning glass filter
CS7-757 was used at the entrance slit of the spectrometer
to eliminate the unwanted radiation. The slit width main-
tained at 50 um gave a spectral resolution of 4.5 cm ™! at
8600 cm ™.

III. RESULTS

Parahydrogen concentration was determined from the
ratio R of the integrated absorption coefficient of

Q,(0)+S,(0) to that of Q;(0) + S(1) in the sohd parahy-
drogen spectrum using the relation R =(3)C/(1-C)
where C is the para concentration.?! The integrated inten-
sities & of the observed sharp zero-phonon and broad side-
band phonon transitions were estimated by measuring the
areas under the profiles and using the relation

a=(c/ND) [ v In[Io(v)/I(v))dv ,

where c is the speed of light, N is the number of hydrogen
molecules per cm> (2.609 % 10?2 cm™3), [ is the length of
the absorption sample, v is the wave number in cm™},
I,(v) is the intensity of the radiation incident on the sam-
ple, and I(v) is the transmitted intensity. For the strong
transitions the error in the estimated absorption coeffi-
cients is less than 5% and it is more for the weaker transi-

tions.

A. Spectrum of solid para-H,

Solid para-H, has only the J=0 level populated in its
ground vibrational state. As a result one would expect a
simpler spectrum with only three zero-phonon double
transitions [Q,(0)+S,(0), Q;(0)+S;(0), and S,(0)
+S1(0)] which are well separated. However, in the pres-
ence of even a small impurity of orthohydrogen a few
more weak transitions are possible as seen from Fig. 3
which shows the spectrum of solid para-H, (99% para) at
~12 K in its first overtone region 8000—9000 cm ™

The assignments of the transitions, the measured posi-
tions of their maxima and the corresponding & for solid
parahydrogen are summarized in Table I. For compar-
ison the wave numbers of the corresponding transitions in
the gaseous phase calculated from the free molecular con-
stants of H, (Ref. 22) are also included in the same table.
The calculated wave numbers of the transitions in the
spectrum of solid H, using the known Raman! and in-
frared!! frequencies in the fundamental band of solid H,
and the rotational constants of the ground vibrational lev-
el of the low-pressure H, gas,?? (see, for example, Ref. (4)],
are also given in Table I. The agreement between the
measured and the calculated wavenumbers for the solid
H, is within the experimental accuracy.

1. Pure vibrational transition Q,(0)

Strictly speaking, this zero-phonon transition is forbid-
den in 100% pure parahydrogen. However, in the pres-
ence of ortho impurity this transition may appear as the
double transition Q,(0)+Qy(1) in which an ortho mole-
cule undergoes an orientational transition. It is clear from
the very weak intensity of this transition with no observ-
able phonon sideband that the isotropic overlap contribu-
tion to the pure first overtone Q branch is absent. In con-
trast, in the fundamental band of solid 100% para-H,
(Ref. 23) and of normal solid H; (Ref. 11) (see Fig. 1), the
Qr phonon sideband is the most intense one in the spec-
trum which is produced by the isotropic overlap interac-
tion. This striking difference in these two spectra implies
that the square of the matrix element of the induced iso-
tropic overlap dipole moment (v =0|poyerap |V’ =1)%
which is a measure of the intensity of absorption
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FIG. 3. Absorption profile of solid para-H, at ~12 K in the first overtone region with a sample path length of 6.4 cm.

of the phonon branch Qp in the fundamental band, is
large whereas the corresponding quantity
(v =0 Hovertap | v'=2)?%is zero for the first overtone band.

2. Double vibrational transition Q ;(0)+Q;(1)

The occurrence of this zero-phonon double vibrational
transition in solid parahydrogen is possible because of the
ortho impurity in the sample. One should note that the
double transition Q;(0) + Q,(0) is forbidden.

3. Single transition S,(0)

This so-called zero-phonon single transition is actually
S,(0) + Qo(J). In the gaseous phase this transition is very
strong,?* whereas in the solid phase it is rather weak as
seen in Fig. 3. The extremely weak intensity of this line is .
interpreted (see for example, van Kranendonk?’) as a can-
cellation effect in an hcp lattice where the contributions
from the first two neighboring shells to the coupling con-
stant in the crystal field interaction vanishes and the con-
tributions from the remaining shells are small. This zero

TABLE I. Wave-numbers and integrated absorption coefficients (&) of various transitions of solid para-H, in the first overtone re-

gion at ~12 K.?

Measured Calculated
wave number® a wave number (cm~!)
Transition (cm™) (10~1% cm3s™!) Solid phase Gas phase®

02(0)+Qo(1) 8075 8074.0 8087.0
0,(0)+Q;(1) 8303 0.14 8299.2 8316.4
S,(0) 8390 0.23 8390.0 8406.4
Q>(0)+S,(0) 8428 4.90 8429.4 8441.4
A 8468 " 5.60

Q:(0)+5,(0)¢ 8640 7.20 8635.7 8659.0
Sr 8680 12.10

0,(0)+S:(1) 8857 0.23 8852.5 8874.0
S1(0)+S5;(0) 8971.7 8995.7
52(0)+So(1) 8973 0.46 8976.8 8993.4

#Transitions involving J =1 occur because of small impurity of orthomolecules in the sample.

®The uncertainty in the measured wave numbers is +2 cm~! except for the phonon maxima for which it is £10 cm ™.

“Reference 22.
9The measured value in Ref. 26 is 8643 cm .

1
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contribution from the first two shells is not due to sym-
metry reasons but due to the accidental equality of the in-
termolecular separations of all the nearest neighbors.

4. Vibration-rotation double transitions

The zero-phonon double transitions Q,(0) + Sy(0) is a
pure overtone one in which one molecule changes its v by
2 units and the other molecule makes a pure rotational
transition. The full width at half maximum (FWHM) of
this line is ~17 cm™! which is rather large compared to
other transitions in the para-H, spectrum. This is possi-
bly due to the broader vibrational energy band in the v=2
state. The Q,(0)4S;(0) transition is the strongest of all
the transitions and its FWHM is ~5 cm~! which com-
pares with the spectral resolution of 4.5 cm ™! of the spec-
trometer used. The transition Q;(0) + S;(1) is present be-
cause of the ortho impurity in the sample.

5. Double S transitions S,(0)+S;(0) and S;(0) +S;(0)

The first of these transitions appears because of the
ortho impurity. These transitions arise from the anisotro-
pic polarizability in the quadrupolar induction mecha-
nism.

6. The phonon branches Sy

The strong Q,(0) + So(0) and Q,(0) 4+ S;(0) zero-
phonon transitions are accompanied by the broader pho-
non sidebands with clear maxima (see Fig. 3). The Sy
branch accompanying Q;(0) + S,(0) shows clearly four
peaks. High-resolution work on solid para-H, is expected
to reveal the nature of this structure.

B. The spectrum of solid normal H,

In solid normal H, as both J=0 and 1 levels are popu-
lated one expects a richer spectrum in its first overtone re-
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gion. Figure 4 shows the spectrum of solid normal H, at
~12 K in its first overtone region 8000—9400 cm~!. The
features of this spectrum are described in the following
paragraphs.

The assignments of the transitions, the measured wave
numbers of their maxima, and their absorption coeffi-
cients are given in Table II. The calculated wave numbers
of these transitions in the solid and gaseous phases are
also given in Table II. For comparison wave numbers for
the transitions reported by Kuo et al.?® are also included
in the same table.

1. Pure overtone zero-phonon Q lines and phonon Q branches

On comparing Figs. 1 and 4 it is interesting to notice
the striking difference between the Q branch of the funda-
mental band and that of the pure first overtone band. In
Fig. 4 the pure overtone Q branch consists of two zero-
phonon peaks, Q,(1) and Q,(0) with a separation of 12
cm™L A cursory inspection of Figs. 1 and 4 reveals that
phonon Qg branch in the fundamental band is much
stronger than the zero-phonon Q line whereas the Qg
branch accompanying the Q,(J) transitions in the first
overtone band is relatively weak. If one compares the in-
tegrated intensities of the phonon Qp branch and the
zero-phonon Q branch it is found that in the fundamental
band the ratio of the integrated absorption coefficient of
QOr to that of Q,(J) is 12, whereas the corresponding ra-
tio is only 1.5 in the first overtone band. This striking
difference between the two bands can be explained in the
following manner. In the fundamental band of solid H,
the Qr phonon arises mainly from the isotropic overlap
interaction and only a small fraction of its intensity comes
from the anisotropic overlap interaction. In the case of
the first overtone band the isotropic overlap interaction
vanishes and the only contribution to the phonon branch
comes from the anisotropic overlap interaction. In the in-
duced fundamental band of H, in the gas phase, the iso-
tropic overlap, the anisotropic overlap, and the quadru-
pole induced components are identified with the coeffi-
cients Big, By,, and Bj,, respectively.?’.

SOLID NORMAL HYDROGEN
(FIRST OVERTONE REGION)
T~12K Q(1)+5,(0)
QN+ Q/(0)+5,(0)
o8t Q(1)+Qy(0) Qa(1)+Soll) Qi) +s,()
Q2(0)+So (1 QOIS |g, (s
- 5)(0)+S)(1) Si+S(1)
X068 AN
= 9250 9350
=)
o
°
041
{ S(1) +So(0)
. S2(0)+Sp(1)
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R
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FIG. 4. Absorption profile of solid normal H, at ~12 K in the first overtone region with a sample path length of 6.4 cm.
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TABLE II. Wave numbers and integrated absorption coefficients (&) of various transitions of solid normal H, in the first overtone

region at ~12 K.

Kuo
Present work et al.®
Measured Measured Calculated
wave number® a wave number wave number (cm™!)
Transition (cm™1) (1071 cm3s™Y) (cm™) Solid phase Gas phase®

0,(1)+0Q(0,1) 8063 1.40 8063.1 8075.3
0,(0)+Q(1) 8075 : 8076 8074.0 8087.0
Or 8130 2.10

O:1(1)+04(1) 8286.8 8310.4
0:(1)+0,(0) 8298 370 8304 8295.2 8316.4
Or 8340 3.20

S,(0) : 8390 8390.0 8406.4
0,(1)+S,(0) 8416.5 8429.7
0,(0)+S,(0) 8413 210 8427.5 8441.4
Sr . 8457 1.80

S,(1) 8590 0.07 8598 8589.0 8604.2
Q,(1)+S8,(0) 8629.9 8653.1
Q:(0)+8,(0) 8638.8 8659.0
02(1)+So(1) 8635 6.50 8651.2 8662.3
Q,(0)+Sp(1) 8662.2 8674.0
Sr 8685 4.60

0:(1)+8,(1) 8846.4 8868.2
01(0)48,(1) 8850 320 8857 8854.8 8874.1
Sr 8893 3.40

S2(1)4S0(0) 8944 .4 8958.6
S,(0)+Sp(1) 8977 8977.0 8993.4
S1(0)+S1(0) 8975.9 8995.7
SH(1)+Sp(1) 9177.5 9191.2
S1(0)+S8,(1) o189 0.15 9191.0 9210.7
S1(1)+S(1) 9407 0.13 9406.0 9425.8

*The uncertainty in the measured wave numbers is +2 cm ™!

YReference 26.
“Reference 22.

2. Strong zero-phonon double transitions Q;(1)+Q(J),
Q2(J)+S0(0) and Q>(J)+So(1), and Q(J) +S,(1)

These three transitions are the strongest in the spectrum
and have approximately the same intensity maxima. The
half-widths (FWHM) of these lines are 15 cm™!, 17

TABLE III. Separations between the phonon branch maxima
and the corresponding zero-phonon maxima.

Separation
Assignment (cm™1)

Parahydrogen »

Sk —[02(0)+S5(0)] 40
Sr—[0Q1(0)+S,(0)] 40
Normal hydfogen

Or—[0Q2(I] 55
Or —[Q1(1)4Q1(N)] 42
Sr—[Q2(J)+S0(0)] 44

Q1(J)+S5,(0)

SR 1, +5o(1) 50
Sk —[Q1(N)+S1(1)] 43

except for the phonon maxima for which it is +10 ecm~".

1

cm~!, and 15 cm™!, respectively. The Q,(J) + S,(0)
transition is not as intense as compared to the same tran-
sitions in solid para-H,. But its width is comparable to
that of Q,(0) + S,(0) in solid para-H, which is 24 cm™!.’
The four zero-phonon transitions are accompanied on the
higher wave-number side by the usual broad phonon side-
bands whose measured peak positions are also listed in
Table II.

3. Single transitions S;(0) and S,(1)

These transitions are very weak. The reason for the
weak intensity of these transitions is the same as given for
S,(0) in para-H,. Three peaks corresponding to transi-
tions of the type S,(J)+So(J) and S{(J)+.S,(J) are ob-
served at 8977 cm™!, 9189 cm~!, and 9407 cm~! and
their actual assignments are given in Table II.

In Table III we present the separations between the
maxima of the zero-phonon transitions and the maxima
of the corresponding sideband phonon branches for the
various transitions observed in both solid para-H, and
solidlnormal H,. These values are in the range 40—55
cm
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IV. CONCLUDING REMARKS

In this paper we have reported the findings of our ex-
periments with solid para- and normal H, in its first over-
tone region. A comparison of our observations with the
available data for the fundamental band of solid H,, both
in the para state and normal state, clearly indicates that
the isotropic overlap interaction which gives rise to 90%
of the intensity of the pure vibrational band in the funda-
mental band is absent in its first overtone pure vibrational
band for solid parahydrogen. In the case of solid normal
hydrogen, the only part which contributes to the phonon
branch in the pure first overtone vibrational band is the
anisotropic overlap interaction which is relatively weak.
It is also evident that the intensity of the phonon branches
arising from the anisotropic overlap interaction is depen-
dent on the intensity of the associated zero-phonon

branches. On the other hand the intensity of the phonon
branches arising from the isotropic overlap interaction is
independent of the intensity of the corresponding zero-
phonon transitions. The small values of absorption coeffi-
cients of the single transitions S,(0) and S,(1) are ex-
plained as due to a cancellation effect. Experiments with
higher resolution are expected to reveal some of the un-
resolved features of the spectra.
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