Fizika Nizkikh Temperatur, 1996, v. 22, No 2, p. 134-139

High resolution infrared spectroscopy of Q,(0)

transitions in parahydrogen crystals induced by laser
radiation field, external electric field, impurity
quadrupole field, and the Coulomb field of charges

Takeshi Oka

Department of Chemistry and Department of Astronomy and Astrophysics, Enrico Fermi Institute
University of Chicago, Chicago, IL 60637, USA
E-mail:oka@biovax.uchicago.edu

1. Introduction

Let me start by reminding you of the two beautiful
characteristics of the para-H2 crystal as a specimen

for high resolution spectroscopy.

1.1. Quantum crystal

Solid hydrogen is a weakly bound system. The H,-
H, dispersion interaction has the equilibrium binding

energy of D,= 25cm™! [1], but after subtracting the
zeropoint energy, the energy of stabilization is only
Dy=2.9 cm ™! [2]. This weakness of the binding to-
gether with the small mass of H, makes solid hydro-

gen (together with solid He) a special categery of
crystals which Lou Nosanow christened with the
name of «Quantum Crystals» [3]. For such crystals
«the root-mean-square deviation of a particle from its
lattice site is not small compared to the nearest-
neighbor distance. The problem is not simply that the
_ anharmonic terms are large; it is that the harmonic
approximation itself breaks down» [3 ]. Moreover, the
constituents of a quantum crystal may exchange their
positions due to quantum mechanical tunneling effect.

This is well established for solid 3He from spin re-
sonance experiments and observation of phase transi-
tions in the mK region, in which the exchange was
shown to occur with the time scale of microse-
conds [4,5]. This type of exchange is expected also in
solid hydrogen [6 ] although its frequency is likely to
be lower than in He because of a higher binding ener-

gy (D, = 25cm™! versus 7.1 cm ™! for He). Theoreti-

cal estimates of the exchange time of 1010 sec [7]

and 10™*sec [8] have been given. It will be awfully
nice if this effect is observed experimentally. In any
case this tunneling, even after the formation of crys-
tals, makes solid hydrogen self-repairing. This agrees
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with our experience; nature helps us making nice
crystals in spite of our clumsiness and the crystal
keeps its order after harsh y-ray irradiation.

1.2. Singly occupied quanium state

Because of the weak intermolecular interaction,
which keeps the molecules at the intermolecular dis-
tance of 3.793 A, and because of the high symmetry of
the crystal, and the nearly spherical charge distribu-
tion in the hydrogen molecule, the motion of con-
stituent molecules are well quantized. Unlike in other
molecular crystals, the rotational quantum number J
may be regarded as a good quantum number. The
unique aspect of the para-H, crystal as a spectro-

scopic specimen is that all molecules in the crystal
occupy the single lowest state at He temperature. This
is the state in which all quantum numbers are Z€ero;
not only the quantum numbers associated with mo-
tion such as the electronic orbital angular momentum
L, the vibrational quantum number v, and the rota-
tional quantum number J, but also the total electron
and nuclear spin quantum numbers S and 7 are zero
due to the principle of superposition and the Pauli
principle. All molecules with the number density of

2.61-10%2 cm_a, except for the J =1 ortho—H2 im-
purity ( 20.06%) and HD (~0.03%) in natural

abundance, are in the identical quantum state ready
to interact with radiation. Such a uniform crystal state
has quantum mechanical translational symmetry in
addition to the point group symmetry of D,, . This

symmetry leads to the momentum quantum number
k which is also zero in the ground state but may take
any of the N values in the first Brillonin zone if a
molecular quantum state is excited [9 ). It is the sclec-
tion rule Ak = 0 that plays a major role in the discus-
sion of this talk.
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2. Pure vibrational Q, (0) transitions [10,11]

The pure vibrational transition Q, (0), in which the
vibrational state of H, is excited (v = 1 « 0) but the

rotational state remains in the lowest state
(J = 0 « 0), is dipole forbidden since

(J=0|Z-E|J=0)=0,

where /7 is the dipole moment operator and E is the
radiation electric field. It is doubly forbidden for an
.electric dipole moment through the parity rule and
the angular momentum triangle relation. It becomes
allowed if there exists an additional field which ad-
mixes a small fraction of the electronic excited state
with opposite parity and J = 1 to the ground state.

The transition moment then is given by the well
known Kramers—Heisenberg formula

Z(OI#EIanI# E'|0)
W, + ko ’

where E' and w are the additional field and its fre-
quency, and W, and W, are the energies of the

ground state and the n-th electronic state, respective-
ly.

In this talk I give four examples of this type of
transitions induced in para-H, crystals through dif-

ferent electric fields. The effects, the electric fields,

and their orders of magnitude are summarized in
Table 1.
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Fig. l.. Block diagram of the Raman/infrared spectrometer used in the observation of the variety of Q, (0) transition. For the stimulated Raman

gain spectroscopy, radiations from a single mode Ar* ion laser and the dye laser we used for the pump and probe, respectively. After passing
" the solid H, sample, the two radiations were separated by a prism, and the dye laser radiation was detected. Radiofrequency sidebands were

generated on the Ar laser radiation by an electro-optic modulator for the tone-burst modulation. For the infrared spectroscopy, the two visible
radiations were mixed in a temperature controlled LiNb03 crystal to generate infrared radiation. The radiation was passed through the solid

Hz sample and detected by an InSb detector. The technique of the tone-burst modulation was also used for the infrared spectroscopy. If

desired, we could record Raman and infrared spectra simulatneously (see Fig. 7). Notations are: M, mirror; L, lens; B.S., beam splitter; S.A.,
spectrum analyzer; P.B., polarizing beam splitter; Mod, modulator; D.M., dichroic mirror; A/2, half wave plate; PSD, phase-sensitive
detector; F, filter; D, detector; A/B, differential amplifier; X-Y, XY recorder.
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Table 1
No Effect Electric field Order of magni-
tude, kV/cm
1 | Stimulated Raman | Laser radiation field 1
2 ~ Condon External dc field 10
3 Impurity Quadrupolar field |- ,103
of /=1 H,
4 Tonization Coulomb field of 10°
charges

While all these four are electric field-induced effects, .

there are qualitative differences in the observed
spectrum and its analysis. In cases 1 and 2 (see
Table 1), all molecules more or less feel the same
field; the translational symmetry is maintained and
the resulting Ak = 0 rule is well obeyed. In cases 3
and 4, the source of the field is localized on impurity
or charge and varies drastically depending on the re-
lative positions of the molecules. The given orders of
magnitude for the electric field are those for the
nearest neighbor. For the impurity-induced spect-
rum, the short range 1/R* quadrupolar field destroys
the translational symmetry and the Ak = 0 rule is not
followed. On the other hand, for the charge induced
spectrum we found, to our surprise, that the Ak = 0
rule is observed due to the long-range nature of the
Coulomb field. The orders of magnitude of the elect-
ric field given above for 1 and 2 are those applicable at
this stage of development but by no means limited to
those values. In particular, for the Condon effect, we
“should be able to increase the field by an order of
magnitude. Since the transition intensity is propor-
tional to the square of the field this should greatly
increase the signal. In the following I give the results
of our experiment briefly.

3. Stimulated Raman spectrum [12,13]

We used an Ar? ion laser at 476.6 nm for the pump
and a dye laser at 594.1 nm for the tunable probe
radiation. A block diagram of the apparatus is given in
Fig. 1. The Ar laser radiation is either amplitude or
tone burst modulated and the gain of the probe radia-
tion at resonance is detected. Two examples of ob-
served spectra are given in Fig. 2. When the impurity
concentrations are low, the signal is very sharp in-
dicating the remarkable purity of the vibron Bloch
states and the rigor of the Ak = 0 selection rule. When
the impurity concentration is increased, the spectrum
starts to show structure as shown on the right. The
structure is yet to be interpreted.

4. Condon spectrum [14]

After observing the beautiful Ak = 0 Raman signal,
we attempted to observe the variation of its frequency
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Fig. 2. Stimulated Raman gain spectrum of a para-H, crystal. On

the left is a sharp spectral line (Av ~ 7 MHz Awhm) for a low ortho-
H, concentration (0.06%) indicating the purity of the vibron Bloch

state and the Ak = 0 rule. On the right are broader lines for higher
ortho-H, concentration (2%). The cause of the structure is yet to

_be understood. The interference markers are separated by

0.05cm~L.

and lineshape with temperature. This turned out to be
not easy; since the accuracy of locating the center of
the peak is ~ 1 MHz, we had to stabilize the frequen-
ciés of both the Ar laser and the dye laser to a fraction
of MHz and measure their frequency individually to
the same accuracy. This looked a little beyond our
expertise and so my students and I drove to Colorado
to work with John Hall, to attempt this; this was un-
successful. Then it occurred to us that, for this pur-
pose, it is much easier to use an external electric field
to cause the Q,(0) transition. Since it is trivial to

switch the field on and off we should be able to use the
effect as molecular modulation. Such an effect has
been predicted by Condon [15] in the early years of
spectroscopy; we call this effect the Condon effect and
the modulation Condon modulation. More back-
ground of this effect and the detail of the experiment
are given in Ref. 14,

Technical difficulties () of inserting the high volt-
age electrode into the cell and growing a good trans-
parent crystal between the electrode and the wall of
the sample cell, and () of applying high electric field
without breakdown, have been overcome by graduate
student Karen Kerr. An example of the observed sig-
nal is shown in Fig. 3. The use of Condon modulation
has improved the sensitivity of our spectroscopy by

two orders of magnitude to A7/ = 5-10"°, Now the
experiment is much simpler. We use a color center
laser as the tunable infrared source which can be sta-
bilized to < 0.5 MHz if necessary. This technique has

been used to observe the variation of the Q,(0) spect-

ral line depending on temperature. An example is
shown in Fig. 4. Details of the observation and its
interpretation are in Ref. 14. This technique is very
versatile and has already been applied in many
cases [11],
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5. Impurity-induced spectrum

TheJ = 1 ortho-H, molecules, which exist in para-
H, crystals as impurities (typically 0.2%) as a result
of incomplete ortho-to-para conversion, have nonzero

average quadrapole moment and thus exert a 1/ R*
quadrupolar electric field on the surrounding para-
H, molecules. This field at the position of the i-th

molecule is expressed as

«—— 1500 MHz

1500 MHz

Fig. 3. Observed electric field induced Q;(0) transition in 99.8%
pure para-Hj crystal. A difference frequency system was used as
the radiation source. The wavenumber of the spectral line was

measured to be 4149.6918 cm™ 1. In the upper figure, a dc electric
field of 8 kV/cm was applied and videodetection using a chopper
was employed. In the lower figure Condon modulation with a
10 kHz sine wave ac field of 6 kV/cm peak to peak was used
followed by 2f detection. The polarization of the laser field is
parallel to the applied field. The signal disappears when they are

perpendicular. A sensitivity of A//J =5- 10~6 was obtained for a

time constant of 3 sec.
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ER) = QV Y, C,,(@C5, @)/

where Q is the quadrupole moment of H, , V is the
gradient; sz(ﬁ) and sz(ﬁi) are the Racal‘:\spheri-
cal harmonics for the angular coordinates Q of the
J =1 H, and the angular position Q; of the i-th mo-
lecule, respectively; and R, is the distance from the
J =1H, to the i-th molecule. The magnitude of the

electric field is on the order of E~V3Q/R*~
~ 1 MV/cm at the nearest neighbor sites and induces
the Q, (0) transition. Because of the strong field, the

induced spectrum has higher integrated intensity
than the previous two cases. However, the short-
range, randomly localized field destroys the transla-
tional symmetry of the crystal and the Ak = 0 rule is
not followed, resulting in a broad spectral line. An
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" Fig. 4. Temperature variation of the Q| (0) transition. The spectral

frequency blue shifts by ~ 4 GHz as the temperature is varied from
4.2 t0 13.5 K. The linewidth increases by a factor of ~ 4. Note that
the lineshape changes from near Gaussian shape to almost perfect
Lorentzian. For the discussion see Ref. 14.
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Fig. 5. The broad spectral feature corresponding to the 21(0)
transition of H, induced by the quadrupolar electric field of
J=1H,. Breakdown of translational symmetry violates the

Ak = 0 rule. Inset shows the vibron energy spectra calculated by
Bose and Poll [16]. A BOMEM DA2 Fourier transform
spectrometer was used for the observation.

example is shown in Fig. 5. Included in the figure is
the*theoretical vibron energy spectrum calculated by
Bose and Poll [16 }, which agrees with the observation
Semiquantitatively.

While the quadrupolar field of the J = 1 H, , when

acting on the host J=0 H,, induces a broad

spectrum, it induces a sharp spectrum on impurities
suchasJ =0 D, or HD which are embedded random-

ly in the crystal in small concentration. In this case
the vibron is well localized because of the large energy
mismatch between the D, or HD impurity and the

surrounding para-H, . The resulting Q,(0) transition
of D, or HD, however, are accompanied by simul-
taneous transitions of the J = 1 H, and show intricate

structure which has been a puzzle for us for the last
few years [17]. We have now completely understood

Fig. 6. The sharp spectral line of D, , induced by the electric field
of J=1 H, . On the left is the spectrum of a sample containing
0.1%J=0 D, . On the right is the spectrum of a sample containing
04% J=0 D, . The latter shows asymmetric vibron-like line shape
due to vibron hopping among randomly localized D; . Both samples
contain 0.29%, ortho-H, impurity. A color center laser was used for
the observation. .
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this structure thanks to a very thorough and persist-
ent effort by graduate student David Weliky and
theoretical calculations by Teri Byers [11]. regard
this to be a major progress. When the concentration of
D2 or HD impurities is small, vibrons are well local-

ized on impurity sites and the spectral lines are ob-
served to be extremely sharp (Av =~ 2 MHz hwhm),
However, when the concentration of the impurity is
increased, every spectral line starts to show a struc-
ture that somewhat resembles the structure of vibron
bands as shown on the right in Fig. 6. It is likely that
this structure is caused by vibron hopping among ran-
domly distributed impurities which produce some
Bloch-type state. I believe this phenomenon poses a
well-defined interesting theoretical problem.

6. Charge-induced spectrum [18]

~ In our attempt to observe behavior of electric char-
ges in the crystal, we ionized solid hydrogen by using
accelerated electrons (3 MeV) and y-ray radiation.
After a few years of trial and error we found that the
latter method is superior because of its efficiency, its
ability to produce uniform ionization, and its ease of
operation. High-energy (1.17 and 1.33 MeV) y-ray

ionize H, to form H, initially by Compton scatter-

ing. The scattered electrons, having energies of a
fraction of MeV, initiate cascades of ionizations. Al-

together approximately 1.5- 10" cm ™3 of ionizations
occur in the crystal after one hour of y-ray irradiation.
Such intense ionization would leave the ordinary
dielectric materials as rubble of radiation damage,
but the extraordinary self-repairing nature of solid
hydrogen keeps the crystal still ordered and
transparent to radiation.

An example of the charge induced spectrum is
shown in Fig. 7. To our surprise, the spectrum is very

~—1500 MHz —

Lol 4

Fig. 7. Simultaneously recorded signals of the y-ray induced Ql(oS

transition using infrared Spectroscopy (middle trace) and stimulated
Raman spectroscopy (lower trace). The upper trace gives
interference fringe of a spectrum analyzer separated by 1500 MHz.
The position and the sharpness of the spectrum demonstrate that the
Ak = 0 rule is well obeyed. The structure similar to that in Fig. 2is
yet to be understood. .
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sharp and intense, and appears very close in frequen-
cy to the position of the Raman (or Condon)
spectrum. This clearly shows that the spectrum is
induced by the electric field of the charges introduced
in the crystal by y-ray radiolysis and that there exists
a well defined vibron Bloch state and the Ak =0
selection rule holds. The structure of the line seen in
Fig. 7 varies from crystal to crystal and resembles
that of the Raman spectrum for high ortho concentra-
tions (Fig. 5); we have not understood it yet. Based on
Condon’s theory, the intensity of the signal gives es-
timates of the average charge-induced electric field to
be 4-12 kV/cm. One surprising aspect of the charge
induced signal is its stability. When the crystal
. temperature was varied from 4.2 to 13.5 K near the
triple point, the frequency of the spectrum was blue
shifted by ~ 4 GHz similar to the Condon spectrum
discussed earlier. When the temperature was brought
back to 4.2 K, the signal came back to the original
position with the original intensity. The reproduction
of the signal after temperature cycles demonstrates
the amazing stability of the charges distributed in the
crystal.
We speculate that positive charges are stabilized

and localized by the following processes. The H2 ions
produced by y-ray radiolysis immediately react with
surrounding H, to form H; through the well known
efficient reaction [19]

H,+H, »H; +H.

The Hj thus produced attracts neighboring H, and
stabilizes in the form of cluster ions Hy (H,), . An

estimate of the number density of the positive charge
thus stabilized depends a lot on the fate of negative
charges. The electrons ejected due to y-ray radiolysis
cannot reside on H,, molecules and migrate around in

the crystal. Most of them recombine with the positive
charges and are néutralized. Some of them may reach
the wall of the container and leak into it (the work
function of Cu is 4.56 eV). However, some of them
may combine with hydrogen atoms, copiously
produced by the y-ray radiolysis [20], and get stabi-
lized in the form of H™(H,), . If we assume the ex-

treme case in which no negative charge is stabilized in
the crystal, the observed electric field of ~ 10 kV/cm
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gwes the posmve charge density estimate of
~10"%¢m™3 from Gauss’ theorem. On the other
hand, if we assume the opposite extreme in which the
number densities of the positive and negative charges
are equal and the crystal is overall neutral, then we
obtain an estimate of ~ 10'5 cm™3. We shall attempt
to determine the charge density by directly observing
spectra of Hy (H,), cations. For both extreme cases,

the long range Coulomb field covers sufficient domain
of the crystal for the vibron Bloch state to exist and
the Ak = 0 rule to hold. More details of this argument
are given in Ref. 18.
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