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High-resolution Fourier-transform spectroscopy of solid parahydrogen
in the first overtone region

Markus Mengel, Brenda P. Winnewisser, and Manfred Winnewisser
Physikalisch-Chemisches Institut, Justus-Liebig-Universita¨t Giessen, Heinrich-Buff-Ring 58, D-35392 Giessen, Germany

~Received 3 September 1996!

The first vibrational overtone spectrum of solid parahydrogen with various low orthohydrogen impurity
levels has been studied in the range 7900–10 000 cm21 using a White-type external multireflection system
with a 34.8-cm sample path length. We were able to detect extremely weak features, namely, the Y1(0) at
7991.85 ~1! cm21, and the double transitionsU1(0) 1 Q1(1), U1(0) 1 S1(0), U1(1) 1 Q1(0), and
Q1(0) 1 Q1(0). TheQ1(0) 1 Q1(1) andQ1(1) 1 Q1(1) double transitions were resolved. We obtained a
rich orthohydrogen satellite spectrum associated with the transitionsQ2(0) andQ2(1) near 8060 cm21. An
analysis and assignment of these satellite transitions are presented. The double transitions of the typeQ1(J) 1

Q1(J8) (J,J8 5 0,1! are located in the spectral region around 8300 cm21. The most remarkable features here
are theQ1(1) 1 Q1(1) transition, which consists entirely of fine structure, and theQ1(0) 1 Q1(0) transition,
which, to our knowledge, has an intensity that cannot be accounted for by previously proposed mechanisms.
Finally the thermal shift of all of the above-mentioned transitions was investigated by lowering the sample
temperature from 12.5 K down to 6.5 K while taking spectra. The influence of the change of temperature on the
line positions, linewidths, and interaction parameters of solid hydrogen is discussed.@S0163-1829~97!07215-9#
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I. INTRODUCTION

Solid hydrogen has drawn the attention of spectroscop
for many years because it constitutes the only molec
crystal in which the molecules retain their gas phase pro
ties of rotation and vibration. In addition, it is possible
study solid-state effects and intermolecular forces betw
these simplest of all molecules in the infrared and Ram
spectra of solid hydrogen. One of the most important con
quences of intermolecular forces is the fact that infrared tr
sitions that are completely forbidden for isolated molecu
become allowed in the solid and can lead to surprisin
strong absorption features. In solid hydrogen we observe
tational transitions withDJ50, labeled withQ, DJ52
(S), DJ54 (U), DJ56 (W), and evenDJ58 (Y); we re-
cently reported the observation of theY0~0! transition.1 The
subscript indicates the vibrational quantum number of
upper state; the lower state always hasv50 for absorption
spectra. The number in parentheses is theJ value of the
lower state. Vibrational transitions have been observed u
the third vibrational overtone region (v54).2 Another result
of the intermolecular induction mechanisms is that t
neighboring hydrogen molecules can be excited simu
neously upon absorption of only one photon, in so-cal
double transitions.

The pure rotational transitions and the fundamental b
of solid H2 and D2 have been extensively studied.3–7 Re-
cently high-resolution spectra of the second overtone reg
have been reported.8,9 The interpretation and analysis o
these spectra have relied on the theoretical approach d
oped by Van Kranendonk and co-workers.10–13 Investiga-
tions of the first overtone region of solid hydrogen at vario
orthohydrogen impurity levels have been previously repor
in several publications. The important work of Varghe
Prasad, and Reddy14 covered the wave number region 8000
550163-1829/97/55~16!/10420~14!/$10.00
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9400 cm21, however, with a relatively low resolution of 4
cm21 using a grating spectrometer. The work of Lee15 cov-
ered the same region at a resolution of 0.4 cm21. Oka and
co-workers8 made the first observation of the internal stru
ture of theQ2~0! transition in this region with a resolution o
0.1 cm21, showing a twofold splitting due to crystal-fiel
interactions. The purpose of the present work was to inv
tigate the first-overtone region of solid parahydrogen w
high resolution, high sensitivity, and low orthohydrogen im
purity levels using a Bruker IFS 120 HR Fourier-transfor
spectrometer. We particularly aimed at recording satel
spectra of theQ2(J) transitions due to the orthohydroge
pair interaction and theQ1(J)1Q1(J8) double transitions.
These spectra and other new spectral features are pres
here.

II. EXPERIMENTAL SETUP

The experimental setup was a modification of the exp
ment described in detail in our previous publications.1,7,16

We used an external multireflection system~White type cell!
in which the number of passes through the cell within t
liquid-He vaporization cryostat~Janis Research Inc., Mode
10 DT! was increased from 4 to 8. This multireflection sy
tem was mounted inside the sample chamber of the Bru
IFS 120 HR interferometer as shown in Fig. 2 of Ref. 1
Water absorptions were minimized by evacuating the wh
spectrometer. All six windows of the cryostat and of t
sample cell were equipped with an antireflection coati
which was optimized for the spectral range 7500–90
cm21. The windows were made of Herasil glass and we
coated on both sides by Steeg & Reuter, Giessen, Germ

This window coating was V type consisting of a thin film
of ZrO2 and a second thin film of MgF2. We mention this
detail because we observed an interesting phenomenon w
working with these windows. When the cryostat was coo
10 420 © 1997 The American Physical Society
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TABLE I. Measurement parameters for different samples and spectra of solid hydrogen.

Name of C Crystal Instrum. FWHM Bandwidth No. of Aperture
spectrum (J51) temperature scans

~%! ~K! ~cm21) ~cm21) ~mm!

H 1.11 ~7! 12.5 0.02 5600 – 10400 400 1.3
I 1.66 ~10! 12.5 0.013 5600 – 10400 1100 1.5
J 0.71 ~5! 12.5 0.01 5600 – 10400 700 1.5
L 0.09 ~1! 12.5 0.007 5600 – 10400 560 1.3
M 0.41 ~3! 6.5 – 12.5 0.013 5600 – 10400 1280 1.5
N ,0.1 12.3 0.011 7950 – 8050 840 1.5
O ,0.1 10.8 0.011 7950 – 8050 1200 1.5
P 0.94 ~6! 8.5 0.009 8000 – 8100 75 1.5
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down to about 12 K we observed a slow decrease, ab
3.5% per hour, of transmitted power. We also found a sl
increase of the transmission power back to the initial va
after about 20 h when the windows were warmed up to ro
temperature again. This decrease was absent when we
uncoated windows that were simultaneously mounted al
the alternate optical axis of our cryostat. The only possi
explanation can thus be a slow change of the transmis
properties of the coating material when cold. This effect h
not been previously observed, and is presumably only o
ous because of the high number of passes~32 cold window
surfaces!. An explanation has not yet been offered.

The procedure of preparing parahydrogen at a des
orthohydrogen impurity level and the growing of a solid h
drogen crystal has been previously described.7 The hydrogen
cell used in this experiment had an inner diameter of 20 m
and a useful length of 43.5 mm. Having eight passes we
obtained an absorption path length of 34.8 cm. We use
tungsten light source, a room-temperature InxGa12xAs de-
tector, and a CaF2 beam splitter. The resolution was chos
to fit approximately the width of the observed features;
full resolution of the instrument was not needed. The m
surement parameters for each spectrum can be foun
Table I.

Spectra were recorded from seven different samples w
orthohydrogen contentC ranging from 0.09% to 1.66%
Most of the measurements were made at a cell tempera
of 12.5 K, one each was made at temperatures of 8.5
10.8 K, and one was made at 26 successive points on
temperature scale between 12.5 and 6.5 K. The difficu
with the latter experiment was that we had to find a cool
rate fast enough to perform a sufficient number of scans
sufficient number of temperature points within the time
the experiment~about 12 h! but not so fast as to destroy th
crystal. We found a decrease of 0.6 K/h to be a suita
value, whereas a decrease of 2 K/h caused cracks in
crystal at a temperature below 8.0 K. This behavior can
explained by the time scale of the solid hydrogen self-rep
mechanism, which tends to compensate the inevitable s
due to thermal contraction by reordering the crys
structure.17

The orthohydrogen content was determined from the
tegrated absorption coefficient of the newQ1(1) 1 Q1(1)
double transition, which will be described in Sec. III B.

The original single-beam spectra show unavoida
fringes. We therefore divided the single-beam spectra
ut
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model background functions that simulate the regular frin
patterns. We found that dividing the original spectra by
experimental background spectrum obtained with an em
cell either before or after the experiment did not remo
completely the fringing, since due to a slow shift of th
fringing pattern throughout the experiment the fringes of
single-beam sample spectra and background spectra did
match.

III. RESULTS

An overview transmittance spectrum of the first overto
region of solid parahydrogen is plotted in Fig. 1. It show
spectrum I of Table I with an orthohydrogen content
1.66%. The strongest absorption features are indicated
labels. For some of the narrower transitions, such as
Q2~0!, the Q1(J) 1 Q1(J8), or the S2~0!, some satellite
structure is visible already on this plot. This structure will
treated in detail in the following section. However, the ne
weak transitionsY1(0), Q1(0) 1 Q1(0), U1(0) 1 Q1(1),
U1(0) 1 S1(0), andU1(1) 1 Q1(0) are not visible at this
scale. In Table II we give a comprehensive list of all o
served absorption features except the phonon branche
solid parahydrogen at an orthohydrogen content< 1.66% in
this region.

A. The Y1„0… transition

The very weakY1~0! transition, the strongestDJ58 tran-
sition following theY0~0!,1 is actually a fundamental rovi
brational transition. However, we report it here since it fell
the spectral region of our investigations and we took spe
efforts to observe it. The extremely high sensitivity nece
sary to observe this transition was obtained by employin
very narrow bandpass interference filter of 60-cm21 band-
width and a center wave number of 8000 cm21. This in-
creased the signal-to-noise ratio by 1.5 orders of magnitu
The scanning time was about 11 h. Figure 2 shows a plo
the absorbance spectrum of theY1~0! line for two samples,
one with a temperature of 12.3 K~Table I, spectrumN) and
one with a temperature of 10.8 K~Table I, spectrumO). The
measurement at 10.8 K was specifically done for confirm
tion of the initial measurement. The observed linewidth
this transition is dominated by the instrumental resolutio
which was 0.011 cm21 for both measurements and was ch
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FIG. 1. Overview transmittance spectrum of the first overtone region of solid parahydrogen with a sample path length of 34.8
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sen as a compromise between high resolution and a g
signal-to-noise ratio. The integrated absorption coeffici
for the Y1~0! transition was determined to be 2.2~3!
310223 cm3/s, which is an order of magnitude smaller th
that of theY0~0! transition, with 2.5~3! 3 10222 cm3/s.1 The
identification of this transition asY1~0! relies on the line
position, the narrowness of the feature, the order of ma
tude of its line strength, and the characteristic thermal s
of the line position, which can be clearly seen in Fig. 2. T
line position is 7991.861 cm21 at 12.3 K and 7991.801
cm21 at 10.8 K. Assuming that the thermal shift of lin
positions of solid hydrogen absorptions underlies a law
the form

ñ~T!5 ñ~0!1const3T4, ~3.1!

which is supported by Ref. 18, we can extrapolate the ze
Kelvin line position of theY1~0! transition to be 7991.713
cm21. We will present the thermal shift parameters of se
eral solid hydrogen transitions in Sec. III G of this paper.

Although the prediction of the line position of theY1~0!
was the first factor in guiding the search and in its ident
cation, we were surprised that this transition shows a q
large deviation from the value predicted by the modifi
Dunham model introduced by Van Kranendonk and Kar12

Until now this model was able to predict all observed tra
sitions of solid hydrogen with an error of less than 3.
cm21. However, for theY1~0! transition the discrepanc
amounts to25.79 cm21. In Table III we show the agree
ment of the modified Dunham model with experimental d
od
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for selected lines. Here the parametersm150.03 and
m2520.005 from Van Kranendonk’s analysis were used
the calculation. To determine these values Van Kranend
employed six selected transitions from the fundamental
first overtone band of solid parahydrogen. In Sec. IV A w
present a calculation where we have refitted the parame
m1 andm2 using the experimentally observed values of
the 15 transitions in Table III.

B. The Q1„1… 1 Q1„1… transition

The Q1(1) 1 Q1(1) transition was reported in Ref. 1
for normal hydrogen, although only a single broad featu
was seen that included all threeQ1(J) 1 Q1(J8) transitions
(J,J850,1). It was observed in highly enriched parahydr
gen for the first time by Steinhoff.19 Figure 3 shows an ab
sorbance spectrum of the wholeQ1(J) 1 Q1(J8) region for
two different orthohydrogen impurity levels~Table I, spectra
J andL). TheQ1(1) 1 Q1(1) transition is interesting be
cause it is a double transition in an orthohydrogen pair a
therefore consists entirely of fine structure. The orthohyd
gen pair interaction is dominated by the electric quadrupo
quadrupole~EQQ! interaction and has been studied in det
in several previous works.7,8,20–22 The orthohydrogen pair
fine structure observed in the ground-state microwa
spectrum20 and with theQ1~1! transition,22 in particular,
have been extensively studied. There are only three cle
visible absorption peaks of theQ1(1) 1 Q1(1) transition,
which are marked witha, b, andg in Fig. 3. There are some
weak features betweenb andg that can also be interprete
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TABLE II. Line positions and integrated absorption coefficients of infrared transitions in the first o
tone region of solid parahydrogen with orthohydrogen impurity levels< 1.66%.

Transition Line position ã a Previously
~cm21) ~cm3 s21) observed

Y1~0! 7991.71b 2.2~3! 3 10223 ~This work!
Q2~1! 8058.72b 1.3~1! 3 10217 Refs. 19,14,c 15 c

Q2(0) 1 Q0(1) 8070.44b 3.8~1! 3 10216 Refs. 8,14,15
Q1(1) 1 Q1(1) 8293.00b 1.9~4! 3 10216 Ref. 19
Q1(1) 1 Q1(0) 8299.6d 1.2~2! 3 10215 Refs. 14,15
Q1(0) 1 Q1(0) 8306.0d 1.8~4! 3 10219 This work
S2~0! 8387.34b 1.2~2! 3 10217 Refs. 14,15
Q2(1) 1 S0(0) 8402 – 8414e 1.9~2! 3 10216 Ref. 14c

Q2(0) 1 S0(0) 8414 – 8435e •••

f Refs. 14c, 15
S2~1! 8588.20 2.0~3! 3 10217 Ref. 14c

Q1(0) 1 S1(0),
Q1(1) 1 S1(0) 8631 – 8643e •••

f Refs. 14,15
Q2(0) 1 S0(1) 8657.29 2.5~3! 3 10216 Ref. 14c

S2(0) 1 S0(0) 8731 – 8753e 2.9~4! 3 10217 Ref. 19
Q1(0) 1 S1(1) 8857.3d 1.1~2! 3 10215 Refs. 14,15
S2(1) 1 S0(0) 8931 – 8951e 5.8~8! 3 10217 Ref. 14c

S1(0) 1 S1(0) 8971 – 8974e 3.8~2! 3 10217 Refs. 14,15
U2~0! 9122.21b 1.1~1! 3 10219 Ref. 15
S1(1) 1 S1(0) 9189 – 9192e 9.5~8! 3 10217 Ref. 14c

Q2(0) 1 U0(0) 9237.35b 1.4~4! 3 10219 Ref. 15
U1(0) 1 Q1(1) 9406.629409.7g 2.4~4! 3 10218 This work
U1(0) 1 Q1(0) 9414.15d 2.8~3! 3 10218 Ref. 15
U1(0) 1 S1(0) 9745 – 9751e 1.1~2! 3 10219 This work
U1(1) 1 Q1(0) 9837.4d 2.2~3! 3 10218 This work

aIntegrated absorption coefficient per molecule per unit volume.
bLine position extrapolated to a crystal temperature of 0 K. Others are for 12.5 K.
cObserved previously only in normal hydrogen.
dBroadened by vibron hopping.
eBroadened by roton hopping.
fToo strong to be determined.
gSplit by orthohydrogen pair interaction.
 -

nk
FIG. 2. Absorbance spectra of theY1~0! transition in solid hy-
drogen at two different crystal temperatures.
TABLE III. Rovibrational transitions of solid hydrogen repro
duced with a modified Dunham model: predictions.

Transition nobs ncalc
a nobs2ncalc

~cm21) ~cm21) ~cm21)

U0~0! 1167.12 1166.79 0.33
W0~0! 2410.54 2410.81 20.27
W0~1! 3063.48 3064.05 20.57
Y0~0! 4044.18 4046.19 22.01
Q1~1! 4146.51 4147.24 20.73
S1~1! 4704.44 4704.21 0.23
U1~0! 5261.28 5261.99 20.71
U1~1! 5684.61 5685.69 21.08
W1~0! 6441.81 6443.96 22.15
W1~1! 7055.37 7058.61 23.24
Y1~0! 7991.71 7997.50 25.79
Q2~1! 8058.72 8059.80 21.08
Q2~0! 8070.44 8071.18 20.74
U2~0! 9122.21 9125.42 23.21
Q3~0! 11758.73 11759.43 20.70

aCalculated from the modified Dunham model, Van Kranendo
and Karl ~Ref. 12!, with m150.03,m2520.005.
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10 424 55MENGEL, WINNEWISSER, AND WINNEWISSER
as components of theQ1(1) 1 Q1(1) pair transition. How-
ever, we will concentrate now on the three strong ones.
interpretation of these features is illustrated in Fig. 4, wh
shows a diagram of the orientational energy levels of
orthohydrogen pair in the ground state as well as in the s
where both molecules of the pair are vibrationally excit
(va5vb51). For this excited state we expect a similar sp
ting pattern as for theQ2~1! transition~see Sec. III E! since it
should not make too great a difference for the EQQ coup
constant whether one molecule of the orthohydrogen pa
doubly excited or both molecules are singly excited. We
tribute the two strongest absorptionsb and g to the fine
structrure transitions between theu2,1&6 andu1,1&6 orienta-
tional states. This is supported by two facts. First, the tr
sitions u2,1&6 
 u1,1&6 are by far the strongest ones in th
pair spectra of the Q1~1! and Q2~1! transitions. Second, th
ratio of the intensities of lineb and lineg should be the ratio
of the Boltzmann factors in their ground states, since
dipole matrix elements for these transitions are invariant
der permutation of the initial and final orientational sta
According to our assignment, the term value difference

FIG. 3. Spectrum of theQ1(J) 1 Q1(J8) region in solid hydro-
gen for two different orthohydrogen impurity levels.

FIG. 4. Term diagram for theQ1(1) 1 Q1(1) transition in solid
hydrogen. On the right is the term diagram of a nearest-neigh
orthohydrogen pair in the vibrational ground state, the left diagr
is for the excited state. Numerical values are in cm21.
ur
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tween the lower levels of theb and theg lines amounts to
about 2.2 cm21. We have analyzed spectra of two differe
crystals, one at 12.5 K and one at 6.5 K. The Boltzma
relation for the ratio of the populations in the lower states
the two transitions

N~g!

N~b!
5ehc ~2.2cm21/kT! ~3.2!

gives the value 1.29 forT512.5 K and 1.63 forT56.5 K.
The experimental ratios of the integrated absorption coe
cientsa(g)/ a(b) were determined to be 1.3 forT512.5 K
and 1.7 for 6.5 K, which is in fine agreement with this a
signment.

According to the line position thea peak can be either the
transitionu2,1&6 ← u2,2&6 or u1,1&6 ← u2,0&. We can ex-
clude the first one for the following reason: if this transitio
wereu2,1&6 ← u2,2&6 we must find the equivalent transitio
u2,2&6 ← u2,1&6 , which would lie at 8295.95 cm21 near
the g line and should be even stronger than thea line be-
cause of the lower ground-state energy. However, we find
appropriate absorption peak at this position. Theu2,0& ←
u1,1&6 transition, however, would be at 8296.8 cm21 and
there is a strong feature with a sharp peak labeled withd that
appears to be superimposed on a broad satellite feature o
neighboringQ1(0) 1 Q1(1) double transition; it is even
sharper at lower temperature and lower orthohydrogen im
rity levels. In Fig. 5 we show another spectrum of t
Q1(1) 1 Q1(1) transition taken at an orthohydrogen imp
rity level of 1.66% ~spectrum I of Table I!. We find here
some additional weak absorption features labeled with nu
bers 1 to 8. Table IV gives an assignment of all fine struct
peaks that we could attribute to theQ1(1) 1 Q1(1) transi-
tion. The extreme dominance of theb andg fine structure
components indicates that the transition dipole moment c
not be calculated by the same procedure as for the sate
structure of the Q1~1! and Q2~1! transitions~see Sec. III E!
although in those cases these are also the strongest co
nents.

The splitting pattern of the ground state has been adop
from Ref. 20. We give numerical term values in th

or

FIG. 5. Fine structure of theQ1(1) 1 Q1(1) transition of solid
hydrogen at an orthohydrogen content of 1.66%. The assignme
given in Table IV.
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excited state only for those levels that were determined
our assignment. The hypothetical zero-interaction line po
tion for theQ1(1) 1 Q1(1) transition is then 8293.00~5!
cm21. By zero interaction we mean the absence of any
isotropic forces between the molecules. For twice the l
position of theQ1~1! single transition we find a value o
8293.104~2! cm21. These two values may differ, because
the case of theQ1(1) 1 Q1(1) double transition the loca
symmetry around an orthohydrogen molecule is perturbed
the other orthohydrogen molecule. We learn from these d
that this isotropic interaction must be on the order of 0
cm21.

Since the line strength of theQ1(1) 1 Q1(1) transition is
in first order proportional to the square of the orthohydrog
impurity level, these lines may serve as ideal probes of
orthohydrogen content in the range 0 – 2 %. We used so
of the spectra measured by Steinhoff,19 for which the ortho-
hydrogen content was determined directly from theQ1~1!
transition, to determine the sum of the integrated absorp
coefficients of theb andg components and obtained a valu
of 1.9 6 0.4 3 10216 cm3/s. We then used this value t
determine the orthohydrogen contents of our samples.

C. The Q1„0…1Q1„0… transition

Probably the most surprising feature of this work can
seen on the right side of the spectrum in Fig. 3, located
8306 cm21. According to the line position, the only inter
pretation of this peak is that it is the double transiti
Q1~0! 1 Q1~0!. The integrated absorption coefficient p
molecule,ã, is 1.8 ~4! 3 10219 cm3/s. The line shape o
this absorption feature comes out most clearly at an ortho
drogen impurity level of 0.09%. Another support of this i
terpretation is the unsymmetric line shape with a sharp cu
at the high-wave-number side, which is present in all dou
transitions involving aQ1~0!. However, in previous works i
has been underlined that this double transition is strictly f
bidden in the infrared, because neither of the involv

TABLE IV. Orthohydrogen pair fine structure in the region
theQ1(1) 1 Q1(1) transition.

Labela ñ Dñ b Assignment
~cm21) ~cm21) uF8,M 8&←uF9,M 9&

a 8289.62 23.38 u1,1&6←u2,0&
b 8290.35 22.65 u2,1&6←u1,1&6

g 8295.12 2.12 u1,1&6←u2,1&6

d 8296.77 3.77 u2,0&←u1,1&6

1 8292.34 20.66 u1,1&6←u2,2&1

2 8292.58 20.42 u1,0&,u0,0&←u2,2&1

3 8292.97 20.03 •••

c

4 8293.17 0.17 •••

c

5 8293.30 0.30 •••

c

6 8293.61 0.61 u2,2&1←u1,1&6

7 8293.92 0.92 •••

c

8 8294.01 1.01 •••

c

aSee Fig. 5.
bDñ is the relative position referred to 8293.00 cm21.
cThese absorptions are attributed to the satellite structure of
Q1(0) 1 Q1(1) transition.
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parahydrogen molecules can change any projection of its
gular momentum. Our assumption when we saw this tra
tion for the first time was that this might be actually a trip
transition with one assisting orthohydrogen neighbor. Ho
ever, from further measurements with orthohydrogen im
rity levels ranging from 0.09% to 1.66% we learned that t
transition is independent of the orthohydrogen content
thus no orthohydrogen molecule can be involved. In Fig
the invariance of the peak height of theQ1(0) 1 Q1(0)
transition for two different orthohydrogen impurity leve
can be easily verified. The mechanism of this transition
planned to be the subject of a separate publication.

D. The Q2„0… transition

1. Crystal field splitting

It was already found by Oka and co-workers8 that this line
is split into two components with an interval of about 0.3
cm21 due to the crystal field perturbation of the neare
neighbor orthohydrogen molecule that induces this tran
tion. The low-frequency component corresponds to tran
tions of the orthohydrogen molecule into theM50 substate
and the high-frequency component corresponds to transit
into the degenerateM561 substates. In Fig. 6 we show
spectrum of this transition~spectrumM of Table I!, which
was taken at an orthohydrogen impurity level of 0.41% an
temperature of 6.5 K. It is necessary to have both of th
parameters this low or lower in order to resolve fully a thi
peak between the two strong components. According to
theory outlined in Ref. 23 this peak can clearly be interpre
as theQ2~0! transition of a next-nearest-neighbor ortho-pa
hydrogen pair. It has a lower intensity and a smaller scale
the splitting because the separation of a next-near
neighbor pair is a factor ofA2 larger than that of the neares
neighbor pair, resulting in much weaker effects of interm
lecular forces. This absorption feature can thus be seen
condensed image of the two larger peaks, but they canno
resolved. The full width at half maximum~FWHM! of the
two strong transitions is 0.029 cm21, which should mainly
be due to thev52 vibron hopping and experimental broa
ening mechanisms such as temperature variation over
sample. The FWHM of the central peak is 0.052 cm21,

he

FIG. 6. Spectrum of theQ2~0! transition in nearly pure solid
parahydrogen.
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which indicates that it consists indeed of more than one c
ponent. The center label in Fig. 6 indicates the origin of
Q2~0! transition, i.e., the position where this absorption pe
would lie in the hypothetical case without crystal field spl
ting. It is obtained from the positions of the two strong pea
using the theoretical expression for the crystal fie
splitting13 in terms of the crystal field splitting paramet
e2c ,

ñ~M50!5 2
5 e2c , ~3.3!

ñ~M561!52 1
5 e2c . ~3.4!

The parametere2c for the v52 excited state can hence b
determined for a crystal temperature of 6.5 K to
20.528~2! cm21. In Sec. IV D we present an analysis of th
variation of this value as a function of temperature and
trapolate it to the zero-Kelvin point.

2. Satellite structure

At various orthohydrogen impurity levels we were able
observe satellite peaks of theQ2~0! transition due to the
orthohydrogen pair interaction. Employing the narrow ban
pass filter mentioned in Sec. III A, tilted a little bit to shi
the center wave number from 8000 to 8065 cm21, and low-
ering the crystal temperature to 8.5 K, we recorded the sp
trum of theQ2~0! transition, which is plotted in Fig. 7~Table
I, spectrumP). The absorbance scale is enhanced, so tha
three peaks in Fig. 6 described in the previous paragraph
off scale. We find more than 30 weak satellite peaks aro
this transition, with linewidths of 0.03–0.06 cm21. Table V
gives a list of all peaks in this region, which we have a
signed and which are labeled in Fig. 7. The two weak ou
most components, numbered 1 and 38, are outside the w
number limits of Fig. 7. We have distinguished thr
different classes of line strength: classA means strong, clas
B means weaker but undoubtedly present, and classC lines
have a line strength barely above the noise level or are sh
ders of stronger peaks. We assume that the assignme
these satellite peaks to the appropriate orthohydrogen
fine structure transitions can be made analogously to the

FIG. 7. Satellite structure of theQ2~0! transition in solid hydro-
gen at an orthohydrogen content of 0.94%. For assignment of
ellite transitions see Table V.
-
e
k

s

-

-

c-

he
re
d

-
r-
ve-

ul-
of
air
s-

signment of those of theQ1~0! transition in Sec. 4.5 of Ref
7. However, many more peaks can be identified in
Q2~0! satellite spectrum, since the central line and the sa
lite lines are a factor of 10 narrower than the lines found
the fundamental transition. In a first approach we assum
the splitting pattern of the orientational states in the vib
tionally excited state to be exactly the same as in the gro
state, which is known precisely from microwav
experiments.20 The validity of this approximation is given by
the fact that the orthohydrogen pair spectrum of eachQv~0!
type of transition is induced by a pair of orthohydrogen m
ecules in the direct neighborhood of the vibrationally excit
parahydrogen molecule while the orthohydrogen molecu
themselves remain in the vibrational ground state. We
signed the line positions given in Table V to transitions b
tween these energy levels, which led to a weighted stand
deviation of 0.063 cm21. We then refined the term values i
the excited state by doing a linear least-squares fit that
sulted in the diagram of Fig. 8 and a standard deviation
0.0311 cm21. This is larger than that found for the assig
ment of theQ2~1! pair structure~see Sec. III E!. We attribute
the mismatch to the fact that there is a crystal field contri
tion to the excited state levels of the orthohydrogen pair, t
which can be of the order of up to 0.1 cm21 according to our
calculations. However, a detailed analysis of this effect is
possible with our data since there are several different ge
etries of the three molecules involved, an orthohydrogen p
and a parahydrogen molecule, which leads to a manifold
many closely spaced energy levels.

E. The Q2„1… transition

Simultaneously with theQ2~0! transition we recorded the
Q2~1! transition, which also shows satellite peaks, as can
seen in Fig. 9. These absorptions have FWHM linewidths
0.025–0.04 cm21 and are thus narrower than those for t
Q2~0! transition. The linewidth of theQ2~1! main peak is
0.041 cm21 with an orthohydrogen content of 0.94% an
0.031 cm21 in nearly pure parahydrogen~0.09% J51).
Since there should be no broadening due to vibron hopp
and no crystal field splitting, we expected a much narrow
line. TheQ1~1! transition, with an observed~instrumentally
limited! FWHM linewidth of 0.016 cm21,7 is actually much
narrower than theQ2~1!. We do not have an explanation fo
this observation at the moment.

For the orthohydrogen pair fine structure we worked o
an assignment which is given in Table VI. The correspon
ing term diagram is shown in Fig. 10. The vibrational ex
tation is localized on one of the two orthohydrogen m
ecules, as is indicated in Fig. 10 byva52, vb50. We did
not have to consider different subsystems due to symme
and antisymmetric excited states as in the case of theQ1~1!
pair structure, because from Ref. 23 we can deduce tha
corresponding splitting should be only about 0.005 cm21,
which is much less than the observed linewidths. T
weighted standard deviation of our assignment is 0.01
cm21, which is better than for theQ2~0! transition. The split-
ting pattern in the excited state looks much different fro
that in the ground state because now one of the orthohy
gen pair molecules is doubly vibrationally excited, whic

at-
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TABLE V. Orthohydrogen pair fine structure of theQ2~0! transition.

Labela Class ñ Dñ b Assignment DñAss.
c

~cm21) ~cm21) uF8,M 8&←uF9,M 9& ~cm21)

1 C 8064.941 25.523 u2,1&1←u2,0& 25.486
2 B 8066.995 23.469 u1,1&1←u2,0& 23.437
3 B 8067.099 23.365 u1,1&2←u2,0& 23.326
4 C 8067.269 23.195 u1,0&←u2,0& 23.257
5 B 8067.372 23.092 u0,0&←u2,0& 23.063
6 C 8067.597 22.867 u2,1&1←u2,2&2 22.898
7 C 8067.645 22.819 u2,1&1←u2,2&1 22.807
8 C 8067.733 22.731 u2,2&1←u2,0& 22.664
9 C 8067.811 22.653 u2,2&2←u2,0& 22.567
10 B 8068.030 22.434 u2,1&2←u1,0& 22.426
11 C 8068.063 22.401 u2,1&1←u0,0& 22.383
12 B 8068.194 22.270 u2,1&2←u1,1&2 22.263
13 A 8068.237 22.228 u2,1&2←u1,1&1 22.235
14 C 8068.270 22.194 u2,1&1←u1,1&2 22.184
15 C 8068.355 22.109 u2,1&1←u1,1&1 22.156
16 B 8069.606 20.858 u1,1&1←u2,2&2 20.849
17 B 8069.716 20.749 u1,1&1←u2,2&1 20.758
18 C 8069.752 20.712 u1,1&2←u2,2&2 20.738
19 B 8069.831 20.633 u1,1&2←u2,2&1 20.647
20 B 8069.897 20.567 u1,0&←u2,2&2 20.569
21 B 8069.988 20.476 u1,0&←u2,2&1 20.478
22 C 8070.009 20.455 u0,0&←u2,2&2 20.475
23 B 8070.749 0.285 u0,0&←u1,1&1 0.267
24 B 8070.915 0.451 u2,2&1←u0,0& 0.438
25 B 8071.000 0.536 u2,2&2←u0,0& 0.535
26 B 8071.034 0.570 u2,2&2←u1,0& 0.572
27 B 8071.094 0.630 u2,2&1←u1,1&2 0.638
28 B 8071.210 0.746 u2,2&2←u1,1&2 0.738
29 A 8072.459 1.995 u1,1&1←u2,1&1 2.036
30 A 8072.579 2.115 u1,1&1←u2,1&2 2.058
31 B 8072.623 2.159 u1,1&2←u2,1&2 2.147
32 B 8072.818 2.353 u1,0&←u2,1&2 2.338
33 C 8073.071 2.607 u2,0&←u2,2&2 2.600
34 C 8073.351 2.886 u2,2&1←u2,1&2 2.831
35 C 8073.457 2.993 u2,2&2←u2,1&2 2.928
36 C 8073.581 3.117 u2,0&←u0,0& 3.114
37 A 8073.798 3.334 u2,0&←u1,1&1 3.342
38 B 8075.959 5.495 u2,0&←u2,1&1 5.485

aSee Fig. 7.
bDñ is the relative position referred to 8070.464 cm21, which is the origin of theQ2~0! transition.
cTerm value differences obtained from this assignment. See also Fig. 8.
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leads to a higher expectation value of its quadrupole mom
and thus to a larger quadrupole coupling constantGEQQ. We
used the term values of the excited state obtained from
assignment to determine semiphenomenological force c
stants established in the theory of Harris.21 In a nonlinear fit
we obtained the following values for the three most imp
tant of these constants for the doubly vibrationally exci
state: G̃ 5 0.668 cm21, ẽ2 5 20.0164 cm21, and ẽ0 5
0.0202 cm21. We should note that we were not able to d
tinguish between in-plane and out-of-plane pair configu
tions. All other constants did not significantly deviate fro
their values in the vibrational ground state.
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This assignment is essentially based on the line positio
We can verify its correctness by comparing the experime
line strengths with the calculated values of the dipole m
ment transition moments. This calculation was first p
formed by Chan22 and later, with some corrections, b
Byers24 for the orthohydrogen pair structure of theQ1~1!
transition. Because of the similarity of theQ1~1! andQ2~1!
transitions as far as the orientational states are concerne
use the values of theQ1~1! transition moments for compari
son in Table VI. We find a satisfactory agreement in m
cases. However, there are some transitions that are abo
order of magnitude stronger or weaker than predicted
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even one~transition 16! that should be forbidden accordin
to the theory. For the very weak lines the determination
the observed intensity by a simple numerical integrat
method cannot be expected to be more accurate than ha
order of magnitude.

The domains of the pair fine structure transitions of
Q2~0! andQ2~1! do not overlap as they do in the case of t
Q1(J).

7 In our assignment the highest component~28! of the
Q2~1! structure is at 8064.667 cm21, marking the end of this
domain whereas the lowest component~1! of the Q2~0!
structure starts at 8064.941 cm21.

F. New double transitions

In the wave-number region 9400–9900 cm21 we have
observed three features that we interpret to be new do
transitions. These are the transitionsU1(0) 1 Q1(1) at
9407.67~5! cm21, U1(0) 1 S1(0) at 9745.3 – 9750.1
cm21, andU1(1) 1 Q1(0) at 9837.34 cm21. The last two
could be assigned without hesitation according to their l
positions. The structure of theU1(0) 1 S1(0) transition ex-

FIG. 8. Term diagram and the strongest orthohydrogen
transitions associated with theQ2~0! transition. Transition labels are
identical with those of Fig. 7 Numerical values are in cm21.

FIG. 9. Satellite structure of theQ2~1! transition in solid hydro-
gen at an orthohydrogen content of 0.94%. For assignment of
ellite transitions see Table VI.
f
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tends over about 5 cm21 due to theJ52 roton hopping
mechanism. TheU1(1)1Q1(0) is a single feature with a
lineshape analogous to that ofQ1(0). For the
U1(0)1Q1(1) we find three absorption peaks at the po
tions 9406.58 cm21, 9407.67 cm21, and 9409.66 cm21.
These peaks could only be seen in spectrum I of Tabl
taken with the highestJ51 content and with the highes
number of scans. From the sum of the line positions of sin
transitions we can predict a value of 9408.04 cm21 for the
U1(0)1Q1(1) double transition, indicated in Fig. 11. As i
the case ofQ1(1)1Q1(1) we find only fine structure for this
transition. The three peaks shown in Fig. 11 correspond
the strongest components in the fine structure associated
theU1(0) transition, reported previously.7 In addition, they
are nearly identical to the structure we have identified as
U0(0)1Q1(1) double transition at 5314 cm21 which will
be reported in a later publication.

The new double transitions together with their integra
absorption coefficients per molecule per unit volume are
cluded in Table II.

G. Measurements of thermal shifts

As mentioned in Sec. II we were able to scan the wh
overtone spectrum at 26 different temperature points star
at 12.5 K and extending down to 6.5 K~Table I, spectra
M ). The most striking observation is that all absorption lin
are redshifted by up to 0.2 cm21 upon cooling over this
range. Such a shift was previously reported for theQ1~1!
transition in Ref. 18. The temperature change also affects
linewidths — they are narrower when the crystal is colder
and all spectral parameters that depend on the intermolec
separationR such as the electric quadupole-quadrupole c
pling constantGEQQ. The line intensities should also becom
larger at lower temperature due to theR dependence of the
infrared induction mechanisms, but we were not able to
tect significant intensity differences. All these effects a
largely due to the thermal contraction of the hydrogen cr
tal. In Fig. 12 an example of thermal effects in the spectr
of the Q2~0! transition is shown. By lowering the crysta
temperature from 12.5 to 6.5 K the FWHM of the two stro
components is reduced by a factor of 2 and the positions s
by about 0.12 cm21 to the red. However, the shifts are n
equal since the parameter that determines the splitting —
crystal field constante2c — is a function ofR, too. A dis-
cussion of the temperature variation ofe2c will be given in
Sec. IV D. We have obtained highly precise values for
positions of line centers by using theFITMAS program of
Schreier~DLR, Germany!.25 In a procedure similar to that o
INTBAT,26 this program fits model function line shapes to t
observed spectral data, however, with some extended
tions. The quality of the determination of the line positio
can be judged by the small scatter of the data points in F
13 where we have plotted the line position of theQ2~1!
transition and a fitted empirical function versus the tempe
ture.

We have also determined the temperature dependenc
the quadrupole-quadrupole coupling constantGEQQ in the
temperature region mentioned above. As can be seen in
term diagram of Fig. 4 the separationDñ5 ñg2 ñb between
the b and theg components of theQ1(1) 1 Q1(1) transi-

ir
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TABLE VI. Orthohydrogen pair fine structure of theQ2~1! transition.

Labela Class ñ Dñ b Assignment DñAss.
c Obs. rel.d Calc. rel.d

~cm21) ~cm21) uF8,M 8&←uF9,M 9& ~cm21) intensity intensitye

1 C 8052.779 25.960 u2,1&6←u2,0& 25.968 0.009 0.007
2 B 8055.384 23.356 u1,1&2←u2,0& 23.351 0.238 0.135
3 B 8055.660 23.079 u0,0&←u2,0& 23.065 0.090 0.135
4 B 8055.882 22.857 u2,1&6←u0,0& 22.866 0.143 0.206
5 C 8056.070 22.670 u2,1&6←u1,1&2 22.663 •••

f

6 A 8056.092 22.647 u2,1&6←u1,1&1 22.635 0.762 0.680g

7 C 8057.971 20.768 u1,1&2←u2,2&2 20.763 •••

f 0.028
8 B 8058.052 20.688 u1,1&2←u2,2&1 20.672 0.062 0.035
9 C 8058.179 20.560 u1,0&←u2,2&2 20.557 0.006 0.062
10 A 8058.260 20.479 u2,1&6←u2,1&6 20.492 0.429 0.132
11 B 8058.395 20.344 u0,0&←u2,2&1 20.386 0.029 0.041
12 B 8058.544 20.195 u1,1&2←u1,0& 20.212 0.176 0.058
13 B 8058.645 20.094 u1,1&1←u1,1&2 20.094 •••

f 0.013
14 B 8058.855 0.116 u1,0&←u1,1&2 0.157 0.041 0.058
15 B 8058.938 0.199 u1,0&←u1,1&1 0.185 0.186 0.013
16 B 8059.021 0.282 u0,0&←u1,1&1 0.265 0.077 0.000
17 B 8059.204 0.465 u2,2&1←u1,0& 0.461 0.031 0.048
18 B 8059.387 0.648 u2,2&1←u1,1&1 0.652 0.052 0.029
19 B 8059.503 0.763 u2,2&2←u1,1&2 0.767 0.026 0.030
20 B 8059.537 0.798 u2,2&2←u1,1&1 0.795 0.015 0.039
21 A 8060.838 2.099 u1,1&6←u2,1&6 2.099 1.000 1.000
22 B 8061.116 2.377 u1,0&←u2,1&6 2.350 0.238 0.051
23 B 8061.145 2.406 u0,0&←u2,1&6 2.408 0.190 0.360
24 B 8061.745 3.006 u2,0&←u2,2&2 3.023 0.037 0.014
25 B 8061.824 3.085 u2,0&←u2,2&1 3.114 0.014 0.020
26 B 8062.292 3.553 u2,0&←u0,0& 3.537 0.195 0.237
27 B 8062.487 3.747 u2,0&←u1,1&2 3.737 0.190 0.236
28 C 8064.667 5.928 u2,0&←u2,1&6 5.908 0.034 0.018

aSee Fig. 9.
bDñ is the relative position referred to 8058.739 cm21, which is the origin of theQ2~1! transition.
cTerm value differences obtained from this assignment. See also Fig. 10.
dRelative values were obtained by setting the value for the strongest component~21! to 1.
eCalculated from the transition dipole moments multiplied by the Boltzmann factor of the lower state. Transition dipole momen
calculated by T.J. Byers~private communication!.
fNo experimental value due to overlap with other transitions.
gSum of the values for transition 5 and 6.
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tion is roughly 83GEQQ, when we assume that the EQ
interaction strongly dominates the orthohydrogen pair sp
ting pattern, and neglect any difference in temperature
pendence ofGEQQ in the upper and lower states. We ca
therefore take the spacing between the two sharp com
nents of this double transition to be a direct measure of
GEQQ constant and study its behavior under temperat
changes. In Fig. 14 the spacingDñ is plotted versus the
temperature. Again we find a rather smooth curve, wh
means that the determination of this value is precise eno
to allow a quantitative analysis. This analysis will be d
cussed in Sec. IVC in some greater detail.

IV. ANALYSIS

A. The Y1„0… transition

As described in Sec. III A there is an unusually large d
crepancy between the experimental line position of
t-
e-

o-
e
e

h
gh
-

-
e

Y1~0! transition and its prediction from the modified Dun
ham model. In this model the assumption was made that
rovibrational term values of a hydrogen molecule in a so
hydrogen crystal can be expressed by a Dunham expan
series, as they can for the free molecule, employing Dunh
coefficients with some additive correction terms. These c
rection terms can be reduced to a small number of dim
sionless parametersmn wheren accounts for thenth-order
contribution of the leading terms of the isotropic interm
lecular interaction. In their publication Van Kranendonk a
Karl12 present the result of an analysis in which they ha
used then available IR and Raman spectral data in order t
numerical values ofm1 andm2. Their result wasm150.03
andm2520.005. The quality of this fit can be seen in Tab
III where most of the transitions listed were originally n
included in the fit and are therefore predictions. The stand
deviation for 15 selected line positions is 2.13 cm21. We
repeated this fitting procedure including all the selected tr
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sitions in that table. Our selection criterion was that the lin
in question should be single transitions that are neith
shifted nor broadened by any vibron or roton propagation
order to account only for the isotropic single molecule inte
action potential. The result of this new fit wasm150.0408
andm2520.0179. The resulting line positions are shown
Table VII where the standard deviation is now 1.10 cm21.
The residual for theY1~0! transition was reduced from 5.79
cm21 to 2.73 cm21, but several other deviations are unsa
isfactorily large. We believe that the assumptions made
this two-parameter model do not permit better predictions

B. Thermal shift of line positions

Spectral shifts of sharp transitions upon variation of t
temperature are due to thermal contraction of the crystal
cause all effects that contribute to the infrared spectrum
solid hydrogen depend on intermolecular forces and thus
the intermolecular separationR. As outlined in Ref. 18 the
thermal contraction of solid hydrogen at normal pressure c
be treated by a simple first-order perturbation calculati

FIG. 10. Term diagram and the strongest orthohydrogen p
transitions associated with theQ2~1! transition. Transition labels are
identical with those of Fig. 9. Numerical values are in cm21.

FIG. 11. TheU1(0) 1 Q1(1) andU1(0) 1 Q1(0) transitions
of solid hydrogen.
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since the change ofR between 0 K and the triple-point tem-
perature is only about 0.36% of its value. The intermolecu
distance is of course connected with the molar volume b
third power law, which suggests looking at the temperat
variation of the molar volume of solid hydrogen in order
study spectral shift effects. The first reliable measureme
of this molar volume were performed by Krupskii, Prokhv
tilov, and Shcherbakov27 and were also reported in the boo
of Souers.28 Their analysis yielded a simple power law fo
the molar volume of solid hydrogen of the form

dV~T!5V~T!2V~0!52.23331026 T4.424 cm3/mol.
~4.1!

Consequently the thermal variation of the line positio
should be of a similar form:

dñ~T!5 ñ~T!2 ñ~0!5S ]ñ

]VD dV~T!5const3T4.424.

~4.2!

Here the factor]ñ/]V should be a constant, given by theR
dependence of the intermolecular potential causing the
viation of the energy levels of solid hydrogen from those
the isolated molecule. In analogy to Eq.~4.2! we used the

ir

FIG. 12. Effect of temperature on theQ2~0! transition of solid
parahydrogen.

FIG. 13. Variation of the line position of theQ2~1! transition of
solid hydrogen with temperature.
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line positions of several transitions from the observed fi
overtone spectrum to fit the parametersa, b, andñ(0) of the
empirical equation

ñ~T!5 ñ~0!1a Tb. ~4.3!

The results of these fits are listed in Table VIII. We did n
use all observable transitions because some of them w
either too weak to produce accurate line positions or n
symmetric. For example, the parameters obtained for a w
transition such asU2~0! have a much higher uncertainty tha
those of a strong transition such asQ2~0!, as can be seen in
Table VIII.

According to Eq.~4.2! the exponentb of the temperature
should be 4.424 for all transitions. However, from Table VI
it is obvious that the adjusted values of this exponent

FIG. 14. Thermal shift of the wave number intervalDñ between
the componentsg andb of theQ1(1) 1 Q1(1) double transition of
solid hydrogen.

TABLE VII. Rovibrational transitions of solid hydrogen repro
duced with a modified Dunham model: New fit.

Transition nobs ncalc
a nobs2ncalc

~cm21) ~cm21) ~cm21)

U0~0! 1167.12 1166.12 1.00
W0~0! 2410.54 2409.39 1.15
W0~1! 3063.48 3062.24 1.24
Y0~0! 4044.18 4043.77 0.41
Q1~1! 4146.51 4146.20 0.31
S1~1! 4704.44 4702.90 1.54
U1~0! 5261.28 5260.39 0.89
U1~1! 5684.61 5683.88 0.73
W1~0! 6441.81 6441.74 0.07
W1~1! 7055.37 7056.07 20.70
Y1~0! 7991.71 7994.44 22.73
Q2~1! 8058.72 8058.39 0.33
Q2~0! 8070.44 8069.75 0.69
U2~0! 9122.21 9123.54 21.33
Q3~0! 11758.73 11758.38 0.35

aCalculated from the modified Dunham model, Van Kranendo
and Karl ~Ref. 12!. The parameters m150.0408 and
m2520.0179 were adjusted using all listed transitions.
t

t
re
t
ak

e

significantly lower and lie between 3.53 and 4.096. It is n
possible to state whether this disagreement is due to exp
mental errors larger than estimated, or failure of one of
assumptions. For example, wall effects are not considere

C. Thermal shift of GEQQ

As can be seen in Fig. 14 we can analyze the tempera
variation of the electric quadrupole-quadrupole coupli
constantGEQQ averaged overv50 andv51. We have fitted
an empirical equation of the form of Eq.~4.3! to these data
and find that the thermal variation ofGEQQ can be expressed
by

GEQQ~T!5@0.5966~1!22.4~7!31027 T4.23~11!# cm21.
~4.4!

We note that here the exponent of the temperature is cl
to the expected value of 4.424 as in Eq.~4.2!. But what is
more interesting in this case is the total changeDGEQQ of
GEQQ when the temperature is raised from 6 to 12 K. Fro
our data we find

DGEQQ

GEQQ
520.014~2! ~6→12 K!. ~4.5!

Since theGEQQ constant has a well-known dependence
the intermolecular distance, which isR25,13 while the molar
volume V is proportional toR3, there is a simple relation
between the relative changes ofGEQQ andV:

dGEQQ

GEQQ
52

5

3

dV

V
. ~4.6!

When using the numerical data for the change of the mo
volume of solid parahydrogen from Ref. 27 we find for th
same temperature interval of 6 to 12 K

2
5

3

DV

V
~para-H2!520.0092, ~4.7!

which is about 35% lower than the observed relative cha
of GEQQ of Eq. ~4.5!. However, when using the data fo
normal hydrogen containing 75% orthohydrogen we find

2
5

3

DV

V
~normal-H2!520.0125, ~4.8!

which comes much closer to the observed value. Unfo
nately there are no thermal expansion data available for p
orthohydrogen. The interpretation of this result is that t
two orthohydrogen molecules that are responsible for
EQQ splitting seem to behave as part of an orthohydro
crystal rather than a part of a parahydrogen crystal as fa
the temperature variation of their distance is concerned.

D. Thermal shift of e2c

As described in Sec. IIID1 the crystal field splitting p
rametere2c for the v52 excited state can be determine
from the line position difference of the two strong comp
nents of theQ2~0! transition. Since this parameter also d

k
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TABLE VIII. Thermal shift parameters for selected transitions of solid hydrogen.

Transition ñ(0) a b
~cm21) ~cm21 K2b)

Q1~0! a 4149.6896 2.9643 1026 4.096
Q2~1! 8058.7180~8! 7.9 ~1.2! 3 1026 3.84~6!

Q2~0! 8070.4438~9! 8.4 ~1.4! 3 1026 3.82~6!

Q1(1) 1 Q1(1) 8293.001~1! 7.2 ~1.2! 3 1026 3.94~6!

S2~0! 8387.340~1! 6.0 ~1.2! 3 1026 4.03~8!

U2~0! 9122.210~3! 7.2 ~4.6! 3 1026 3.86~25!
Q2(0) 1 U0(0) 9237.346~3! 1.9 ~0.8! 3 1025 3.53~15!

aFrom Ref. 18.
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pends on the intermolecular distance it should show a ch
acteristic thermal shift. Figure 15 shows the variation o
e2c with temperature. The solid line marks a fitted empirica
curve given by

e2c~T!5@20.5300~2!18.3~4.7!31027 T3.5~2!# cm21.
~4.9!

According to Ref. 13 the parametere2c is proportional to
R28 and, thus, the relative change ofe2c should be

de2c
e2c

52
8

3

dV

V
, ~4.10!

which has a value of20.0147 for solid parahydrogen over
the temperature interval 6 to 12 K using the molar volum
data of Ref. 27 again. However, we observe a value of on

De2c
e2c

520.0098 ~6→12 K!. ~4.11!

Here we cannot offer a simple explanation of the discrepan
between the model and the experimental result.

FIG. 15. Thermal shift of the crystal field splitting paramete
e2c for the v52 vibrationally excited state as deduced from th
splitting of theQ2~0! transition of solid hydrogen.
r-
f
l

e
ly

y

V. CONCLUSION

In this work we have presented spectroscopic results
the first overtone region of solid hydrogen using a Fouri
transform spectrometer. This was achieved by enhancing
optical path length through the crystal to a large value,
preparing samples with low orthohydrogen impurity leve
and by investigation with high spectral resolution. This res
lution was optimized in the sense that it was not so low as
hide narrow absorption features but not so high as to wa
sensitivity either. Except for the very narrowY1~0! transi-
tion, all observed features were limited in resolution by
herent crystal effects but not by the instrument. We belie
this to be the first high-resolution investigation of the who
spectral region of 7900 – 10 000 cm21 in solid hydrogen.
The sensitivity of our measurements was such that we w
able to observe absorption features as weak as 10221 cm3

s21 ~orthohydrogen features as weak as 10219 cm3 s21),
and when reducing the spectral range by a narrow band-
filter, even 10223 cm3 s21.

Due to these experimental conditions we could obse
new transitions, and reveal new and interesting propertie
known transitions. Among the new transitions the most
teresting is undoubtedly theQ1(0) 1 Q1(0) double transi-
tion because it can only be explained by an induction mec
nism that has never been considered previously in absorp
spectroscopy. It is planned to be presented in a separate
lication. Many of the orthohydrogen transitions reported h
were previously observed only in normal hydrogen at
orthohydrogen impurity level of 75% and were therefo
strongly broadened and overlapped with neighboring tra
tions. In this work all these transitions were seen as in
vidual absorption features.

We report here the observation of satellite structure du
orthohydrogen pair interactions in the first overtone regi
For the strongQ2~0! transition this fine structure was studie
in detail, which revealed more information than the cor
sponding structure for theQ1~0! transition because the indi
vidual fine structure peaks are narrower and less overlap
here. The corresponding results for theQ2~1! transition
complement the laser spectroscopy data for theQ1~1!
transition.22,29

Finally we show that Fourier-transform spectra of the
mally shifted absorption features in solid hydrogen can
recorded with sufficient precision to obtain information co
cerning the thermal expansion.
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