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High-resolution Fourier-transform spectroscopy of solid parahydrogen
in the first overtone region
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The first vibrational overtone spectrum of solid parahydrogen with various low orthohydrogen impurity
levels has been studied in the range 7900-10 000cmsing a White-type external multireflection system
with a 34.8-cm sample path length. We were able to detect extremely weak features, namely(Ghety
7991.85(1) cm™!, and the double transitions;(0) + Q;(1), U;(0) + S,(0), U, (1) + Q(0), and
Q1(0) + Q4(0). TheQ4(0) + Q4(1) andQ4(1) + Q4(1) double transitions were resolved. We obtained a
rich orthohydrogen satellite spectrum associated with the transigt8) andQ,(1) near 8060 cm'. An
analysis and assignment of these satellite transitions are presented. The double transitions of3h@jype
Q,(J3") (3,3’ = 0,1) are located in the spectral region around 8300 ¢nThe most remarkable features here
are theQ,(1) + Q(1) transition, which consists entirely of fine structure, and@€0) + Q4(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 disc{S846:3-18207)07215-9

I. INTRODUCTION 9400 cm 1, however, with a relatively low resolution of 4
cm™! using a grating spectrometer. The work of Leeov-
Solid hydrogen has drawn the attention of spectroscopistered the same region at a resolution of 0.4 ¢mOka and
for many years because it constitutes the only moleculago-worker§ made the first observation of the internal struc-
crystal in which the molecules retain their gas phase propetture of theQ,(0) transition in this region with a resolution of
ties of rotation and vibration. In addition, it is possible to 0.1 cm™*, showing a twofold splitting due to crystal-field
study solid-state effects and intermolecular forces betweefnteractions. The purpose of the present work was to inves-
these simplest of all molecules in the infrared and Ramafiigate the first-overtone region of solid parahydrogen with
spectra of solid hydrogen. One of the most important conse?igh resolution, high sensitivity, and low orthohydrogen im-
quences of intermolecular forces is the fact that infrared tranPUrity levels using a Bruker IFS 120 HR Fourier-transform
sitions that are completely forbidden for isolated moleculesSPectrometer. We particularly aimed at recording satellite
become allowed in the solid and can lead to surprisinglySPEClra of theQ,(J) transitions due to the orthohydrogen

strong absorption features. In solid hydrogen we observe r —f]"r mteracttlon ar:jd ttmgl(‘])jLQl(‘];) Id;)utt)le transitions. ted
tational transitions withAJ=0, labeled withQ, AJ=2 hereese spectra and ofher new spectral features are presente
(S), AJ=4 (U), AJ=6 (W), and everAJ=8 (Y); we re- '
cently reported the observation of tNg(0) transition® The
subscript indicates the vibrational quantum number of the

upper state; the lower state always has0 for absorption The experimental setup was a modification of the experi-
spectra. The number in parentheses is Jhealue of the ment described in detail in our previous publicatidig®
lower state. Vibrational transitions have been observed up tiVe used an external multireflection systéhite type cell
the third vibrational overtone regiow €4) .2 Another result  in which the number of passes through the cell within the
of the intermolecular induction mechanisms is that twoliquid-He vaporization cryostafdanis Research Inc., Model
neighboring hydrogen molecules can be excited simultal0 DT) was increased from 4 to 8. This multireflection sys-
neously upon absorption of only one photon, in so-calledem was mounted inside the sample chamber of the Bruker
double transitions. IFS 120 HR interferometer as shown in Fig. 2 of Ref. 16.
The pure rotational transitions and the fundamental bandVater absorptions were minimized by evacuating the whole
of solid H, and D, have been extensively studidd. Re-  spectrometer. All six windows of the cryostat and of the
cently high-resolution spectra of the second overtone regiosample cell were equipped with an antireflection coating,
have been reportét? The interpretation and analysis of which was optimized for the spectral range 7500-9000
these spectra have relied on the theoretical approach develm™!. The windows were made of Herasil glass and were
oped by Van Kranendonk and co-workéfs!® Investiga- coated on both sides by Steeg & Reuter, Giessen, Germany.
tions of the first overtone region of solid hydrogen at various This window coating was V type consisting of a thin film
orthohydrogen impurity levels have been previously reportedf ZrO, and a second thin film of Mgk We mention this
in several publications. The important work of Varghese,detail because we observed an interesting phenomenon when
Prasad, and Red&/covered the wave number region 8000— working with these windows. When the cryostat was cooled

Il. EXPERIMENTAL SETUP
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TABLE |. Measurement parameters for different samples and spectra of solid hydrogen.

Name of C Crystal Instrum. FWHM Bandwidth No. of Aperture
spectrum 0=1) temperature scans
(%) (K) (em™) (em™) (mm)

H 1.11(7) 12.5 0.02 5600 — 10400 400 1.3
| 1.66 (10 12.5 0.013 5600 — 10400 1100 15
J 0.71(5) 12.5 0.01 5600 — 10400 700 15
L 0.09(1) 12.5 0.007 5600 — 10400 560 1.3
M 0.41(3) 6.5 - 125 0.013 5600 — 10400 1280 1.5
N <0.1 12.3 0.011 7950 — 8050 840 15
0] <0.1 10.8 0.011 7950 — 8050 1200 15
P 0.94(6) 8.5 0.009 8000 — 8100 75 15

down to about 12 K we observed a slow decrease, abouhodel background functions that simulate the regular fringe
3.5% per hour, of transmitted power. We also found a slowpatterns. We found that dividing the original spectra by an
increase of the transmission power back to the initial valueexperimental background spectrum obtained with an empty
after about 20 h when the windows were warmed up to rooncell either before or after the experiment did not remove
temperature again. This decrease was absent when we usesimpletely the fringing, since due to a slow shift of the
uncoated windows that were simultaneously mounted alonfringing pattern throughout the experiment the fringes of the
the alternate optical axis of our cryostat. The only possiblesingle-beam sample spectra and background spectra did not
explanation can thus be a slow change of the transmissiomatch.

properties of the coating material when cold. This effect has

not been previously observed, and is presumably only obvi-

ous because of the high number of pas@%cold window . RESULTS

surfaces An explanation has not yet been offered.

The procedure of preparing parahydrogen at a desire
orthohydrogen impurity level and the growing of a solid hy-
drogen crystal has been previously describ&tie 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 thug
obtained an absorption path length of 34.8 cm. We used

d An overview transmittance spectrum of the first overtone
region of solid parahydrogen is plotted in Fig. 1. It shows
spectrum | of Table | with an orthohydrogen content of
n-66%. The strongest absorption features are indicated by
bels. For some of the narrower transitions, such as the
,(0), the Q1(J) + Qq(J'), or the S,(0), some satellite
structure is visible already on this plot. This structure will be

tungsten light source, a room-temperaturg3a; _,As de- d in detail in the followi : H h
tector, and a Cajbeam splitter. The resolution was chosentreatlf in _e;ta| In the following section. However, the new
to fit approximately the width of the observed features; the'V€ak transitionsy,(0), Q1(0) + Q1(0), U1(0) + Qi(1),

full resolution of the instrument was not needed. The meaY1(0) = S1(0), andUy(1) + Q,(0) are not visible at this

surement parameters for each spectrum can be found gfale. In Table Il we give a comprehensive list of all ob-

Table I. served absorption features except the phonon branches in
Spectra were recorded from seven different samples witt c;!drg);ganhydrogen at an orthohydrogen contertt.66% in

orthohydrogen contenC ranging from 0.09% to 1.66%.
Most of the measurements were made at a cell temperature
of 12.5 K, one each was made at temperatures of 8.5 and
10.8 K, and one was made at 26 successive points on the
temperature scale between 12.5 and 6.5 K. The difficulty The very weakv;(0) transition, the strongedtJ=8 tran-
with the latter experiment was that we had to find a coolingsition following the Y(0),* is actually a fundamental rovi-
rate fast enough to perform a sufficient number of scans at Brational transition. However, we report it here since it fell in
sufficient number of temperature points within the time ofthe spectral region of our investigations and we took special
the experimentabout 12 h but not so fast as to destroy the efforts to observe it. The extremely high sensitivity neces-
crystal. We found a decrease of 0.6 K/h to be a suitableary to observe this transition was obtained by employing a
value, whereas a decrease of 2 K/h caused cracks in theery narrow bandpass interference filter of 60-chrband-
crystal at a temperature below 8.0 K. This behavior can bavidth and a center wave number of 8000 c¢h This in-
explained by the time scale of the solid hydrogen self-repaicreased the signal-to-noise ratio by 1.5 orders of magnitude.
mechanism, which tends to compensate the inevitable strede scanning time was about 11 h. Figure 2 shows a plot of
due to thermal contraction by reordering the crystalthe absorbance spectrum of tlg(0) line for two samples,
structuret’ one with a temperature of 12.3 @able |, spectruniN) and

The orthohydrogen content was determined from the inone with a temperature of 10.8 @able I, spectrun®). The
tegrated absorption coefficient of the n&y(1) + Q(1) measurement at 10.8 K was specifically done for confirma-
double transition, which will be described in Sec. Il B. tion of the initial measurement. The observed linewidth of

The original single-beam spectra show unavoidablghis transition is dominated by the instrumental resolution,
fringes. We therefore divided the single-beam spectra byvhich was 0.011 cr?* for both measurements and was cho-

A. The Y,(0) transition
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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 cm.

sen as a compromise between high resolution and a goddr selected lines. Here the parameteus=0.03 and
signal-to-noise ratio. The integrated absorption coefficienju,= —0.005 from Van Kranendonk’s analysis were used for
for the Y,(0) transition was determined to be 232 the calculation. To determine these values Van Kranendonk
%X 10723 cm®/s, which is an order of magnitude smaller than employed six selected transitions from the fundamental and
that of theY(0) transition, with 2.83) X 10"2?cm®s! The first overtone band of solid parahydrogen. In Sec. IV A we
identification of this transition a¥;(0) relies on the line present a calculation where we have refitted the parameters
position, the narrowness of the feature, the order of magnix, and u, using the experimentally observed values of all
tude of its line strength, and the characteristic thermal shifthe 15 transitions in Table IIl.

of the line position, which can be clearly seen in Fig. 2. The

line position is 7991.861 cm' at 12.3 K and 7991.801 B. The Q,(1) + Q,(1) transition

cm~! at 10.8 K. Assuming that the thermal shift of line
positions of solid hydrogen absorptions underlies a law o
the form

f The Q4(1) + Q4(1) transition was reported in Ref. 14
for normal hydrogen, although only a single broad feature
was seen that included all thr€g (J) + Q4(J’) transitions
Z(T)=7(0) + constx T4, (3.1) (J,3’=0,1). It was observed in highly enriched parahydro-
gen for the first time by Steinhotf. Figure 3 shows an ab-
which is supported by Ref. 18, we can extrapolate the zerosorbance spectrum of the whag (J) + Q,(J’) region for
Kelvin line position of theY,(0) transition to be 7991.713 two different orthohydrogen impurity leve(Jable I, spectra
cm™ 1. We will present the thermal shift parameters of sev-J andL). The Q,(1) + Q4(1) transition is interesting be-
eral solid hydrogen transitions in Sec. Il G of this paper. cause it is a double transition in an orthohydrogen pair and
Although the prediction of the line position of thé (0)  therefore consists entirely of fine structure. The orthohydro-
was the first factor in guiding the search and in its identifi-gen pair interaction is dominated by the electric quadrupole-
cation, we were surprised that this transition shows a quitguadrupole EQQ) interaction and has been studied in detail
large deviation from the value predicted by the modifiedin several previous work§®2°-22The orthohydrogen pair
Dunham model introduced by Van Kranendonk and Karl. fine structure observed in the ground-state microwave
Until now this model was able to predict all observed tran-spectrum?’ and with the Q,(1) transition?? in particular,
sitions of solid hydrogen with an error of less than 3.24have been extensively studied. There are only three clearly
cm~ 1. However, for theY;(0) transition the discrepancy Vvisible absorption peaks of th®,(1) + Q(1) transition,
amounts to—5.79 cmi L. In Table Il we show the agree- which are marked witly, 8, andy in Fig. 3. There are some
ment of the modified Dunham model with experimental dataveak features betwee and y that can also be interpreted
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TABLE Il. Line positions and integrated absorption coefficients of infrared transitions in the first over-
tone region of solid parahydrogen with orthohydrogen impurity lewel$.66%.

Transition Line position a Previously
(cm™ (cmis™1 observed
Y,(0) 7991.71° 2.23) x 107% (This work)
Q,(1) 8058.72 1.31) x 107 Refs. 19,14¢15¢
Q,(0) + Qu(1) 8070.44 3.8(1) x 10716 Refs. 8,14,15
Q4(1) + Q4(1) 8293.00° 1.94) x 10716 Ref. 19
Q4(1) + Q4(0) 8299.6" 1.22) x 107 Refs. 14,15
Q,(0) + Q4(0) 8306.0° 1.84) x 1071 This work
S,(0) 8387.34° 1.22) x 107V Refs. 14,15
Q,(1) + Sy(0) 8402 — 8414 1.92) x 10716 Ref. 14°¢
Q,(0) + Sy(0) 8414 — 843% o f Refs. 14% 15
S,(1) 8588.20 2.B) x 107Y Ref. 14°¢
Q1(0) + $,(0),
Q4(1) + $,(0) 8631 — 8643 oo f Refs. 14,15
Q,(0) + Sy(1) 8657.29 2.8) x 10716 Ref. 14°¢
S,(0) + Su(0) 8731 — 8753 2.94) x 1077 Ref. 19
Q4(0) + Sy(1) 8857.3 1.12) x 10™1 Refs. 14,15
S,(1) + Sp(0) 8931 — 895F 5.88) x 107 Y Ref. 14°
S(0) + S;(0) 8971 — 8974 3.82) x 10°Y Refs. 14,15
U,(0) 9122.21° 1.1(1) x 107 % Ref. 15
Si(1) + S;(0) 9189 — 9192 9.58) x 10~ Y Ref. 14°¢
Q,(0) + Uy(0) 9237.38 1.44) x 10710 Ref. 15
U4(0) + Qq(2) 9406.6- 9409.79 2.44) x 10718 This work
U4(0) + Q4(0) 9414.15¢ 2.83) x 10718 Ref. 15
U4(0) + S;(0) 9745 — 975F 1.12) x 107 % This work
U.(1) + Q4(0) 9837.41 2.2(3) x 10718 This work

4ntegrated absorption coefficient per molecule per unit volume.
b ine position extrapolated to a crystal temperature of 0 K. Others are for 12.5 K.

‘Observed previously only in normal hydrogen.

9Broadened by vibron hopping.

®Broadened by roton hopping.
Too strong to be determined.

9Split by orthohydrogen pair interaction.
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FIG. 2. Absorbance spectra of thg(0) transition in solid hy-
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drogen at two different crystal temperatures.
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TABLE IIl. Rovibrational transitions of solid hydrogen repro-
duced with a modified Dunham model: predictions.

Transition Vobs Vealc® Vobs™ Vcalc
(cm™) (cm™) (cm™)
Uq(0) 1167.12 1166.79 0.33
W, (0) 2410.54 2410.81 —-0.27
Wo(1) 3063.48 3064.05 —-0.57
Yo(0) 4044.18 4046.19 —2.01
Q.(1) 4146.51 4147.24 —-0.73
SN 4704.44 4704.21 0.23
U.(0) 5261.28 5261.99 -0.71
Ui(1) 5684.61 5685.69 —1.08
W,(0) 6441.81 6443.96 —2.15
W, (1) 7055.37 7058.61 —3.24
Y41(0) 7991.71 7997.50 —5.79
Q,(2) 8058.72 8059.80 —1.08
Q»(0) 8070.44 8071.18 —0.74
U,(0) 9122.21 9125.42 —-3.21
Q3(0) 11758.73 11759.43 —0.70

&Calculated from the modified Dunham model, Van Kranendonk

and Karl(Ref. 12, with ©;=0.03, u,= —0.005.
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FIG. 3. Spectrum of th&(J) + Q4(J") region in solid hydro- FIG. 5. Fine structure of th@,(1) + Q4(1) transition of solid
gen for two different orthohydrogen impurity levels. hydrogen at an orthohydrogen content of 1.66%. The assignment is

given in Table IV.
as components of th@,(1) + Q4(1) pair transition. How-
ever, we will concentrate now on the three strong ones. Ouiween the lower levels of thg and they lines amounts to
interpretation of these features is illustrated in Fig. 4, whichabout 2.2 cnT. We have analyzed spectra of two different
shows a diagram of the orientational energy levels of theerystals, one at 12.5 K and one at 6.5 K. The Boltzmann
orthohydrogen pair in the ground state as well as in the stateelation for the ratio of the populations in the lower states of
where both molecules of the pair are vibrationally excitedthe two transitions
(va=v,=1). For this excited state we expect a similar split-
ting pattern as for th@,(1) transition(see Sec. lll Esince it N(y) _ he@.2em k)
should not make too great a difference for the EQQ coupling N(B)
constant whether one molecule of the orthohydrogen pair is
doubly excited or both molecules are singly excited. We atdives the value 1.29 fof =12.5 K and 1.63 foff=6.5 K.
tribute the two strongest absorptiofs and y to the fine ~ The experimental ratios of the integrated absorption coeffi-
structrure transitions between tf&1). and|1,1). orienta-  cientsa(y)/ a(B) were determined to be 1.3 fdr=12.5 K
tional states. This is supported by two facts. First, the tran&nd 1.7 for 6.5 K, which is in fine agreement with this as-
sitions|2,1).. = |1,1). are by far the strongest ones in the Signment.
pair spectra of the 1) and Q,(1) transitions. Second, the According to the line position the peak can be either the
ratio of the intensities of ling and liney should be the ratio  transition|2,1).. « [2,2).. or |1,1). « [2,0). We can ex-
of the Boltzmann factors in their ground states, since the&lude the first one for the following reason: if this transition
dipole matrix elements for these transitions are invariant unwere|2,1). « [2,2).. we must find the equivalent transition
der permutation of the initial and final orientational state.|2:2)+ — [2,1)., which would lie at 8295.95 cm" near

According to our assignment, the term value difference bethe y line and should be even stronger than thdine be-
cause of the lower ground-state energy. However, we find no

appropriate absorption peak at this position. TB@) «—
|1,1). transition, however, would be at 8296.8 chand
12,0 > 167 there is a strong feature with a sharp peak labeled wittat
12,0 > . .

appears to be superimposed on a broad satellite feature of the
neighboringQ4(0) + Q4(1) double transition; it is even
sharper at lower temperature and lower orthohydrogen impu-
rity levels. In Fig. 5 we show another spectrum of the

(3.2

| F/M > ve= 1, vp=1 vy=0, v=0 | F'M”>

12,2 12,2

12,25 — B NP Q1(1) + Q4(1) transition taken at an orthohydrogen impu-
11,0>,10,0> , \ 11,0>,10,0> rity level of 1.66% (spectrum | of Table)l We find here
""""""""" 1 some additional weak absorption features labeled with num-

L1y

bers 1 to 8. Table IV gives an assignment of all fine structure
peaks that we could attribute to tig (1) + Q4(1) transi-
=4 T, tion. The extreme dominance of th®and y fine structure
components indicates that the transition dipole moment can-
1215 not be calculated by the same procedure as for the satellite
structure of the @(1) and Q,(1) transitions(see Sec. Il E
FIG. 4. Term diagram for th®,(1) + Q,(1) transition in solid ~ although in those cases these are also the strongest compo-
hydrogen. On the right is the term diagram of a nearest-neighboR€ents.
orthohydrogen pair in the vibrational ground state, the left diagram The splitting pattern of the ground state has been adopted
is for the excited state. Numerical values are in'¢m from Ref. 20. We give numerical term values in the

-2.75

~
W
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TABLE IV. Orthohydrogen pair fine structure in the region of
the Q;(1) + Q4(1) transition. 5 e
—~ —~ 041 % [/=1]
Label? v AP Assignment 24 M=zl reesk
(ecm™h (ecm™h [F',M")—|F",M") Y
@ 8289.62  —3.38 |1,2).]2,0 gs
B 8290.35 —2.65 [2,1) . —|1,D). £
v 8295.12 2.12 [1,1) ]2, . g2
) 8296.77 3.77 12,00—]1,2). 3 t
1 829234  —0.66 11,0, —[2,2). 5,
2 829258  —0.42 11,0),|0,00—2,2), 2
3 829297  -0.03 e © <,
4 8293.17 0.17 -
5 8293.30 0.30 ... C 8070.0 8070.25 8070.5 581070.75 8071.0 8071.25
6 8293.61 0.61 12,2, —[1,). Wave number(cm )
Cc
7 8293.92 0.92 FIG. 6. Spectrum of th&,(0) transition in nearly pure solid
8 8294.01 1.01 ¢
: : T parahydrogen.
aSee Fig. 5.

parahydrogen molecules can change any projection of its an-
ular momentum. Our assumption when we saw this transi-
on for the first time was that this might be actually a triple
transition with one assisting orthohydrogen neighbor. How-

excited state only for those levels that were determined by o from further measurements with orthohydrogen impu-

A ) 0 0 )
our assignment. The hypothetical zero-interaction line posi¥Ity levels ranging from 0.09% to 1.66% we learned that this

tion for the Q;(1) + Qy(1) transition is then 8293.08) transition is independent of the orthohydrogen content and

cm~L. By zero interaction we mean the absence of any an'ghus no orthohydrogen molecule can be involved. In Fig. 3

) . . .~ the invariance of the peak height of tlig;(0) + Q,(0)

'S:;.rtqgr']c ;‘?rt(;]ees b(eBNi_enn Iéh?r;?qcs)l_sgﬁlesé I?_(:]rdt\gnczlthee Ol:cn%ransition for two different orthohydrogen impurity levels

229'3' 1042) cm911 Thelsegtwo valulels m\gly d:ffer b\éc;use i can be easily verified. The mechanism of this transition is
: : L I h i f lication.

the case of th&€;(1) + Q(1) double transition the local planned to be the subject of a separate publication

symmetry around an orthohydrogen molecule is perturbed by .y

the other orthohydrogen molecule. We learn from these data D. The Q,(0) transition

that this isotropic interaction must be on the order of 0.1 1. Crystal field splitting

1
cm™ . .
. . L It was already found by Oka and co-work&tisat this line
Since the line strength of th@, (1) + Qy(1) transition is is split into two components with an interval of about 0.34

In f'rSt. order proportmpal to the square of_the orthohydrogencm_l due to the crystal field perturbation of the nearest-
impurity level, these lines may serve as ideal probes of the . . . .
) neighbor orthohydrogen molecule that induces this transi-
orthohydrogen content in the range 0 — 2 %. We used som .
. : jon. The low-frequency component corresponds to transi-
of the spectra measured by Steinhoffor which the ortho- . .
; : tions of the orthohydrogen molecule into the=0 substate
hydrogen content was determined directly from Qg(1) . -
2 : ; ._and the high-frequency component corresponds to transitions
transition, to determine the sum of the integrated absorption

coefficients of thed andy components and obtained a value into the degengratM == 1 substates. In Fig. 6 we show a
of 1.9 + 0.4 X 10-16 em3/s. We then used this value to spectrum of this transitiofspectrumM of Table I), which

determine the orthohydrogen contents of our samples was taken at an orthohydrogen impurity level of 0.41% and a
' temperature of 6.5 K. It is necessary to have both of these

. parameters this low or lower in order to resolve fully a third
C. The Q1(0)+Q,(0) transition peak between the two strong components. According to the
Probably the most surprising feature of this work can betheory outlined in Ref. 23 this peak can clearly be interpreted
seen on the right side of the spectrum in Fig. 3, located a@s theQ,(0) transition of a next-nearest-neighbor ortho-para-
8306 cmi 1. According to the line position, the only inter- hydrogen pair. It has a lower intensity and a smaller scale of
pretation of this peak is that it is the double transitionthe splitting because the separation of a next-nearest-
Q4(0) + Q4(0). The integrated absorption coefficient per neighbor pair is a factor of2 larger than that of the nearest-
molecule, @, is 1.8(4) X 10~ cm®s. The line shape of neighbor pair, resulting in much weaker effects of intermo-
this absorption feature comes out most clearly at an orthohylecular forces. This absorption feature can thus be seen as a
drogen impurity level of 0.09%. Another support of this in- condensed image of the two larger peaks, but they cannot be
terpretation is the unsymmetric line shape with a sharp cutoffesolved. The full width at half maximutFWHM) of the
at the high-wave-number side, which is present in all doubldwo strong transitions is 0.029 cnt, which should mainly
transitions involving &,(0). However, in previous works it be due to they=2 vibron hopping and experimental broad-
has been underlined that this double transition is strictly forening mechanisms such as temperature variation over the
bidden in the infrared, because neither of the involvedsample. The FWHM of the central peak is 0.052 ¢

PAT is the relative position referred to 8293.00 th
‘These absorptions are attributed to the satellite structure of thg
Q1(0) + Q4(1) transition.



10 426 MENGEL, WINNEWISSER, AND WINNEWISSER 55

«10° 3 signment of those of th@;(0) transition in Sec. 4.5 of Ref.
7. However, many more peaks can be identified in the
094 % tJ=1] Q,(0) satellite spectrum, since the central line and the satel-
lite lines are a factor of 10 narrower than the lines found for
the fundamental transition. In a first approach we assumed
the splitting pattern of the orientational states in the vibra-
tionally excited state to be exactly the same as in the ground
state, which is known precisely from microwave
experimentg® The validity of this approximation is given by
the fact that the orthohydrogen pair spectrum of eQglD)
type of transition is induced by a pair of orthohydrogen mol-
ecules in the direct neighborhood of the vibrationally excited
parahydrogen molecule while the orthohydrogen molecules
8066 8067 8068 8069 8070 BOTI 8072 BOT3 074 8075 themselves remain in the vibrational ground state. We as-
Wave number(cm ) signed the line positions given in Table V to transitions be-
FIG. 7. Satellite structure of th@,(0) transition in solid hydro- twe_en_these energy I_elvels’ which Ie_d to a weighted Stan_dard
gen at an orthohydrogen content of 0.94%. For assignment of sagev'at'o_n of 0.063 cm ™. _We th?n refined the term Va_‘lues In
ellite transitions see Table V. the excited state by doing a linear least-squares fit that re-
sulted in the diagram of Fig. 8 and a standard deviation of
which indicates that it consists indeed of more than one com@.0311 cni'*. This is larger than that found for the assign-
ponent. The center label in Fig. 6 indicates the origin of thement of theQ,(1) pair structuresee Sec. Ill £ We attribute
Q,(0) transition, i.e., the position where this absorption peakhe mismatch to the fact that there is a crystal field contribu-
would lie in the hypothetical case without crystal field split- tion to the excited state levels of the orthohydrogen pair, too,
ting. It is obtained from the positions of the two strong peakswhich can be of the order of up to 0.1 chhaccording to our
using the theoretical expression for the crystal fieldcalculations. However, a detailed analysis of this effect is not
splitting'® in terms of the crystal field splitting parameter possible with our data since there are several different geom-

(Absorbance per cm path length)

€c etries of the three molecules involved, an orthohydrogen pair
and a parahydrogen molecule, which leads to a manifold of
T(M=0)= Zey, (3.3 many closely spaced energy levels.
PM=*1)=— te,. (3.9

E. The Q,(1) transition

The parametek, for the v =2 excited state can hence be  gjmyitaneously with th€),(0) transition we recorded the
determined f?g a crystal temperature of 6.5 K to beq, (1) transition, which also shows satellite peaks, as can be
—0.5282) cm™". In Sec. IV D we present an analysis of the sgen in Fig. 9. These absorptions have FWHM linewidths of
variation of this value as a function of temperature and exq 025_0.04 criil and are thus narrower than those for the
trapolate it to the zero-Kelvin point. Q,(0) transition. The linewidth of the),(1) main peak is
0.041 cm ! with an orthohydrogen content of 0.94% and
0.031 cni ! in nearly pure parahydroge(0.09% J=1).

At various orthohydrogen impurity levels we were able to Since there should be no broadening due to vibron hopping
observe satellite peaks of tH@,(0) transition due to the and no crystal field splitting, we expected a much narrower
orthohydrogen pair interaction. Employing the narrow band{ine. TheQ;(1) transition, with an observe@instrumentally
pass filter mentioned in Sec. Ill A, tilted a little bit to shift limited) FWHM linewidth of 0.016 cm 1’ is actually much
the center wave number from 8000 to 8065 timand low-  narrower than th&,(1). We do not have an explanation for
ering the crystal temperature to 8.5 K, we recorded the spechis observation at the moment.
trum of theQ,(0) transition, which is plotted in Fig. {Table For the orthohydrogen pair fine structure we worked out
I, spectrumP). The absorbance scale is enhanced, so that then assignment which is given in Table VI. The correspond-
three peaks in Fig. 6 described in the previous paragraph aieg term diagram is shown in Fig. 10. The vibrational exci-
off scale. We find more than 30 weak satellite peaks arounthtion is localized on one of the two orthohydrogen mol-
this transition, with linewidths of 0.03—0.06 cm. Table V  ecules, as is indicated in Fig. 10 by=2, v,=0. We did
gives a list of all peaks in this region, which we have as-not have to consider different subsystems due to symmetric
signed and which are labeled in Fig. 7. The two weak outerand antisymmetric excited states as in the case ofxh@)
most components, numbered 1 and 38, are outside the wavpair structure, because from Ref. 23 we can deduce that the
number limits of Fig. 7. We have distinguished threecorresponding splitting should be only about 0.005 ¢m
different classes of line strength: classneans strong, class which is much less than the observed linewidths. The
B means weaker but undoubtedly present, and dlafises  weighted standard deviation of our assignment is 0.0147
have a line strength barely above the noise level or are shoutm™*, which is better than for th@,(0) transition. The split-
ders of stronger peaks. We assume that the assignment tifig pattern in the excited state looks much different from
these satellite peaks to the appropriate orthohydrogen paihat in the ground state because now one of the orthohydro-
fine structure transitions can be made analogously to the agen pair molecules is doubly vibrationally excited, which

2. Satellite structure
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TABLE V. Orthohydrogen pair fine structure of tl@g,(0) transition.

Label? Class 7 AT P Assignment ATpss ©

(ecm™h (cm™h [F' ;M"Y ]|F",M") (ecm™h
1 c 8064.941 ~5.523 12,1, 2,0 ~5.486
2 B 8066.995 —3.469 11,1, 2,0 ~3.437
3 B 8067.099 —3.365 |1,l>,%|2,0) —3.326
4 c 8067.269 ~3.195 11,0—[2,0 ~3.257
5 B 8067.372 —3.092 |0,0+12,0) —3.063
6 c 8067.597 —2.867 12,0, 2,2~ —2.898
7 C 8067.645 —2.819 |2,l>+<—|2,2)+ —2.807
8 C 8067.733 —-2.731 2,2, +]2,0) —2.664
9 c 8067.811 —2.653 12,2 —[2,0 —2.567
10 B 8068.030 ~2.434 12,1 |1,0 ~2.426
11 c 8068.063 —2.401 12,19, 0,0 ~2.383
12 B 8068.194 ~2.270 12,0 —|1,1)_ ~2.263
13 A 8068.237 —2.228 [2,)_—|1,1), —2.235
14 c 8068.270 ~2.194 12,0, —|1,1) ~2.184
15 c 8068.355 ~2.109 12,0, —|1.1), ~2.156
16 B 8069.606 —0.858 (1,1 —]2,2)_ —0.849
17 B 8069.716 ~0.749 11,0, |22, ~0.758
18 c 8069.752 ~0.712 11,0 |2,2_ ~0.738
19 B 8069.831 ~0.633 1LY 2,2, ~0.647
20 B 8069.897 ~0.567 11,00—[2,2) ~0.569
21 B 8069.988 ~0.476 11,00—[2,2) . ~0.478
22 c 8070.009 —0.455 10,0—[2,2 —0.475
23 B 8070.749 0.285 10,0—[1,2), 0.267
24 B 8070.915 0.451 12,2, 0,0 0.438
25 B 8071.000 0.536 |2,2_+~0,0) 0.535
26 B 8071.034 0.570 |2,2>,<—|1,0> 0.572
27 B 8071.094 0.630 12,2, —|1,2)_ 0.638
28 B 8071.210 0.746 122 —[1,0)_ 0.738
29 A 8072.459 1.995 11,0, — |20, 2.036
30 A 8072.579 2.115 11,0, —|2,1)_ 2.058
31 B 8072.623 2.159 11,0 —|2,1)_ 2.147
32 B 8072.818 2.353 [1,00—]2,1) _ 2.338
33 C 8073.071 2.607 [2,00—1]2,2) _ 2.600
34 C 8073.351 2.886 |2,2>+<—|2,1), 2.831
35 C 8073.457 2.993 2,2 —]2,1)_ 2.928
36 c 8073.581 3.117 12,00—(0,0 3.114
37 A 8073.798 3.334 12,00—[1,2), 3.342
38 B 8075.959 5.495 12,00—[2,0), 5.485
aSee Fig. 7.

PA7 is the relative position referred to 8070.464 thywhich is the origin of theQ,(0) transition.
“Term value differences obtained from this assignment. See also Fig. 8.

leads to a higher expectation value of its quadrupole moment This assignment is essentially based on the line positions.
and thus to a larger quadrupole coupling constanio. We  We can verify its correctness by comparing the experimental
used the term values of the excited state obtained from oume strengths with the calculated values of the dipole mo-
assignment to determine semiphenomenological force corment transition moments. This calculation was first per-
stants established in the theory of Haffisn a nonlinear fit  formed by Chaff and later, with some corrections, by
we obtained the following values for the three most impor-Byers for the orthohydrogen pair structure of t@;(1)

tant of these constants for the doubly vibrationally excitedtransition. Because of the similarity of ti@@,(1) and Q,(1)
state:I' = 0.668 cm !, €, = —0.0164 cm !, ande, = transitions as far as the orientational states are concerned we
0.0202 cm 1. We should note that we were not able to dis- use the values of th@,(1) transition moments for compari-
tinguish between in-plane and out-of-plane pair configurason in Table VI. We find a satisfactory agreement in most
tions. All other constants did not significantly deviate from cases. However, there are some transitions that are about an
their values in the vibrational ground state. order of magnitude stronger or weaker than predicted and
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tends over about 5 cm* due to theJ=2 roton hopping
mechanism. TheJ(1)+Q4(0) is a single feature with a
lineshape analogous to that ofQ.(0). For the
U,(0)+Q4(2) we find three absorption peaks at the posi-
tions 9406.58 cm?!, 9407.67 cm!, and 9409.66 cm?.
These peaks could only be seen in spectrum | of Table I,
taken with the highesf=1 content and with the highest
number of scans. From the sum of the line positions of single
transitions we can predict a value of 9408.04 cirfor the
U,(0)+Q4(1) double transition, indicated in Fig. 11. As in
the case 0f);(1)+ Q4(1) we find only fine structure for this
transition. The three peaks shown in Fig. 11 correspond to
the strongest components in the fine structure associated with
the U(0) transition, reported previouslyln addition, they

g are nearly identical to the structure we have identified as the
Uo(0)+Q;(1) double transition at 5314 cnt which will
FIG. 8. Term diagram and the strongest orthohydrogen paibe reported in a later publication.
transitions associated with ti@,(0) transition. Transition labels are The new double transitions together with their integrated
identical with those of Fig. 7 Numerical values are in ¢ absorption coefficients per molecule per unit volume are in-
cluded in Table 1.
even one(transition 16 that should be forbidden according
to the theory. For the very weak lines the determination of
the observed intensity by a simple numerical integration
method cannot be expected to be more accurate than half an As mentioned in Sec. |l we were able to scan the whole
order of magnitude. overtone spectrum at 26 different temperature points starting
The domains of the pair fine structure transitions of theat 12.5 K and extending down to 6.5 @able I, spectra
Q.(0) andQ,(1) do not overlap as they do in the case of theM). The most striking observation is that all absorption lines
Q1(J).” In our assignment the highest compong8) of the  are redshifted by up to 0.2 cht upon cooling over this
Q.(1) structure is at 8064.667 cit, marking the end of this  range. Such a shift was previously reported for @g1)
domain whereas the lowest compondnj of the Q,(0) transition in Ref. 18. The temperature change also affects the
structure starts at 8064.941 crh linewidths — they are narrower when the crystal is colder —
and all spectral parameters that depend on the intermolecular
separatiorR such as the electric quadupole-quadrupole cou-
i B pling constant’gqq. The line intensities should also become
In the wave-number region 9400-9900 chwe have larger at lower temperature due to tRedependence of the
observed three features that we interpret to be new doubl@frared induction mechanisms, but we were not able to de-
transitions. Thflse are the transitioh(0) + Qi(1) at  ect significant intensity differences. All these effects are
94971-6-(5) cm==, Uy (0) + S,(0) at 9_7:15-3 — 9750.1 |argely due to the thermal contraction of the hydrogen crys-
cm -, andU,(1) + Qy(0) at 9837.34 cm™. The last tWwo 5] "|n Fig. 12 an example of thermal effects in the spectrum
cou!q be assigned without hesitation according F(_) their lingyf the Q,(0) transition is shown. By lowering the crystal
positions. The structure of tHe,(0) + S,(0) transition ex-  temperature from 12.5 to 6.5 K the FWHM of the two strong
components is reduced by a factor of 2 and the positions shift
%10° by about 0.12 cm* to the red. However, the shifts are not
20 equal since the parameter that determines the splitting — the
094% [J=1] crystal field constant,, — is a function ofR, too. A dis-
T=85K cussion of the temperature variation &f. will be given in
Sec. IV D. We have obtained highly precise values for the
positions of line centers by using theTMAS program of
SchreierDLR, Germany.?® In a procedure similar to that of
INTBAT,?® this program fits model function line shapes to the
observed spectral data, however, with some extended op-
%, tions. The quality of the determination of the line positions
can be judged by the small scatter of the data points in Fig.
13 where we have plotted the line position of thg(1)
transition and a fitted empirical function versus the tempera-
ture.
We have also determined the temperature dependence of
the quadrupole-quadrupole coupling constéiRtyg in the
FIG. 9. Satellite structure of th®,(1) transition in solid hydro- ~ temperature region mentioned above. As can be seen in the
gen at an orthohydrogen content of 0.94%. For assignment of saterm diagram of Fig. 4 the separatidnv=v,— v, between
ellite transitions see Table VI. the 8 and they components of th€,(1) + Q,(1) transi-

G. Measurements of thermal shifts

F. New double transitions

n

=)

=4
n

(Absorbance per cm path length)

o
=3

8055 8056 8057 8058 8059 8060 8061 8062 8063
-1
Wave number(cm )
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TABLE VI. Orthohydrogen pair fine structure of th@,(1) transition.

Label? Class 7 AT P Assignment ATpss © Obs. rel.d Calc. rel.9
(cm™Y (ecm™h [F',M")—]|F",M") (cm™h intensity intensity?
1 C 8052.779 —5.960 |2,2). 2,0 —5.968 0.009 0.007
2 B 8055.384 —3.356 [1,1) 2,0 —-3.351 0.238 0.135
3 B 8055.660 —3.079 |0,0—12,0) —3.065 0.090 0.135
4 B 8055.882 —2.857 |2,1). 0,0 —2.866 0.143 0.206
5 c 8056.070 ~2.670 12,2, —|1,0)_ —2.663 o
6 A 8056.092 —2.647 [2,1).—|1,1), —2.635 0.762 0.686
7 C 8057.971 -0.768 |1,)_—|2,2)_ -0.763 oot 0.028
8 B 8058.052 —0.688 [1,1) 2,2, —-0.672 0.062 0.035
9 c 8058.179 —0.560 11,0[2,2)_ ~0.557 0.006 0.062
10 A 8058.260 —0.479 |2, 1]2,1). —0.492 0.429 0.132
11 B 8058.395 —0.344 [0,001]2,2), —0.386 0.029 0.041
12 B 8058.544 —0.195 [1,1)_—|1,0) —-0.212 0.176 0.058
13 B 8058.645 ~0.094 11,2, —[1,1)_ —0.094 S 0.013
14 B 8058.855 0.116 [1,00—]1,2) _ 0.157 0.041 0.058
15 B 8058.938 0.199 [1,00—]1,2), 0.185 0.186 0.013
16 B 8059.021 0.282 [0,00—|1,1), 0.265 0.077 0.000
17 B 8059.204 0.465 2,2, +]1,0) 0.461 0.031 0.048
18 B 8059.387 0.648 12,2, —[1,2), 0.652 0.052 0.029
19 B 8059.503 0.763 2,2 «]1,1)_ 0.767 0.026 0.030
20 B 8059.537 0.798 [2,2_—|1,1), 0.795 0.015 0.039
21 A 8060.838 2.099 [1,1) . —]2,1)- 2.099 1.000 1.000
22 B 8061.116 2.377 [1,00—]2,1) - 2.350 0.238 0.051
23 B 8061.145 2.406 [0,00—2,1) 2.408 0.190 0.360
24 B 8061.745 3.006 [2,00—1]2,2) _ 3.023 0.037 0.014
25 B 8061.824 3.085 [2,00—12,2) . 3.114 0.014 0.020
26 B 8062.292 3.553 |2,0+10,0) 3.537 0.195 0.237
27 B 8062.487 3.747 12,00 [1,2)_ 3.737 0.190 0.236
28 C 8064.667 5.928 [2,001]2,1) . 5.908 0.034 0.018
aSee Fig. 9.

PAT is the relative position referred to 8058.739 thywhich is the origin of theQ,(1) transition.

‘Term value differences obtained from this assignment. See also Fig. 10.

dRelative values were obtained by setting the value for the strongest comg@aetu 1.

€Calculated from the transition dipole moments multiplied by the Boltzmann factor of the lower state. Transition dipole moments were
calculated by T.J. Byer§rivate communication

'No experimental value due to overlap with other transitions.

9Sum of the values for transition 5 and 6.

tion is roughly 8<I'gqq, When we assume that the EQQ Y,(0) transition and its prediction from the modified Dun-
interaction strongly dominates the orthohydrogen pair splitham model. In this model the assumption was made that the
ting pattern, and neglect any difference in temperature derovibrational term values of a hydrogen molecule in a solid
pendence ofl'oq in the upper and lower states. We can hydrogen crystal can be expressed by a Dunham expansion
therefore take the spacing between the two sharp compgeries, as they can for the free molecule, employing Dunham
nents of this double transition to be a direct measure of theoefficients with some additive correction terms. These cor-
I'eqq constant and study its behavior under temperatureection terms can be reduced to a small number of dimen-
changes. In Fig. 14 the spacingjy is plotted versus the sionless parameters, wheren accounts for thenth-order
temperature. Again we find a rather smooth curve, whictcontribution of the leading terms of the isotropic intermo-
means that the determination of this value is precise enouglecular interaction. In their publication Van Kranendonk and
to allow a quantitative analysis. This analysis will be dis-Karl*? present the result of an analysis in which they have

cussed in Sec. IVC in some greater detail. used then available IR and Raman spectral data in order to fit
numerical values ofx; and u,. Their result wasu,=0.03
IV. ANALYSIS andu,= —0.005. The quality of this fit can be seen in Table

y Il where most of the transitions listed were originally not
A. The Y4(0) transition included in the fit and are therefore predictions. The standard
As described in Sec. Il A there is an unusually large dis-deviation for 15 selected line positions is 2.13 th We
crepancy between the experimental line position of theepeated this fitting procedure including all the selected tran-
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12,15 713 FIG. 12. Effect of temperature on th@,(0) transition of solid
120> 2748 parahydrogen.

FIG. 10. Term diagram and the strongest orthohydrogen paigjnce the change d® betwea 0 K and the triple-point tem-
transitions associated with ti@@ (1) transition. Transition labels are perature is only about 0.36% of its value. The intermolecular
identical with those of Fig. 9. Numerical values are in cn distance is of course connected with the molar volume by a

» ) ) o . third power law, which suggests looking at the temperature
sitions in that table. Our selection criterion was that the lines;ariation of the molar volume of solid hydrogen in order to
in question should be single transitions that are neithegygy spectral shift effects. The first reliable measurements
shifted nor broadened by any vibron or roton propagation iryf this molar volume were performed by Krupskii, Prokhva-
order to account only for the isotropic single molecule inter-toy and ShcherbakdV and were also reported in the book
action potential. The result of this new fit wag=0.0408  of Souer<® Their analysis yielded a simple power law for
and u,=—0.0179. The resulting line positions are shown in{he molar volume of solid hydrogen of the form
Table VII where the standard deviation is now 1.10 ¢m
Th(i{e5|dual for Ehle(l(O) transition was redug:ed from 5.79 SV(T)=V(T) = V(0)=2.233¢ 10" T442% cri/mol.
cm™ " to 2.73 cmi %, but several other deviations are unsat- (4.1)
isfactorily large. We believe that the assumptions made in ’

this two-parameter model do not permit better predictions. Consequently the thermal variation of the line positions

should be of a similar form:
B. Thermal shift of line positions

Spectral shifts of sharp transitions upon variation of the ~ ~ dv
temperature are due to thermal contraction of the crystal be- ST =w(T)—(0)= (W
cause all effects that contribute to the infrared spectrum of (4.2
solid hydrogen depend on intermolecular forces and thus on
the intermolecular separatidR. As outlined in Ref. 18 the Here the factowv/dV should be a constant, given by tRe
thermal contraction of solid hydrogen at normal pressure cadependence of the intermolecular potential causing the de-
be treated by a simple first-order perturbation calculationviation of the energy levels of solid hydrogen from those of

the isolated molecule. In analogy to E@.2) we used the

) SV(T)=constx T#4%4

x10*
20

Uy (0 + Qi) 805884 |  Line: #(T) = 8058.718 + 7.97 x 107 T5# em~!
— 166 % [J=1]
== 166%[J=1] x 0.1 Circles: experimental

8058.82

w

8058.8

o

8058.78

U@+ QD)

8058.76

7[Qx(1)] (em™)

w

8058.74

8058.72

o

(Absorbance per cm path length)

Temperature (K)

9404 9408 9412 9416 9420

Wave number (cm’)
FIG. 13. Variation of the line position of th®,(1) transition of

FIG. 11. TheU,(0) + Q4(1) andU,(0) + Q,(0) transitions  solid hydrogen with temperature.
of solid hydrogen.
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477 significantly lower and lie between 3.53 and 4.096. It is not
possible to state whether this disagreement is due to experi-
476 mental errors larger than estimated, or failure of one of our
o~ 4TS assumptions. For example, wall effects are not considered.
1§ 474
’:Q 73 C. Thermal shift of I'ggq
o As can be seen in Fig. 14 we can analyze the temperature
'ﬁ variation of the electric quadrupole-quadrupole coupling
5 o constant’ g averaged oves =0 andv =1. We have fitted
471 Line AB(T) = 4.772 = 1.939 x 107 T2 cm ™ an empirical equation of the form of E@.3) to these data
469 Clircles: experimental and find that the thermal variation bfqq can be expressed
b
4'686 7 8 9 10 1 12 13 d
Temperature (K) Teod T)=[0.59661) —2.47)x10 7 T42310] cm™™.
(4.4

FIG. 14. Thermal shift of the wave number intervad between
the componenty andg of theQ,(1) + Q4(1) double transition of
solid hydrogen.

We note that here the exponent of the temperature is closer
to the expected value of 4.424 as in E4.2). But what is
more interesting in this case is the total changegqg of

line positions of several transitions from the observed first EQq When the temperature is raised from 6 to 12 K. From
overtone spectrum to fit the parametard, and7(0) of the ~ °ur data we find
empirical equation

=
FT=T(0)+a T 3 Troo 0.0142) (6—12K). (4.5

The results of these fits are listed in Table VIII. We did notSince thel'gqq constant has a well-known dependence on

use all observable transitions because some of them wetbe intermolecular distance, whichR®s ®,** while the molar

either too weak to produce accurate line positions or novolume V is proportional toR3, there is a simple relation

symmetric. For example, the parameters obtained for a wedketween the relative changesIofyq andV:

transition such alJ,(0) have a much higher uncertainty than

those of a strong transition such @s(0), as can be seen in Ol'eqo 56V

Table VII. Teqo 3V
According to Eq.(4.2) the exponenb of the temperature

should be 4.424 for all transitions. However, from Table VIII When using the numerical data for the change of the molar

it is obvious that the adjusted values of this exponent areolume of solid parahydrogen from Ref. 27 we find for the

same temperature interval of 6 to 12 K

(4.9

TABLE VII. Rovibrational transitions of solid hydrogen repro-

duced with a modified Dunham model: New fit. 5 AV
— §7(paraH2)= —0.0092, (4.7
Transition Vobs Veale® Vobs— Vealc
(cm™) (cm™) (cm™) which is about 35% lower than the observed relative change

of I'ggq Of Eq. (4.5. However, when using the data for

Uy(0) 1167.12 1166.12 1.00 . 0 .

Wo(0) . 5400.39 115 normal hydrogen containing 75% orthohydrogen we find
Wy(2) 3063.48 3062.24 1.24 5 AV

Yo(0) 4044.18 4043.77 0.41 ~3 v(normaIH ,)=—0.0125, 4.8

QD 4146.51 4146.20 0.31

Si() 4704.44 4702.90 1.54 which comes much closer to the observed value. Unfortu-
U100 5261.28 5260.39 0.89 nately there are no thermal expansion data available for pure
Ui(1) 5684.61 5683.88 0.73 orthohydrogen. The interpretation of this result is that the
W1(0) 6441.81 6441.74 0.07 two orthohydrogen molecules that are responsible for the
Wi(1) 7055.37 7056.07 —0.70 EQQ splitting seem to behave as part of an orthohydrogen
Y,1(0) 7991.71 7994.44 —2.73 crystal rather than a part of a parahydrogen crystal as far as
Q2(1) 8058.72 8058.39 0.33 the temperature variation of their distance is concerned.
Q,(0) 8070.44 8069.75 0.69

U(0) 9122.21 9123.54 -1.33 D. Thermal shift of ey

Q3(0) 11758.73 11758.38 0.35

As described in Sec. IlID 1 the crystal field splitting pa-
@Calculated from the modified Dunham model, Van Kranendonkrametere,. for the v =2 excited state can be determined
and Karl (Ref. 12. The parameters u;=0.0408 and from the line position difference of the two strong compo-
mo=—0.0179 were adjusted using all listed transitions. nents of theQ,(0) transition. Since this parameter also de-
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TABLE VIII. Thermal shift parameters for selected transitions of solid hydrogen.

Transition (0) a b
(cm™Y) (cm™ 1K)
Q.02 4149.6896 2.964 10°° 4.096
Q. 8058.718(8) 7.9(1.2 x 10°° 3.84(6)
Q,(0) 8070.44389) 8.4(1.49 x 1078 3.826)
Q1(1) + Q4(1) 8293.0011) 7.2(1.2) X 10°° 3.946)
S,(0) 8387.3401) 6.0(1.2 x 1076 4.038)
U,(0) 9122.2103) 7.2(4.6) x 1078 3.8625)
Q,(0) + Uy(0) 9237.3463) 1.9(0.8 x 10°° 3.5315)
% rom Ref. 18.
pends on the intermolecular distance it should show a char- V. CONCLUSION

acteristic thermal shift. Figure 15 shows the variation of
€,c With temperature. The solid line marks a fitted empirical
curve given by

In this work we have presented spectroscopic results in
the first overtone region of solid hydrogen using a Fourier-
transform spectrometer. This was achieved by enhancing the
optical path length through the crystal to a large value, by
preparing samples with low orthohydrogen impurity levels,
and by investigation with high spectral resolution. This reso-
lution was optimized in the sense that it was not so low as to
hide narrow absorption features but not so high as to waste
sensitivity either. Except for the very narrow,(0) transi-
tion, all observed features were limited in resolution by in-

8 oV herent crystal effects but not by the instrument. We believe
€ 3 V' (4.10 this to be the first high-resolution investigation of the whole
spectral region of 7900 — 10 000 ¢m in solid hydrogen.
which has a value of-0.0147 for solid parahydrogen over The sensitivity of our measurements was such that we were
the temperature interval 6 to 12 K using the molar volumeable to observe absorption features as weak as*16m?
data of Ref. 27 again. However, we observe a value of onlyp~ ! (orthohydrogen features as weak as #¥cm?®s™1),
and when reducing the spectral range by a narrow band-pass
filter, even 10 2 cm3s 1,
=-0.0098 (6—12K). (4.11 Due to these experimental conditions we could observe
€2c new transitions, and reveal new and interesting properties of
) ) ) known transitions. Among the new transitions the most in-
Here we cannot offer a simple explanation of the discrepancygresting is undoubtedly th@,(0) + Q,(0) double transi-
between the model and the experimental result. tion because it can only be explained by an induction mecha-
nism that has never been considered previously in absorption

€,¢(T)=[—0.530q2)+8.34.7)x10 " T3%2] cm™ 1.
4.9

According to Ref. 13 the parameteg. is proportional to
R~8 and, thus, the relative change of. should be

5620

A€y

0.522 spectroscopy. It is planned to be presented in a separate pub-
Line: o(T) = ~0.53 + 8.3 x 1077 T35 cm lication. Many of the orthohydrogen transitions reported here

0323 . . were previously observed only in normal hydrogen at an
Circles: experimental .

orthohydrogen impurity level of 75% and were therefore
strongly broadened and overlapped with neighboring transi-
tions. In this work all these transitions were seen as indi-
vidual absorption features.

We report here the observation of satellite structure due to
orthohydrogen pair interactions in the first overtone region.
For the strond),(0) transition this fine structure was studied
in detail, which revealed more information than the corre-
sponding structure for th®,(0) transition because the indi-
vidual fine structure peaks are narrower and less overlapped

-0.524

-0.525

-0.526

-0.527

€2¢ [Q2(0)] (em™)

-0.528

053 - . . . here. The corresponding results for tig(1) transition
6 7 8 9 10 1 12 3 complement the laser spectroscopy data for Qeg1)
Temperature (K) transition?22°

Finally we show that Fourier-transform spectra of ther-

FIG. 15. Thermal shift of the crystal field splitting parameter mally shifted absorption features in solid hydrogen can be

€, for the v=2 vibrationally excited state as deduced from the recorded with sufficient precision to obtain information con-
splitting of theQ,(0) transition of solid hydrogen. cerning the thermal expansion.
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