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High-resolution coherent Raman spectroscopy of vibrons in solid parahydrogen
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Coherent Raman spectroscopy is carried out for@€0) vibron of solid parahydrogen crystal with a
spectral resolution better than 1 MHz. The Raman spectrum is measured for the temperature from 4.2 to 13 K
under constant molecular density condition. We show that the temperature dependence of the Raman spectrum
should be quantitatively described via the interaction between vibrons and thermal acoustic phonons through a
two-phonon scattering process. We also investigate the effect of molecular density on the Raman shift and
obtain the hopping interaction strength for the vibron band.
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I. INTRODUCTION II. Q;(0) VIBRON RAMAN TRANSITION

Figure 1 illustrates an energy level diagram for @g0)
. ¢ lecul dis k ‘ th Raman transition in solid hydrogen. By incorporating the
sists of H molecules and is known as one of the quantummy,,,ing interaction between the molecules through disper-
crystals? It has been attracting much interest in variouSg;jye interaction. the vibrational state=1. J=0 of solid

fields of physics, such as low-temperature physics, thermosy 4r59en may well be described by a Bloch waggciton),
dynamics, and spectroscopy. One unique feature of solid hygeq vibror? As illustrated, the vibron band spreads

drogen is that the intermolecular binding potential energy iS,.qnq the band origin, a free-molecule energy, with a width
so small compared to the vibrational and rotational energiess g. wheree is hopping interaction strength. The lowest

of an H, molecule that the Iz-!molecules making up the edge of the vibron band locates at an energyl@ver than
crystal can freely rotate and vibrate at each crystal site. ACg,o" hang origin. On the other hand, in terms of the ground

cordingly, there have been many high-resolution Spectrog;p ational state =0, J=0) which does not have any de-

scopic approaches to date using various vibrational and rOtQjeneracy it does not show the band structure and can be
tional transitions* ’

. treated effectively by a single Bloch wave state kof 0.

_Furthermore, it has been demonstrated recentl_y th_at _thgecause of this single state nature of the ground state, the
unique nature of SOl'q hydrogen may have_a spema_\l SigNifip aman transition from the ground state selectively picks up
cance in optical physics. New types of nonlinear optical PO%inrons withk=0 that locate at the lowest edge of the band
cesses, such as self-induced phasematching, arbitrary and e’tl—) '
ficient parametric sideband generation even for incoherent
fluorescence light, etc., are explored through the vibrational 1. EXPERIMENT
Raman transition Q(0)(v=1-0, J=0-0) for
parahydrogefi.Among the spectral transitions of solid hy- th
drogen, theQ4(0) transition is one of the purest, and de-
tailed laser spectroscopies have been carried out by Oka and -—x--F-
collaborators. Momoset al. showed that this transition re-
veals a very narrow spectral width of 6 MHz half width at o .1
half maximum(HWHM) at a temperature around 5¥Kerr
et al. measured the Raman transition using the Condon
modulation method and discussed the mechanism of spectral
shift and broadeninfHowever, in order to establish a con- A
crete basis for solid hydrogen as a nonlinear optical medium, v=l,J=0> ]
it is essential to conduct much more detailed spectroscopies.

In the present work, we report on coherent Raman spec-
troscopy for theQ4(0) vibrational transition with a spectral
resolution better than 1 MHz. We measure systematically the
temperature dependence of the Raman spectra for the tem-
perature range from 4.2 K to 13 K under a constant volume
(constant molecular densjtycondition. We show that the lv=0,J=0> -- -
temperature dependencies for both the Raman frequency and Free Molecule Solid
width are quantitatively explained through the interaction be-  FG. 1. Schematic diagram of th@,(0)(v=1-0, J=0-0)
tween the vibrational excitatiofvibron) and acoustic pho- vibron Raman transition. The Raman transition from the ground
non. We investigate also the effect of molecular density orstate picks up the bottom edge of the vibron banckefO that
the Raman shift and obtain the hopping interaction strengtlocates below the band origin by wheree denotes the hopping
for the vibron band. interaction strength of the vibron band.

Solid hydrogen is the simplest molecular crystal; it con-

Solid parahydrogen crystal was prepared in a cell using
e liquid-phase growing methdd.iquid parahydrogen was
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MISER chopped at a frequency of 100 kHz using an acousto-optic
1319nm | -1 modulator. The probe beam was separated from the pump
beam with a prism, detected by a photodiode, lock-in ampli-

Optical fied, and displayed and stored with a computer. In terms of

Wavelength Spectrum the overall specifications of this Raman spectrometer, the

! ﬁfngz = spectral resolution was estimated to be better than 1 MHz,
Lockin & Wavelength and the accuracy of Raman-frequency measurement was es-

Amplifier M2 Plate meter timated to be+ 30 MHz.

Tasor We measured systematically the temperature dependence

S =—]{ Diode of the Raman spectra of solid hydrogen for the temperature

o= M2Ple POROr L82m) - range from 4.2 K to 13 K under a constant molecular density

Photo o condition. We should note here that this constant molecular

Diode Aperture

density condition is a key feature in the present experiments.

FIG. 2. Block diagram of the coherent Raman spectroscopy. Thé>€nerally, in measuring the temperature dependencies of a
pump laser is a cw-YAG laséMISER) at 1319 nm, and the probe Solid sample, one serious problem is the thermal expansion/
laser is an external-cavity diode laser at 852 nm. The Raman res@hrinkage of the sample which might change its molecular
nance spectrum is measured by tuning the probe laser frequendgensity, leading to some ambiguities in the theoretical inter-
The pump beam is chopped at 100 kHz with an acousto-opti@retation of the results. By the present method, however, we
modulator(AOM). had no ambiguity from the thermal expansion/shrinkage of

the sample crystal, because the solid hydrogen crystal was
obtained by converting from normal hydrogen using iron-9rown 'Fo fuIIy_ occupy a stainless—s_te.el cell whose thermal
oxide catalyst at 14 K, just above the melting point. The cellexpansion/shrinkage should be negligible for the temperature
was a cylindrical shape and was made of stainless steel, 1 cfange of the measurements. Thus, we can measure the tem-
long and 1 cm in diameter. Optical sapphire windows were irPerature dependencies unde_r a constant volume condition,
place at both ends of the cell. The crystal grew from a coppek€-, constant molecular density _cond|t|0n. Furthermore, we
seed-spot about 0.1 mm in diameter at the bottom of the celf@n change the molecular density of the sample crystal by
The temperatures of the cell and the seed-spot were kept §ntrolling the applied pressure during the crystal growth.
15 and 14 K, respectively. The liquid hydrogen was pressurwe estlm.ated the' molecular density of the crystals using the
ized during the crystal growth. The pressure was feedbacl&ystematic exoperlmental resu!ts .fOI"SO|Id hydrogen for the
controlled to maintain a constant value using a computer ifnolar volum.é and for the solidification curves.The mo-
the range from 24 to 32 atm. The crystal grew to fill the lecular density of a crystal grown at 28 atm was estimated
whole cell in about 1 h; the cell temperature was then slowlyto be 8.68<107? g/cn®, and the molecular density change
lowered to 4.2 K. Thus, we prepared a completely transpardp for a pressure change of4 atm around 28 atm was
ent parahydrogen crystal without any visible cracks at 4.2 Kestimated to ber0.013< 10”2 g/cn?; that is, the relative
In order to check the residual orthohydrogen density, welensity changeAp/p was +1.5x10°° for the pressure
measured an infrared orthohydrogen transiti@a(1) (v change of+4 atm around 28 atm. We also estimated the
=1-0, J=1-1) at a wavelength of 2.4m using an FT |Ap/p| value using an experimental equation of state for
spectrometefBomem DAS. The orthohydrogen concentra- Solid hydrogert? which led to a slightly larger value of 1.8
tion was estimated from the integrated intensity of the infra-xX 1072
red absorption. The concentration was lower than 0.1% for
all the crysta}ls used for the measuremenys. IV. RESULTS AND DISCUSSION

Figure 2 illustrates an experimental diagram for the co-
herent Raman spectroscopy. We used a pump and probe The Q;(0) Raman spectra were measured for the tem-
scheme; we observed the Raman transition by measuring gerature range from 4.2 to 13 K for crystals prepared under
absorption spectrum for probe laser radiation by scanning itthree different pressure conditiof@2, 28, and 24 atin Fig-
frequency aroun@, under a pump laser radiation in Stokes ure 3 displays a series of spectra obtained by changing the
side atw 1 (see Fig. 1L We used two cw single-frequency temperature for a crystal grown under a pressure of 32 atm. It
lasers for the pump and probe beams; a monolithic YAGSs readily seen that, by raising the temperature, the Raman
laser at 1319 nm(MISER, Lightwave Electronics, 126— shift moves to the higher frequency side and the Raman
1319 was used as the pump radiation source, and awidth becomes broader with weaker peak intensity. We care-
external-cavity laser diode at 852 nm as the probe radiatiofully checked the observed spectral profiles and found that
source. Frequency stabilities of both lasers were estimated they were all well reproduced by Lorentzian profiles and that
be less than 200 kHz. The two laser beams were adjusted tbe integrated intensity of the profile was preserved for a
the same linear polarization, coaxially overlapped, andseries of measurements. In the inset of the figure, we exhibit
loosely focused on the parahydrogen crystal. The wavelength spectral profile measured at 5.7 K on an enlarged scale.
of each laser was simultaneously measured by a wavelenglack circles denote the measured points and a solid curve
meter(Burleigh, WA-1500 with an accuracy of-30 MHz.  denotes a Lorentzian fitted curve with an HWHM of 5 MHz.
Incident powers for the pump and probe beams were typiNote that the instrumental resolution did not impose any re-
cally 40 and 20 mW, respectively. The pump beam wasstriction on the measurements. Note also that the effects of
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FIG. 3. Raman spectrum measured by changing the temperature g C
for a crystal grown at 32 atm. The vertical scaling for each trace 5 20
should be magnified by the factor denoted for each trace. The inset C | |
shows the Raman spectral profile at 5.7 K. Black circles denote the 4 6 s 10 12

observed profile. The solid curve is a Lorentzian fitted profile with

an HWHM of 5 MHz. Temperature [K]

. . ) FIG. 4. Temperature dependencies for Raman &hitind width
crystal inhomogeneity for the Raman profile are extremelyy,) for crystals grown under two different pressure conditions of 24
small, much smaller than 5 MHz. and 32 atm. Observed values for crystals grown at 24 and 32 atm
are denoted by black circles and black triangles, respectively.
Dashed and solid curves are least-squares-fitted curves for crystals
grown at 24 and 32 atm, respectively.

A. TEMPERATURE DEPENDENCE

The Raman shift and width for two crystals grown under
pressure of 32 and 24 atm were plotted versus temperature
and are displayed in Figs(& and 4b). We expressed the and consequently that the effective parameteend 8 may
observed Raman shift and width as= v+ A»(T) andT be proportional to the molecular density and its square, re-
=T+ AT(T), respectively. It is seen that the Raman shiftspectively. It should be mentioned here that since the present
moves down in parallel with the pressure increase, while théemperature range is much lower than the Debye tempera-
Raman width does not show the pressure effect clearly. Waure, the effect of the integrals on the temperature depen-
fitted the observed v andAT by T7 and found that they are dence appears only slightly for temperatures higher than 10
well reproduced by th§4 andT7 dependenciesy respective]y K and essential temperature dependenCieS are eXpressed as
[see the inset of Figs.(@ and 4b)]. As discussed by Mc- T* and T’ for the Raman shift and width, respectively. We
Cumber and his colleagues for ionic impurities in molecularfitted the measured dependencies with the above expressions
crystals, the temperature dependencie3bgand T’ are typi-  Using the least-mean-squares method. The fitted curves are
cal behaviors for spectral lines embedded in a thermal acousirawn in Figs. 4a) and 4b), showing very good agreement
tic phonon bath®* The mechanism of the interaction is a With the observed plots. This agreement clearly demonstrates
two-phonon-scattering process. When a thermal phonon |T§1at the temperature dependence is due to the interaction be-
described as the Debye phonon and the phonon frequency igeen vibron and acoustic phonon via two phonon scattering.
much smaller than the spectral transition frequency, the exParametersyy, a, I'g, and g for the three crystals were
pressions forAv and AT due to the two phonon Scattering obtained as listed in Table I. We have thus attributed the
may be written ag®** origin of the temperature dependencies to the vibron-phonon

interaction, but in order to clarify the physical meaning of
TVA 1T X3 the effective parameters and 3, the vibron-phonon inter-
AV(T)Za(—> f dx,
To/ Jo  e—1

action must be formulated theoretically. Development of this
theory is now in progress, and the details will be published
elsewhere.

T\ (To/T Related to this is the work by Keast al® They measured
AT(M=4 To fo the temperature dependence of @g(0) vibron transition

for both spectral position and width. One difference of their

Here, Tp denotes Debye temperature, which was fixed toexperiments from ours is that their crystal was grown by the
100 K!® The expressions mean thaw and AT are propor-  gas phase growth method in a cell with an open space, which
tional to total phonon energy and to its square, respectivelynevitably induces thermal expansion/shrinkage via tempera-

x8eX
—dx.
(e°—1)2
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TABLE |. Obtained prameters foR,(0) vibron Raman transi- Ap/p~+1.5x10 3. Regarding parametdr,, it shows a
tion of solid hydrogen for three crystals grown under different pres-slight tendency to become larger with decreasing density out
sure conditions. Crystals A, B, and C were grown at pressures of 24f the experimental uncertainties. This tendency might not be
28, and 32 atm, respectively. Number in parenthesis is the leasgye to intrinsic density-effects, since the lower density may
squares-fitted uncertainty in the last digit of each parameter. result in a weaker vibron-phonon interaction leading to nar-
rower spectral width, which should have an opposite ten-

Crystal A Crystal B Crystal C dency to that observed. We speculate that the observed ten-
vo (cm™ b 4149.6541) 4149.6481)  4149.6421) dency would be due to the crystal inhomogeneity, which
a (em™1) 61(4) 60(4) 59(4) might become larger for crystals grown under lower pressure
I'y (MHz) 5.6(5) 4.905) 4.2(5) COﬂdItIOI’]S:

B (x10* MHz) 42(3) 39(3) 393) Regarding the dependence mf, we observed a system-

atic change versus applied pressure outside of experimental
ambiguities. The observed pressure shift may be understood

ture change. They discussed the mechanism of the temperdS P€ing due to the shift of the lowest edge of the vibron
ture dependence in the context of molecular density changé’.and due to the chg.nge.of molecular density. Since the IQW'
Regarding the spectral position, they observed a temperatufiSt Pand edge position is directly related to the hopping in-
dependence oF*%% Although the behavior was almost con- €raction strengte for the vibron band(see Fig. 1, and
sistent with our results, it was slightly steeper. This S”ghtfurthgrmorg since the.hopplr.lg mterachon IS O”!il'ﬁnated from
difference can be reasonably understood as being due to tie dispersive interaction which is proportionaRo™ where
shift of the Q,(0) vibron frequency to a higher frequency Ris |ntermolecuI2ar distance, the hopplqg strengthan be
side in the high-temperature range, which may be expectegXPressed as=p”. The observed behaviors can thus be ex-
through the volume expansion of the crystal that lowers th@'ained. Conversely, using the relatierxp” one can esti-
molecular density{see Fig. 4a)]. Regarding the spectral mate the hopping mteractlpn stre_ngth from the observed
widths, those measured by Keet al. were in the range Pressure dependence. By differentiatingy p, the follow-
broader than 100 MHz HWHM, and their temperature de-Nd relation can be obtained:

pendence was not simple enough to be fitted Tdy We

suspect that their broad spectral width might have been swlpA_‘g%i(ﬂ 1Ay
mainly due to the crystal inhomogeneity, and that this inho- 2"Ap 12\ p o
mogeneity might have spoiled the chance to obtain quantita- .
tive temperature dependence for the spectral width. wherep, Ap, andA vq are molecular density, molecular den-

One could expect some effects on vibron shift and widthSity change, and frequency shift o value by the density
from other freedoms of solid hydrogen, such as moleculafhange, respectively. Thus, using thevalues in Table | and
rotation or anharmonic lattice vibration due to the quantunthe Ap/p value for the pressure change of 4 atm, we were
crystal nature. However, we did not observe any deviatiorPle to obtain the hopping interaction strength. Since the
from the simple Debye phonon interaction model. We aredp/p value has an ambiguity as discussed in Sec. Ill, we
confident that these results are quite reasonable for thebtained thes value using the twa\p/p values. Assuming
present measurements carried out for the temperature rangdp/p|~1.5<10"°, we obtained a value £~0.33
from 4 to 13 K. Regarding the rotational motion, since we=0.06 cmi. We also obtained another value~0.27
are dealing withQ,(0)(v=1—0, J=0—0), no rotational =0.06 cm * assuming|Ap/p|~1.8x10 3. Here, the error
excitation is involved in the transition, and the effect of ro- was due to the uncertainty of the Raman shift measurements.
tational motion should be negligible. Moreover, rotationalAlthough the obtained values are slightly smaller than the
motion should not affect the temperature dependence, sindgeoretical value 0.4 cm'  determined by Van
the lowest excited rotational state is located 354 &igher ~ Kranendonk,® the correspondence between experiment and
than the ground=0 level, which is too large compared to theory is reasonably good.
the thermal energy in the present experiments. Regarding
nature of the quantum crystal, the lattice vibration of solid V. CONCLUSIONS
hydrogen deviates from the simple harmonic oscillator
model in principle, but such effects might not be observable In conclusion, we have measured the Raman spectrum of
for a temperature range higher than 4 K; they might be obthe Q1(0) vibron transition of solid parahydrogen with a
servable only at very low temperatures of the mK region,spectral resolution better than 1 MHz under a constant mo-
since a critical parameter of the quantum tunneling motiorlecular density condition. The Raman spectrum was system-
might be very small at about 10 kHz. atically measured by changing the temperature for crystals
with different molecular density. We have shown that the
temperature dependence of this spectrum should be quantita-
tively described through the interaction between vibron and

As shown in Table I, concerning the pressamolecular  thermal acoustic phonon via a two-phonon-scattering pro-
density dependence of the parametersand 8, the values cess. It has also been shown that the inhomogeneity of the
do not show any observable change outside of the expersolid hydrogen crystal was extremely small, the inhomoge-
mental uncertainties with the present small density change afeous width might be much less than 5 MHz. This may

B. MOLECULAR DENSITY DEPENDENCE
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