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Thermal diffusivity and nonradiative relaxation rate of the Q ;(0)+S,(0) transition
in solid parahydrogen measured by transient thermal lensing spectroscopy
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We have measured the thermal diffusividy, and the nonradiative relaxation ratEsfor the double tran-
sitions Q(0)+S,(0) and Q(0)+S,(0) in solid parahydrogen in the temperature range from 5.2 Kto 12.2 K
by the technique of transient thermal lensing spectros¢®py.S). We have derived a formula which repro-
duces the temporal evolution of the TTLS signal. In this formula, we have defined a characteristic wave-vector
magnitude, with which we can examine the achievement of local thermal equilibrium in the system. The
characteristic wave-vector magnitude also enables quantitative comparisons between the TTLS and the tran-
sient thermafrating spectroscopy, which is a similar technique to the TTLS. We have obtained the tempera-
ture dependences @, andI" by least-squares fit of the derived function to the observed signals without
employing any other temperature-dependent parameters. At relatively low temperatures, the temperature de-
pendence oDy, has been found to be in good agreement with that in the previous measurements, while at
relatively high temperatures the valuesinf, are slightly smaller than those in the previous measurements. We
have found thatl’ is almost temperature independent in the investigated temperature range as has been
theoretically predicted. The value bf obtained is 4.8 10* s™*, which is substantially slower than the value
3.0x10° s ! reported by Kucet al. [Phys. Rev. Lett53, 2575(1984)].
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I. INTRODUCTION experiments? In the conventional measurements for thermal
diffusivity, it is necessary to attach a heat source and tem-
Solid parahydrogen is the simplest molecular crystal angerature sensors in contact with the sample. However, it is of
is known as a kind of quantum crystal such as solid heliumcourse more desirable to employ a nondestructive method
Numerous studies on solid parahydrogen have been carrig@specially for the samples used in the optical experiments as
out for decades in both experiments and theories, and it the present case of solid parahydrogen.
quantum nature has been ascribed to the weak interaction !N the present work, we report on the simultaneous mea-
between the constituent parahydrogen molectiles. suremgnt of both the thermal diffusivity and nonradiative
In the last decade, vibrons in solid parahydrogen havéelaxation rates for (10)+$,(0) (v=0—1, J=0—-0; v
been actively studied by high-resolution spectroséofly. ~ 92 J=0-2) and Q(0)+5(0) (v=0-2, J=0

Furthermore, new types of nonlinear optical processes have 9: v =0—1, J=0-2) transitions of parahydrogen mol-

been realized through the vibrational Raman transitionecule in solid parahydrogen by means of the transient ther-

0,(0) (0=0—1, J=0—0) .57 In the nonlinear optical pro- mal lensing spectroscopff TLS). For this purpose, we for-

cesses, the population and phase relaxation times of the re—UIate the temporal evolution of the TTLS signal under
’ popu P . . —appropriate initial and boundary conditions, and compare our
evant states are important factors which affect the conversi

- . . . %frmula with the conventional ones. Also a guantitative com-
efficiency or magnitude of nonlinear susceptibility. Both re- parison between the TTLS and the transient thermal grating

laxation times, however, have not yet been sufficiently ex'spectroscopjﬁ (TTGS), which is a similar technique to the

plored in solid parahydrogen since the pioneering work offTLs is made for the first time to our knowledge. The de-
Kuo et al® rived formula provides simultaneous determination of the
In studying lattice anharmonicity, it is essential to know thermal diffusivity and the nonradiative relaxation rate of the
the temperature dependence of the mean free path @farahydrogen molecule through least-squares fit to the ex-
phonons, which can be estimated from thermal diffusivity.perimental signal without employing any other temperature-
Although thermal properties of solid parahydrogen such aglependent parameters. We also estimate the temperature de-
specific heat and thermal conductivity have also been expendence of the mean free path of phonons from the
plored extensively,'° detailed direct measurements of the measured thermal diffusivity.
temperature dependence of the thermal diffusivity in solid
parahydrogen have not been carried out so far. In addition,
the temperature dependencies of the linewidth and the fre-
quency shift for the @0) transition in solid parahydrogen  Although there are several theori¢s® on thermal lens-
have been studied recently, and both the line broadening andg effect and the technique of TTLS, none of them matches
the line shift have been ascribed to the vibron-phonorour practical experimental arrangement. In this section, we
interactions*!! These researches imply the necessity of fur-derive a formula which reproduces the TTLS signal which is
ther investigations on the phonon linewidth in the solidobserved in our experimental arrangement.
parahydrogen samples specially prepared for the optical Figure 1is a schematic view which shows the principle of

Il. THEORY
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! d f processes in which thermal fluctuations perturb dielectric
| constant directly! We assume here that E¢l) contains
__________ D both the direct and indirect contributions.
----------------- probe laser etector Assuming thatsn(r,t) is simply proportional toST(r,t)
pump laser sample . R .
----- as in Eq.(1), all we have to do is find the analytical form of
aperture . . .
oT(r,t) by solving thermodynamic and hydrodynamic equa-
FIG. 1. A schematic view of the principle for the measurementtions. The following treatment fo6T(r,t) is partially re-
of the TTLS signall andd denote the sample length and the dis- ferred to the work of Barker and Rothefh.
tance between the sample and the aperture, respectively.

B. The thermal diffusion equation with time-dependent
the measurement in the TTLS. On incident of the pulsed slow heat source
pump laser whose oscillating frequency is resonant to one of

the transition frequencies of the hydrogen molecule, the at?ﬁe[art] s?ctjljrf;(?sertlr?qeegtticgaﬁTLeic{g dsogfaﬁ adr?:ygrrlogi?e,ctais
sorbed light energy is transferred to the lattice vibrations i P y P ydrog '

the transition is dipole forbidden. Therefore, an axially sym-SInCe the transition is dipole forbidden, the absorbed light

metric temperature distribution is built up in the sample at aergy has to be transferred to the lattice vibrations, and

rate which is called “the nonradiative relaxation rate” for the ' &>c the _Iattlces temperature at a rate _Wh'Ch is called the
transition and then the temperature distribution decays Vigonrad!at!ve relaxat|.on rate for the transition. In terms of the
thermal diffusion. The above process is transferred to the C\Honrad|at|ve relaxation rat.e, sdy, we assume the t.lme de-
probe laser via the optothermal lensing effect, which usuaII)Pendence of the population of the optically excited mol-
gives rise to transient defocusing of the probe beam. Thuse,CUIeS as
by monitoring the central portion of the i_ntensity of the cw N(t)=Nge ', )
probe laser behind an aperture, we can simultaneously record
both the nonradiative relaxation of the parahydrogen molwhere Ny is the initial population of the molecules in the
ecules and the thermal diffusion in solid parahydrogen in reagxcited state.
time. In most experiments for ordinary materials other than
We make the following procedure to derive the time de-solid hydrogen, the nonradiative relaxation of molecular or
pendence of the relative signal intensity. First, by using therelectronic excitation is so fast compared to the thermal dif-
modynamic theory, we derive the temporal and spatial defusion that we can usually neglect the “buildup” time of
pendences of the transient change in the refractive indesjeat. Therefore, most conventional analyses assumed an im-
which is induced by the relaxation of the optically excited pulsive response of the system for the heat sotfrcein
molecules. Next we derive the time dependence of the probgolid hydrogen, however, the relaxation rates of the molecu-
beam size at the position of the aperture, and finally wdar excitations are expected to be much slower than those in
derive the time dependence of the relative intensity of theprdinary materials due to the weak interaction between the
TTLS signal, which we detect through the aperture behindparahydrogen moleculésln addition, low temperatures of

the sample. T=<0.10,, where® is the Debye temperature, which is
107 K for solid hydrogen, lead to relatively fast diffusion of
A. Formulation for the refractive-index change heat. This means that in solid hydrogen the rate of thermal

) ] . ] ] diffusion can increase to approach the nonradiative relax-
The dielectric properties of an optical medium are af-ation rate as the temperature decreases. So we must take a
fected by various thermodynamic variables such as the tenpite buildup time of heat into account when solving the
perature, the pressufer stres§ or the density(or strain.  thermal diffusion equation for solid hydrogen.
We assume here that the change in the refractive index in- | ot us first derive the inhomogeneous thermal diffusion

cludes all the contributions induced by the temperaturgquation to be solved. The continuity equation for the energy

change as with a heat supphQ(r,t) is
on(r.0= S 8T(r) ® 7 ’
nir,t)=—-= r,i, — =—V. _
where time- and space-dependent refractive index is definegtheree(r,t) andJ are the energy and the density of the heat
as flux, respectively, and we have assumed an isotropic medium
although solid parahydrogen has a hexagonal-close-packed
n(r,t)=ng+an(r,t). structure. In terms of the mass dengitand the specific heat

heat capacity per unit mas€, Eq. (3) can be rewritten as
In liquids and gases, these thermal contributions to thé pacly p 3 a3

refractive-index change are dominated by the indirect cou- 9 9

pling between the light and heat, i.e., the refractive-index pC—oT(r)==V-J(r,)+pC—0(r1), (4)
change is mainly induced by thermal expansion. In solids,

especially in so-called quantum crystals which are known tavhere ®(r,t) is the temperature change caused by the heat
have large anharmonicity, however, there may exist directource and we have assumed that the energy is a sum of a
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constant and a fluctuating part afr,t) = eq+ Se(r,t). Ac-
cording to Fourier’s law, the heat flux density is proportional
to the temperature gradient as

J=—kVT(r,t), (5)

wherex is the isotropic thermal conductivity. From Edg)
and (5) we obtain the inhomogeneous thermal diffusion
equation to be solved as

Magnitude of Coefficients (arb. units)

1% 1%
— 8T(r,t) =Dy V28T(r,t)= —0(r,1), 6
20T =DaV28T(r,)=—-0(r1) (6)
where the isotropic thermal diffusivity has been introduced SR LR LEEE )RR LLE) PALE) LEoad IR
as 0O 10 20 30 40 50 60 70 80 90 100
Wave-number (1/R units)
D _ K 7) FIG. 2. Magnitudes of the expansion coefficieotsfor various
th pC’ pump beam radii. From the upper trace/=(2.40/16R,

(2.40/19R, and (2.40/33R, respectively. Note that the largest con-
Since no temperature change existstatO and our tributions are located af,~2.40w=gq, i.e., atq,=16R, 19R,
sample has a cylindrical shape, we set the initial and boundand 33R.
ary conditions for Eq(6) as

[’

5T(r,0,2,0=0, efzrzfvﬂ:ngl Cndo(gnr), 9

6T(R,6,2,1)=0, whereq,, is thenth eigenvalue and can be expressedjas

respectively, where we have adopted cylindrical coordinates; Mn/R, with A, the nth zero ofJo(x), namely,x,=2.40,
namely,r=(r,0,z), andR is the radius of the cylindrical A2=5-52,A3=8.65, and so on. The expansion coefficient
sample cell. In our experimert, has to beCy, (specific heat ~ ¢an be expressed in terms of orthogonality for the Bessel
at constant volumebecause our sample is not allowed to function as
expand or shrink in the céfl as will be mentioned in Sec. 5
.

Let us now find the explicit form o0 (r,t). Let gpq be C”_Ji(an)
the absorbed energy of one molecule dGd be the spatial
distribution of the excited molecules, thed(r,t) can be Wwherel;(x) is the Bessel function of order one. Note toat

R —2r2jw?
. re Jo(g,r)dr,

expressed as is a function ofw andR, and that the smallew gives more
contributions of largey,,’s whenR is fixed. This means that
Q(r,t)=Amol No— N(t)]f(r,1), reducing the pump-beam radius increases the number of the

. i i modes which diffuse relatively fast. Figure 2 shows the mag-
whereN(t) is assumed to have the form defined in E2).  pjtydes ofc,’s for different values ofw. It is seen that the

Since the absorption coefficient can be expressed a8  |argest contributions are locatedaat=\, /w. Therefore, we
=Nolmo/Qo, WhereQ is the incident pulse energy of the may define a characteristic wave-vector magnitude in the

pump laser®(r,t) can be written as TTLS as
aQq - — N\ 240
O(r,)=——(1-e "Hf(r). ~ 10
(n=—"5( (1) g=1="" (10

I the pump laser h"?‘s a.Ge.\uss.ian beam pro_file whose beafyq characteristic wave-vector magnit@enables a quan-
radius isw, the spatial d|str|2bu§|on of the excited molecules titative comparison between the TTLS and TT&Sn the

can be written ag(r)=e~*""" and the heat source term, TTGS, the magnitude of the induced wave vector is explic-
namely, the right-hand side of E¢5) can be expressed as jtly expressed as

d aQol’ 22 2 0
—0O(rt)=———e e 2V, (8) =2n——sins, 11
dt pLv a A pump 2 .

We can expand the spatial paifie Gaussian distributignin  where ,,,,and ¢ are the wavelength of the pump light and
the inhomogeneous term, E@), by the Bessel function of the intersecting angle between the two pump beams, respec-
order zero, which is the eigenfunction of the homogeneousively. Thus, we have an approximate relation betweaein
version of Eq.(6) as follows: the TTLS and@ in the TTGS as
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A
fw=0.38F (12
n

II//;’ o‘,“‘
/I'/’ ":“:"

’Ill //,l":ou

where ¢ is assumed to be small. This relation shows, for
example, that fok ;=800 nm anch=1.14 an intersecting
angle of 10 mrad in the TTGS approximately corresponds to 67
a pumping-beam radius of 2Zm in the TTLS. Equation \ 30 Time (us)
(12) is particularly useful in determining the practical experi-
mental arrangements in the TTLS if the mean free path of
phonons has to be taken into account.

If we assume thadT(r,t) can be separated into temporal 0
and spatial part as

5 Time (Us)

r (mm)

oT(r, t)— o(dnl), (13 . . . .
FIG. 3. The spatial and time evolution of the solution for Eq.
(6): (@) 0<t<10 us; (b) 0O<t<100 us. The values employed for

and substituting Eqg9) and(13) into Eq. (6), we obtain the ,, Dy, andT are 250um, 2x 10 2 m?/s, and 5<10% s 1, re-

temporal partZ,(t) as follows: spectively.
Ch C. The time-dependent signal intensity
T(t) = ——— (e Puint— 1), (14 . _
- Dthqn In the TTLS experiment, a central portion of the probe

beam intensity is monitored through an aperture. According
Note that the sign of7,(t) does not change regardless of to Ref. 15, the spot radius of the probe laser at the position of
whetherDthqﬁ is greater or less thah. Furthermore/Z,(t) the aperture is given as

does not diverge even whemhqﬁel“ because ,
b2+ (1+d)?

1— (16)

204V =
lim 7,(t)=c,te ' w3(t)=
Dthqﬁ_’r

f(t)

where is the wavelength of the probe lasee 7w?/\ is
Substituting Eq(14) into Eq. (13), we obtain a solution for the Rayleigh lengtior the confocal parameterand w; is
Eq. (6) as the spot radius of the probe laserzt0, i.e., at the front
surface of the sampld.(t) is the time-dependent effective
focal length of the medium which is associated with the tem-

o

oT(r, t)— E o 5 (e7Pud e ")Jo(aar). perature distribution &%
Cv =1 I'- Dthqn
15
@39 1 dn ¢°
It should be noted that we will observe multiple wave-vector f(_t)zl dT gr —oT(r, Blr=o- (17)

components of the temperature change through diffraction of

the probe laser rather than observe only one wave- VeCt(Eubsututmg Eq(15) into Eq.(17), Eq. (16) becomes
component as in the TTGS or spontaneous Rayleigh light

scattering experiments: in other words, we can regard Eq. dn 2
(15) as a superposition of the solutions with various wave- wg(t)z —b[( —IdﬁﬁT”(O,t) b%+(1+d)?|, (18
vector magnitudes in the TTGS or spontaneous Rayleigh ™
light scattering. Figure 3 shows the temporal and spatial dgjpere
pendences of the solution, E{.5). It is seen that the spatial
width of the initial Gaussian distribution broadens as time 5
goes on. ST"(0f)= — 9 ST(r,0)]
As a comparison with the previous theorfe4;*>8we ar? =0
consider a characteristic time with which heat dzif“fusesé The
characteristic time, adopted by Kucet al. was w*/8Dy,, aQo 2
while that in our case isy,g?) ~*=w?/5.78,, which is pCy r“_T,nZ an(t) [2(0ar) = Jo(Gn")]
comparable to the former and indicates tlhjatonsistently
represents the average wave vector in the TTLS of our ex- 1 aQol’ 2 27 (t 19
perimental arrangement. The different factors 1/8 and 1/5.78 T 2,c, & n(t). (19

in the two cases probably arise from the different boundary
conditions:R—o was assumed in the former, while a finite Here7,(t) and8T(r,t) are defined in Eq(14) and Eq.(15),
Ris assumed in our case. respectively, and,(x) is the Bessel function of order 2.
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For a Gaussian-beam profile with a spot radiusgft), & 10
the normalized intensit{(t) detected behind an aperture of = 0.010.] 508
radiusa is given as ; T E0e
F= 1|= 04
S 1/8
I(t;a) = 0.008 |02
I(ta)= —4——7—, 2 1% o
I(t;a)]a e 2 0 02 04 06 08 10
£ 0.006 eult)

wherel (t;a) is the probe-beam intensity detected behind an<

aperture of radiug, andl(t;a)|, ... is the total probe-beam 8 0.004.
intensity at the position of the aperture. Sifi¢ga) can be & ™ ]
calculated as = ]
£ 0.002
a 2 2, 2 <
I(t;a)=|0f drf dore 27«30 £ ]

0 0 <z> 0 :
0

0.005 0.010 0.015 0.020

7 lwd(D[1—e" 2a2/w§(t)] Effective Temperature Change (K)
2 )
FIG. 4. Normalized theoretical signal intensity as a function of

1(t;a) can be written as the effective temperature change in the range of &0
- <0.02 K. The inset shows the same curve in the range of 0
I(t;a)=1—e 22730, <6T<1 K. It is important to note that we have deduced the

effective temperature chang®l .+ by assuming an average wave

Following the conventional formulatiotfs™® for the  vector ofg=\,/w, where\,=2.40. The values of the parameters
time-dependent signal intensity, we adopt the change in themployed in this simulation are presented in the text.
intensity ratio relative to the initial value, i.e.,

- parameters employed are approximately equal to those we
7(t;a) 1—e 2030 have adopted in our experiment=1 cm, d=3 m, \
Sta=1- 7o 1 o %9 =5145nm, b=15cm, no=114, w=470um, and
dn/dT=-2x10 % K~1. The value ofdn/dT is about three
where w3p= w3(0), which is defined in terms of Eq46)  times larger than that used by Keo al. in Ref. 8 in accor-
and(17) as dance with the analysis made by ¢i al!® The inset shows
the same curve in the range o&®T<1 K. Naturally, the
normalized signal intensity is saturated for a sufficiently
large temperature change.

It is found in Fig. 4 that the signal intensity can be
roughly regarded as a linear function & o or ST”(0}t) if
S(t;a) is as small as 0.01. This means that the expression for

2 ST"(0t) of Eq.(19) can directly reproduce the experimental
S(t)=1— “30 , (21) signals if the experiments are so performed that the relative
wg(t) signal intensity does not exceed 0.01. This makes it quite
. ) ) simple to estimate both the thermal diffusivity and the non-
and becomes independent of the aperture raglisquation  aiative decay rate simultaneously in the TTLS, despite the
(21) is consistent with the previous analy@e"_g,\{vhlch aS-  fact that the rigorous time dependence of the signal intensity,
sume that the intensity behind the aperture is inversely progich is given in Eq(20) in terms of Eq.(18), has a rather
portional to the spot area of the probe beam. This is exactlysmpjicated form. The difference between a linear function
correct only for a probe beam with a uniform spatial distri- 504 the curve shown in Fig. 4 critically depends on the mag-
b_utlon of intensity. As we will mention below, hqwever, nitudes of the coefficients which are multiplyisg”(0y) in
since 2321'5 mm and wz=4.6 mm in our experiment, gq (18). In the simulation made above, the relative differ-
2a°/ w3 becomes as large as 0.21, which implies that thgce is less than 15%, which is reasonably accurate in our
approximation using Eq21) is not relevant in our analysis. analysis regarding the temporal fluctuations in the experi-
~ Substituting Eq(18) into Eq.(20), we obtain a theoretical mental signal intensity, which are typically 10% or greater.
signal intensity as a function &fT"(01t) of Eq. (19), and we To check the actual effect of the nonlinearity described
can numerica”y trace |t HOWeVer, |t iS more Straightforwardabove’ we have measured the pump_energy dependence of
to trace the theoretical signal as a function of temperaturgne signal intensity of the TTLS. However, we could not find
changesT rather thansT”(0t) itself. To do so, we assume any distinguishable nonlinearity within the experimental er-
in Eq. (19) that 5T”=— 3q°6 T, Whereq is the magnitude rors, i.e., we found that the signal intensity was almost pro-
of an average wave vector which was defined in@@) and  portional to the temperature change within the experimental
6T is the effective temperature change during the transiergrrors. Although there remains a possibility of overestima-
thermal lensing effect. The theoretical trace of the normaltion of the nonlinearity in the simulation, the result indicates
ized signal intensity againsiT.; is shown in Fig. 4. The that Eq.(19) can actually reproduce the experimental signal

A
w3g=—s[b*+(1+d)?].

For a smalla and a largews, Eq.(20) can be approximated
through series expansion of the exponential functions as
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and also ensures a simple analysis of the experimental dat: Grating  j:5 crystal
Therefore, we can conclude that the time dependence of th el R 1
| . . > . 7 U N I Thoeoe——
signal intensity of the TTLS in our experimental arrangement Tuning Mirror %
can be expressed quite simply as ——
e SRR
S(H=A2, aiTa(0), (22) o | 4
n= '
. . . - f=1000 Cryostat A ertl reU Detector
whereA is a proportionality coefficient. 514.5 nm — pertu
\_ _______ O___H _______ E| | ArJr Laser 514.5nm|
Il. EXPERIMENT
We used the TTLS method to measure the temperature ro Computer
dependence of the thermal diffusivity and nonradiative relax- eRin |
ation in solid parahydrogen. The principle of this method has Digital Oscilloscope
been already mentioned in the beginning of Sec. Il. It is,
however, well known that the TTG&Ref. 13 is more ad- FIG. 5. (Color online Experimental setup for the transient ther-

vantageous than the TTLS, in that the TTGS can explicitlymal lensing spectroscopy. The short-wave pass filter and grating are
define the wave vector of the observed excitation. So, wélaced for rejection of the pump laser.
should comment here on the reasons why we did not choose
the TTGS but the TTLS. size of the probe laser became smaller than 1/3 of that of the
In the TTGS, the intersecting angle between the twoPump laser. The Rayleigh lengthof the probe laser was
pump beams has to be smaller than a few mrad for the=10—-15 cm, and the spot radius at the aperture in the ab-
present sample of solid parahydrogen becawskefined in  sence of the pump laser, namelys,, was 4.6 mm. The spot
Eq. (11) has to be as small as possible in order that locaradius of the pump laser at the sample surface was4¥0
thermal equilibrium is always achieved, as will be discussed’he Rayleigh length and the spot sizes were measured by
later in Sec. IV D. Such a small intersecting angle makes itising a 12-mm-long linear charge-coupled device array, and
difficult to distinguish the true signal from the parasitic back-both the pump and probe beams were found to have a well-
ground of the strong thermal lensing effect. Furthermore, thélefined Gaussian spatial profiles. The distance from the
situation becomes more difficult if we prepare a purersample to the apertugwas 2.92 m. The temporal change of
parahydrogen sample because higher parahydrogen concdhe probe-beam intensity was recorded by a digital oscillo-
tration makes the thermal diffusion faster and requires a stilscope and was averaged over 100 to 300 times by a com-
smaller intersecting angle. In fact, we could not obtain anyputer.
reproducible signals in the TTGS for solid parahydrogen.
In the TTLS, however, such a condition for the achieve- B. Sample preparation
ment of local thermal equilibrium can be easily satisfied by
adopting a pumping-beam radius larger thas100 xm,
which we can estimate from E@12). That is why we de-
cided to adopt the TTLS rather than the TTGS from th
viewpoint of experimental reliability.

The solid parahydrogen sample was prepared by means of
liquid-phase pressurizing methdtiwhich can provide trans-
gharent and crack-free single crystals of parahydrogen. Fur-

thermore, parahydrogen crystals grown by this method have
a high damage threshold against incident pulse lasers. The
sample cell was made of 10-mm-thick stainless steel and had
a 10-mm-diameter hole for the sample and a 1-mm-thick

The experimental setup for the TTLS is depicted in Fig. 5.Teflon cylindrical spacer. Therefore, the sample crystal had
The pump laser was a pulsed-tunable Littman-type Ti:sapan 8 mm diameter and 10 mm thickness. The ortho-para
phire laser pumped by the second harmonic of a Nd:YAGconversion was carried out at temperatures between 15 K
(yttrium-aluminum-garnet laser whose pulse width was and 17 K, providing a parahydrogen concentration of 99.7%,
~7 nsec. The probe laser was a cw'Aaser oscillating ata which we measured from the integrated intensity ratio be-
single longitudinal mode of 514.5 nm. In order to avoid tween the spontaneous Raman scattering lines §®)S(J
sample heating by the probe laser, an acousto-optic modula=0—2, v=0—0) and $(1) (J=1—3, v=0—0).%°
tor was inserted for reduction of duty. The pump and probe Inthe TTLS, itis necessary to deposit heat in the sample.
beams collinearly entered into the sample, and only thén our experiments, we made use of the nonradiative relax-
probe beam was filtered by a short-wave pass filter. A gratingtion of rotational-vibrational excited states of parahydrogen
was placed after the short-wave pass filter in order to rejeamnolecule, namely, (§0)+ S,(0) and Q(0)+ S,(0). Figure
the residual pump laser. The aperture before the detect& shows the absorption spectrum of the(@+ S,(0) and
transmitted the central portion of the probe beam. The spa®,(0)+ S;(0). Thesedouble transitionsare known to occur
sizes of the pump and probe beams were individually variedia induced dipole moments due to molecular quadrupolar
by changing each of the focusing lenses. To ensure uniforrand higher-order induction mechanisms: since the induced
defocusing effects in the pump region, the focal lengths oflipole moment is a consequence of interactions of a pair of
the focusing lenses were carefully chosen so that the spaoholecules, simultaneous transitions of two molecules upon

A. Experimental setup for the TTLS
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FIG. 6. Absorption coefficient of solid parahydrogen in the 0 50
wavelength range from 796 nm to 798 nm. The absorbing band in
the right arises from the Q0)+ S,(0) transition, while the band in
the left from the Q(0)+ S,(0) transition. (a) 0 <t <150 us (b)0<t<8ms
absorption of one radiation quantum can be obsehféd@he ~_ F'G: 7. (Color onling Temperature dependence of the TTLS
y . . signal for solid parahydrogen in the temperature range from 5.2 K
pulsed Ti:sapphire laser was tuned to each of the absorption )
lines by monitoring the TTLS signal. The excitation energyto 122 K.(@) 0=<t=150 us, (b) 0=t<8 ms. The solid curves are
S . the least-squares fits of E(22) to the experimental data. Note that
was qarefplly reduced so as not tp eXC|te_ any@ trapS|- . each trace is normalized at its peak intensity.
tion via stimulated Raman scattering, which could give rise
to a TTLS signal due to the nonradiative relaxation of the
Q.(0) transition'®
We observed the TTLS signals for both the;(Q)
+S,(0) and Q(0)+S;(0) transitions and found that the 5 . . o
signal intensity was stronger for the, @)+ S,(0) transi- >_Dthq . if heat d|ffuses faster than it is _created, then_the
tion. However, we could not find any significant difference in signal does not bU|Id_u2p at alrate BfPUt bunds'up approxi-
both the rising and decay rates of the TTLS signals for thénately at a rate oby,q° as will be discussed in Sec. IV E.
two transitions within the experimental error. Therefore, we N order to obtain the nonradiative decay rate only, there is
will mention only the results for the @0)+ S,(0) transition another simple way of approximation for the signal rising

100 4
Time (us) Time (ms)

cessfully with two additional fitting parameters, namely, a
scaling factor and baseline. It should be noted, however, that
the approximation by Eq.(23) is only valid whenT

hereafter. region: only the initial slope of the signal &=0 has been
measured in Refs. 8 and 19. The initial slope of E§) is
given as

IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Temperature dependence of the TTLS signals ES(t'a)|
and the fitting results de~ et=0
The temperature dependence of the TTLS signals is 2.2
. . 1 | n
shown in Figs. 7@ and 7b), where the open and solid :(eZaZ/wgo_l)*l Ga"bld d_ O‘QOF, (24)
circles represent the experimental signals and the solid [b2+(1+d)?]2w?|dT|pCy

curves are the least-squares fit of Eg2). A slow rising
behavior is clearly seen in Fig(a indicating a slow nonra-
diative relaxation of H molecules in solid parahydrogen.
Also we see in Fig. (b) that the signal decay due to thermal
diffusion becomes faster with decreasing temperature. lim
As seen in Fig. @), at relatively high temperatures, r—0
namely,T=10 K, the heat diffuses so slow compared to the
temperature rising rate that one may ignore the effect of therSince Eq.(24) is proportional tol", one can experimentally
mal diffusion in a sufficiently short time after pumping. In measurd” only from Eq.(24) in principle. It is important to
such a case, the nonradiative relaxation rate for the molnote that the initial slope of the signal of E@4) does not
ecules can be determined by least-squares fit of a single egepend on the rate of the thermal diffusion. Therefore, al-

where we have assumed thé/dT is negative and have
used a relation for Eq19) that

CYQO 4

d
lim—56T"(r,t)
pCv w?

t~>0dt

ponential growth function as though it has not been discussed before, this approximation
can be applied for signals even at relatively low tempera-
S(tycl1—e I, (23)  tures, where thermal diffusion rate is comparable to or even

faster than the buildup of heat by nonradiative relaxation of
to the signal rising region. This is because E22) becomes the molecules.
proportional to - e~ ' asDy, goes to zero. In fact, we were Recently, Liet al!® have investigated very carefully the
able to fit Eq.(23) to the data for 11.2 K and 12.2 K suc- temperature dependence bf for the Q(0) transition of
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solid_ parahy(_jrogen utilizing Ed6) qf Ref. 8, which is es- 1.2x107 4 ftto entire polnts Solid p-H,
sentially equivalent to Eq.24). For its sake, however, one 10] A fttorisingpartonly  Q (0)+8,(0)
must accurately know all the 11 parameters on the right-hand U1 e singeexp.fittorisingpart
side of Eq.(24). The parameters include not only the geo- 0.8 — fitoftheory

metrical parameters which require very careful measure- T 0.6

ments but also the temperature-dependent variables such as N oo 0.
a, p, Cy, ordn/dT, some of which are strongly sample = 047 == -5
dependent or not fully given in tables. Furthermore, it is of 0.2

course impossible to obtain the thermal diffusivity in this 04 s

Way. Tttt
In contrast, the least-squares fit of Eg2) to the entire 2 4 'Ie';empgratu1r(e) (K1)2 14
data points completely eliminate the above difficulty since
the initial slope, i.e., the scaling factor, is just a fitting pa-
rameter in this case. In fact, we set only four fitting param-
) : . . 0
eters in our analysis, namely, the scaling factor, the baselmgﬁ
I', andDy,. We first found the initial values fdp, andI” by
fit of an approximate function as

FIG. 8. The temperature dependence of the nonradiative relax-
ation rate for Q(0)+ S,(0) transition in solid parahydrogen. The
en squares represent the values obtained by fitting22yto the
tire data points. The open triangles and solid circles are the values
obtained by fitting Eq(22) and Eq.(23), respectively, to the signal
rising part only. The solid curve is obtained by fitting EB6) to the
S(t=A(e T e Dthqﬁt) +B (25 best-fit values for the measurédwith one fitting parameter .

whereA and B are the scaling factor and baseline, respecSmaller than that employed by lst al, yielding a three

tively. Since Eq(25) can be regarded as a single-componentiMes fasterd” in accordance with Egz‘f)i Even if we take
version of Eq.(22), one can obtain an approximate value of thiS into account, the value 1:010 ° s~ by Kuoet al.is
I andDy,. still more than twice as fast as ours. There might be some

We took 32 terms in the sum in E(2), which was found other possible reasons, e.g., the different way of sample
to be accurate enough for our experimental arrangemenpréparation or the different orthohydrogen concentration, but
While we could fit Eq.(22) to the entire data points in the thiS difference in the value df is probably due to the un-
signals at 11.2 K and 12.2 K, better fitting results were ob Certainty in other parameters such de/dT in Eq. (24)
tained when we fitted Eq22) and Eq.(23), respectively, to which they used in their analysis. In contrast, no parameter is
the signal decay and rising region of these high-temperaturB€Cessary to be known in our analysis. _
data. This is probably due to the fact that the number of the The values obtained fo" are almost temperature inde-
data points in the signal rising region for such high temperaP€ndent in the temperature range investigated except the two
tures is much fewer than that in the decay region as seen ifflues at 7.2 K and 8.2 K. As we will discuss later in Sec.
Fig. 7(b). IV E, these two values are probably due to an.a'rtlfact in the

As the temperature is lowered, the thermal diffusion beProcess of the least-squares fit of Eg2); the fitting pro-
comes faster as seen in Figh¥. At temperatures below 10 9ram seems to become unstable atbinK because it en-

K, Eq. (22) almost completely reproduces the entire experi-counters somg problem due to the coincidence of the rate
mental points, while the approximation by E@3) for the of thermal diffusion and the rate of nonradiative relaxation
signal rising region described above is invalid in this tem-around 7 K. on

perature region since the rising and decay regions can no Thereis a theorf~**which accounts for the temperature
longer be separated as done at higher temperatures. dependence of the nonradiative relaxation in molecular crys-

In the subsequent sections, we will present the tempere@s in terms of the multiphonon processes, and it predicts a
ture dependences of the nonradiative decay rate f¢0y) Very weak temperature dependence at low temperatures. A

+S,(0) transition and the thermal diffusivity in solid guantitative comparison of our result with the theory requires
parahydrogen, and make some discussions on them. some unavailable parameters such as the average vibron fre-

quency or the most probable number of vibrons involved in
the relaxation processes. Instead, however, a simpler case in
which the molecule is embedded in a monatomic lattice can
The temperature dependence of the nonradiative relaxse compared to the experimental result as a reference. The
ation rate for Q(0)+S,(0) transition is shown in Fig. 8. temperature dependence of the nonradiative relaxation in this
The open squares() represent the values which were ob- case of monatomic lattice is predicted to be appreciably
tained by fitting Eq.(22) to the entire data points of each stronger than in the case of such a polyatomic lattice as solid
signal trace, while the open triangleg\] and the solid parahydrogeR® The solid curve in Fig. 8 is a fit of the the-
circles (@) were obtained by fitting Eq22) and Eg.(23), oretical function of Eq(30) in Ref. 23 with only one fitting
respectively, to the rising part of the signal. parameter, the relaxation rate®t 0 K. It is predicted that
The value which was obtained at 11 K by Keoal®is  the onset of the temperature dependence appeafing
3.0x10° s™1, and it is approximately seven times larger than=12 K in Fig. 8 should shift to the higher temperatures and
our value at nearly the same temperature. As mentioned ithe temperature coefficient &f should be much smaller for
Ref. 19, the large difference might come from tlo/dT]| the case of a polyatomic latti@We have assumed that the
value employed by Kuet al, which was about three times nonradiative relaxation rates are additive and have the form

B. Temperature dependence ol
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P(T)=3Te[g:(T) +202(T)], (26) T

according to the discussions by Kab al® HereT, is the 10 i 3
nonradiative relaxation rate @at=0 K; g,(T) andg,(T) are 20k 1
the normalized nonradiative relaxation rates éer 1 andv §10-3:_ ]
=2 vibrational excited states, respectively, and their explicit S E
f <23 10 £ @ fp.ear E
orm | s O T fixed ™ ]
gU(T):(eﬁwv/kBT_:l_)(eﬁw,o\/kBT_:L)*wv/wA7 10 2 ferature L _

. . l 'l PSP EFATITE RN ET VAN TS TS AR AT A

wherew, and w, are the vibrational frequency of the mol- 027 6 s 10 10 14

ecule for thevth vibrational excited state and the average Temperature (K) -
lattice phonon frequency, respectively. We have assumed that FIG. 9. Temperature dependence of the thermal diffusivity. The
w,_1=4150 ent! and o _»=2w,_,;=8300 ent! which closed circles @) represent the measured thermal diffusivity by
savt}sfy thatwv=1+wv=22012 500 lé:;n_l the measyured fre fitting Eq. (22) with both Dy, andT" set as fitting parameters. The

- . . open squared() are the values obtained by fitting EQ2) with I"
+ - : . . .
ﬂ:Jgn%szfvtvr:aehg/%)aszzlfr?])e(;r?f?;tlt;ﬁg Z\S/ecggsgr:gﬁ?cén ﬁﬁﬁoflxed to 4.3x10% s™1. The solid curve is an interpolation of the
) 9 P literature values oDy,, which were calculated by combining the

gequenc_y corrES7p00nd§ 1tolothTeh Deb?/e fre}%uengy _Of ZOItI)d hy\'/alues of the thermal conductivity reported in Ref. 10 for
_r‘?ge”’ .€,wp= /U CM '04 fi va u,e Ollp O tam.e . y parahydrogen-concentration of 99.66%, the specific heat at constant
f't_t'ng Eq. (26) was 4.3<10° s™*, which almost coincides volume in Ref. 9, and the molar density of 0.0435 mol/cc.

with the average of the measured value$ agixcept the data
points at 7.2 K and 8'2. K. Taking the predicted weaker tem'sample fills the sample cell and is not allowed to expand in
perature dependence into account, we can concludd tisat

. : the cell}? As seen in Fig. 9, the values represented by the
almost constant at least in the temperature range mvest& 9 P y

. _ . . losed circles ') are approxin ately equal to the values
1T -
?artredl' iaq?] the V?;Uie IfS Eéfioi SI‘ i : S hIS. ll’\e/S:Ullt will be re represented by the open squargs) (at all temperatures ex-

Recently, Liet al. have made another quantitative com- cept 7.2 K and 8.2 K. At these temperatures, however, the

arison between the theory and experiment for the temper yalues represented by the closed circl@) (are singularly
P y XPS§ : -emper arge. As we have mentioned in the preceding section, this is
ture dependence of the nonradiative relaxation in soli

parahydrogen for f0) transition'® They reported that they an artifact in the curve fitting processes. Therefore, we adopt

could not reproduce the increasing behavior of the observetfﬂe values represented by the open squai 4s Dy, for
. e temperatures 7.2 K and 8.2 K.
temperature dependence oF gy if they set wa

— 70 ent L, which is the Debye frequency of solid hydragen The measured thermal diffusivity is almost consistent
while they could if they assumed that,=40 cm L. The with the values estimated from literaturébe solid curve

: . . below 7 K, while the literature values are slightly larger than
difference between the analysis made byetial. and ours gty 'arg

. . i ; . the measured values betwe& K and 11 K. This can be
might come from the different excited states investigated

o explained qualitatively as follows. As has been pointed'8ut,
n_amely, Q(O.) a_nd Q(0)+82.(0)’ or itmight come from the the molar volume of solid parahydrogen rapidly increases
different excitation method, i.e., the use of stimulated Rama

scattering and optical absorption. However, since they uti?ﬂpproximately above 8 K. The parahydrogen samples em-
lized a formula like Eq.(24), it is also possible that the ployed previously could almost freely expand in the sample

cainties | fthe t ture-d dent cell and would not experience any strong compression or
uncertainties in some ot the temperature-dependent paraidg o 4 temperatures below the triple point, where these
eters employed in the formula would be significant.

crystals were grown and the molar volume took the largest
value®® In contrast, as the molar volume increases, our
C. Temperature dependence 0Dy, sample crystal experiences an increasing compression and

The temperature dependence of the thermal diffusivity oftrain because our parahydrogen sample fills the sample cell
the solid parahydrogen is shown in Fig. 9. The measure&_nd cannot expand in the cé?I:Thls_ additional strain should
thermal diffusivity increases with decreasing temperature. Iiflisturb the phonon propagation in the crystal to a greater
Fig. 9, the closed circles®) represent the values obtained €xtent than in the previous samples. Th_erefore, it is probable
by fitting Eq. (22) to the experimental signals with boby, that the mean free path of_phonons in-our parahydrogen
andT' set as fitting parameters in addition to the scalingS@mple are shorter than that in the previous samples above 8
factor and baseline. The open squar&s) (are the values K, yielding smaller thermal diffusivity in this temperature
obtained by fitting Eq(22) with T" fixed to 4.3x10* s”1,  fange.
which is the extrapolated value 6f at 0 K, as described in
the preceding section. The solid curve is an interpolation of D. The mean free path of phonons
the literature values oDy,, which were estimated by com- and the hydrodynamic limit
bining the values of the thermal conductivity reported in Ref.
10 for parahydrogen-concentration of 99.66%, the specific
heat at constant volume in Ref. 9, and the molar density of
0.0435 mol/cc. Note that the molar density is temperature
independent in our experiment because our parahydrogen Dy,=

If we assume isotropy, we can estimate the mean free path
f phonons in the parahydrogen crystal from the relation

» (27)

wl=
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10° _ sions in terms of the valugl could not have been made
10 solid p-H, without a concept of wave vector in thermal diffusion, while
the concept has not been explicitly incorporated in the pre-
10° ‘. vious analyses on the TTL%41518.19
- E. Discussions on the crossover temperature

-

(=]
N

.

Here we discuss on the “crossover temperature,” at which

. D+g° becomes equal t&'. We first consider the situation
that T=T., whereT, is the crossover temperature. Since
7,(t) in Eqg. (14) does not diverge even thDthqﬁzl“,
nothing singular is expected to take place in the system at
except that the situation makes the fitting program unstable

FIG. 10. The mean free path of phonons in solid parahydrogeny ;e to somé problem in the curve fitting processes. If the
of 99.7% orthohydrogen concentration estimated from the relatior}:ontribution of a mode satisfying hq2~F is not so large
- — L —. thln= ,
| =3Dw/v. The mean velocity is taken to be 1520 m/s. the curve fitting processes will not be affected so much.

heres and] are th locit d f th fHowever, if the contribution of such a mode becomes larger,
wherév andl are theé mean veiocity an rr3ean— ree path Ofy, o fitting processes will be more influenced. The effect
phonons, respectlvely._We adopt Debye’'s mean velocr[yShould be the laraest wheb.a?~T because the mode
[(Lw?+2?)/3] Y2 asv, wherev, andv, are the longitu- 9 td =

dinal and transverse acoustic velocity, respectively, and we hose wave-vector mggmtude qshas. the largest co_ntrlbu—
. — o g tion among the constituent modes in the TTLS signal, as
obtainv=1520 m/s. As shown in Fig. 10, decreasing tem-

have been already shown in Fig. 2. In fact, calcula
perature lengthens the mean free path of phonons due v y wn 1n F19 ulating

(0] . 2 .
decrease in the number of the thermal phonons in thirom_sthez relation Dy,=1/q" yields a Dy of 1.6
crystal® X 10" ° m</s, which lies between the values Dfj, obtained

Next, we discuss the hydrodynamic limit to verify the for 6 K and 7 K(see Fig. . Although it is slightly lower
validity of our macroscopic description made in Sec. Il B. If han the temperatures such as 7 K or 8 K, this gives a good

—. - . account of the artifact which appeared in the analysis for the
| is sufficiently short compared to a characteristic lerigth
. e temperatures around 7 K.
we can regard that the phonons collide frequently within the Next we consider the situation that< T, . According to
-

lengthl,. In this case, the system can be treated as a gas e o
phonons, and such hydrodynamic or thermodynamic equa%fq'q(y)’ 7o(t) does not change its sign regardiess of whether
th

. L 7 Is greater or less thahi. This means that a positive
tions as Eqgs(4) or (5) are valid in a length scale longer than temperature chande is alwavs induced 0 even if the
.. However, if the mean free path of phonons become P 9 y

L eat diffuses faster than it is created. In such a case, although
comparable to or longer thadn, local thermal equilibrium . : . .

. o ) it may sound paradoxical, the time dependence of the signal
cannot be achieved within a lengthlgf, and simple macro- hould ist of a risi d h | diffusi
scopic descriptions cannot be applied to the systertf should now consist of a rising part due to thermal diffusion

— — ' and a decay part due to heat creation. One may expect that
It we takeq " aslc, the valueql corresponds to the g temperature rise occurs if heat diffuses faster than it is
inverse of the number of the phonon collisions within agenerated. However, ER2) could not reproduce the experi-
length ofq~*. For the achievemﬂt of local thermal equilib- mental signals if we drop the modes which diffuse faster than
rium, therefore, we require thatl <1 at all temperatures the heat creation from the sum in thg HQ2), i.e., if we
that we investigated. We see in Fig. 10 that the value af ~ assumed thaf,=0 for n satisfyingDq,>1". This implies
the lowest temperature of 5.2 K is 2am, which givesq| that the experimental signals beloly actually have rising

~0.12, indicating that approximately eight to nine Collisionsrates faster thal'. We consider that the nonsingular fitting

- — 1 . results beler 7 K shown in Figs. 8 and 9 also support the
occur within a length ofg™ “=w/2.40=200 um. This is a

. ) above discussion.
reasonably good condition for the achievement of local ther-

mal equilibrium within the length scale EFl, and our mac-
roscopic description is actually valid at the lowest tempera-

ture investigated. L We have measured the thermal diffusiviBy, and the

In general, we must be careful so tltt may not exceed nonradiative relaxation rated” for Q;(0)+S,(0) and
unity when we apply the thermodynamic or hydrodynamicQ,(0)+ S;(0) transitions of parahydrogen molecule in the
equations to a system of interest. Otherwise, the analysigmperature range from 5.2 K to 12.2 K by using the tech-
may not be straightforward as done in this paper. Such aique of TTLS. To analyze the temporal evolution of the
situation is possible when we cool the sample down to everxperimental signals, we have made a formulation which is
lower temperatures, employ a smaller pump beam radius, ®uitable for our experimental conditions, i.e., we have as-
prepare a purer sample crystabith higher parahydrogen sumed a small cylindrical sample cell and weak pumping
concentration which is known to make the phonon mean energy. The solution obtained for the temporal evolution of
free path longet® It is important to note that such discus- the TTLS signal can be considered as a superposition of the

Phonon Mean-Free Path (m)
3 3 3

-
Q
©

2 4 6 8 10 12 14
Temperature (K)

V. SUMMARY
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functions, each of which represents the temporal evolution of TABLE I. Temperature dependence of the thermal diffusivity of
the TTGS signal with a finite signal rising time and varioussolid parahydrogen with parahydrogen concentration of 99.7% in

wave-vector components. the temperature range from 5.2 K to 12.2 K.
At temperatures higher thah,, the signal rises at a rate

of I' and then decays at a rate of the thermal diffusion, while TemperaturéK) Dy (m?/s)
at temperatures below,, its vice versa. HereT, is the 52 1.2¢10°2
crossover temperature at which the average thermal diffusion 5.6 5.5¢ 103
rate Dy,q° coincides withI". The values oDy, andI" have 6.0 2.6x10°3
been determined directly by fitting the derived function to 6.4 9.0<10°4
the data in the temperature range from 5.2 K to 12.DkK, 792 2.0<10°4
has been found to be in good agreement with the previous 8.2 6.4¢ 10~5
measurements at low temperatures approximately below 8 K. 9.2 1.9¢10°5
The difference between our results and those from literatures 10.2 8.2¢ 106
abowe 8 K probably comes from the different method of 112 6.6¢10-°
sample preparation. We present in Table | the measured val- 12'2 5'0< 10°6

ues ofDy, in the temperature range from 5.2 K to 12.2 K.

I" has been found to be almost temperature independent in
the temperature range investigated, and its approxima
value is 4.3 10% s, which is substantially small compared

%R order to investigate the lattice anharmonicity of solid
. parahydrogen in detail. Effects of orthohydrogen concentra-
to the value 3.610° s .repc.)rted by Kgoet al? for the tion including the case of normal hydrogen crystal on the
tempera}tu_re qf 11 K. This difference might be due to thev lues ofDy, andI” also have to be studied. In addition, the
uncertainties in the other_ temperature-dependent paramemﬁ@mperature dependences for other excited states of hydrogen
such adn/dT employed in their analysis. molecule should be explored. In carrying out these experi-
Finally, we have introduced a characteristic wave-vector, ments, however, attention must be paid to the achievement of
magnitudeq in the TTLS. This parameter is particularly es- |ocal thermal equilibrium, which can be verified from the

sential for the considerations on the local thermal equilibrelation between the mean free path of phonons and the char-
rium, which is associated with the relation between the meagcteristic length scale.

free path of phonons and the characteristic length. We have

also shown thaE provides a quantitative comparison be- ACKNOWLEDGMENTS
tween the TTLS and TTGS for the first time to our knowl-
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