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Transient hole-burning experiments using picosecond ir pulses in the region of the OH stretching vibration
of crystalline HDO(in D,0) ice are reported; holes with a minimum width of 26 thare measured, proving
the OH band to be inhomogeneously broadened. The inhomogeneous distribution having a half width of
approximately 25 cmt can be related to structural disorder in ice. A vibrational lifetime of 05Ps
<2 ps is found for the OH stretching mode. Additional features in the transient data are attributed to the
dissipation of excess energy; particularly microscopic energy flow in the immediate surroundings of primarily
excited OH groups can be monitord&0163-18207)50546-1

INTRODUCTION DRS) experiment applying two independently tunable infra-
red pulses(wavelength range approximately 2.5-4m),

Ice is undoubtedly one of the most investigated solidswhich can be delayed to each other. The setup is based on a
Notwithstanding still a great number of studies on this sub-50-Hz pulsed Nd:YAG laser with energy stabilizatigoro-
stance being published every year proves the continuing inviding single pulses of 9—10 ps duration and total energy of
terest in a more detailed understanding of structural and dy=5 mJ with pulse-to-pulse stability of 5%. The mid-ir exci-
namical features of the solid phases of water. On theation and probing pulseéenergy=30uJ and <1 uJ, re-
experimental side, neutron and x-ray scattering as well as igpectively are generated in separate parametric conversion
and Raman spectroscopic methods are often successfully agevices, where additionally pulse durations are shortened to
plied to learn more about particularly the characteristics o#4 ps[determined by correlation measurements utilizing the
hydrogen bonding in ice. In the particular case of ir spectrosnonlinear refractive index of GS(Ref. 10]; the spectral
copy structural disorder is reflected, e.g., in the question, ifvidth of the pulses is typically 10 cnt at a frequency of
the OH absorption band of ice is inhomogeneously broad3300 cm®. The experimental procedure has been described
ened or not. Picosecond ir spectroscopic techniques, whictepeatedly in the past’'*briefly, a significant energy frac-
in the last decade have widely been used for studies of vition of the excitation pulses is resonantly absorbed by the
brational and orientational relaxatibri and transient hole sample molecules; the weak probe pulses measure the result-
burning~® on various samples of condensed matter—but ufing transient changes in the absorption spectfand thus
to now only very scarcely on crystalline materials—have thethe fraction of currently excited oscillatorin the sample
ability to provide additional information about an inhomoge- with time, frequency and polarization resolution. The signals
neous distribution of transition frequencies or, synony-Ae, , :=In(T/Ty),, are measured for probe polarization par-
mously, hydrogen bond energi¢and geometrigs In this  allel and perpendicular to pump polarization simultaneously;
Rapid communications we report results from transient irT and T, denote sample transmission with and without pre-
hole-burning experiments on crystalline samples ofllte  vious ir excitation; positiveAa values refer to bleaching. In

the following only two arithmetic combinations of the sig-
RESULTS AND DISCUSSION nals are discussed, namelya,:=(Aq+2A«,)/3 and

All picosecond transient data shown below have been reAaps:=Aa—Aa, . While Aag(v,t) is directly propor-

corded with an infrared double-resonance spectros¢tipy  tional to the excess population densN(»,t) without any
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FIG. 1. Experimental dataXa,9 of HDO:D,O ice at 230 K,
excitation frequencyr,,=3300 cml (i) Main graph: transient FIG. 2. Transient spectra\(e,d of HDO:D,O ice at 230 K for
spectrum, delay timéy=0 ps, experimental point&olid circles three different pump frequencies at delay tintg=0 ps;
connected by dotted line for better visibility; conventional, v,,=3260cm® (star3, ,,=3300cm?* (open squarés and
background-corrected ir absorption bafsblid curve, scaled for v, =3340 cm! (solid circle3; experimental points connected by
simple comparability.(ii) Inset: time dependence at probe fre- lines for better visibility.
quency v,=3300 cm?, experimental points(solid squares
Gaussian least-squares (Bolid curve. transmission geometry; for future experiments the usage of
internal reflection geometry in IRDR&vhich was demon-
influence from molecular orientatiod,ap{ v,t) represents a strated very recently) will allow us to investigate also ice
product ofAN(»,t) and theP, term in a Legendre polyno- samples of lower optical qualitie.g., polycrystalline ongs
mial expansion of the orientational distribution of excited Additionally conventional ir spectra of the ice samples have
oscillatorst!*? Accordingly A as is only sensitive to aniso- been taken with a Perkin-Elmer FTIR-1760 X spectrometer
tropic absorption changes; i.e., molecules keeping the orierrevealing that crystalline icéh is created by the above-
tational information of thélinearly polarizedl pump process, described procedure.
while Aa; also comprises isotropic contributions to ob- In Fig. 1 a transient spectrum of a HDGD sample with
served transmission alterations. The latter may occur athe above given parameters is shown. The excitation fre-
secondary—quasithermal—effects: when the originally lo-quency was tuned to the peak of the OH stretching absorp-
cated vibrational energy is dissipated into the bulk, structuration at v,,=3300 cm?l delay time was adjusted ton
modifications in the sample may arise, but due to the partici=0 ps, i.e., maximum temporal overlap of pump and probe
pation of all molecules in the excitation volume correspond-pulses. The solid circle&onnected by a dotted line for bet-
ing transmission changes have no orientational preferender visibility) represent the anisotropic transmission change
(for a more detailed discussion, see Ref. 7 Ay, the solid line gives a conventional absorption spec-

All data presented in this work refer to samples of HDOtrum (corrected for OD background, referring also to a tem-
in D,O, HDO concentratior=0.5 mol/l at a temperature of perature of 230 Kfor comparison. The main features seen in
230 K. The solutions were made mixing proper amounts othe spectrum are a relatively narrow region of strong trans-
bidistilled H,O and highly purified RO in the liquid phase mission increase around the excitation frequency being
(at room temperatujeAfter the proton/deuteron exchange— clearly narrower[full width at half maximum (FWHM)
being well known to take place very rapidly—most hydrogen36 cm ] than the OH absorption ban@WHM 47 cm 1),
atoms are located in HDO molecules, and the residual corand a very broad range of induced absorption between 2700
tent of H,O (approximately 102 mol/l) is negligible com- and 3200 cm?. Additionally a rather weak band of absorp-
pared to HDO concentration. Isotopic dilution is suggestedion increase is found at the high-frequency side of the OH
by two reasons: first, data from the OH stretching region camand around 3390 cnl. In the inset of Fig. 1 the corre-
be interpreted much more straightforward, because only aponding time development at the position of maximum
single, well isolated vibrational OH absorption has to be re-bleaching(probe frequency,=3300 cml) is given; as is
garded; second, due to the very small penetration depth of gasily seen regarding the Gaussian fit cuidetted ling the
radiation in isotopically pure watér<1 um in the maximum  experimental pointgsolid squaresagree well with a corre-
of OH or OD band the absorbed pump energy would causelation of pump and probe pulses; particularly no indication
local melting even in an ice sample at very low temperaturefor a slower decay is found. Identical time dependence of

The actual samples were prepared cooling down a thim aps—within experimental accuracy—was measured also at
layer (d=100um) of the appropriate HDO/ED mixture be-  any other probe frequency showing detectable transmission
tween 2 Caf windows directly in the cryostat cell of the changes. As coherent artifacts can be excluded, e.g., from the
IRDRS experiment. Using a rather low cooling rate in thedata of Fig. 2(see beloy, it is reasonable to describe the
surroundings of freezing point sufficiently large regions ofanisotropic signald a,s simply in terms of nonequilibrium
crystalline ice with excellent transparency in the visible, i.e.,population of vibrational states. Accordingly the bleaching is
negligible scattering of pump intensity, could be obtained.assigned to reduced population difference between ground
The latter is a necessary condition to get reliable data imnd excited state of the OH stretch, the absorption increase to
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relaxed vibrational energy can be recognized looking at the
o (PS) transient spectra of botha s (solid circles andA a,; (open
squarep given in Fig. 3 for four different delay time, =
-3, 1, 5, and 8 psgincreasing from bottom to topthe ex-
citation frequency isv,,=3300 cm Lin each case. At the
two early delay positions both signals exhibit very similar
profiles; namely, an intense and rather narrow hole at the
pump frequency with a slight asymmetry, which is best seen
attp=1 ps as bleaching at the low-frequency wing, but in-
duced absorption at the high-frequency side of the band. For
later delay positions significant differences aridez,s does
not change its principal shape, only its amplitude decreases
(for delay times< 10 ps it has returned to zero within experi-
mental accuragyand the hole is slightly broadened with
increasing delay time. The “rotation free” signala,+ how-
ever evolves to a very different contodnleaching below
T T T 3300 cm'!, induced absorption abojewhich finally re-
3200 3300 3400 mains constant for the whole delay range of the experiment,
Probe Frequency (cm™) i.e., up totp=3ns. This long time spectrum in accordance
with previous work on hydrogen bonded systéi¥' is at-
FIG. 3. Time dependence of transient spectralaf, (solid tributed to local temperature rigef the order of 10 Kin the
circles and Aay (open squaresfor excitation at 3300 cm; in-  €xcitation volumeafter thermalization of the vibrational en-
creasing delay time from bottom to téfy,= —3, +1, 5, and 8 ps  ergy) shifting the hydrogen bond distribution on average to
lower energies, and thus the OH absorption band to higher
excited state absorptiofirom first to higher vibrational en- frequencies. As all HDO molecules in the probed volume are
ergy level$ with large anharmonic redshifabout 300 cm?) involved, this is an isotropic effect seen only Ay .
and broadeningFWHM ~250 cri 1), The vibrational life- For the early delay times, the amplitude ratioAok,s and
time of the OH stretch of HDO/ED ice cannot be deter- Ay reveals a molecular reorientation timg T, confirm-
mined directly from the currertime resolved data, but an ing the expectation that in a crystalline sample no fast orien-
upper limit of ~2 ps—representing the time resolution of the tational motion should be present. The minimum FWHM of
experimental system—can be given. A lower limit can beAr=26 cm * found attp = — 3 ps can be used to get a lower
obtained from the minimum linewidth of bleaching; this limit for both energy relaxationT;) and dephasingTy):
question and the characteristics of the observed induced abalculating an effective relaxation time= (7cAv) ! com-
sorptions will be discussed below. prising both processes yields~400 fs, even if the finite
The notably smaller bandwidth of bleaching compared towidth of pump and probe pulses is not accounted for. So 400
the conventional absorption band strongly suggests that s is clearly a lower limit for vibrational lifetime and dephas-
transient vibrational hole is observed, or, in other words, théng of the OH stretching mode in crystalline HDO ice. Re-
OH band in ice is inhomogeneously broadened, the width ofjarding the width of the conventional ir absorption band, a
the inhomogeneous distribution being of the same order asalf width of the inhomogeneous distribution of approxi-
the homogeneous linewidth. This interpretation is proven bymately 25 cm? can be estimated. Due to hole asymmetry
the data of Fig. 2, which illustrate the effect of tuning theand probable saturation effects no additional information
excitation frequency off resonan¢any other experimental about, e.g., spectral diffusion can be drawn from the ob-
settings are kept unchanged with respect to the situation iserved increase of hole width.
Fig. 1). As is easily seen for three quite different excitation = Turning to a microscopic view of energy dissipation a
frequencies, i.e y,,=3260 cm ! (data points represented by rather plausible explanation for the hole asymmetry seen in
starg, v,,=3300 cm! (open squares vp=3340 cm? A« is suggested by the above findings: in a first step after
(solid circles, the peak of the transient hole shifts accordingdeexcitation of an OH stretching vibration the relaxed energy
to the pump frequency, but only for an amount of less tharwill still be located in the immediate surroundings of the
10 cmi ' in either direction despite the rather large shift of originally excited molecule, thereby modifying hydrogen
the excitation. While this general trend is a typical behaviorbonding only in the small volume directly around this mol-
for transient hole burning, the rather small shift of the hole inecule; most likely the bonds will on average be weakened
accordance with pump detuning is a special consequence tke in the case of temperature rising, even if the notion
or, vice versa, a strong hint for the presence of a quite narrowtemperature” is not appropriate for the molecular scale.
inhomogeneous distributiol. In addition, this finding al- The next neighbors of an HDO molecule however are with
lows us to exclude coherent artifacts, which could only arisénigh probability only BO molecules, because at the given
directly at the excitation frequency. The relatively large am-concentration of 0.5 mol/1 HDO on average only roughly 1
plitudes of the given data with off resonant pumping com-HDO molecule is found within 100 D molecules or, syn-
pared to central excitation suggest a significant degree afnymously, the average distance between next neighbors is
saturation in the experiments. larger by nearly a factor of 5 for HDO compared toD(as
The main features of time development in the bleachings easily seen taking simply the cubic roots of concentra-
region and additional information about the dissipation oftions). So effects in the transient spectia the OH spectral

HDO:D,0, T = 230K t
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region corresponding to this situation immediately after re-sible explanation for this huge width can be found regarding
laxation of an individual quantum of vibrational energy canthe potential for a proton between two oxygen atoms in the
only be due to the primarily excited HDO molecule. Corre-ice lattice, which is usually described as asymmetric double-
sponding transmission changes are likely to be similar to thevell potential with a barrier height being of the order of the
bulk thermal effect with regard to its principal spectral shapeenergy of thev =2 state of the OH stretching vibratidn'®
(bleaching at the low-frequency side of the band, inducedn this model the possibility of proton transfer to the second,
absorption at the high frequency sjdbut as an HDO mol- less deep minimunteither directly or via tunneling, depend-
ecule in the ice lattice can hardly change its orientation, théng on the concrete barrier heightauses very fast phase
orientational information of the excitation process will be fluctuations being responsible for a significant part of the
conserved, i.e., the changes must be anisotropic and can thiasge width of the observed=1 tov =2 transition. But also

be seen also itk aps. With ongoing dissipation the relaxed fast energy relaxation may play an important role, because
energy will be distributed over a larger volume gradually higher vibrational states in strongly anharmonic potentials
affecting more HDO molecules with varying orientation andare known to often have significantly shorter lifetimes than
of course smaller amount of energy per individual OH groupthe first excited state.

so that finally the orientational information is lost and the To find out more details about ultrafast dynamics and
spectral changes approach the isotropic thefimalk) effect.  structural disorder in ice we are already preparing further
It is interesting to estimate local energy densities at differenexperiments applying better temporal resolution, extended
stages of the discussed thermalization process: in an indfrequency range and/or refined techniques of sample prepa-
vidual early situation, where only one HDO molecule and itsration (including use of internal reflectionAlso the investi-
four next neighbors in the tetrahedral geometry are affectedation of other structural modificatioiamorphous icemay

by the energy of one relaxed vibrational quantum, the locaprovide additional information about, e.g., the question, how
energy density is equivalent to a temperature rise by abouast structural changes can take place.

200 K (calculated simply from molecular density and spe-

cific hea}; macroscopically, however, the situation of the SUMMARY

long time spectrum, i.e., homogeneous distribution of the

whole pump enerav in the excitation volume. corresponds to In conclusion it is pointed out that transient hole-burning
pump energy . he experiments were performed on crystalline HDO ice reveal-
a temperature increase of onty10 K (assuming previous

ingle excitation of each HDO molecille ing that the OH vibrational absorption band is inhomoge-
) gtieclfing to this interpretation the hole asymmetry can beneously broadened due to proton disorder, but only with a
explained simply by overlap of the prominent effect, the ac_qwte narrow mhomogemou_s distribution. Regarding the ob-
tual noneauilibrium vibrational population. with the, ANiSO- served homogeneous linewidtk@5 cm 1) and the tempo-
et qurlibrium vibrafional population, wi o al resolution of the experiment, a vibrational lifetime of the
tropic effects of energy dissipation; as to the short vibrationa H stretching mode in HDO ice at 230 K of 0.59%
lifetime—compared to the applied pulse duration—no delaysz ps is found; the lower limit is also valid for thé deplhas-
between these two contributions should be measurable. This™ & ’ . he vib
suggestion is proved by the fact that time resolved data cf? e %2 I8 BRAC S0 SNUIED G TR
Aapsat any probe frequency show identical, particularly cor- P P

relationlike time dependence, which at the same time allowgmd the effect from relaxed energy in the immediate sur-

us the conclusion that the typical time for the described ther[oundmgs of originally excited molecules. In other words,

malization of relaxed vibrational energy on the molecularMicroscopic heat” transfer on a molecular scale with a time
constant below 1 ps has been observed.

scale can also only be of the order of 1 ps or shorter.
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