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Abstract. A sensitive picosecond thermometer and manometer for hydrogen-
bonded systems is demonstrated. The technique is applied for temperature jumps
in ice by the help of subpicosecond pulses in the mid-infrared. The hydroxilic
stretching vibrations (OH or OD) are applied for energy deposition and for the fast
and sensitive spectral probing of local structure and thermodynamic condition.
The method is verified in isotopically mixed ice at 200 K and ambient pressure.
The transient data show that the local quasi-equilibrium in ice builds up within
25 ps allowing definition of a local temperature. Measurements performed close
to the melting point provide no evidence for melting after energy deposition,
but for substantial superheating of the ice lattice to 300 K that persists over the
monitored time interval of 1.3 ns.
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1. Introduction

Because of its outstanding role in nature, the investigation of the physical properties of water has
a long tradition in science. Many of these properties display an unusual temperature dependence
that is attributed to the three-dimensional H-bonded network of water molecules [1]-[3], e.g.
the density anomaly of the liquid. An important question in this context is the microscopic
understanding of the ice—water phase transition. The structural changes in ice that undergoes
the melting process are governed by the properties of the hydrogen-bonding network. On
the molecular scale, the dynamics are connected with vibrational motions of the H-bonded
groups, the breaking and reformation of H-bonds, and/or the displacement of hydrogen atoms.
Such processes cover a multitude of timescales, with many elementary events occurring in the
picosecond or even femtosecond time domain [4]-[6]. Consequently, the comprehension of the
melting of ice requires investigations on an ultrashort timescale. But a basic problem here is to
define a temperature and measure it properly on an ultrashort timescale.

We present ultrafast temperature jump measurements in an isotopically mixed ice containing
15M HDO in D,0 (HDO : D,0). The technique can be readily extended to other H-bonded
systems [7]. The hydroxilic stretching vibrations (OH or OD) possess subpicosecond population
lifetimes [8, 9] that allow a rapid energy deposition and redistribution. In order to define a
temperature of the ice lattice and to measure it properly on an ultrashort timescale we have
developed a sensitive picosecond thermometer [10]. The technique applies the OH and OD
stretching vibrations, which are known as fast and sensitive probes for H-bonding [5, 11]. These
vibrations represent suitable spectral tools to distinguish local structures with a time resolution
of a few picoseconds [5, 6]. The use of the stretching modes as a picosecond thermometer of
the local temperature of ice, monitoring the chemical equilibrium of the H-bonding network, is
demonstrated in the following.

To illustrate this point, the common, steady-state infrared (IR) absorption spectrum of a
crystalline mixture of HDO : D,0 (15 M), containing also negligible amounts of H,O, is shown
in figure 1 for various temperature values in the range from 170 (blue) to 270K (red). The
significantly different spectra of the molten sample at 275 K (black solid line), 280 K (dashed
line) and 285 K (dash-dotted line) are depicted for comparison. In the range 2000-4000 cm ™!,
the well-known OD- (left) and OH-bands (right) of ice display remarkable changes of shape and
position (blueshift) with temperature. It is important to note here that the temperature effect on
the absorption of the OH-stretching mode of the HDO : D, 0 is nearly linear. The more complex
shaping of the OD-band is because of the different temperature effect on the symmetric and
anti-symmetric stretching vibrations of the D,O bulk molecules.

Figure 2 presents the same data as thermal differential spectra for temperature differences
230-210 K (blue line), 250-230 K (green) and 270-250 K (red) respectively. The figure shows
that for the OH mode, both amplitude and spectral shape of the thermal differential spectra
depend only slightly on initial sample temperature. The differential spectrum corresponding to
melting of the ice sample is also shown in figure 2 with the vertical scale reduced by a factor of
five (black line). The potential of the molecular vibration as a local probe is readily seen from
figures 1 and 2.
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Figure 1. Conventional IR absorption spectra of HDO : D,O (15M) ice at
various temperature values in the range from 170 (blue) to 270 K (red). The spectra
of the molten sample at 275 K (black solid line), 280 K (dashed) and 285 K (dotted)
are depicted for comparison. The drastic change of the IR absorption spectrum
due to the ice—water phase transition should be noted.
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Figure 2. Same data as in figure 1 plotted as thermal differential spectra with
AT = 20 K for an initial sample temperature of 210 K (blue line), 230 K (green)
and 250K (red), respectively. For a better view, the spectrum corresponding to
melting of the ice sample is scaled by a factor of 0.2 (275-270 K, black line).

2. Experimental setup

Our time-resolved measurements are performed using IR double-resonance spectroscopy. A
schematic of the experimental system is shown in figure 3. We start with a Kerr-lens mode-
locked Nd : YLF laser oscillator with a repetition rate of 43 Hz [12]. The laser emits long trains
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Figure 3. Schematic of the experimental setup for generation of two
independently tunable mid-IR pulses with adjustable duration designed for two-
colour pump—probe spectroscopy in the mid-IR; SPS, single-pulse selector; SHG,
second harmonic generation; OPO, optical parametric amplifier; OPA, optical
parametric amplifier; P1-P5, polarizers; A/2, half-wave plates; VD, variable
optical delay; Ch, chopper; D1-D5, mid-IR detectors.
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lasting ~5.5 us of individual pulses with 10ns separation, duration of 2.7 ps and energy of
1.2 uJ. Amplification of the pulse sequence followed by frequency doubling provides pulses at
523.5nm of 3.5 £ 0.2 ps pulse duration and energy up to 7 uJ. The frequency-doubled laser
radiation is used for synchronous pumping of two single-resonant optical parametric oscillators
(OPO I and OPO Il in figure 3). The idler components display pulse durations of 0.3-3 ps in the
wavelength range 1.2—-1.7 um and single-pulse energy of approximately 10 nJ. The frequency
tuning and the OPO pulse duration are computer controlled. The synchronization between the
pulses of the two OPOs is better than 50 fs.

A single-pulse selector picks one pulse out of the amplified laser emission that is split into
two parts with a ratio 30 : 70. Subsequent amplification yields two laser pulses with energies of
0.2 and 1 mJ, respectively, that serve as pump radiation for the two optical parametric amplifiers
(OPA T and OPA 1I in figure 3). Parametric amplification of one selected pulse of the OPO in
OPA T or OPA 1I is accompanied by the generation of the desired mid-IR difference-frequency
component. In this way, two independent tunable IR pulses with duration of 0.7 ps (0.9 ps),
spectral width of 24 cm™ (19 cm™') and typical energy of 10 nJ (3 uJJ) are generated by
two OPAs. Computer-controlled tuning is provided in the range 1700-3700 cm™' (2300 to
3700 cm~!). The numbers in brackets refer to the pump pulses. The diameter of the pump
beam in the sample is approximately 150 um and a factor of two larger than that of the probe.
The delay time zero setting and the cross-correlation between the two IR-pulses are determined
via two-photon absorption in a Ge specimen [13]. The energy transmittance 7(v)  of the
probing pulse through the excited sample is measured for parallel (||) and perpendicular (L)
polarizations relative to the polarization plane of the pump pulse and compared with the probe
transmittance 7y(v) for blocked excitation beam. In this way, the induced absorption changes
AODy ; are determined for various probe frequencies v and delay times fp. The isotropic
absorption signal, defined as AOD(v, tp)iso = —[log(T/ To) + 2 log(T/Tp) 1 1/3 is determined
and plotted in figures 4—11. We have verified experimentally that accumulative effects related to
the repetition rate of the laser system are negligible.

The investigated samples consist of 15 M HDO in D,0 prepared by isotopic exchange in a
mixture of appropriate amounts of D,O (>99.9 atom %D) and tri-distilled H,O. The ice crystals
are grown by slowly cooling the isotopic mixture between two CaF, windows with 2.5 um
spacer in a cryostat to 180 K and warming it up to the desired temperature at ambient pressure
later on.

3. Results and discussion

3.1. Ultrafast heating of HDO : D,O (15 M) ice at an initial temperature of 200 K

The time evolution of the spectral changes induced after subpicosecond excitation at 2435 cm ™!

(OD-pumping) and 3290 cm~! (OH-pumping) of HDO : D,0 ice at 200K are depicted as a
contour plot in figures 4(a) and (b), respectively, with delay time plotted on the ordinate versus
spectral position on the abscissa. We note here that the delay time is on a linear scale up to 10 ps,
and on a logarithmic scale for longer delays. The change of the optical density of the sample
is indicated by a colour code on the top of the figure with induced absorption in the blue and
bleaching in the red. The pulse energies are adjusted to deposit approximately equal amounts of
energy in both cases. It is interesting to note here that OH-pumping selects the minority species
HDO, while OD-excitation mostly addresses D,O bulk molecules.
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Figure 4. Time resolved data for HDO : D, 0 ice at 200 K. Contour plot of the
spectral changes induced by OD-pumping at 2435 cm™~! (a) and by OH-pumping
at 3290 cm~! (b) as a function of probe frequency and delay time. The changes of
the optical density (AOD;y,) are indicated by contour values given in the colour
scale on the top, with induced absorption in red and bleaching in blue. We note
that the delay time is on a linear scale up to 10 ps, and on a logarithmic scale for
longer delays.

Figures 4(a) and (b) show that the two excitation schemes induce very similar spectral
changes, except the initial relaxation dynamics for fp < 3 ps. The observation is consistent
with the reported fast relaxation of the hydroxilic stretching vibrations in ice [5, 9]. The broad
absorption in the range from 2750 to 3150 cm~! detected after OH-pumping is assigned to the
excited state absorption (ESA) of the initially excited OH-stretching mode. As expected for
unharmonic oscillators [14] the ESA is red-shifted compared to the ground state absorption (see
figure 1). The feature is not observed in figure 4(a) for OD-pumping because the ESA of the OD-
mode is expected to occur for frequencies below 2400 cm™!, i.e. beyond the monitored spectral
range.

More quantitative data are displayed in figures 5 and 6 for fixed probe frequencies and
delay times, respectively. The temporal evolution of the induced bleaching at 3280 cm ™! (blue
points) and absorption at 2520 cm~! (red points) is illustrated on figures 5(a), (b) and (c), (d),
respectively, for both excitation conditions at 2435 cm ™! (filled diamonds in figures 5(a) and (c))
and 3290 cm~! (open squares in figures 5(b) and (d)). For short delay times, the data indicate
fast signal changes for both pumping schemes at rates comparable to our time resolution. The
signal overshoot around #, = O ps for similar pump and probe frequencies (see the insets of
figures 5(b) and (c); the dashed line refers to the pump pulse duration) points towards a coherent
pump—probe artifact in addition to vibrational population changes. This artifact is a well-known
phenomenon for various materials, possibly due to cross-phase modulation or impulsive Raman
scattering in the sample [15, 16]. It occurs for similar pump and probe frequencies, but not for
notably different frequencies (see the insets of figures 5(a) and (d)).
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Figure 5. Temporal evolution of the induced bleaching in OH-mode at 3280 cm ™!
(a and b) and absorption in OD-mode at 2520 cm™' (¢ and d) measured
in HDO : D,O ice at initial temperature 7; = 200 K. Both, IR excitation at
2435 cm~! (OD-pumping, a and c) and 3290 cm~! (OH-pumping, b and c), is
applied. A magnification of short delay times are presented in the inset of the
corresponding figure, indicating fast signal changes for both pumping schemes
at rates comparable to our time resolution. The dashed curves represent the
contribution of a coherent pump—probe artifact and are mostly related to the
pump pulse duration.

For delay times longer than 25 ps, an almost constant amplitude level is reached for all pump-
probing conditions. The finding indicates an approximate local quasi-equilibrium at this time.
The solid curves in figures 5(a)—(d) are calculated with the help of a simple two-step relaxation
model involving exponential time constants t; and 7,. The short relaxation time t; < 0.5 ps
derived from the data agree with the reported OH-lifetime of HDO : D, 0O ice [8, 9]. The second
time constant is measured to be 7, = 8.7 & 0.5 ps and assigned to energy redistribution among
low-frequency intermolecular vibrations, i.e. thermalization of the H-bonded network.

The transient differential spectra measured 40 ps after ultrafast heating of HDO ice at 200 K
by OH- (3290 cm~!, open squares) or OD-pumping (2435 cm™!, filled diamond) respectively,
are presented in figure 6. For better view, a magnification of the OD- and OH-region is shown in
figures 6(a), (c) and (b), (d), respectively, where the same set of time-resolved data is displayed
twice. The figures show that the two excitation schemes induce almost the same spectral changes.
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Figure 6. (a, b) Transient differential spectra measured with tunable sub-
picosecond pulses 40ps after OH- (open squares) or OD-pumping (filled
diamond) of the HDO ice at 200 K. The curves represent steady-state thermal
differential spectra for AT = 15, 20 and 25 K and constant pressure. (c, d) Same
picosecond data (experimental points) but compared to steady-state differential
spectra for isochoric temperature jumps (calculated curves). The better agreement
should be noted.

The finding obviously indicates that the OH- and OD-oscillators are in a local equilibrium at
tp = 40 ps.

Precise steady-state absorption data are measured using the same laser apparatus and the
identical samples just blocking the pump beam. In this way, a convolution procedure required
for conventional IR data (that were also available) with the spectral intensity distribution of our
subpicosecond probe pulses was circumvented. The thermal differential spectra derived from
steady-state data at constant pressure are presented in figures 6(a) and (b) for the temperature
differences 215-200 K (green line), 220-200 K (red) and 225-200 K (blue). The similarity of
these spectra with the time-resolved data verifies the expected heating of the ice sample by
absorbing pump photons. In order to calibrate our picosecond thermometer, we have to take into
account that the ultrafast temperature rise of the sample occurs at constant volume leading to a
simultaneous pressure increase because of the slow volume expansion on a nanosecond timescale
(see below), while conventional IR-data are taken at constant pressure. Raman studies on ice I,
under pressure [17, 18] reported a down-shift of —78 &7 cm™' GPa™' of the frequency of the
OH-band. The OD-stretching mode is expected to display a corresponding shift approximately
a factor /2 smaller.

Taking into account the coefficient of thermal volume expansion of ice, 155 MK ™' [19],
and the isothermal compressibility of 120 MPa ™' [20], we derive the isochoric pressure increase
of approximately 1.3 MPa K~!. Using the pressure shifts of the hydroxilic Raman bands of
HDO ice, we estimate the frequency shift of the isochoric thermal differential spectrum relative
to the isobaric one by —0.10 .01 cm~! K~! for the OH-mode and —0.07 & .01 cm~! K~!
for the OD-mode, respectively. These numbers are used as correction factors for the evaluation
of isochoric differential spectra from the measured isobaric steady state data, assuming that a
moderate pressure jJump does not change the spectral shape significantly.
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The computed results for the thermal differential spectra for isochoric temperature jumps
in the sample of 15 K (green line), 20K (red) and 25 K (blue) are shown for the OD- and OH-
band in figures 6(c) and (d), respectively. The data illustrate the sensitivity of the hydroxilic
stretching vibrations on the local pressure and temperature. The good agreement of the red
line with the transient data (especially for the OH-mode) is noteworthy, indicating an average
temperature rise of the probed sample volume of AT = 20 + 2 K. The estimated average value
for the simultaneous pressure increase at fp = 40 ps is AP = 26 & 5 MPa in the probed sample
volume. The considerably improved agreement between transient and stationary results in figures
6(c) and (d) relative to (a) and (b), respectively, gives experimental support to the isochoric
character of the picosecond temperature jump of the sample.

For a strongly absorbing sample, as investigated here, it is important to consider the
dissipation of excitation energy along the propagation direction z. Since the population changes
generated by the pump pulse are negligible (linear absorption), the longitudinal energy profile
in the probed sample volume is simply governed by Beer’s law, E(z) = Ey x 107%4/¢_ Here, A
is the sample absorbance at the pump frequency, E represents the input energy of the pump
pulse over the cross-section of the probing beam, and d denotes the sample thickness. The
lateral energy profile is approximately constant because of the notably thicker pump beam in the
sample. Neglecting also thermal conductivity on the macroscopic length scale (see below), the
temperature rise induced in the sample varies with propagation length

A x1In10
A& =107

x AT x 1074/,
Here AT denotes the average temperature rise of the probed sample volume.

Analysing the transient differential spectra in terms of thermal (stationary) differential
spectra, we are able to extract the slow changes of average temperature and pressure in the
probed sample volume. To this end, the effects of temperature and pressure on the vibrational
bands are treated separately in the fitting procedure. It is recalled that the pressure change is
deduced from a band shift as compared to the isobaric spectrum. The results are summarized
in figure 7 (experimental points), where the temporal evolutions of average temperature and
pressure in the probed sample volume are presented. Our analysis shows that the hydrogen
bonding network in the ice sample reaches a local quasi-equilibrium for tp, > 25 ps, which allows
definition of a temperature value. Earlier experimental points in figure 7 are not meaningful
and are displayed just for comparison. The stated experimental accuracy does not include a
potential systematic error of the pressure scale that relies on the pressure coefficient of the
OH- or OD-band position. It is gratifying to see the declining of temperature and pressure
on the timescale of 107!°s. Assuming an exponential decay, the time constant for the heat
dissipation is estimated to be 2.5 & 1 ns (red solid line in figure 7), consistent with estimations
of the heat conduction to the cell windows. The pressure drops somewhat faster with &1 ns
(0.5 to 2ns). The phenomenon is dominantly assigned to adiabatic volume expansion. In fact,
the propagation time of longitudinal /transverse acoustic waves through the thin ice specimen is
estimated to be 0.6/1.3 ns (longitudinal /transverse sound velocity of 3.9/2.0kms™' [21, 22]).
The nice agreement supports the reliability of this spectroscopic technique and demonstrates its
potential as a remote picosecond thermometer and manometer.
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Figure 7. Average transient temperature and pressure of the probed sample
volume following the ultrafast heating of the ice sample from 200 K at atmospheric
pressure. The initial temperature jump (red filled circles, red solid line, left
ordinate scale) to a quasi-equilibrium after ~25 ps (vertical line) is consistent
with an isochoric transition. Temperature and pressure (black open squares, black
dashed line, right ordinate scale) develop differently later on.

3.2. Ultrafast superheating of HDO : D,O ice at 270K

Of particular interest are the experiments close to the melting point of the ice sample (7;, =
274.8 K) where the temperature rise may interfere with a melting process. The time-resolved
data for an initial temperature of 270 K are presented in figure 8, while the other experimental
conditions are the same as for 200 K (a minor adjustment of pump frequencies is required to
match the shifted band maxima). Contour plots of the spectral changes induced by OD-pumping
at 2450 cm™! and OH-pumping at 3310cm™! are shown in figures 8(a) and (b) respectively,
with delay time plotted on the ordinate versus spectral position on the abscissa. Note the linear
ordinate scale below 10 ps and the logarithmic scale above this value. The striking similarity to
the data of figure 4 should be noted, i.e. thermal blueshifts of the hydroxilic bands are found,
but no significant broadening as required for the appearance of water. In other words, there is no
evidence for (partial) melting within 250 ps.

The temporal evolution of the induced bleaching at 3300 cm~! (blue points) and absorption
at 2535 cm™! (red points) are presented in figures 9(a), (b) and (c), (d), respectively, for OD-
pumping (filled diamonds, figures 9(a) and (c)) and OH-pumping (open squares, figures 9(b) and
(d)). The insets present the early absorption changes with stretched delay timescales. Again, only
evidence for a temperature rise is found. The thermalization of the ice lattice occurs somewhat
faster than at 200 K. The new quasi-equilibrium, as indicated by the induced absorption changes,
has established within 15 ps. In fact, fitting the two-stage relaxation model to the data, mentioned
above in context with figure 5, yields the thermalization time 7, = 5.4 & 0.5 ps (and 7; < 0.5 ps).

Examples for the time evolution of the differential spectra of HDO ice at 270 K after OH-
pumping at 3310 cm ™! are shown in figure 10, measured at various delay time values from 10 ps
to 1.33 ns (experimental points, calculated solid curves). For shorter delay times a modification of
the spectral profile is noticed that is assigned to the thermalization process, e.g. the redistribution
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Figure 8. Same as figure 4 but for an initial temperature of 270 K. Contour plot
of the spectral changes induced by OD-pumping at 2450 cm™~! (a) and by OH-
pumping at 3310cm~! (b) as a function of probe frequency and delay time. We
note that the delay time is on a linear scale to 10 ps, and on a logarithmic scale
for longer delays. The striking similarity to the data on figure 4 should be noted.

of the energy among low-frequency intermolecular vibration. For longer delay times (=25 ps),
the data show a nearly constant amplitude level and shape of the differential spectra. The blue
dashed line in the figure represents the calculated steady-state differential spectrum assuming
that the probed volume is heated from 270 to 274.8 K with subsequent melting of 10% of the ice
sample. Most important, this curve notably differs from the experimental data and demonstrates
the sensitivity of the measurements to a phase transition.

As suggested by the similarity of the signals measured at both temperatures, it is
straightforward to assume that the optical excitation induces the same process. To verify this
point, we numerically generate thermal differential spectra of HDO : D,0 ice for temperature
values above the melting point by extrapolation of the temperature dependence of the steady-
state spectra. The measured conventional IR spectra in the range 200-270 K show that both
amplitude and spectral shape of the thermal differential spectra depend only slightly on the initial
temperature, while the spectral position is shifted by (Avoy/AT)p = 0.41 £0.02cm™~' K~ at
270K (see figure 2). Accordingly, we define a hypothetical stationary differential spectrum
beyond the melting point by an extrapolation of this dependence, including also the isochoric
pressure increase with its corresponding band shifts. The results of the simulation for different
1sochoric temperature jumps are indicated by the solid curves in figure 10. The lines nicely
reproduce the experimental data suggesting an averaged temperature rise of 20 K in the sample.

The averaged temperature and pressure in the probed sample volume extracted from the
measured band-shape changes (compare black solid curves in figure 10) are summarized in
figure 11 and show nearly the same time evolution as at 200 K. An average temperature in the
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Figure 9. Time evolution of the induced bleaching at 3300 cm~' (a and b) and
absorption at 2535 cm ™! (c and d) measured in HDO : D,O ice at 270K, after
excitation at 2450 cm~! (OD-pumping, a and ¢) and 3310 cm~!' (OH-pumping, b
and c). The dashed curves represent the contribution of the coherent pump—probe
artifact.

DHO:D,0 ice sample up to 290 K is observed. Figure 10 shows that the superheated ice state
persists more than 1.33 ns. The absence of melting of our sample within 1.33 ns is noteworthy and
cannot be explained by experimental shortcomings, since evidence for the phase transition was
obtained at higher excitation levels [10]. According to the variation of the induced temperature
rise along the propagation direction in the sample mentioned above, we estimate a superheating
up to 300K close to the front face of the ice specimen. The number is consistent with recent
theoretical studies of ice where a possible superheating of 40 K [23] if not 70 K [24] was predicted.
Superheating was previously reported for several other materials after ultrafast laser heating, but
not yet for an H-bonded molecular crystal like ice [25, 26].

4. Conclusion

In conclusion, we have demonstrated a spectroscopic method for both temperature and pressure
measurements in an H-bonded material on a picosecond timescale. The method is verified for
an isotopic mixture of ice at 200 K and ambient pressure. We show that the use of a temperature
scale is meaningful for ice as early as 25 ps after energy deposition. Using an ultrafast temperature
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Figure 10. Time-resolved absorption spectraof HDO ice at 270 K at various delay
time values after OH-pumping at 3310 cm~! (experimental points). The spectra
are vertically shifted by multiples of 0.04 OD. The black lines are calculated
and represent extrapolated thermal differential spectra for isochoric temperature
jump with transient temperature and pressure from figure 11. The blue dashed line
refers to partial melting that cannot account for the observed spectral changes.
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Figure 11. Average transient temperature and pressure of the probed sample
volume following the ultrafast heating of the ice sample from 270 K at atmospheric
pressure. The initial temperature jump (filled circles, solid line, left ordinate scale)
to a quasi-equilibrium after *25 ps (vertical line) is consistent with an isochoric
transition. Temperature and pressure (open squares, solid line, right ordinate scale)
develop differently later on.
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jump technique, we observe a heating of the HDO : D,O ice up to 300 K that persists beyond
1.33 ns. The generated superheating of ice seems to be favoured on the one hand by the deposition
of excitation energy in the bulk followed by rapid equilibration including intermolecular energy
transport with a time constant below 10 ps. On the other hand, the thermal stability of the hydrogen
bonds in the crystal lattice near the melting point appears to be higher as assumed at present.
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