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A nanosecond pulsed laser heating system for studying liquid
and supercooled liquid films in ultrahigh vacuum

Yuntao Xu,? Collin J. Dibble,® Nikolay G. Petrik, R. Scott Smith, Alan G. Joly,

Russell G. Tonkyn, Bruce D. Kay,” and Greg A. Kimmel®
Physical Sciences Division, Pacific Northwest National Laboratory, P.O. Box 999, Richland,
Washington 99352, USA

(Received 29 January 2016; accepted 8 April 2016; published online 26 April 2016)

A pulsed laser heating system has been developed that enables investigations of the dynamics and
kinetics of nanoscale liquid films and liquid/solid interfaces on the nanosecond time scale in ultrahigh
vacuum (UHV). Details of the design, implementation, and characterization of a nanosecond pulsed
laser system for transiently heating nanoscale films are described. Nanosecond pulses from a Nd: YAG
laser are used to rapidly heat thin films of adsorbed water or other volatile materials on a clean,
well-characterized Pt(111) crystal in UHV. Heating rates of ~10'" K/s for temperature increases of
~100-200 K are obtained. Subsequent rapid cooling (~5 x 10° K/s) quenches the film, permitting in-
situ, post-heating analysis using a variety of surface science techniques. Lateral variations in the laser
pulse energy are ~+2.7% leading to a temperature uncertainty of ~+4.4 K for a temperature jump of
200 K. Initial experiments with the apparatus demonstrate that crystalline ice films initially held at
90 K can be rapidly transformed into liquid water films with T > 273 K. No discernable recrystalli-
zation occurs during the rapid cooling back to cryogenic temperatures. In contrast, amorphous solid
water films heated below the melting point rapidly crystallize. The nanosecond pulsed laser heating
system can prepare nanoscale liquid and supercooled liquid films that persist for nanoseconds per heat
pulse in an UHV environment, enabling experimental studies of a wide range of phenomena in liquids

and at liquid/solid interfaces. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4947304]

. INTRODUCTION

Liquid/solid interfaces, such as those in living organisms, !
photoelectrochemical cells,> photocatalysts,”” nuclear reac-
tors,® and nuclear waste depositories,® are ubiquitous both
in nature and technology. Despite their importance, a
molecular-level understanding of such systems is lacking
due to numerous experimental and theoretical challenges. For
example, details of the growth mode and wetting properties
of very thin—from one to several tens of monolayers
(MLs) thick—crystalline ice (CI) and amorphous solid water
(ASW) films at cryogenic temperatures have been determined
for several well-characterized substrates including some
metal single crystals, graphene, and some metal oxides.””
Ultrahigh vacuum (UHV) surface science techniques, such
as infrared reflection absorption spectroscopy (IRAS) and
temperature programmed desorption spectroscopy (TPD),
coupled with theory, have proved to be useful for elucidating
such structures and dynamics. In contrast, relatively little
experimental information is available for the molecular-level
structure and dynamics of comparably thin liquid water
films on surfaces.'”>> Therefore, experimental approaches
that permit the creation and study of thin liquid water films
are needed.
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Typically, the high vapor pressure of liquid water and
other volatile materials leads to rapid desorption of nanoscale
films in UHYV, limiting their ability to be studied in that
environment. To circumvent this problem, vapor deposition
on a substrate at low temperature (below the glass transition)
has been used to “freeze” the liquid as an amorphous
solid. For example, water films created at low temperatures
(<130 K) by vapor deposition have the mechanical properties
of a solid but the molecular structure of a liquid. When water
is deposited under these conditions the resulting material is
called amorphous solid water (ASW).2° The same technique
can be used to create a wide variety of amorphous solids.
The amorphous film can then be heated above the “glass
transition” temperature where the film transforms into a
supercooled liquid, albeit one in which the molecular motions
are 10" times slower than a liquid at room temperature.?’
The combination of slow molecular motion and the nanoscale
thickness of the films has been used to measure the diffusivity
of deeply supercooled liquid water in the range of ~1 x 1071
to ~1 x 107!2 cm?/s from 150 to 160 K.28% Unfortunately, at
the heating rates used in those experiments (~1 K/s), ASW
rapidly transforms to crystalline ice, which limits the upper
measurement temperature to about 160 K. Additionally, the
films undergo rapid evaporation (sublimation) above 140 K.
Because rapid crystallization limits the ability to probe the
properties of supercooled liquid water above ~160 K and
below ~230 K, this temperature region is referred to as
“no-man’s land.”°

Published by AIP Publishing.
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Attempts to enter ‘“no-man’s land,” either by heating
the amorphous solid or supercooling from the liquid phase,
are challenging. Experimental approaches from the low
temperature side require rapid heating of an amorphous
solid to circumvent the rapid crystallization kinetics. For
example, Sadtchenko et al. have developed an ultrafast
microcalorimetric method in which a 10 ym wire is used
as a substrate for the deposition of amorphous solids. The
wire can be heated at rates of 10° K/s and changes in
the resistivity are used to measure the heat capacity of the
amorphous material as a function of temperature.'-*> Other
approaches to rapidly heat nanoscale ASW films include
laser-induced injections of hot electrons from the underlying
Pt(111) substrate®® and direct heating of the ASW layer
itself using nanosecond laser pulses of infrared radiation at
3424 cm™'.** In both of these cases, large amounts of the
film were ablated with each laser pulse. On the other hand,
attempts to enter “no-man’s land” from the high-temperature
side require rapid cooling of liquid or gas phase water. One
approach uses liquid jets where a micron-sized diameter jet
is sprayed into vacuum and the evaporation rapidly cools
the liquid to temperatures as low as 210 K. The small
jet diameter and lower temperatures allow for the use of
vacuum based photoemission and x-ray spectroscopies to
explore the structure of water and aqueous solution at the
liquid surface.?*® For example, Nilsson et al. have used a
liquid jet to generate micron-size supercooled liquid water
droplets as low as 227 K.* Another technique uses the
supersonic expansion of water vapor to achieve cooling rates
of 10° K/s.* Wyslouzil et al. have used this approach to
measure the homogeneous ice nucleation rate between 202
and 215 K for nanometer size droplets (~13 nm).*'™ A
completely different direction has been to study the properties
of water in confined spaces and on biological surfaces to
inhibit crystallization.*46

While these and other approaches are promising, more
experimental data are needed to understand the properties
of supercooled liquid water and to address many of its
controversies.”??%4748 We have developed a pulsed laser-
heating method that will allow us to investigate deeply
supercooled liquid water by producing transiently heated
films, which become liquids that last for approximately 10 ns
per laser pulse. Subsequent rapid cooling due to the dissipation
of the heat pulse into the metal substrate effectively quenches
the liquid dynamics until the next laser heating pulse arrives.
The rapid heating and cooling allows the system to reach
previously unattainable supercooled liquid temperatures and
return to the amorphous state before significant crystallization
can occur. The nanosecond time scale is long enough for
many dynamical processes of interest to be investigated. For
example, for diffusivities from 107 to 10~'2 cm?/s, the time
for a molecule to diffuse 1 nm varies from 1073 s to 1072 s. For
a 10 ns duration pulse, these times range from a single heat
pulse up to 10° laser pulses, respectively. Thus, in this case,
experiments lasting a day or less should cover most of the
range of interest. Similar estimates suggest that the nucleation
and growth rates for crystalline ice in the deeply supercooled
region can also be studied with such transiently heated thin
films.

J. Chem. Phys. 144, 164201 (2016)

Here, we discuss the design, implementation, and
characterization of a nanosecond pulsed laser heating system
for investigating nanoscale water and supercooled water films
in UHV. As described below, an important goal is to achieve
uniform heating across the adsorbed films, which requires a
laterally homogeneous laser pulse. A second critical challenge
is to accurately characterize the temperature as a function
of time and position, T(X,z), within the transiently heated
adsorbate layer and the metal substrate. Initial experiments
with the apparatus demonstrate that crystalline ice films
initially held at 90 K can be rapidly transformed into liquid
water films with T > 273 K. These films do not significantly
recrystallize during the time they rapidly cool back to the
starting temperature. Conversely, ASW films that are heated
into the supercooled regime, crystallize and the crystallization
kinetics can be studied versus the number of laser pulses. We
recently published a preliminary report on the melting and
wetting of thin ice films on Pt(111) using this nanosecond
pulsed laser heating system.** Here, we present a more
detailed description of the technique and a number of proof-
of-principle studies demonstrating its utility and applicability
to the study of nanoscale films of liquid water and supercooled
water.

The outline for the rest of the paper is as follows: Section II
presents an overview of the design considerations and heat
transfer calculations of the transiently heated nanoscale films
deposited on a Pt(111) substrate. A detailed description of
the experimental setup is given in Section III. Section IV
discusses calibration of the temperature of transiently heated
thin water films, tests of the lateral homogeneity of the
heating, and presents some preliminary results demonstrating
the capabilities of the system.

Il. DESIGN CONSIDERATIONS AND HEAT TRANSFER
CALCULATIONS FOR TRANSIENTLY HEATED
NANOSCALE FILMS

Figure 1 displays a schematic overview of our approach
for investigating the chemical kinetics and dynamics of
transiently heated nanoscale molecular films adsorbed on a
metal substrate. A key aspect of our approach is the creation of
compositionally tailored, molecular films with sub-nanometer
precision at low temperature on a well-characterized Pt(111)
single crystal in UHV (Fig. 1(a)). After film growth, a
nanosecond Nd: YAG laser is used to transiently heat the metal
substrate (Fig. 1(b)). Efficient heat transfer to the adsorbed
film heats them by hundreds of degrees on a nanosecond
time scale to create nanoscale liquids in UHV (Fig. 1(c)).
Subsequent rapid cooling, also on a nanosecond time scale,
quenches the system so that a post-pulse analysis can be
conducted using the tools of UHV surface science (Fig. 1(d)).
For temperature jumps of ~100-200 K, peak heating and
cooling rates of ~1 x 10'° K/s are achieved.

In the Introduction, several problems in chemical physics
were discussed where the relevant time scales range from tens
of nanoseconds to perhaps one hundred microseconds. As we
show below, the lower end of this range is commensurate with
the transient heating achievable with a single nanosecond
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FIG. 1. Schematic of laser-induced heating and rapid cooling of an adsorbate layer on a metal substrate. (a) Compositionally tailored thin films are grown on
a cold substrate (e.g., T < 120 K) using molecular beams with an isotopically or chemically distinct layer (light green). (b) A laser pulse (or pulses) from a
Nd:YAG laser heats the metal substrate (e.g., Pt(111)). (c) The heat pulse rapidly propagates through the adsorbate layer and into the bulk of the metal crystal.
The heat pulse may initiate physical or chemical changes in the region of interest (green triangles). (d) Diffusion of heat into the metal substrate leads to rapid
cooling of adsorbate layer. The system is quenched at low temperatures and can then be interrogated with surface science techniques such as IRAS and TPD.

Nd:YAG laser pulse and longer times can be explored
by increasing the number of heating pulses. Therefore, it
will be useful to begin with some general considerations
and “back-of-the-envelope” estimates of various quantities
for a nanoscale film adsorbed on a metal substrate that
is heated with a nanosecond laser pulse. Initially, we will
ignore the temperature dependence of the physical properties
(e.g., specific heat capacity, thermal conductivity, etc.) of
the metal substrate and the adsorbate layer. However, these
dependencies are included in the numerical simulations
described below. The first point to note is that with relatively
low-power, nanosecond laser pulses, the electron and phonon
temperatures remain in equilibrium at all times. As a result,
two-temperature models (or their equivalent), which have
been developed to treat the heating accompanying high-power
pico- and femto-second laser pulses,’*? are not required in
this case.

For the experiments reported here, the adsorbed films do
not absorb the laser beam that is used to produce the heat
pulse. Instead, the metal substrate is heated by the laser and
the energy subsequently diffuses into both the adsorbed film
and also deeper into the metal. The absorption depth of the
laser pulse in the substrate is given by the optical properties
of the metal at the frequency of the incident light. For a good
conductor, the penetration depth (or skin depth), y, is given by
X = v/2/(0uw) where ¢ is the conductivity, u is the magnetic
permeability, and o is the angular frequency of the radiation
(w =2mc/2).> For a Nd:YAG laser pulse (A = 1064 nm)
incident on a platinum crystal, the penetration depths are
~5-10 nm at temperatures ranging from 100 to 300 K. In
contrast, the Lambert absorption coefficient for 1060 nm light
in water is ~0.12 cm™! (corresponding to a penetration depth
of ~8 x 107 nm).>*

The penetration depth of the light is small compared to
the typical distance the heat diffuses into the metal substrate,
[, during a single laser pulse. This distance can be estimated
asl, ~ @2Ty5er, Where T4, is the duration of the laser pulse
and o is the coefficient of thermal diffusivity for the metal.
The value of o? is related to its thermal conductivity, ¥, density,
p, and specific heat capacity, C,,, by a®=«/ pC,. Using the

appropriate values for platinum at ~300 K (see Ref. 55)
and assuming Ty, ~ 1078 s gives o> = 2.5 x 107> m?/s and
I, ~ 500 nm. Thus, the diffusion of heat into the substrate
during the laser pulse is significant. On the other hand, our
platinum crystal is 1 mm thick and the time scale for the heat
pulse to diffuse throughout the crystal is approximately 40 ms.
Therefore, it is sufficient to consider the heat flow within the
platinum crystal and the adsorbed film without considering the
heat flow through the rest of the cryostat. In the experiments,
we strive to make the laser beam uniform over the entire area
of the adsorbed films, which are 6.5 mm in diameter. Since [,
is small compared to the length scale for lateral variations in
the laser power, we can ignore lateral heat transfer and treat
the heat diffusion versus the distance normal to the surface
as a one-dimensional problem. At any given lateral position
across the film, the local T(z,t) will be determined by the
local laser energy per unit area at that spot.

Typical experiments will require temperature jumps, AT,
in the range of 100-200 K. The absorbed energy per pulse
that is required to heat the metal substrate by this amount is
AE,e1a ~ mC,AT = pAl,C,AT, where m is the mass to be
heated, m ~ pAl,, Ais the area heated by the pulse, and p is the
mass density of platinum. The crystals have A ~ 10~*m? so for
I, ~5% 107 m and AT = 200 K, AEcir ~ 30 mJ. In many
cases, the energy required to heat the adsorbed film, AEg,,, will
be considerably less than AE,,.,;. For example, the amount of
energy required to raise the temperature of a 100 ML thick
film of water ice by 200 K is only ~1.2 mJ (using the specific
heat capacity of ice at 253 K).>® In many experiments, the
vapor pressures of the adsorbed films are such that appreciable
desorption can occur during a single laser pulse. However,
the energy lost from the film due to desorption is a negligible
fraction of the total energy absorbed. For example, using the
heat transfer model described below, the calculated desorption
per laser pulse for water ice with peak temperatures near the
melting point is ~0.01 ML/pulse. For a film with A = 10™*m?,
and using the heat of sublimation of ice at the melting point,
this amount of desorption corresponds to only ~1 uJ. Since
radiative heat losses are also negligible, the vacuum interface
is effectively an insulating boundary.
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Given the estimates outlined above, it is suitable to
model the heat transfer versus distance within the system as
a one-dimensional problem. To account for the temperature-
dependence of the thermal conductivities and specific heats of
the metal substrate and the adsorbed film, it is convenient to
model the system as a series of coupled ordinary differential
equations (ODEs).>” Each ODE represents a layer of some
thickness, Az;, located at a height z; within the adsorbed film
or the metal substrate. Fourier’s law of heat conduction is used
to calculate the energy flowing across the boundary between
two layers using the average temperature-dependent thermal
conductivity of the two adjacent layers. For the layer at the
vacuum interface, no heat is lost through that interface. We
also choose the total thickness of our simulated metal substrate
to be large enough that the temperature rise in the last layer (in
the “bulk™) is negligible on the time scale of interest. In that
case, we can also impose an insulating boundary condition
there with negligible impact on the calculated T'(z,t) within
the film.

Laser energy is added to the metal substrate taking
into account the spatial and temporal profiles of the light’s
absorption within the metal. Experimentally, the laser’s
temporal profile is measured using a photodiode and is
approximately Gaussian (for improved fitting, two or more
Gaussians can also be used) and the intensity decays
exponentially with distance into the metal. The temperature
change within any layer is calculated using the net energy
flow into it, the temperature-dependent specific heat, C,,(T),
and the density p. An ODE solver is used to calculate the
temperature versus time, 7(z;,t), for all the layers.

The black line in Figure 2 shows T'(¢) at the surface
of a platinum crystal (without an adsorbed film) calculated
using the procedure described above. The dashed purple
line shows the laser energy, E,, versus time (arbitrarily
scaled). The laser pulse profile was chosen to match the
temporal profile of our Nd:YAG laser (described below) as
measured with a photodiode. In this example, the initial

280 e
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FIG. 2. Calculated temperature (7'(¢), black line) and water desorption rate
(Jdes, red line) for an input laser pulse profile (E ), purple line) versus time.
The initial temperature was 90 K and the peak temperature was 270 K. Due to
the exponential dependence of the water desorption rate on the temperature,
the desorption is sharply peaked around the time of the maximum tempera-
ture.
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temperature was 90 K and the maximum temperature was
270 K. Maximum heating rates and cooling rates for this
simulation were 2 x 10' K/s and 5 x 10° K/s, respectively.
The peak temperature at the surface occurs approximately
4 ns after the peak laser power and occurs when the loss
of energy due the diffusion of heat into the Pt substrate just
matches the energy absorbed from the laser. The red line
figure in Figure 2 shows the expected desorption rate versus
time for a crystalline ice film at these temperatures. Since
the desorption rate increases rapidly with temperature, it is
sharply peaked around the maximum temperature: the full
width at half maximum (FWHM) of the desorption curve
is only 4.6 ns, compared to 10.3 ns for the laser pulse and
32 ns for T(¢). For the heat pulse shown in Figure 2, the
integrated desorption over one pulse is 0.0088 monolayers
(MLs). (Water coverages, in monolayers, are defined relative
to the first layer of H,O on Pt (111) as determined by
the water TPD spectra—] ML ~1 x 10'° molecules/m?).
Since many of the physical properties of interest are rapidly
increasing functions of temperature, the narrowing (in time)
of their temporal evolution relative to the temperature profile
is an important characteristic of these transiently heated
systems.

lll. EXPERIMENTAL SETUP FOR NANOSECOND
PULSED LASER HEATING

A schematic for the experimental setup is shown in
Fig. 3. The main components are a 10 Hz ns Nd:YAG laser
(Fig. 3(a), Continuum, Powerlite DLS 8000), laser beam
optics (Figs. 3(b)-3(j)), and a UHV surface science instrument
(Figs. 3(k)-3(0)). The laser and beam optics are designed to
deliver a laterally homogeneous, variable energy laser pulse
whose temporal profile does not depend on the pulse energy.
The fundamental frequency of the Nd:YAG laser (1064 nm)
is used for the pulsed heating. To optimize the laser beam’s
spatial profile and stability, the laser is run at full power.
To produce a pulse with variable energy, a variable attenuator
(Fig. 3(c), Eksma Optics, model 990-0070-1064) consisting of
one half-wave plate and two parallel thin film Brewster-type
plate polarizers is used for tuning the beam power in the
range of 0.5%-99.0% without changing the beam’s spatial
or temporal profile. The variable attenuator works best with
a highly polarized beam, so a Brewster-angle thin film plate
polarizer (Fig. 3(b)) is placed before the attenuator. A shutter
(Fig. 3(e), Uniblitz T132) is employed (as necessary) to reduce
the frequency of the laser pulses entering the vacuum chamber.
For experiments requiring relatively few heat pulses, the pulse
rate is typically set to 1 Hz.

While an ideal laser pulse for our application would have
a “top-hat” spatial profile (i.e., no lateral variations), the output
of a typical Nd:YAG laser, including the one used here, does
not have such a profile. To overcome this problem, a custom-
designed, off-axis diffractive optical element (DOE) (Fig. 3(h),
Silios Technologies) was used. Other optical elements include
a 2x beam expanding telescope (Figs. 3(f) and 3(g)), a
focusing lens (Fig. 3(i)), and 5 steering mirrors (Fig. 3(j)).
The laser beam was incident on the Pt(111) sample (Fig. 3(k))
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a) Nd:YAG laser

J. Chem. Phys. 144, 164201 (2016)

n) FTIR

i b
e )
c) attenuator
g) i) )
- v | A
e) shutter h) DOE

chamber

‘ m) IR detector

FIG. 3. Schematic of the laser, optics, and UHV chamber (top view). The optical elements include a Nd: YAG laser (a), a polarizer (b), a beam attenuator (c), an
iris (d), a shutter (e), a beam expanding telescope (f) and (g), a diffractive optical element (h), a focusing lens ((i), f =75 cm), and 5 IR mirrors (j). The optical
system is interfaced with a UHV vacuum chamber (1) that has a Pt(111) single crystal (k), a molecular beam dosing system (o), an FTIR spectrometer (n), and
an external IR detector (m). A variety of other surface science instrumentation on the UHV chamber is not shown in the diagram.

at an angle of 40° with respect to the surface normal. Figure 4
shows the beam profile captured with a CCD camera. At
the sample position, the laser beam is ~15 mm in diameter.
Because the molecular beam dosing system produces an
adsorbed film with a diameter of 6.5 mm (Fig. 4, red circle),
the entire adsorbate layer and the Pt(111) crystal face are
contained within the flat-top region of the laser spot. With this
system, p-polarized laser beam was obtained that provides
laterally homogeneous heating, with repetition frequencies up
to 10 Hz and in the energy range of 0-600 ml/pulse. The
system can heat the Pt(111) surface to temperatures as high
as ~400 K.

Pt(111) Adsorbate layer

FIG. 4. CCD image of the top-hat laser beam produced by the nanosecond
pulsed laser and associated optics. The image is the average of 500 laser shots.
The relative size of the Pt(111) sample (10 mm) and the adsorbate layers
deposited on the sample with the molecular beam dosing system (6.5 mm)
are indicated by white and red circles, respectively.

The UHV system has been described in detail previ-
ously,”® so only a brief description is given here. The
UHV system consists of a small molecular beam source,
a Pt(111) sample (Princeton Scientific, Corp.), a quadrupole
mass spectrometer (QMS) (Extrel-Merlin 3500), and a Fourier
transform infrared spectrometer (FTIR) (Bruker—Vertex 70).
For (non-pulsed heating) temperature control, the Pt(111)
substrate is resistively heated by passing current through the
tantalum wire to which the Pt(111) sample is spot-welded
and cooled by a closed-cycle He cryostat (Advance Research
Systems—CSW 204B). The sample temperature is monitored
by a K-type thermocouple spot-welded to the back side of
the Pt(111) crystal. The sample is routinely cleaned by neon
ion sputtering (2 keV) followed by two-minute annealing in
vacuum at 950 K. The infrared beam is incident on the Pt
(111) surface at grazing incidence (~84° relative to normal)
and detected in the specular direction. The dosing rate for H,O
is about 0.2 ML/s, the typical temperature ramp rate for TPD
is 1 K/s, and the typical base pressure for the main chamber
is 8 x 107! Torr.

The initial phase of the nanoscale film (amorphous or
crystalline) deposited on the Pt(111) is controlled by the
dosing temperature. Crystalline ice films are typically grown
at ~140-150 K and ASW films grow for T < 120 K. After film
preparation, the temperature is set and held to some initial
temperature, Ty, which serves as the starting temperature
for the pulsed laser heating measurements. Since thin water
films, which are the subject of our initial experiments, are
essentially transparent to photons with a wavelength of
1064 nm, the platinum substrate is heated first, and the
water film temperature increases via heat transfer from the
metal. Desorbed molecules are monitored with the QMS
during the pulsed laser heating process. The QMS does not
have a line-of-sight from the sample to the ionizer. Instead, a
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FIG. 5. H>O desorption versus time for a 150 ML CI film with Tp=90 K
that was heated to 270 K with laser pulses at 1 Hz. (a) An expanded view of
the first pulse in the series. (b) The variation in the pulse height is due to a
combination of variation in the laser pulse energy and the precise timing of
the desorption pulse relative to the 1 ms bin width for data acquisition.

subset of the atoms or molecules desorbing from the surface
enter a 1.7 cm diameter stainless steel tube positioned near
the sample that leads to the ionizer of the QMS. The tube,
which acts as an integrating cup for the QMS,®” also broadens
the initially narrow pulse of desorbing molecules such that
they are detected over ~0.01 s. Figure 5 shows an example
of the H,O desorption versus time measured with the QMS
for a 150 ML crystalline ice film that was held at a starting
temperature of 90 K and heated to 270 K (see below) at 1 Hz.
We will refer to desorption measured in this way as the pulsed-
heating desorption or PHD. The integral of each individual
pulse versus time (see, e.g., Fig. 5(a)) is proportional to the
desorption yield per pulse. For the data shown in Figure 5,
the pulse-to-pulse to variation of the integrated PHD signal
is +12%, which corresponds to a variation of +1.5 K in
temperature and +1% in the laser pulse energy.

IRAS spectra can be taken before and after pulsed laser
heating to investigate changes in the adsorbate layers, such as
phase transitions,®'~% isotopic mixing,?®%? and diffusion.?®%’
TPD of weakly bound gases (e.g., rare gases and Nj) is
also used to investigate changes in the transiently heated
films.”!! The TPD spectra of the adsorbate layers after pulsed
heating also provides valuable information on the chemical
and physical processes occurring in the films.

IV. TEMPERATURE CALIBRATION OF TRANSIENTLY
HEATED FILMS

Two of the primary challenges with transiently heated
nanoscale films are achieving a laser pulse that is uniform
over the area of the adsorbed film and characterizing the
temperature versus time and position, 7'(z,7), within the films.
In this section, we describe experiments that have been
done to characterize these properties for the experimental
setup described in Section III. To characterize the temporal
characteristics of the heat pulse, we have measured the
reflectivity of the transiently heated Pt(111). In addition,
we have used measurements of the laser-induced desorption
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of thin water films to characterize maximum temperatures
obtained versus the laser pulse energy, and the lateral
homogeneity of the laser pulses.

A. Transient reflectivity of laser-heated Pt(111)

The reflectivity of metals depends on their temperature®®
and thus provides a method to characterize T'(¢) at the surface
of the transiently heated substrate.5’7 Figure 6 shows the
change in the reflectivity, AR(t) = R(T(¢))/Ro, versus time
when the Pt(111) sample was heated with 400 mJ pulses
(red line), where R(T) is the reflectivity of the platinum
at temperature, T, and Ry = R(T;) where T, is the initial
temperature. For this experiment, the intensity of a red diode
laser (630 nm) reflected off the sample was measured versus
time with a photodiode while the sample was irradiated with
the IR pulses from the Nd:YAG laser. Based on experiments
described below, the maximum temperature achieved during
the laser pulses was 297 K. As expected, the change
in reflectivity is small and negative.®®®”70 The reflectivity
decreases quickly as the sample heats up and recovers more
slowly as the sample cools down. The FWHM of the dip in
reflectivity is ~25 ns.

The change in reflectivity with temperature can be
approximately linear or have some curvature, depending on
the metal.%® Previous experiments indicate that for platinum,
the thermoreflectance coefficient, which is a measure of
dR/dT, varies approximately linearly with temperature
for 290 K <T <600 K for both 470 nm and 530 nm
light.”® Therefore, AR(t) should be approximately quadratic
in T(t): AR(t) =1~ (a/Ro)(T(1) = To) = (B/RT(t) = Tp)*.
Assuming this, same functional form applies for 630 nm
light for 90 K < 7' < 300 K and using a./Ry = 1.9 x 107> K~!

1.001
1 k) Calculated AR(t)
0.999 -
= 0.998 - Measure AR(t)
'
< 0997 |
0.996 -
0.995 -
0004 Lo v v v v v v e
0 100 200 300 400
time (ns)

FIG. 6. Measured and calculated change in reflectivity versus time during
pulsed heating. The Pt(111) crystal, with an initial temperature of 90 K, was
heated with 400 mJ IR pulses at 10 Hz and the change in the reflected intensity
of a diode laser, AR(¢), was measured versus time, red line. Note that the
maximum reflectivity change is small and the measurement is the average
of 1.2x10* pulses. Using T'(z) calculated with the heat transfer model (see
Fig. 2, black line) and the temperature-dependent reflectivity of the platinum
substrate, the change in reflectivity was calculated (black line). The calculated
reflectivity matches the measured value.
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and B/Ry = 4.0 x 1078 K2, we calculated AR(t) using T (t)
calculated with the heat transfer model (Figure 6, black
line). As seen in the figure, the calculated reflectivity versus
time captures the important features of the measurement. In
particular, the quick increase in temperature and subsequent
rapid cooling leads to the initial rapid drop in the reflectivity
and its recovery to ~0.998 after only ~50 ns. The slow increase
in reflectivity at longer times occurs as the heat diffuses further
into the crystal and the temperature at the surface returns to
the initial temperature. (At ~300 ns, the calculations indicate
that the heat pulse has diffused approximately 15 um into
the substrate). The close agreement between the measured
and calculated AR(¢) indicates that the heat transfer model
correctly describes T(¢) for the transiently heated sample.

B. Desorption per pulse versus laser energy per pulse

In this section, we describe a method to calibrate the
temperature using the measured desorption per pulse from
a transiently heated adlayer as a function of the energy per
pulse, E,, of the laser. Because the vapor pressure of a water
adlayer increases dramatically (roughly Arrhenius-like) with
temperature, the desorption per laser pulse is quite sensitive to
the temperature. The desorption flux for crystalline ice, J,4(T),
can be calculated from the known temperature-dependent
vapor pressure of ice, Pio(T): Jyes(T) = —LieD) " where

\2xmk,T ’

m is the mass of water and k;, is Boltzmann’s constant.”!
(An equivalent expression applies for liquid water). Using
T(t) calculated with the heat transfer model (e.g., Fig. 2),
the integral of Ju(T(f)) over a single pulse gives the
desorption per pulse, Jyes(Thax) = J Jaes(T(2))dt, where Tqx
is the maximum temperature obtained during the pulse. We
use T,q as a characteristic to designate a particular T'(r)
for the transient-heating experiments. The calculation can
be repeated for a variety of different heat pulses covering
a range of maximum temperatures to create a table of T,
versus Jyes(Tmax). Measurements of Jy.(Tmax) are then used
to determine the corresponding 7'(¢) for a given laser pulse
energy.

Figure 7(a) shows Jyes(Tmax) versus E, for 10 ML
ASW and CI films. For these experiments, the desorption
from the water film was measured three ways: (a) from
comparisons of the integrated intensity of the water TPDs
with and without pulsed heating (Fig. 7(a), green diamonds),
(b) via the integrated intensity of the OH-stretch region in
IRAS (Fig. 7(a), red squares), and (c) from the magnitude of
the integrated water PHD (Fig. 7(a), open black circles). In
IRAS, the integrated OH intensity decreases linearly versus
the number of laser pulses (data not shown) and the slope of
this line is Jy(Tiax)- For the PHD, the integrated signal is
proportional to the desorption yield per pulse. As E,, is varied
from 250 mJ/pulse to 455 ml/pulse, the desorption rate varies
by over three orders of magnitude, and as seen in Figure 7(a),
the three techniques for measuring Jies(Tmax) are all consistent.
For the data shown in Figure 7(a), the desorbing molecules
undergo fewer than 1 gas-phase collision (on average) above
the surface due to the relatively low desorption fluxes and the
short duration of the heat pulses.”
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FIG. 7. (a) The experimental desorption per pulse, J ., versus laser pulse
energy of 10 ML CI or ASW films determined from IRAS (red squares),
water TPD (green diamonds), and water PHD (black circles). The error bars
for the PHD data indicate the standard deviation obtained from repeated
measurements at the same pulse energy. (b) Maximum temperature, Ty,
versus the laser pulse energy. Jgs at each laser power (from a) was converted
to a maximum temperature, T;nq(E ), using the calculated 7'(z). Thus, for
any given laser pulse energy, the corresponding 7'(#) can be calculated,
providing a temperature calibration.

As described above, each measured desorption per pulse
corresponds to a particular temperature as a function of time,
T(t), and its corresponding 7,,,, for the transiently heated
film. Figure 7(b) (red circles) shows 7T,,,., obtained from the
measured desorption rates, versus E,,. This data can be fit
with a second order polynomial, providing a temperature
calibration for the transiently heated films.

C. Lateral homogeneity of the laser-induced heating

To characterize the lateral homogeneity of the laser
heating and the resulting temperatures that are obtained,
we investigated lateral variations in the desorption rate of
transiently heated thin water films. The basic idea is to adsorb
water films and then measure the area of the underlying
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FIG. 8. (a) Schematic of the desorption profile that occurs when a laterally inhomogeneous laser pulse is used to heat an adsorbate layer. Small variations in
the lateral temperature, T'(x) (top, red line), lead to larger variations in the desorption rate for the adsorbate layer (top, blue line). The lateral variations in the
desorption rate cause the hotter portions of the adsorbate layer to completely desorb earlier than the colder regions, exposing the underlying Pt substrate. (b)
The fractional area of the bare substrate, fpq. (red triangles), the fraction of the water desorbed, fyesory (black circles) versus the number of laser pulses, N,.
Using a model that assumes a Gaussian distribution of temperatures across the sample, calculated values for fj, (red line) and fye50r» (black line) reproduce the

experimental results.

Pt(111) substrate that is exposed by the desorbing water films
versus the number of heating pulses (see Figure 8(a)). Since
water desorbs faster from the hotter areas, the substrate will
be uncovered at earlier times in those regions, providing
information on the homogeneity of the heating. As described
above, the temperature, averaged over the adsorbate layer,
can also be calculated from the measured desorption rate per
laser pulse of the adsorbate layer. As described in earlier
publications,””!! we use rare gas adsorption/desorption to
measure the amount of the surface that is not covered
with any water, covered with 1 monolayer, or multilayers
of water.

As an example of this approach, Figure 8(b) shows the
results of an experiment for a 10 ML ASW film irradiated with
360 mJ laser pulses with Ty = 90 K. Using the temperature
calibration shown in Figure 7(b), T}, = 280 K. The fraction
of the initially covered Pt(111) surface exposed as the water
film desorbs, fpq. (red triangles), and the fraction of the water
that has desorbed, fy.5m (black circles), are shown versus
the number of laser pulses, N, (see Figure 8(b)). fuesorr Was
determined using the integrated intensity of the water OH
stretch region in IRAS, fiesors(Np) =1 — %, where
IRAS(N,,) is the integrated water signal after N,, laser pulses.
For N, <~ 300, there are no bare spots in the water film,
Spare ~ 0, and  fges0rp increases linearly. For N, > 300, the
water film has completely desorbed from the hotter portions
of the substrate, f,.,. begins to increase, and—because the
bare regions no longer contribute to the water desorption—
%A’b decreases. As N, increases further, the water film
Corﬁppletely desorbs from successively colder regions of the
surface and fp,. continues to increase. When only the first
monolayer remains in some area, the desorption rate for that
area decreases further due to the fact that the adsorption
energy of the monolayer is larger than that of the multilayer.

Knowing the adsorption energies of the water monolayer
and multilayer films on Pt(111), a quantitative model of the
desorption can be built using various assumed temperature
distributions across the sample. The results of the model can
then be compared to the experiments shown in Figure 8(b). For
simplicity, a one dimensional model of n cells (with n = 1000,
for example) representing the lateral positions of water film
was constructed with various trial temperature distributions.
For each cell, i, fuesorb(Np, ), and fpue(N,, i) are calculated
for the temperature of that cell, 7;. For the entire film,
Saesorr(Np) and frare(N)) are the averages of fyesomm(Np, i) and
Srare(Np, i) over all the cells. Figure 8(b), shows fpar(N,) (red
line) and fe50r(N)p) (black line) for a model with a Gaussian
probability distribution for the temperatures in the cells,
P(T;) = exp[—(T; — T*)*/0*] where T* =278 K and 0 = 5 K.
It can be seen that the model reproduces the experimental
results. The FWHM for the temperature distribution is ~8.3 K,
corresponding to a variation of £1.5% in the maximum local
temperature. Because the starting temperature is 90 K, this
temperature variation corresponds to a variation in the laser
pulse energy of +2.7% across the entire sample. As shown in
Figure 4, the spatial distribution of these small variations in
the laser power, and hence the temperatures, is random. Note
that this temperature distribution agrees with 7,,,, calculated
based on the laser pulse energy and the measured desorption
(280 K, see Fig. 7).

It should be noted that the temperature distribution used to
model the data in Figure 8(b) is not unique, since we can also
obtain similar results with other temperature distributions.
However, the width of the temperature distribution, which
represents the temperature variations across the film, is
an important parameter. Any temperature distribution that
reproduces the experiments will have a similar width as the
one used for the model in Figure 8(b).
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D. Proof-of-principle experiments

As discussed in the Introduction, the ability to create
nanoscale liquid water and supercooled liquid water films in
UHYV should allow us to investigate a variety of phenomena
that are of interest in chemical physics. In this section, we will
present some proof-of-principle experiments that demonstrate
some of these capabilities.

Most of the experiments we envision for investigating
the kinetics and dynamics in liquid and supercooled liquid
water films will require that these films do not crystallize
appreciably during a single laser pulse. Figure 9(a) shows the
IRAS spectra for a 50 ML ASW film that was grown at 90 K
(black line) and after that film was heated to 305 K for 1, 3,
and 100 laser pulses (red, green, and blue lines, respectively).

a) Tmax =305 K 50 ML ASW
— 1 pulse
3 pulses

Absorbance

~ b) T =248K .

max A 2200

= ‘ 1900 -
f 1600
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FIG. 9. IR spectra of transiently heated 50 ML water films on Pt(111). For
both (a) and (b), a 50 ML ASW film was deposited at 90 K on Pt(111) (black
line). The IR spectra are obtained at T=90 K after pulsed heating. (a) For
Tmax =305 K, aside from desorption, the IR spectra are essentially identical
and characteristic of ASW. (b) For T}, = 248 K, as the number of heat pulses
increases, the initially amorphous film crystallizes.

J. Chem. Phys. 144, 164201 (2016)

After 1 and 3 pulses, there is essentially no change in
the spectra indicating that negligible crystallization occurs
during the cooldown phase after each heat pulse. After 100
pulses, the overall intensity has decreased due to the relatively
rapid desorption occurring at such high temperatures, but
the IR spectrum is still consistent with an ASW film. For
a 50 ML ASW film (Fig. 9(b), black line) that is heated
to Tar = 248 K, IRAS shows that for the first ~400 laser
pulses, essentially no crystallization is observed (Fig. 9(b),
red line). At longer times (i.e., larger N,), the IR spectra
undergo changes characteristic of crystallization.?*’37* For
this temperature, the crystallization is largely complete after
2500 pulses. The data shown in Figure 9(b) can be analyzed to
extract the extent of crystallization versus N,,, and experiments
such as these will be used to investigate the crystallization
kinetics in the “no-man’s-land.”

For an ASW film that is transiently heated above the
bulk melting point and rapidly cooled back to 90 K, the
IRAS spectra before and after heating with a few pulses are
essentially identical (Fig. 9(a)). In contrast, for an initially
crystalline ice film that is heated above the bulk melting point,
the film progressively melts as N, increases. Figure 10(a)
shows an example where a 50 ML crystalline ice film (black
line, as grown) was heated to 300 K. After a single pulse
(Fig. 10(a), blue line), the film shows substantial melting.
However, analysis of the IR spectrum indicates that film is
still approximately 50% crystalline (not shown). More heat
pulses lead to increased melting and the film has completely
melted for N, > 10. These results demonstrate that the initially
crystalline ice film progressively melts during the brief time
it is above the melting point and does not substantially
recrystallize during the subsequent cooldown. Rapid cooling
of micron-sized water droplets on a cold substrate is one of the
standard methods to produce ASW (also called hyperquenched
glassy water).” The results in Figure 10(a) show that for the
transiently heated films, the rapid cooling occurring at the end
of the laser pulse is also sufficient to quench the liquid film
into the glassy state with negligible recrystallization.

Based on energetic considerations, the heat transfer
calculations discussed in Section II suggest that if there is
efficient heat transfer between the metal substrate and the
crystalline ice film, a film heated to 300 K should completely
melt within a single heat pulse. One possible explanation for
the observations is inefficient heat transfer across the water/Pt
interface, corresponding to a large Kapitza resistance.”®”’
However, melting kinetics within the ice films can also play
a role.”® The melting kinetics of these transiently heated
nanoscale films will be the subject of future investigations.

For a crystalline ice film that is capped with an ASW
layer and heated below the bulk melting point, crystallization
proceeds from the CI/ASW interface without the need for
nucleating the crystalline phase. As a result, the crystallization
proceeds more rapidly. Figure 10(b) shows an example where
a 50 ML crystalline ice film was capped with a 50 ML ASW
film (black line) and then heated to 253 K. For N, < 100
pulses, the film rapidly crystallizes (Fig. 10(b), blue lines) and
is essentially completely crystalline by N, = 300 (Fig 10(b),
red line). These results can be compared to Figure 9(b) where,
in the absence of a crystalline ice template, crystallization
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FIG. 10. (a) A 50 ML crystalline ice film (black line), which was heated to
Tnax =300 K, partially melted after a single pulse (blue line) and completely
melted for N, > 10. (b) A 50 ML crystalline ice film that was capped with a
50 ML ASW film (black line) and heated to T}, =253 K crystallized as N,
increased. The blue lines show the spectra after N, = 15, 20, 30, 50, and 70.
After 300 pulses, the film has completely crystallized (red line).

takes significantly longer. Experiments such as these will
allow us to determine both the growth rate for crystalline ice
and the volume nucleation rate as a function of temperature
for deeply supercooled liquid water films.

V. CONCLUSION

We have developed, tested, and characterized a nano-
second pulsed laser heating system to explore the properties
of supercooled liquids and liquid/solid interfaces in UHV. The
system is capable of rapidly heating and cooling nanoscale
films adsorbed on clean, well-characterized metal single
crystals. With this system, water films deposited at cryogenic
temperatures can be transiently heated to temperatures
anywhere from ~100 K (or even lower) to the boiling

J. Chem. Phys. 144, 164201 (2016)

point of liquid water—thus spanning the range from deeply
supercooled water to normal liquid water—for approximately
20 ns per laser pulse. Rapid cooling after each laser pulse
quenches the adsorbed films such that changes can be probed
after it returns cryogenic temperatures. As a result, the time-
dependent changes in the film can be studied by simply varying
the number of incident laser pulses—effectively allowing
the construction of a “stop-action” movie of the processes
occurring at higher temperatures. Preliminary results show that
initially crystalline ice films melt when heated above 273 K
and quench into ASW, while ASW films heated temperatures
below 273 K crystallize. We have recently used the system
described here to investigate the wetting of nanoscale liquid
drops on Pt(111).*> More generally, we expect that the system
described here will provide experimental data to help unravel
some of the outstanding puzzles and anomalies of the chemical
dynamics and kinetics of nanoscale liquids and liquid/solid
interfaces.
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