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ABSTRACT
Monitoring thermal processes occurring in molecular films on surfaces can provide insights into physical events such as morphology
changes and phase transitions. Here, we demonstrate that temperature-programmed contact potential difference (TP-∆CPD) measurements
employed by a Kelvin probe under ultrahigh vacuum conditions and their temperature derivative can track films’ restructure and crystalliza-
tion occurring in amorphous solid water (ASW) at temperatures well below the onset of film desorption. The effects of growth temperature
and films’ thickness on the spontaneous polarization that develops within ASW films grown at 33 K–120 K on top of a Ru(0001) substrate are
reported. Electric fields of ∼106 V/m are developed within the ASW films despite low average levels of molecular dipole alignment (<0.01%)
normal to the substrate plane. Upon annealing, an irreversible morphology-dependent depolarization has been recorded, indicating that the
ASW films keep a “memory” of their thermal history. We demonstrate that TP-∆CPD measurements can track the collapse of the porous
structure at temperatures above the growth and the ASW-ice Ic and ASW-ice Ih transitions at 131 K and 157 K, respectively. These observa-
tions have interesting implications for physical and chemical processes that take place at the interstellar medium such as planetary formation
and photon- and electron-induced synthesis of new molecules.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0017712., s

I. INTRODUCTION

Water-ice covered grain mantles are abundant in the universe,
since water is the most abundant molecular ice constituent in the
interstellar medium (ISM) and in molecular clouds (MC).1 Con-
densation of gas-phase molecules on grains forms pure or mixed
icy layers due to the low temperature typical to these environments
(10 K–100 K), growing amorphous films such as the amorphous
solid water (ASW). These ices are important in physical and chem-
ical processes that occur in these environments. For example, they
host photo- and radiation-induced chemical reactions and are pre-
sumed to affect gravitational collapse and agglomeration of dust
grains at the early stages of stellar system formation, specifically
in the case of polar films.2–4 With its gas-phase dipole moment of

1.85 D, water has the potential to form polar solid films. This pos-
sibility has drawn considerable attention throughout the past few
decades. Crystalline water, both the hexagonal ice (ice Ih) and the
cubic ice (ice Ic), should not exhibit any spontaneous polarization
(though the hydrogen-ordered phase, ice XI, does),5 since every
dipole is balanced by its neighbors. Nonetheless, it is possible to form
polar ASW films.

At the limit of a very low sub-monolayer coverage, the dipole
moment of a surface-adsorbed water molecule is isolated of any
dipole–dipole interactions with its nearest neighbors; thus, it is
adsorbate-density independent. It is only affected by its interaction
with the substrate, due to the possible charge transfer to the support,
and the interaction with the image dipoles within it (considering
a conducting substrate). In the case of denser films, dipole–dipole
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interactions must be taken into account. When the dipoles continue
to accumulate and the polarized film becomes thicker, the voltage
difference between the two “electrodes” (film’s top and bottom)
is affected too. Ideally, lateral random internal dipole-orientations
should cancel each other, leaving only the dipoles at the interfaces.
This leads to the formation of an internal electric field, which fur-
ther directs the dipoles. However, this positive feedback inside the
ice matrix is limited due to the frustrated mobility imposed on
an individual dipole by those surrounding it and the low growth
temperature.

The films’ polarization can be determined by the voltage devel-
oped between the two electrodes. A standard and simplistic view of
the voltage developed can be expressed as6

ΔV =
M(T)μ̄z(T)
Aε0ε(T)

, (1)

where M is an integer representing the effective number of dipoles
with some “up” orientation tendency (the difference between the
total number of dipoles with “up” orientations and those with
“down” orientations, N↑ − N↓). μ̄z is the z-axis component (nor-
mal to the substrate surface) of the averaged molecular dipole
moment, which indicates the overall degree of polarization of the
film, A is the substrate area, ε0 is the vacuum permittivity (≃8.85
× 10−12 C V−1 m−1 or for convenience 2.66 × 1014 D V−1 cm−2,
where 1 D = 3.33 × 10−30 C m), and ε(T) is the relative permittiv-
ity of the film, often taken as 3.2 for solid water below 150 K.7,8 The
electric field should not contain any lateral contributions, only the
z-component (Ez), and can be calculated according to

Ez =
d(ΔV)
dz

. (2)

By having the internal electric field and by the mean-field approach,
one can calculate the aligned molecular dipole moment, which is as
follows:9

μ̄z = ε0Ω
d(ΔV)
dz

, (3)

where Ω is the molecular volume.
One possible way to measure the voltage difference across a

film is by contact potential difference (CPD) measurements, mon-
itoring the surface work function change upon film growth, relative
to that of the clean substrate. This is plausible because adsorption,
and particularly chemisorption on metal surfaces, alters the surface
charge distribution. Such measurements of the spontaneous evo-
lution of a voltage difference, ∆CPD, during the growth of thick
ASW films by condensation of water vapors on metal surfaces were
previously reported, mostly on Pt(111),7,10 Ru(0001),11–13 and gold
coated quartz microbalance.14–16 These studies have introduced the
pyroelectric nature of water films7,10 and the influence of film mor-
phology, mostly the porosity, on the potential difference.14–16 Mea-
surements on the Ru(0001) surface (employing ∆CPD) included the
growth of the first monolayers (MLs)11,12 of water and a recent report
from our group concerning the temperature-dependent charging of
thick ASW films by low-energy electrons.13 All these reports focused
on the growth conditions, especially growth temperatures, either to

distinguish between the amorphous and crystalline phases or to
emphasize the role of morphology. It is well established that the
morphology of ASW films is strongly affected by the growth tem-
perature;17–21 the film becomes more porous at low growth temper-
atures (other factors contributing to the ASW film porosity are the
vapor flux during growth, i.e., the growth rate,21 and the incidence
angle in the case of molecular beam depositions22). The measure-
ments discussed below are of interest because they can further illu-
minate the macroscopic dielectric properties of the icy film and how
it is influenced by the substrate temperature and structure during
its growth. Moreover, the in situ nature of the ∆CPD measurements
enables detection of polarization-changes the films undergo upon
temperature modifications (e.g., programmed annealing).

Temperature-programmed ∆CPD (ΔΦ-TPD or TP-∆CPD)
measurements, and more specifically their temperature derivative
[d(∆CPD)/dT], can be compared to the standard temperature-
programmed desorption (∆P-TPD) measurements23 as both show
similar profiles. The standard∆P-TPD measurements provide infor-
mation on the binding energies of adsorbates to the substrate
(in the sub-monolayer regime) and the intermolecular interac-
tions.11,12,24–27 ∆CPD measurements provide additional information
on the macroscopic molecular orientation and its response to film
heating and can potentially track morphological changes together
with phase transitions that take place while the film temperature
varies, prior to any desorption. Performing ∆CPD measurements to
monitor such structural modifications via polarization changes is the
focus of this report.

II. EXPERIMENTAL METHODS
Hundreds of monolayer (ML)-thick ASW films were grown on

a Ru(0001) substrate (8 × 8 × 2 mm3) attached to a closed-cycle He
refrigerator (Janis) under ultrahigh vacuum (UHV) conditions (base
pressure of <2 × 10−10 Torr). The cryostat cools the sample down to
a temperature of 33 K. We could accurately set the sample’s temper-
ature by utilizing a Si diode and a 50 Ω cartridge heater, attached to
the bottom of the cryostat and controlled by a LakeShore 335 tem-
perature controller. This configuration enables temperature control
in the range of 33 K–300 K. In addition to the silicon diode sensor,
the temperature readings of the ruthenium sample at higher temper-
atures at higher temperatures were obtained by a K-type thermocou-
ple spot-welded at the side of the substrate, providing an accuracy
of ±0.5 K. Substrate heating is performed by a resistive heating of
two 0.4 mm diameter Ta wires spot-welded to the top and bottom
edges of the Ru(0001) crystal. A LabVIEW algorithm enables both
monitoring the temperature and controlled heating/cooling of the
sample at constant rates in the range of 0.5 K/s–10 K/s. The ruthe-
nium surface is daily sputter-cleaned by 800 eV Ne+ ions for 12 min,
followed by annealing to 1450 K for 3 min. The chamber is equipped
with a quadrupole mass spectrometer (QMS, RGA-300, Stanford
Research Systems) and a Kelvin probe (KP-S, Besocke-Delta-Phi),
which allows ∆CPD measurements. The controlled heating enables
∆P-TPD measurements and to continuously monitor the surface
work function changes (ΔCPD) while rearrangements of the adsor-
bates take place (TP-∆CPD measurements). This, together with
the temperature derivative [d(∆CPD)/dT] spectra, often provides a
unique information on the polarized (or charged) films.11,23,28–31 The
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UHV chamber is further equipped with an electron source (1 eV–
2000 eV; ELG-2, Kimball Physics) and a mini-Auger analyzer (LK
technologies) for determining the surface cleanliness. Water vapors
(H2O, triple distilled, kept in a glass ampule that was further purified
by several freeze–pump–thaw cycles) were introduced by backfill-
ing the UHV chamber through a high-precision leak valve, ensuring
homogeneous coverage on the sample and its cold surroundings.
The exposure of a 1 ML (calculated in Langmuir units, L, where
1 L = 10−6 Torr s) thick film was derived from the onset of the water
multilayer desorption peak (near 155 K) while performing exposure-
dependent ∆P-TPD measurements. A 1 ML of H2O is equivalent
to the exposure of 1.0 ± 0.1 L under our specific experimental
setup.

III. RESULTS AND DISCUSSION
A. ASW film polarization

Deposition of water molecules on the Ru(0001) substrate was
performed at a substrate temperature in the range of 33 K–120 K
at a fixed growth rate of 1 ML/s while continuously recording the
∆CPD. In Fig. 1(a), the ∆CPD profiles measured during the film
growth, up to 700 ML-thick films at different growth temperatures
(denoted byTgr), are shown. When exposure approached the desired
value, vapor pressure was sharply reduced, and at sufficiently low
pressures, the substrate was cooled down to 33 K.

The ∆CPD profiles during growth demonstrate a strong sub-
strate temperature dependence, revealing a complex behavior, at

FIG. 1. Contact potential difference change (∆CPD) curves during the growth of ASW films on top of a Ru(0001) substrate at the temperature range of 33 K–120 K (denoted
by Tgr) at a fixed growth rate of 1 ML/s. (a) Growth of 700 monolayer (ML)-thick films (in the left-hand side panels); the blue (vertical) dashed rectangle (centered at
700 ML) denotes exposure termination (leak-valve closure; initiates the observed voltage-drop). Films were then cooled down to 33 K. The right-hand side panels of (a)
show the ∆CPD vs time curves following the leak-valve closure. A typical pressure-drop profile and a representative substrate temperature profile of a film grown at
100 K and then cooled down to 33 K are demonstrated in the middle-right panel by the black dashed-dotted and red dashed lines, respectively. (b) ∆CPD measurements
during the growth of “extra-thick” ASW films (up to 22 000 ML; in black) at the indicated initial growth temperatures and the corresponding during-the-growth substrate
temperature profiles (denoted by Ts; in green).
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three characteristic growth temperature regions: below 70 K, 70 K–
100 K, and above 100 K. For all temperatures, an initial sharp
drop of the ∆CPD signal is observed from zero down to a min-
imum value of −1.75 V, reached at a thickness of ∼10 ML [see
the left-hand side panels of Fig. 1(a)]. Investigation of the first
monolayers of water adsorbed on Ru(0001) by utilizing the work
function change (∆CPD) and ∆P-TPD measurements was reported
by Lilach et al.11 These direct measurements of the ∆CPD dur-
ing film growth showed an initial increase in the dipole moment
from the gas-phase value of 1.85 D to 2.2 D when noninteract-
ing dipoles adsorb. This increase in the dipole moment indicates
that a partial charge transfer from the oxygen lone pairs to the
substrate takes place, since the water molecule chemisorbs through
its oxygen. For denser sub-monolayer films, dipole–dipole interac-
tions and hydrogen-bonding need to be considered. At this limit,
water molecules form almost planar rings,32 commensurate with the
hexagonal 0001 plane of the substrate. Furthermore, water molecules
initially tend to cluster on the Ru surface,18,32,33 rather than to form
a wetting layer. Therefore, an equivalent thickness of several water
layers is necessary to completely cover the Ru surface (even up to
100 ML33). Those upper-layer molecules still contribute to the mea-
sured work function change, however, with gradually smaller influ-
ence. Therefore, the Tgr-independent minimum ∆CPD value of
−1.75 V measured at the ASW layer thickness of 10 ML may indi-
cate the limit of the interaction range of the stacked water layers with
the substrate. At thicker films, this stops playing a role, and the sub-
strate becomes irrelevant for the determination of ∆CPD from that
point on. Only interactions between the new-coming dipoles and
the already formed macroscopic surface dipole should be considered
at the gradually thicker films, resulting in temperature-dependent
∆CPD profiles. Beyond adsorption of 10 ML, the water molecules
change their net polarization (rapidly at first and then more mod-
erately), rather than sustaining a random orientation as one would
expect from amorphous materials. Up to a thickness of 45 ML,
the voltage nonlinearly increases, independent of Tgr up to 70 K.
Then, the profile breaks with a strong substrate temperature depen-
dence. This break is followed by a linear voltage increase; however,
the slope gradually decreases with Tgr. In the Tgr range of 70 K–
100 K, the increase from the minimum obtained at 10 ML is iden-
tical to that described before; however, the break previously seen at
45 ML occurs at increasing thicknesses. At Tgr = 100 K, a maximum
value of ∆CPD is observed at 400 ML, and then, the voltage linearly
drops. Above 100 K, the deviation from the initial (positive) slope
beyond 10 ML occurs gradually at lower thicknesses. At Tgr = 120 K,
the voltage saturates early, and no further change in ∆CPD (polar-
ization) evolves. There, the expected random dipole orientation
is met.

Porosity, as demonstrated by Bu et al.,14 is a major contribu-
tor for the voltage development across ASW films. Water molecules
in ASW are distinguished by their infrared absorption band at wave-
lengths near 3700 cm−1, attributed to O–H stretch vibrations of dan-
gling bonds. Two- and three-coordinated water molecules, which are
assigned to the 3720 cm−1 and 3696 cm−1 features, respectively,34

populate sites of broken symmetry, e.g., water/vacuum interfaces
and structural hydrogen-bond defects. These peaks, therefore, are
considered as markers for the water film degree of porosity.14 For
example, compact water layers contain only a small population of
low-coordinated (three and two) molecules, while for films grown

at low Tgr (thus more porous), these peaks are typically strong due
to the increased surface area the pores impose. Bu et al.14 showed
(based on IR analysis) a nice correlation between the measured volt-
age across a film and the level of porosity, governed by the growth
temperature [note the opposite sign of the voltage in the current
work with respect to theirs and of others; the difference stems from
our choice to use the substrate/ice interface perspective and not that
of the ice/vacuum13,35 (see Sec. II of the supplementary material)].
In the case of homogeneous porosity across the film, the surface
area should linearly increase with the film thickness, and therefore,
a linear increase in the polarization is expected.

The break in the slope of ∆CPD vs thickness observed at 45
ML for films grown at temperatures up to 70 K and at gradually
increasing thicknesses above 70 K indicates that another change in
the structure of the adsorbed water molecules takes place, which
results in a lower fraction of alignment of the water molecules with
respect to the substrate normal and may arise from morphology. It
may also be the result of morphology change the film undergoes.
Bu et al. also reported that cracking of ASW films occurs above a
critical thickness, correlated with the degree of porosity.15,16 This
cracking stems from the porous film tendency to contract in order
to reduce the film’s free energy, whereas the rigidity of the substrate
restricts this propensity. This, in turn, leads to higher stress within
the film. Eventually, this is seen as a nonlinear correlation between
the developed voltage across the film and the film thickness, which
can explain the appearance of this break at increasing thicknesses
above 70 K. Another explanation may arise from the island growth
mechanism of the first layers, leaving some unexposed patches of the
bare metal. It was reported that the island structure holds for high
coverages, even up to 100 ML, before the surface is fully covered.33

A similar deviation from linearity is observed upon the growth
of much thicker films, although originating from a different source.
ASW is a poor heat conductor.36 Under the experimental con-
ditions, the substrate cannot effectively dissipate the excess heat
exchange introduced during the condensation of room temperature
water vapor onto very thick ASW films (thousands of monolayers;
“extra-thick” films).37 During the growth of 700 ML-thick films, the
temperature only mildly increases by ∼1 K [see Figs. S1(a)−S1(f)
of the supplementary material]. However, for much thicker films,
up to 22 000 ML (growth rate of 1 ML/s as for the 700 ML-thick
films), it increases significantly more, up to 20 K [Fig. 1(b), and
Figs. S1(g)−S1(j) of the supplementary material; except for the films
grown at initial Tgr of 33 K, for which the substrate cooling is
more effective due to the heat conductivity characteristics of a sap-
phire disk separating the cryostat from the sample holder]. This
can be exploited to further demonstrate the temperature effect on
the ∆CPD evolution during the growth. These extra-thick films
were grown at initial temperatures in the range of 33 K–90 K and
exhibit nonlinear ∆CPD vs thickness profiles. As discussed previ-
ously, above the thickness of 45 ML, the ∆CPD profile is linear;
however, in the thickness range of 1000 ML–7600 ML, the ∆CPD
increases but at a decreasing slope (thus is concave). At the thick-
ness of 7600 ML, one can observe an inflection point that leads
to a further linear ∆CPD increase [Fig. 1(b), and Figs. S1 and S2
of the supplementary material]. Exceptions are the films that were
grown at 33 K and 90 K. For the former, linearity beyond 10 V is
only assumed, since the ∆CPD approaches an instrumental limita-
tion of 10 V before any linear voltage increment can be observed.
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The latter reveals a ∆CPD maximum (at 7600 ML) before it
decreases. The ∆CPD concavity is accompanied by a convex sub-
strate temperature profile [Ts in Fig. 1(b); rises gradually with
increasing rates]. These trends switch around the ∆CPD inflection
point; while the rate of temperature-increase drops, the ∆CPD pro-
file regains its linearity with the thickness [see Fig. S2(b) of the
supplementary material]. We conclude that a counter-correlation
between the temperature behavior and that of the ∆CPD mea-
surements is observed as a function of thickness. The quantitative
explanation of the temperature increase during growth is not well
understood at this point and requires, therefore, further studies.

Temperature increase during the growth process decreases
somewhat the porosity of the film,21 in this case mostly at the
upper portion of the film that approaches the ASW/vacuum inter-
face, forming a vertical porosity gradient. The gradual decrease in
porosity away from the substrate lowers the level of polarization at
these upper layers.14 A stable film temperature during growth results
in a homogeneous porosity within the entire film; hence, a linear
∆CPD profile is expected [with either a positive or negative slope;
Figs. S1(a)−S1(f) of the supplementary material]. This discussion
also shows that the deviation from linearity of the ∆CPD vs thick-
ness profiles between the minimum∆CPD value of−1.75 V at 10 ML
and the break in the ∆CPD slope at 45 ML for Tgr up to 70 K
originates from a different source. This is apparent because only a
mild temperature change is experienced during this stage of growth
[Figs. S1(e) and S1(f) of the supplementary material].

Films of intermediate thickness grown at 100 K and extra-thick
films grown at 90 K reveal another similarity. For both, a net ori-
entation (polarization) flipping (a change in the sign of the slope
of ∆CPD vs film thickness) following the discussed maximum is
observed. For the extra-thick films grown at 90 K, the ∆CPD profile
exhibits a maximum at 7600 ML, a thickness in which the temper-
ature was ramped from 90 K to ∼100 K. It points out for a possi-
ble mechanism for polarization flipping, with the Tgr threshold of
∼100 K.

Growth termination occurs when the leak valve is closed and
the vapor pressure drops. This event results in a reduction of
the ∆CPD (seen inside the blue dashed rectangle in the left-hand
side panels of Fig. 1(a) following the exposure of 700 ML). The
right-hand side panels of Fig. 1(a) show the ∆CPD profile vs time
after the leak-valve closure [t = 0; a typical pressure-drop pro-
file is shown by the black dashed-dotted line in the middle right-
hand side panel of Fig. 1(a)]. Although initiated by the pressure-
drop, the relaxation of the ∆CPD is significantly slower. In addi-
tion, it is Tgr-dependent above the threshold of 70 K, and its
rate increases with Tgr. This relaxation is presumably the result
of a “healing” process the films undergo. Structural defects such
as Bjerrum and other protonic defects become mobile at higher
growth temperatures, a mobility that also enables the formation
of clathrate hydrates.38,39 For example, Ghosh et al.40–42 demon-
strated the formation of hydrates of methane, carbon dioxide,
and tetrahydrofuran guests even under UHV and cryogenic con-
ditions. The Bjerrum defects (L/D) enable the reorientation of
water molecules, provided that a sufficient thermal activation is
available. The possibility to reorient the water molecules allows
the transport of excess protons and charged defects for extended
distances. Lee et al.43–45 showed that below 130 K, the proton
transport through tunneling alone (hopping relay) is the dominant

proton transport mechanism, and thus, the transport distance is
limited. In the bulk, water molecules are compelled to obey the
four-coordinate Bernal–Fowler ice rules.46 This requirement forms
a thermodynamic repulsive force that pushes the protons toward
the ASW/vacuum interface where they are stabilized in a three-
coordinated planar structure.43 Thus, at higher growth tempera-
tures, an increased transport of charged defects from the interior
toward the ASW/vacuum interface is expected. Furthermore, the
propensity of the molecules to rotate faster at the higher tempera-
tures allows the dipoles to be more labile and to reorient according to
the local field direction. These self-limiting processes act in the direc-
tion of free energy minimization of the system, since they reduce the
internal field, which leads to a lower fraction of molecular dipole
alignment and thus to lower overall polarization values. These must
also contribute to the varied ∆CPD growth profiles observed above
70 K and particularly above 100 K. At the lower growth tempera-
tures, when the available thermal energy is insufficient to initiate this
healing process, the polarization of the ASW films is stable for longer
periods of time.

When the vacuum recovers, the substrate was cooled down to
33 K [cooling starts at t ≈ 700 s; an example for the cooling pro-
file is shown in the middle right-hand side panel of Fig. 1(a), red
dashed line]. For the extra-thick films, the cooling could not reach
this base temperature but to ∼38 K. During the cooling process, the
voltage increases by ∼100 mV. Previous studies claimed that ASW
films demonstrate pyro- and ferroelectric behavior (manifested by
∆CPD change in response to temperature modifications),7,10,47,48

since heating–cooling cycles regenerated the voltage across the film.7

This can explain the small ∆CPD change upon cooling; however,
it cannot be responsible for the evolution of the significant polar-
ization we demonstrate here, leaving morphology considerations as
the main reason for the observed behavior of the measured polariza-
tion as a function of growth temperature (see further discussion in
Sec. III C).

B. Internal electric fields
The internal electric field within a film can be obtained from

the data presented in Fig. 1 according to Eq. (2). Yet, in order to
extract the field, one must accurately translate the film thickness in
monolayers to the actual film thickness in length scales. In order to
perform such a conversion, one must take into account the porous
nature of the ASW films below 115 K.21 We need, therefore, to
know the compact film density, ρc, the porous film density (ρ, or
equivalently the porosity), which is Tgr-dependent, and to consider
the interlayer spacing, s (the thickness of a monolayer), which is
reported to be 3.7 Å for both amorphous and crystalline water.49,50

The film thickness can then be calculated as follows: in our experi-
ments, we have adsorbed equal number of molecules for each ASW
film (assuming unity sticking coefficient for all temperatures), equiv-
alent to the compact film thickness of 700 ML. Thus, the mass of
all the films is equal to that of the compact film. With some simple
algebra (see Sec. II of the supplementary material), one obtains the
following equation:

L = Lcρc/ρ = (#ML)sρc/ρ, (4)

where L is the actual film thickness in length scales and Lc is
the compact film thickness. Because we obtain the field from the
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constant slope of the ∆CPD profile during growth (above 45 ML),
one must define the value of dz,

dz ≈ ΔL = Δ(#ML)sρc/ρ. (5)

Thus, the field can be calculated based on Eq. (2) as follows:

Ez =
d(ΔCPD)

dz
≅

Δ(ΔCPD)
Δ(#ML)sρc/ρ

. (6)

The density values were taken from the work of Berland et al.21

(see also Table SII of the supplementary material; ρc = 0.93 g/cm3).
We then can calculate the temperature-dependent internal electric
field in the growth temperature range of 33 K–100 K. The internal
field values derived via Eq. (6) are shown in Fig. 2. These calcula-
tions reveal internal electric fields in the range of 106 V/m. Once
the electric field is known, it allows us to calculate μ̄z according
to Eq. (3). Here, we use the van der Waals (vdW) molecular vol-
ume, estimated to be 17.35 Å3.51 This yields μ̄z in the range of 0.5 ×
10−4 D–2.5 × 10−4 D. To calculate the average level of dipole align-
ment, μ̄z(T)/μ̄ = ⟨cos θ⟩, where θ is the angle between the water
molecular dipole moment and the substrate normal, one needs to
know the absolute magnitude of the dipole moment, not only its
z-component. This value for either ASW or ice Ih water molecules
has not yet been determined experimentally but only for liquid
water at 298 K,52 which is 2.9 D. Dipole moment values calculated
from the models based on that of Topping53 consider only electro-
static interactions among the dipoles themselves and neglect other
forces, e.g., hydrogen-bonding or the electrostatic interaction with
the metal substrate.54 An expected value for water dipole moment
according to such a model will be ∼1.4 D. The smaller value of the
dipole moment of the adsorbates relative to their gas-phase value
is inherent within these models. Maschhoff and Cowin offered an

FIG. 2. Internal electric field and the average dipole alignment inside 700 ML-thick
ASW films. The average dipole direction flipping is apparent when both the field
and the dipole alignment [calculated by Eqs. (6) and (3), respectively] change their
sign at Tgr between 90 K and 100 K.

improved model,55 the one that does consider the image potential
that forms upon adsorption of dipoles on metal substrates and which
allows the dipole moment to become higher than its gas-phase value.
This model, thus, represents the diploe moment evolution upon
the growth of the first monolayers of polar adsorbates, successfully
demonstrated for methyl chloride, for example.31 This model, nev-
ertheless, still lacks a proper representation of the intermolecular
forces in water. In contrast, ab initio calculations estimate the dipole
moment of ice Ih to be in the range of 2.5 D–3.5 D,56–58 significantly
higher than the 1.85 D of the isolated gas-phase water molecule and
higher than 2.2 D at the limit of low coverages.11 The enhancement
of the dipole is the result of the attractive potential of molecules due
to hydrogen bonding and long-range vdW dispersion forces, affect-
ing intramolecular bond lengths and angles. Therefore, we adopt a
value of 3.0 D for the dipole moment of the water molecules in our
ASW films. In fact, the dipole moment is expected to increase with
the water matrix degree of order because of the increased averaged
coordination. Therefore, the expected value for the molecular dipole
moment in ice Ih is higher than that of the liquid. Due to the reduced
order in ASW and its “glassy” nature, a dipole moment of 3.0 D is
considered, which yields an average alignment percentage (normal
to the substrate plane) in the range of 0.001%–0.008% (see Fig. 2).

The fundamental expression for temperature dependence of
the average dipole alignment ⟨cos θ⟩ with respect to the direction
of the electric field is traditionally based on a Langevin function,9

⟨cos θ⟩ =
μz(T)
μ
= coth(

μẼz
kTgr
) − (

μẼz
kTgr
)

−1

, (7)

where ẼZ is the effective local electric field that a dipole is exposed
to, considering all the interactions with its surrounding molecules
and the macroscopic spontaneously formed field, Ez. To reconstruct
properly the spontaneous field and to describe the inflection point
and eventually the observed polarization flipping (μz/μ = 0), one
must well describe the temperature dependence of ẼZ . In the case
of ASW films, this temperature dependence affects more than only
the frustrating vdW interactions with the adjacent dipoles, which
were suggested by D. Field and co-workers to be the primary feed-
back mechanism in their “spontelectrics” model.59 Water molecules
form hydrogen bonds, which are significantly stronger than the vdW
forces. Moreover, polarization in ASW films is correlated with their
porous structures. This forms a complex temperature dependence
of ẼZ . These considerations may also contribute to the spontaneous
development of polarization observed for solid films of ammonia
and of short alcohols (CnH2n+1OH, n = 1–5).60,61 Although we do not
offer a better representation of the growth temperature dependence
of ẼZ , we still believe that, as will be discussed below, ASW can be
qualitatively associated with the family of “spontelectric” materials, a
group of films composed of organic polar molecules that during their
growth under similar conditions spontaneously develop an internal
electric fields.

C. Thermally activated depolarization
Following their growth and cooling, all the ASW films were

annealed by ramping the substrate temperature at a rate of 1 K/s
from 33 K to 300 K, beyond the complete desorption of the
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first water monolayer from Ru(0001) at ∼250 K. Figure 3 depicts
the ∆CPD spectra during film heating [TP-∆CPD measurement;
Fig. 3(a)] and their temperature derivative [d(∆CPD)/dT; Fig. 3(b)].
At temperatures below their corresponding Tgr, all the TP-∆CPD
profiles slowly decrease during annealing and the sharply further
decrease above their Tgr. At ∼130 K, the ∆CPD reaches a minimum,
which is followed by moderate changes and by a Tgr-independent
sharp and monotonic rise with two characteristic steps until the film
is fully desorbed at ∼250 K.

The d(∆CPD)/dT spectra presented in Fig. 3(b) provide a more
coherent differentiation between the various Tgr-dependent TP-
∆CPD profiles. The observations of voltage evolution during the
growth of thick ASW films and their depolarization upon annealing
are not unique and were investigated utilizing TP-∆CPD measure-
ments by others. These earlier studies demonstrated similar profiles
to those shown here.7,10,11,14,62,63 However, our specific focus on the
so-far ignored d(∆CPD)/dT spectra provides further insights into

the existing understanding. The d(∆CPD)/dT spectra show multi-
ple peaks, among them are the high intensity, Tgr dependent minima
obtained at low temperatures, which will be discussed in more detail
below.

As mentioned previously, TP-∆CPD measurements and, in
particular, their d(∆CPD)/dT spectra can be compared to standard
∆P-TPD measurements. The d(∆CPD)/dT produces a desorption-
like spectrum, providing information on structural changes the films
undergo while annealed, since it is based on the rates of polariza-
tion change. However, unlike ∆P-TPD, d(∆CPD)/dT is sensitive to
structural changes significantly below the onset of desorption. The
comparison between ∆P-TPD and d(∆CPD)/dT spectra of several
water layers on Ru(0001) show the emergence of three peaks in both
measurements: at 160 K, 185 K and at 214 K (at the heating rate
of 1 K/s).11 The 160 K peak is assigned to the desorption of the
multilayer, and the two highest temperature peaks are attributed to
the desorption of the first monolayer; the 185 K peak is assigned

FIG. 3. ASW polarization response to temperature modifications. Temperature-programmed contact potential difference (TP-∆CPD) measurements (a) and their temperature
derivative [d(∆CPD)/dT; (b)] for 700 ML-thick ASW films grown at Tgr in the range of 33 K–120 K that were subsequently cooled down to 33 K prior to their annealing at
1 K/s rate. Connected open circles—a parabolic envelope of the peak intensities. [Inset of (b)] Peak position (Tpeak; logarithmic scale) plotted vs the inverse of the growth
temperature. (c) A comparison between the TP-∆CPD spectrum (red solid line) and its temperature derivative (red dashed line) of 700 ML-thick films grown at 50 K, and
a Kr ∆P-TPD measurement (m/z = 84; solid black line) adsorbed at 50 K on top of an equivalent film (see a schematic in the inset). (d) Apparent activation energy for
thermal depolarization of the ASW films, derived by a Redhead-like analysis of the d(∆CPD)/dT main minimum presented in (b), plotted vs the reciprocal growth temperature
(semi-logarithmic scale). In red is a linear best fit.
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to water molecules in direct contact with the ruthenium substrate,
while the 214 K water ∆P-TPD peak is assigned to the recombined
water molecules that were decomposed on the ruthenium surface
during heating of the substrate.11,64

There is some difficulty to perform high resolution ∆P-TPD
measurements of thick water films such as those investigated here,
since they may track desorption from other heated surfaces, such as
the thin Ta wires spot welded to the substrate (water deposition was
performed by backfilling the UHV chamber). Here, we utilize the
adsorption of small quantities of weakly interacting species (e.g., Kr)
on top of the ASW films to monitor changes occurring within them
prior to their desorption.

Figure 3(c) depicts a Kr ∆P-TPD measurement (atomic mass
to charge ratio, m/z of 84; solid black line) at a coverage equiva-
lent to 3 ML deposited at 50 K (thus avoiding multilayer growth)
on top of the 700 ML-thick ASW film that was also grown at 50 K
[identical to the conditions in Figs. 3(a) and 3(b)]. Being inert, Kr
atoms are only weakly bound to surfaces. On the other hand, the
porous nature of the ASW film allows the caging/trapping of other
coadsorbed atoms/molecules.17,65,66 These coadsorbates are encap-
sulated inside pockets and are abruptly released during structural
rearrangements the film undergoes, during crystallization or during
the multilayer desorption, which occur at high temperatures relative
to those needed for Kr to desorb from the clean metal surface (at
58 K).25 The former events are obviously not associated with des-
orption of water molecules. Thus, Kr ∆P-TPD measurements in this
setup provide a tool for monitoring events occurring at the entire
temperature range up to the multilayer water desorption, including
temperatures below the onset for water crystallization and desorp-
tion (<140 K). These events are also expected to be accompanied
by polarization modifications and therefore should also be sensed
by ∆CPD measurements, allowing the comparison between the two
methods (∆P-TPD and TP-∆CPD).

The Kr ∆P-TPD measurement reveals three desorption peaks
at 63 K (highest intensity), at 157 K, and at 185 K. The 214 K peak
seen in the d(∆CPD)/dT spectra [red dashed line in Fig. 3(c)] and
in low-coverage water ∆P-TPD11,12 is absent from the Kr ∆P-TPD
spectrum as expected. The question is what the origin of the Kr des-
orption at 185 K might be. Since it cannot be part of water monolayer
desorption, the only explanation is that the 700 ML water desorp-
tion, as a typical zero-order kinetics, has been shifted from around
160 K–165 K at lower coverages up to 185 K. For sufficiently thick
films, this peak gradually overlaps that of the first monolayer (185 K).
A direct evidence can be found in Fig. 5 (further discussed below),
where the d(∆CPD)/dT peak gradually shifts from 157 K for a 10
ML-thick film to 206 K for a 22 000 ML-thick film. Hence, the 185 K
peak seen in the Kr ∆P-TPD should be attributed to the release of
Kr atoms embedded within the water multilayer (700 ML), with a
similar explanation for the d(∆CPD)/dT spectra.

The 157 K desorption peak observed in the Kr ∆P-TPD mea-
surement can be assigned to the crystallization onset of the ASW
film, in good agreement with the 156 K crystallization temperature
reported by Smith et al.66 It is well accepted that the abrupt release of
the caged molecules (the “molecular volcano”) occurs during crys-
tallization of the ASW film. This, together with the d(∆CPD)/dT
signal in the 150 K–163 K temperature range, and the observation
that the 157 K TP-∆CPD [solid red line in Fig. 3(c)] peak position
and its intensity are growth temperature independent [Fig. 3(b)]

and beyond 45 ML also thickness independent [see Figs. 5(b)–5(d)
and further discussion], supports our conclusion that this TP-∆CPD
peak correlates with the ASW film crystallization to the thermody-
namically favored ice Ih. Figure 3(c) reveals one more (small) feature
at 131 K, which appears in all d(∆CPD)/dT spectra of films grown
below 130 K. This may represent the nucleation of the metastable
ice Ic, a phase transition the film goes through prior to its crystalliza-
tion to ice Ih.49,67 Kr desorption is apparently not sensitive enough to
pick-up this phase transition. Finally, the low-temperature Kr des-
orption peak at 63 K correlates well with the sharp depolarization
onset.

So far, we have assigned all the features seen in Figs. 3(a) and
3(b) except for the low-temperature d(∆CPD)/dT spectral mini-
mum, which monotonically shifts to higher temperatures with Tgr.
Furthermore, the peak intensity also varies with Tgr. In the Tgr
range of 33 K–70 K, the peak intensity decreases, signifying a grad-
ual decrease in the maximal depolarization rate. This trend reverses
for films grown in the temperature range of 70 K–100 K, where
the rate of depolarization gradually increases with Tgr. Above Tgr
of 100 K, the low-temperature derivative peak steadily diminishes
and cannot be traced anymore in films grown at Tgr above 120 K.
Interestingly, a correlation between the peak position (Tpeak) and
the growth temperature was found to exponentially extrapolate to
Tpeak = 140 K when plotted against 1/Tgr [see the inset of Fig. 3(b)].
The peak position, therefore, seems to correlate with the depolariza-
tion via an Arrhenius-like kinetics. In Fig. 3(d), a first order kinetics
Redhead-like treatment68 was performed according to the following
expression:

Ea/RT2
peak = (ν/β)exp[−Ea/RTpeak], (8)

yielding apparent activation energies for depolarization in the range
of 2.7 kcal/mol–8.6 kcal/mol for films grown in the temperature
range of 33 K–115 K. Ea is the apparent activation energy, R is
the gas constant, ν is the pre-exponential factor (held constant at
1 × 1013 s−1), and β is the heating rate (1 K/s).

An interesting observation concerns the symmetry of the low-
temperature peak intensities for films grown in the range of 33 K–
100 K [connected black open circles in Fig. 3(b)]. The two observa-
tions of peak shift and intensity changes seem to originate from the
complex ∆CPD profile measured during growth, as demonstrated
in Fig. 1(a). The shifted peak with decreasing intensities seen for the
growth temperature range of 33 K–70 K follows the internal electric
field, which gradually decreases with Tgr (Fig. 2), whereas the grow-
ing peak intensities at the Tgr range of 70 K–100 K reflects the grad-
ually increasing polarization above 10 ML and below the observed
break of the ∆CPD vs thickness profile [see the middle-left panel
of Fig. 1(a)], which occurs at increasing thicknesses. This thick-
ness range (prior to the profile break) is characterized by the higher
internal electric field (larger slope) than that evolves after the break.
The diminishing peak intensities obtained for films grown above Tgr
= 100 K [Fig. 3(b)] can be associated with the decreased density of
low-coordinated water molecules in the more compact films, which
also affects the turn-over from the −1.75 V ∆CPD minimum [see the
bottom-left panel of Fig. 1(a)].

The main explanation for the depolarization observed at low
temperatures during the annealing is the shrinkage and collapse of
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pores during annealing,18,69 which decreases the film thickness and
increasing the film density. This affects the polarization in several
ways. The refractive index of a film (and alternatively its dielec-
tric constant) strongly depends on the density, which are typically
extracted through the Clausius–Mossotti and the Lorentz–Lorenz
relations.70 The film effective dielectric constant by itself may be
affected by the formation of the larger ASW/vacuum interface. For
example, the Maxwell Garnett approximation describes the effective
relative dielectric permittivity of a mixture of dielectric media by tak-
ing into account their different dielectric constants and their inter-
face geometry.71 In our case, the porous ASW film has an anisotropic
pore shape, which cannot be directly characterized, with a net orien-
tation normal to the substrate. The effective dielectric permittivity is
a geometry-dependent tensor and according to this model,

(εeff )ii = ε
cASW
(T)

εcASW
(T) + [ϑii(1 − f ) + f ](1 − εcASW

(T) )

εcASW
(T) + ϑii(1 − f )(1 − εcASW

(T) )
, (9)

where the (εeff )ii is the ii term of the tensor, εcASW
(T) is the temperature-

dependent relative dielectric permittivity of the compact ASW film,
ϑii is the “geometrical factor” (for example, in the case of pores of
cigar-like elongated ellipsoids aligned in the z-axis, ϑxx = ϑyy → 1/2,
ϑzz → 0), and f is the volume fraction of the voids (Vvoids/Vfilm), i.e.,
the porosity. If that is the case, the effective dielectric constant is both
temperature and morphology dependent. Assuming that the ASW
film can be characterized by εcASW

(T) = 3.2 below 150 K and a porosity
of 0.3, the z-axis component (normal to the substrate) of the effective
dielectric tensor is ∼2.5, in reasonable agreement with the value of 2
reported by Tsekouras et al.62

In a recent publication, we have shown that electron-charged
water films, grown at Tgr in the range of 50 K–120 K and bom-
barded by 5 eV electrons at 50 K, undergo a discharge phenomenon
at similar temperatures to the depolarization process depicted in
Fig. 3.13 A similar Redhead-like analysis showed thermal binding
energies in the range of 4 kcal/mol to 8 kcal/mol, similar to those
derived here as a result of depolarization, for the corresponding
growth temperatures. We have assigned the low-temperature min-
imum observed in the d(∆CPD)/dT measurements to morphology
modifications the films undergo upon annealing and demonstrated
that water films retain a “memory” of their thermal history. This
“memory” effect was also evident in the work of Wang et al.7 These
authors compared dielectric measurements conducted on compact
crystalline D2O films grown at 150 K with the TP-∆CPD profiles
of equivalent films charged by hydronium ions, claiming that the
abrupt discharge upon heating is accompanied by a sharp jump of
the dielectric constant from ∼3 below 150 K to more than 150 above
150 K (much higher value than that of liquid water at room temper-
ature). There, the discharge and the dielectric constant abrupt rise
occurred around the growth temperature of 150 K. Apparently, the
morphology modifications that occur during annealing are responsi-
ble for the significant dielectric change. Thus, it would be interesting
to see whether there is any correlation between these events (dielec-
tric constant change, discharge, and depolarization of the neutral
film) over a wide range of growth temperatures (morphologies). The
clear dependence of the trapped-electron discharge on Tgr indicates
that these phenomena are likely to originate from the same physical
process.

It has further been shown by Bu et al.14 that the polarization-
drop upon annealing is well-correlated with the diminishing inte-
grated intensity of the absorption peaks near 3700 cm−1 associated
with the undercoordinated water molecules, measured in situ dur-
ing annealing. The integrated intensity of the 3720 cm−1 absorption
peak, which is assigned to the two-coordinated water molecule O–H
dangling bond and the depolarization observed in the TP-∆CPD
profile nicely overlap. At the same time, the profile of the three-
coordinated water molecules that absorb at 3696 cm−1 follows only
the general trend (of decreasing intensities; perhaps due to the com-
peting transformation of two-coordinated water molecules to three-
coordinated on the way to become four-coordinated at the crys-
talline phase). At lowTgr, the porosity governs the water-film voltage
buildup by the tilting of dipoles residing on the pore walls, appar-
ently due to their interaction with the top surface dipoles (assuming
columnar pores, see the discussion in Ref. 14). When Tgr increases,
the porosity decreases; thus, the dipoles are less well-oriented and
more random, leading to a lower degree of polarization. Our obser-
vations support the hypothesis of diminishing surface area, i.e.,
gradual pore shrinkage and collapse, which occurs in response to
film heating. The association of the low-temperature peak observed
in the Kr ∆P-TPD with the onset of depolarization, together with
the results of Bu et al.,14 indicates that a significant rearrangement
process takes place already at these low temperatures.

The results demonstrated here are very similar to those
obtained with other polar organic films, members of the newly
defined class of spontelectric molecular films.59 Through a molec-
ular dipole alignment during the adsorption of the molecules on
the surface, a significant potential difference develops between the
two interfaces of the film (substrate/film and the film/vacuum).
The field evolved (here—calculated from the slope of the ∆CPD
vs thickness curves) is Tgr-dependent and generally decreases when
films are grown at higher temperatures (as demonstrated in Fig. 2).
Above a critical Tgr, no spontaneous polarization can be detected
(here—above 120 K). The polarization of the spontelectric materi-
als irreversibly decreases during annealing (see Fig. 4 and discussion
below), and when the annealing temperature exceeds a certain tem-
perature, the polarization vanishes [see Figs. 3(a) and 3(b)]. This
critical temperature for depolarization during annealing is lower
than the critical growth temperature (above which no polarization
is built-up) and originates from a “memory” of a thermal history
the spontelectric materials keep, an effect that is not observed in
ferroelectric materials, and is manifested here by the shift of the
low-temperature minima observed in the d(∆CPD)/dT spectra [see
Fig. 3(b)].

Ferroelectric materials similarly develop a macroscopic, Tgr-
dependent, spontaneous polarization, which is generated through
ordering of the dipoles (order–disorder mechanism) and also pos-
sess a critical growth temperature, above which the films are non-
polar (paraelectric).9 Above the same critical temperature (the
Curie temperature), ferroelectric materials reversibly lose/regain
their polarization, namely, heating–cooling cycles regenerate the
polarization at all temperatures below the Curie temperature.

In their investigations for characterizing organic polar films as
spontelectrics, Field and co-workers reported that they could not
identify any spontaneous polarization of water films,59 in contrast
to many observations made by others.6,7,10,14,47,48 The similarities
ASW films share with spontelectric materials, e.g., nitrous oxide
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FIG. 4. The irreversible depolarization of ASW films upon annealing. (a) TP-∆CPD spectra of 700 ML-thick films grown at 33 K, annealed to the indicated temperatures, and
cooled back to 33 K (left-hand side panel) and TP-∆CPD spectra during the second heating iteration of the above films, up to their complete desorption (right-hand side
panel). (b) d(∆CPD)/dT spectra of data shown in (a); the heating–cooling cycle is indicated by the solid lines, whereas the second heating iteration is represented by the
connected open circles.

during low-temperature growth, e.g., nitrous oxide, methyl formate,
propane, ethyl formate, dihydrofuran, and CFCl3 films,59 include the
general dependence of the electric field and the dipole alignment
on the growth temperature. In addition, the recorded nonlinear
and multi-trend growth profiles (reported also for methyl formate)
and the polarization relaxation after growth termination are simi-
lar to the behavior of the spontelectric materials.59 We can, there-
fore, conclude this discussion by stating that the ASW films reveal
spontelectric-like behavior (including the irreversible depolarization
upon annealing, as is discussed next), which originates from their
morphology/porosity.

The results presented in Figs. 1 and 3 depict the strong cor-
relation between the growth temperature and the voltage devel-
oped between the interfaces, together with a major change of the
voltage while heating these films. Data in Fig. 4 reveal that upon
heating, the film does not restore the voltage it has gained during
growth. This observation rules out the pyroelectric effect from being
the physical origin of the spontaneous polarization reported here.
700 ML-thick films were grown at 33 K (thus exhibit the highest
degree of porosity/polarization), then annealed to different tempera-
tures (Tann), cooled back to 33 K [Fig. 4(a), left panel], and reheated,
this time until the films’ complete desorption [Fig. 4(a), right panel;
all measurements were conducted with a fresh ASW film]. These
TP-∆CPD profiles are compared with a reference profile of a film
that was heated all the way from 33 K to 300 K (i.e., Tann = 300 K;
in black). In Fig. 4(b), the d(∆CPD)/dT spectra of the data shown
in Fig. 4(a) are presented (the first heating and cooling cycle in each
Tann is indicated by the solid lines and the second heating iteration
is in the matching color lines with the open circles). In the first iter-
ation, the annealing follows the reference curve (up to Tann), The
second annealing iteration reveals no apparent change in the voltage
at temperatures below Tann. Only beyond this threshold, it gradually
returns to follow the reference curve.

The d(∆CPD)/dT profiles [Fig. 4(b)] reveals that both heat-
ing cycles (for all Tann) follow the reference curve, however, with
hysteresis above Tann. The d(∆CPD)/dT spectra of the second heat-
ing cycle are identical [fixed at d(∆CPD)/dT = 0] below Tann,
which becomes the onset temperature for a gradual return and
overlapping the reference spectrum (it takes 10 K–15 K before they

overlap again). This hysteresis may arise from the increased time of
the film at elevated temperatures during the cooling period, allow-
ing the film to go through further relaxation. The fact that the
annealed films eventually coincide with the reference d(∆CPD)/dT
profile means that it does not reproduce the morphology of a
film grown at Tann, resulting in some intermediate morphology
reflecting the lower level of porosity than that expected at Tann.
This is another evidence for the thermal memory effect that was
imprinted in the ASW film and leading to the hysteresis shown in
Fig. 4.

D. Thickness contribution to film polarization
We have discussed above the contribution of the undercoordi-

nated surface molecules to the film polarization and have shown by
Kr desorption that surface reconstruction, caused by the collapse of
pores, leads to film depolarization upon annealing. The contribution
of the surface sites can further be investigated by varying the film
thickness, since the integrated surface area linearly depends on the
thickness in the case of fixed porosity (and therefore also the volt-
age14). Furthermore, during desorption of the multilayer, the films
demonstrate a Tgr-independent dielectric response (manifested by
voltage increase), apparent from the overlapping TP-∆CPD profiles.
Thickness-dependent investigation can provide information on the
possible rearrangement of the water molecules prior to or during the
desorption of the multilayer.

The d(∆CPD)/dT spectra can differentiate between these two
effects and can quantify their contribution to the overall polariza-
tion. The first (film reconstruction) will affect the low-temperature
peak and hypothetically should follow the kinetics of the reconstruc-
tion process, which affects the peak’s temperature and expected to
linearly increase the peak’s area (i.e., the voltage difference). The
multilayer desorption peak is expected to shift to a higher tempera-
ture with the thickness, since its desorption should follow zero-order
kinetics.

In Fig. 5, and Figs. S3 and S4 of the supplementary mate-
rial, we look deeper into this thickness effect, presenting TP-∆CPD
measurements [see Figs. S3(a)–S3(c) of the supplementary material]
and their d(∆CPD)/dT spectra [see Figs. 5(a)–5(c)] of films in the
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FIG. 5. Film thickness effect on the spontaneous polarization of ASW films. [(a)–(c)] d(∆CPD)/dT spectra of 10 ML–9000 ML-thick ASW films grown at 33 K. [Inset of (c)] The
area under the low-temperature peak (filled squares) and that of the multilayer (filled triangles), calculated from the data in (a)–(c), vs film thickness. The low-temperature
peak uptake reveals a power law correlation with the thickness, L (peak area = aLb, best fit gives b = 0.76). The log–log scale emphasizes the power law correlation, since
the exponent is equal to the slope of the linear line. The multilayer uptake does not reveal any distinct thickness dependence. (d) d(∆CPD)/dT spectra of the “extra-thick”
films grown at temperatures in the range of 33 K–90 K.

thickness range of 10 ML to 9000 ML, all grown at 33 K (possessing
the highest degree of polarization). The TP-∆CPD profiles look sim-
ilar in their general trend to those shown in Fig. 3. All the previously
described peaks, except for that of the multilayer desorption, remain
at fixed temperatures. The multilayer desorption peak reveals a typi-
cal zero-order kinetics, for example, see Fig. S4 of the supplementary
material, as was previously discussed; however, its onset shifts with
the thickness. In addition, the thickness does not affect the peak area
[inset of Fig. 5(c), in filled triangles], and the contribution of the
multilayer to the ∆CPD is constant with a value of ∼0.5 V. These
observations lead to the conclusion that this peak represents the des-
orption of the ten bottom-most monolayers and that the upper bulk
does not contribute to the overall polarization.

The thickness dependence of the low-temperature minimum
reveals that the peak temperature does not change, as shown in
Figs. 5(a)–5(c), i.e., it behaves similar to a first order kinetics pro-
cess. The depolarization change (integrated peak area) with the
thickness follows a power law, aLb, where L is the thickness in ML

and b = 0.76 ± 0.01 [best fit value; see the inset of Fig. 5(c)]. This
deviation from linearity is the result of the ∆CPD-substrate tem-
perature counter-correlation discussed in Sec. III A. The concav-
ity of the ∆CPD as the thickness increases leads to lower levels of
polarization than expected, explaining a power correlation smaller
than 1.

In Sec. III A, we have discussed the growth of extra-thick
films [Fig. 1(b)]. These films were subsequently annealed. Their
TP-∆CPD measurements can be seen in Fig. S3(d) of the supple-
mentary material, whereas the corresponding d(∆CPD)/dT spec-
tra are demonstrated in Fig. 5(d). The d(∆CPD)/dT spectra for
the extra-thick films, especially those that were grown at ele-
vated temperatures, show a significant shift of the low-temperature
peak to higher temperatures as the film thickness increases when
compared to that of the thinner films presented in Fig. 3 [and
shown again in the inset of Fig. 5(d) for clarity]. This shift is the
result of the temperature increase during film growth and can be
explained by the “memory” effect of the water thermal history, since
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the shift and the temperature increase correlate. In addition, both
the low-temperature and the multilayer desorption peaks follow all
the trends discussed above—the Tgr dependence of the film recon-
struction and the thickness dependence of the multilayer desorption.
All the other features discussed in this report are not affected. These
findings emphasize the effect temperature and thickness have on the
spontaneous polarization of ASW films.

IV. CONCLUSIONS
In this work, we have employed continuous contact poten-

tial difference (∆CPD) measurements to investigate the temperature
dependence of accumulating spontaneous polarization during the
growth of thick amorphous solid water films on a Ru(0001) sub-
strate under UHV conditions. This investigation has been conducted
in two domains: the effect of growth temperature and the conse-
quence of film annealing. The ASW film growth responds differently
in three temperature regimes, including varying degree of polar-
ization and even a net (average) polarization flipping. The overall
measured ∆CPD during growth has contributions from the initial
“short range” interaction of the water molecules with the metallic
substrate and a “long range” contribution of the net macroscopic
dipole alignment. The first is dominated by charge transfer from
the adsorbates to the substrate and from the dipole alignment of
molecules of the first layers. In addition, this interaction is growth
temperature independent and is limited in range, as the∆CPD signal
(−1.7± 0.1 V) saturates at the film thickness of 10 ML. At higher cov-
erages, a spontaneous polarization across the film evolves through
a net macroscopic dipole alignment. This contribution was found
to have a strong growth temperature and film thickness depen-
dence. Spontaneous internal electric fields in the range of 106 V/m
are formed, even though the net alignment was calculated to be
minor (0.001%–0.008%). This polarization cannot be attributed to
any pyro- or ferroelectric effects because it irreversibly decreases
upon heating, as was demonstrated by TP-∆CPD measurements.
Instead, it is attributed to film morphology, mostly the porosity
and the presence of defects. The enhanced propensity of surface
molecules to be undercoordinated causes the surface dipole to par-
tially align perpendicular to the substrate, leading to the measurable
∆CPD.

Moreover, we qualitatively associate the spontaneous polar-
ization that amorphous solid water films develop with the family
of spontelectric materials due to the similar behavior with respect
to temperature-dependent polarization accumulation and the irre-
versible depolarization while being annealed, indicating that the
“memory” of its thermal history is an important feature of these
materials. Apparent growth temperature dependent activation ener-
gies for depolarization were calculated in the range of 2.7 kcal/mol–
8.6 kcal/mol. These results indicate that ASW film morphology
affects its dielectric constant.

By combining ∆CPD data with the information obtained from
the standard ∆P-TPD measurements of a weakly bound probe atom
(Kr), we could interpret features in both the TP-∆CPD profiles
and their temperature derivative to structural rearrangements and
phase transitions, in this case, to pore collapse at low tempera-
tures and the crystallization to ice Ic and Ih at 131 K and 157 K,
respectively.

SUPPLEMENTARY MATERIAL

See the supplementary material for a more comprehensive
(quantitative) representation of the ∆CPD measurements during
the growth of the extra-thick films seen in Fig. 1, a detailed anal-
ysis of the concave ∆CPD profiles during growth, and the subse-
quent TP-∆CPD measurements of films of varied thicknesses. In
addition, the zero-order multilayer desorption, reflected by the film
thickness-multilayer desorption peak correlation, is presented. The
supplementary material further presents detailed data and calcula-
tions concerning the spontaneous polarization, mostly the observed
electric fields and dipole alignment.
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