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ABSTRACT

Ammonia molecules have an important role in the radiation-induced chemistry that occurs on grains in the cold interstellar medium and leads
to the formation of nitrogen containing molecules. Such grains and surfaces are primarily covered by water ices; however, these conditions
allow the growth of solid ammonia films as well. Yet, solid ammonia know-how lags the vast volume of research that has been invested in the
case of films of its “sibling” molecule water, which, in the porous amorphous phase, spontaneously form polar films and can cage coadsorbed
molecules within their hydrogen-bonded matrix. Here, we report on the effect of growth temperature on the spontaneous polarization of solid
ammonia films (leading to internal electric fields of ~10° V/m) within the range of 30 K-85 K on top of a Ru(0001) substrate under ultra-high
vacuum conditions. The effect of growth temperature on the films” depolarization upon annealing was recorded as well. By demonstrating
the ability of ammonia to cage coadsorbed molecules, as water does, we show that temperature-programmed contact potential difference
measurements performed by a Kelvin probe and especially their temperature derivative can track film reorganization/reconstruction and
crystallization at temperatures significantly lower than the film desorption.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0017853

. INTRODUCTION

The study of solid ammonia films is relevant to astrochem-
istry and astrophysics, since ammonia is among the most abun-
dant molecules in the interstellar medium (ISM), with an abun-
dance of 1%-10% with respect to that of water,’ and can be found
in molecular clouds (MC) and in star forming and circumstellar
regions.”’ Ammonia has also been detected on planetary bodies
in our solar system—on planets,H their atmospheres,‘\)’m satel-
lites,">''"** asteroids, and comets.'* The low temperatures charac-
terizing these extraterrestrial environments (10 K-100 K) allow the
growth of pure or mixed icy layers via condensation of gas-phase
molecules. Ice growth on top of dust grains is presumed to accelerate
their gravitational collapse and to increase their sticking probability
to form larger aggregates, processes that eventually lead to the for-
mation of pre-stellar cores and planetesimals.'”'" Moreover, such
films are subject to continuous photo- and radiation-induced chem-
istry, where ammonia is presumed to be an important precursor
for the formation of nitrogen-bearing molecules detected on inter-
stellar icy grains.'” *’ In addition, ammonia detection within the

icy surfaces of planetary bodies in our solar system suggests geophys—
ical activity”* and the presence of liquid water at their subsurface.”
Furthermore, due to its resemblance to water, ammonia may also
be important in the study of hydrogen bonding and defect-induced
proton mobility”*** and to the study of charged particles solvation
within ices.””"

In this work and in a parallel study,”’ we demonstrate the
spontaneous polarization of solid ammonia films and contribute to
the general understanding of this phenomenon, previously observed
and reported for the case of amorphous solid water (ASW). ASW
films demonstrate a strong growth temperature (Ty) dependence
on the evolution of polarization, which mostly derives from the T,
dependent film porosity, due to dipole orientation normal to the
substrate on the pore walls. Both water and ammonia molecules
share many properties; among them, their tetrahedral structure
(including the electron lone pairs) and the ability to form hydrogen
bonding. Both molecules are polar, with a gas phase dipole moment
of 1.85 D and 1.42 D for water and ammonia, respectively. In the
solid phase, the potential of water ices to form polar (amorphous)
films has drawn considerable attention throughout the past decades.
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This is in contrast to ammonia, whose important astrochemical role
has only recently been recognized and, so far, this possibility was
ignored (excluding a brief statement in the work of Kutzner,”
although without any demonstration, and the very recent publi-
cation by Cassidy et al.”’). Hence, it is of interest to explore and
compare the macroscopic nature of polarization of the two molec-
ular ice systems. Contact potential difference change (ACPD) mea-
surements were performed for both ASW (presented in a separate
publication) and ammonia during the growth of thick films con-
densed on Ru(0001). We examined the effect of substrate temper-
ature on ACPD that develops between the film/vacuum and the
film/substrate interfaces. ACPD is further in situ monitored, while
these films are subsequently being annealed.

Thick films of solid ammonia were studied so far mostly by
infrared measurements,”’ * associating the IR bands with the struc-
ture and phase of the ammonia films. Changes in the work func-
tion as a result of and during the growth of submonolayer cov-
erages were indirectly recorded.” "' Yet, neither the macroscopic
net polarization of thick ammonia films nor continuous CPD mea-
surements during the growth of solid ammonia layers and during
film annealing had been reported previously. Such measurements
are of interest because they provide new information on the macro-
scopic morphology and dielectric properties of the icy film, reveal-
ing how they are influenced by the substrate temperature during
film growth or upon temperature modifications. This report focuses
on the spontaneous polarization of solid ammonia films during
their growth as well as on the structural changes and phase tran-
sitions these films undergo while annealed by employing ACPD
measurements.

Il. EXPERIMENTAL METHODS

Hundreds of monolayers (ML)-thick solid ammonia films were
grown under ultra-high vacuum (UHV) conditions (base pressure
of <2 x 107 Torr) on a 8 x 8 x 2 mm> Ru(0001) substrate attached
to a closed-cycle He cryostat (Janis) by two 0.4 mm diameter Ta
wires spot-welded to the crystal’s top and bottom edges and to two
2.8 mm Ta rods connected to the cryostat. Temperature readings of
the ruthenium sample are acquired by a K-type thermocouple spot-
welded to one side of the substrate, providing accuracy of +0.5 K.
A LabVIEW algorithm enables reading of the temperature and the
controlled resistive heating/cooling of the substrate at linear rates in
the range of 0.5 K/s-10 K/s. The cryostat can cool the sample down
to a base temperature of 30 K, with additional capability to modify
the sample’s temperature by utilizing a Si diode and a 50 ) cartridge
heater attached at the bottom of the cryostat. This together with its
designated temperature controller (LakeShore 335) enabled accurate
base temperature control in the range of 30 K-300 K. The ruthenium
surface is daily sputter-cleaned by 800 eV Ne" ions for 12 min, fol-
lowed 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)
for the performance of continuous ACPD measurements. Cou-
pling to the controlled heating enables temperature-programmed
desorption (AP-TPD) measurements. Continuous monitoring of
the surface work function change (ACPD) enables us to record
ACPD, while rearrangements of the adsorbates take place prior
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to any desorption (A®-TPD or temperature-programmed ACPD
measurements, TP-ACPD). Moreover, the latter’s derivative spec-
trum, d(ACPD)/dT, provides a unique perspective on the polar-
ization of the films."”*" The UHV chamber is further equipped
with an electron source (1 eV-2000 eV; ELG-2, Kimball Physics)
and a mini-Auger analyzer (LK technologies, attached via a 2.75"
flange) for determining the surface cleanliness. Ammonia (NH3,
Sigma-Aldrich, 99.99+%) vapor was introduced by backfilling the
UHV chamber through a high-precision leak valve, ensuring homo-
geneous coverage on the sample and its cold surroundings. The
exposure of a 1 ML-thick film (calculated in langmuir units, L,
where 1 L = 107 Torr - s) was derived from the emergence
onset of the ammonia multilayer desorption peak while perform-
ing exposure dependent AP-TPD measurements. One monolayer
of NHj is equivalent to the exposure of 0.15 L (without ion gauge
corrections).

I1l. RESULTS AND DISCUSSION
A. The first layers of ammonia on Ru(0001)

Thick solid ammonia films have not been studied so far by
employing ACPD measurements, and our first aim is to lay some
of the foundations required for our analysis of the ammonia sys-
tem. Molecular chemisorption on metal surfaces alters the surface
charge distribution. Subsequent annealing to sufficiently high tem-
peratures will eventually lead to desorption of the adsorbates from
the surface, restoring its initial state assuming that no dissociation
fragments remained strongly attached to the surface. Continuous
ACPD measurements during the growth of the first layers and dur-
ing a programmed heating process will monitor and respond to
these events. TP-ACPD measurements and, more specifically, their
temperature derivative [d(ACPD)/dT] spectra can be compared to
standard AP-TPD measurements” and to add further informa-
tion regarding events occurring at temperatures significantly below
the desorption onset. Standard AP-TPD measurements provide
information on the kinetics and binding energies of adsorbates to
the substrate (in the submonolayer regime) and on intermolecu-
lar interactions.””****°" As a complementary tool, TP-ACPD data
can introduce further information on macroscopic molecular ori-
entation and morphological changes that take place in response to
film warming. A comparison between the two techniques, as shown
in Fig. 1(a), is essential because it may assist us identifying fea-
tures observed in the case of thick films, where standard AP-TPD
cannot introduce new features above a few to tens of monolayers
(multilayer).

Ammonia adsorption on transition and noble metal surfaces
has been investigated by various tools,””"*~*"**" including standard
AP-TPD. These measurements reveal minor differences between
substrates, mainly in peak positions. Desorption profiles from these
surfaces share a broad high-temperature desorption peak attributed
to the first monolayer. The broadening is associated with dipole-
dipole repulsive interactions, forcing the dipoles to reorient in
order to reduce the system’s free energy, consequently lowering the
effective activation energy for desorption as coverage as coverage
increases,”’ due to desorption from different adsorption sites-atop
or threefold hollow’” or even due to desorption of hydrogen-bonded
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FIG. 1. The first layers of ammonia on the Ru(0001) surface. (a) Temperature-
programmed desorption (AP-TPD) spectra of ammonia (atomic mass to charge
ratio, m/z = 17) and submonolayer to multilayer coverages [up to 5 monolayers
(ML); heating rate of 4 K/s], demonstrating its similarity to the temperature deriva-
tive spectrum of temperature-programmed contact potential difference change
(TP-ACPD) measurements (shown in Fig. S1 of the supplementary material),
d(ACPD)/dT, of multilayer thick ammonia film (in red). (b) AP-TPD measurements
(1 K/s heating rate; relative scaling is noted next to each curve) of 0.7 ML CD;Cl
(53 m/z; in orange) adsorbed directly on the ruthenium substrate and capped by
different ammonia coverages (not to scale; in blue), demonstrating the ability of
ammonia to compress and to cage coadsorbed species, eventually desorbing as
a “volcano” together with the ammonia multilayer at 110 K.

56

molecules from dimers.”” These measurements also share two sharp
features at lower temperatures ascribed to the desorption of the sec-
ond monolayer and the multilayer. Figure 1(a) demonstrates that
Ru(0001) is not exceptional, with ammonia coverage dependent
AP-TPD spectra (atomic mass to charge ratio, m/z, of 17; coverage of
0.2 ML-5.0 ML and heating rate of 4 K/s; colored scale). The
first monolayer desorbs in the temperature range of 150 K-390 K
(with two local maxima at 203 K and 310 K). The second mono-
layer and the multilayer exhibit narrower peaks where the onsets
for desorption are seen at 110 K and 80 K, respectively. The max-
imum desorption rate of the second monolayer is obtained at
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131 K, whereas the multilayer exhibits a zero-order kinetics. A cor-
responding d(ACPD)/dT spectrum (red line; 1 K/s heating rate)
of 40 ML-thick ammonia film follows the trends of the standard
AP-TPD profile [the TP-ACPD profile is shown in Fig. S1(a) of the
supplementary material]. It exhibits a broad high-temperature fea-
ture attributed to the first monolayer realignment and desorption
and the two low-temperature peaks of the second monolayer and
the multilayer.

Essential to our analysis is the ability of ammonia to compress
and cage pre- or coadsorbed polar and nonpolar molecules inside
structural pockets. This is analogous to the behavior of water and
is evident by the abrupt release of these molecules upon tempera-
ture increase (the “molecular volcano”). The caging phenomenon is
well-documented for water;”* ° however, it has never been previ-
ously demonstrated for any other molecular film, ammonia in par-
ticular, which obviously is a natural candidate for comparison. This
is presented in Fig. 1(b). Methyl chloride is an excellent demon-
strator because it has a broad desorption profile when adsorbed
on Ru(0001), very similar to that of ammonia [see Ref. 47 and
Fig. S1(b) of the supplementary material]. Thus, it can demonstrate
the ammonia’s capability of caging. A fixed 0.7 ML CD;3Cl cover-
age was deposited on top of the clean ruthenium substrate. Sub-
sequently, increasing levels of ammonia coverages were deposited
on top [see the inset of Fig. 1(b)]. AP-TPD measurements tracked
the desorption profiles of the two species (CD3Cl in orange and
NH3 in blue, not to scale). The broad submonolayer desorption
peak of CD3Cl seen without any ammonia overlayer (bottom) is
significantly compressed when the ammonia is significantly com-
pressed when the ammonia submonolayer coverage increases and
its peak gradually shifts to lower temperatures (from 130 K with-
out any ammonia capping down to 110 K with 0.5 ML of subse-
quently adsorbed ammonia and further to 103 K with ammonia mul-
tilayer on top). The profiles of both species indicate the formation of
methyl chloride multilayer islands. This we believe is the compres-
sion stage, where the two-dimensional film contracts to form three-
dimensional structures, whether they are mixed with the ammonia
or not is an open question, since the ammonia molecules inter-
act with both the adsorbed CD3Cl molecules and the substrate. At
multilayer coverages of ammonia, the CD3Cl molecules are encapsu-
lated.”® Therefore, when capped by the 36 ML-thick ammonia film,
it desorbs together with the ammonia multilayer in the temperature
range of 94 K-106 K (FWHM of only 3 K), typical for the so-called
“volcano desorption” phenomenon. These two building blocks are
of great importance on their own and will further serve us here.

The growth of thick ammonia films on the Ru(0001) substrate
was performed via backfilling the UHV chamber with room tem-
perature ammonia vapor adsorbed on the substrate at temperatures
in the range of 30 K-85 K at a fixed growth rate of 7 ML/s while
continuously recording the ACPD. In Fig. 2(a), ACPD profiles mea-
sured during the growth of 3300 ML-thick films at different growth
temperatures are shown. When the exposure approached the desired
value, the leak valve was closed and the ammonia vapor pressure
dropped down, and at sufficiently low pressure, the substrate was
cooled to 30 K.

An initial Tg independent sharp drop of the ACPD pro-
file down to a minimum value of —3.4 V is observed. This value
is obtained at ammonia layer thickness of ~30 ML. The satura-
tion of the first monolayer on Ru(0001) occurs at a coverage of
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FIG. 2. ACPD curves during the growth of 3300 monolayers (ML)-thick solid ammonia films on top of the Ru(0001) substrate at temperatures in the range of 30 K-85 K
(denoted by Tg). (a) The left-hand side panels are ACPD measurements recorded during the growth of ammonia layers at the indicated temperatures; the blue dashed
rectangle denotes the exposure termination (leak-valve closure; initiates the observed voltage-drop). Films were then cooled down to 30 K. Right-hand side panels of (a):
ACPD-versus-time curves following the leak-valve closure (pressure reduction at t = 0). A typical chamber’s pressure-drop profile and a representative substrate temperature
profile of a film grown at 70 K and then cooled down to 30 K are demonstrated in the middle-right panel by the black and red dashed lines, respectively. (b) ACPD during
adsorption of ammonia’s first monolayer vs its surface density. The coverage of a complete (ordered) ammonia monolayer on Ru(0001) is 0.25 [with 2 x 2 overlayer structure
(see Ref. 39) and the Ru(0001) surface density is 1.57 x 10'® atoms/cm?]. (c) A comparison between ACPD profiles during the growth of both ammonia and amorphous

solid water (ASW) multilayers until the ACPD minimum is established.

~0.25 (NH3/Ru), presenting a 2 x 2 overlayer structure, i.e., sur-
face density of 4.0 x 10" molecules/cm® (recorded by LEED
measurements performed by Benndorf and Madey”). The first
monolayer contributes ~40% of the —3.4 V minimum obtained at
30 ML, implying a strong interaction of the first ammonia layers with
the substrate.

At the limit of zero coverage, the dipole moment is indepen-
dent of the adsorbate surface density, and thus, one may ignore
dipole-dipole interactions with the nearest neighbors and apply the
following Helmholtz equation:

acep = N 1)

&0

where N is the surface density of the ammonia molecules, ¢ is the
vacuum permittivity (8.85 x 0w 2cvim! or, for convenience,
266 x 10 DV cm™, where 1 D = 3.33 x 107°° C m), and p
is the adsorbates effective dipole moment, modified by interaction
with the substrate. Since the dipole is density independent, it can be
extracted directly from the slope of the (initially) linear ACPD vs
molecular density profile seen at this coverage range [see Fig. 2(b)]

according to Eq. (1). This calculation yields a dipole moment value
of 2.0 D, in agreement with the value reported by Benndorf and
Madey.” The dipole moment enhancement relative to the gas-phase
value of 1.42 D is the result of the bonding nature of ammonia
molecules to the ruthenium surface and the dipole orientation with
respect to the substrate. Ammonia bonds to the surface via the nitro-
gen atom, promoting charge-transfer from the nitrogen lone-pair
electrons to the metal.”” Moreover, at this coverage range, ammo-
nia molecules are aligned normal to the substrate.”””* In response,
the metal substrate forms an image potential within it, which further
contributes to the dipole moment increase.”’

At higher coverages, up to the completion of the first mono-
layer, the adsorbed molecules reduce their z-direction dipole align-
ment, responding to dipole-dipole interactions; however, they do
wet the surface, forming a compact first layer.”” This further con-
tributes to the establishment of the ACPD minimum. The upper-
layer molecules contribute to the measured ACPD as well, how-
ever, with a gradually decreasing influence. At thicker films (above
30 ML), this stops from playing a role, indicating the limit of inter-
action of the stacked ammonia layers with the substrate. Similar

J. Chem. Phys. 153, 124707 (2020); doi: 10.1063/5.0017853
Published under license by AIP Publishing

1583, 124707-4


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

minimum was obtained for water, however, at lower thickness (10
ML) and with smaller ACPD voltage drop [-1.75 V, see Fig. 2(c)],
implying a stronger interaction of the ammonia molecules with the
substrate. This is also evident from the much broader first monolayer
desorption profile that ammonia presents [Fig. 1(a)], indicating that
an increased charge transfer from the ammonia to the ruthenium
takes place. Additionally, ammonia presents an enhanced alignment
normal to the substrate and a better wetting than water (at the
same coverage), which at low coverages forms almost planar rings,””
practically commensurate with the hexagonal 0001 plane of the sub-
strate. At higher coverages, adsorbed water molecules cluster to form
three-dimensional islands, indicating that their interaction with the
substrate is weaker.

B. Polarization of thick solid ammonia films

The initial ACPD minimum of —3.4 V obtained at 30 ML is
followed by a T independent net orientation change (the ACPD
increases with thickness) in the ammonia layer thickness range of
30 ML-450 ML. Further growth (above 450 ML) leads to another
break, this time T, dependent, revealing three different Ty, regimes.
All films grown below 60 K exhibit practically identical decrease in
the ACPD, i.e., polarization flipping. At some temperature between
60 K and 65 K, the net-orientation does not flip and it maintains a
positive slope after the break at 450 ML. The ACPD slope further
increases with Tg. Films grown at 70 K present the highest slope,
with lower but still positive slopes at Ty > 70 K.

Further development of the Helmholtz equation for thick films
will give a simplistic description of the voltage difference evolved by
the following analog to a parallel-plate capacitor behavior:™

_ Mnyfar 2
AEOS(T) ’

AV

where M is an integer representing the effective number of dipoles
with some “up” orientation (M = Ny — N, where Ny, is the total
number of dipoles, either with net “up” or “down” orientation,
respectively). ji. is the average z-axis (normal to the substrate sur-
face) molecular dipole component, A is the substrate area, and &)
is the relative permittivity (dielectric constant) of the film (3.4 at
low temperatures,”>*’ very similar to that of water films,””"*** with
&r) = 3.2). Note that the potential develops within the film, AV is
offset by the film/substrate interaction, and its slope is opposite in
sign in comparison to the measured ACPD during film growth (see
also Sec. V of the supplementary material). The internal electric field
should not contain any lateral contributions, only the z-component
(due to symmetry considerations), which can be calculated
according to

E. - d(ACPD). 3)
dz

Yet, to properly calculate the field, one must translate the thick-

ness expressed in monolayers to actual length scales. Although it
seems straightforward, care should be taken because our notation of
thickness assumes a compact film. This is not the case, since the films
are porous below 60 K.” In fact, the films are not of equal thickness
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but of equal mass—to that of a compact film. The internal electric
field can be calculated from the linear trend of each of the ACPD vs
thickness profiles in the range of 450 ML-3300 ML by the following
term (see Sec. V of the supplementary material):

5 _ d(ACPD)  A(ACPD)

‘ dz = A(#ML)sp:/p’ )

where s is the interlayer spacing (i.e., the monolayer thickness is
2.54 A, assuming that it is equal to that of crystalline ammonia).
pc and p are the compact and porous film densities, respectively.
The values for the Ty dependent density are taken from the work
of Satorre et al.”’ (see also Table SII of the supplementary material;
pc = 0.89 g/cm’). We then calculate the growth temperature depen-
dent internal electric field in the Ty range of 30 K-85 K. This is
shown in Fig. 3. These calculations result in internal electric fields
in the range of —4.6 to 12.3 x 10° V/m. From the linear correlation
between the polarization and the electric field, one can calculate the
average z-component of the dipole moment, ji.. i, can be expressed
as follows:”’

d(ACPD)

dz ®)

[jlz = SoQ

where Q is the molecular volume (19.56 A%,°® an approximation of
the van der Waals molecular volume). The calculated values of ji,
are in the range of 0.9 x 107 D-6.4 x 107 D. More interesting
is the average level of dipole orientation, fi,(ry/#t = {cos8), where
0 is the angle between the total dipole and the z-direction, nor-
mal to the surface. However, for this, one should know the absolute
magnitude of ji. This is an unknown quantity and we will adopt
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FIG. 3. Internal electric field and the average dipole alignment (upper limit) inside
3300 ML-thick solid ammonia films. The internal field and the average dipole orien-
tation are calculated according to Egs. (4) and (5), respectively. Gas-phase value
of the ammonia molecule’s dipole moment was used for the calculation of the
dipole orientation, serving as an upper limit. The dipole flipping is apparent in both
the field and the dipole alignment when they change their sign (from negative to
positive values) at Ty between 60 K and 65 K.
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instead the gas-phase value, estimating an upper limit for the actual
alignment. This assumption can be justified, since one expects the
dipole to increase, mostly due to the ability to form hydrogen-bonds
(similar to the case of condensed water and in contrast to expected
values from other models that neglect such interactions, see Refs. 69
and 70, respectively). The upper limit alignment percentage, in the
range of 0.7 x 107°%-4.5 x 107°%, is also depicted in Fig. 3 (val-
ues can be found in Table SII of the supplementary material). The
temperature dependence of the dipole moment orientation along
the z-direction is generally described through a Langevin function;”’
however, this monotonic function cannot describe both the polariza-
tion flipping seen at 60 K-65 K and the multiple trend shifts. Similar
behavior except for the change in sign was demonstrated by Plekan
et al”' for cis-methyl formate deposited under similar conditions.
These researchers have formulated a broader representation of the
total local field, where the measured spontaneous field is only one
parameter in a spontelectric model. Observation of the first derivative
of the Langevin function under the assumption of low local electric
fields can partially reconstruct the trend shifts. Yet, this description
does not consider the strong hydrogen-bonding ammonia molecule
form compared to the electrostatic forces™ and a similar quantita-
tive analysis we could not manage to perform here. Nonetheless,
a test of the spontelectric nature of solid ammonia films was very
recently reported by Cassidy et al.,”” who examined much thinner
films (~30 ML) following vacuum ultraviolet (VUV) absorbance,
mostly of wavelengths near 125 nm, which ionize the condensed
ammonia molecules. They have extracted fields two orders of magni-
tude higher than those reported here. While it is difficult to account
for the origin of these large discrepancies, we postulate that this
may be the result of electron stabilization/solvation by surrounding
dipoles.”

The growth of the films stops when the ammonia vapor pres-
sure drops (when closing the leak valve). This initiates a decay of
the ACPD [see inside the blue dashed rectangle in left-hand side
panels of Fig 2(a), after 3300 ML of Fig. 2(a)]. Right-hand side pan-
els of Fig. 2(a) show the ACPD profile vs time from the moment
the pressure drops (t = 0; typical pressure vs time profile is shown
in black dashed line in the middle-right panel). While the pressure
decreases instantly, the corresponding decay of the ACPD is signifi-
cantly slower. This behavior correlates with a relaxation process the
films undergo, i.e., an attempt of the system to reduce its free energy,
perhaps by healing of defect sites that initiates a reduction of the
internal field, which in turn leads to a lower degree of alignment of
the dipoles. This self-limiting process eventually saturates. Such a
process is expected to be thermally activated; however, all films show
similar voltage decay between 30 K and 85 K.

Additionally, the subsequent substrate cooling [begins at
t ~ 800 s when the vacuum recovers; an example of the cooling pro-
file is shown by the red dashed line in the middle-right panel of
Fig. 2(a)] seems to have no impact on the polarization. This may
indicate that the observed polarization is not the result of a pyro-
electric effect. Moreover, these results are actually characteristic of
materials known as “spontelectric.””” Such materials—polar molecu-
lar films, e.g., methyl formate, condensed on a cold substrate, reveal a
similar growth temperature dependence of the internal electric field
and the dipole alignment, including the different voltage (ACPD)
evolution trends seen at different growth temperature regimes, as
well as the relaxation process at growth termination.
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C. Annealing thick solid ammonia films

Once grown, the thick ammonia films were heated at a rate
of 1 K/s until their full desorption at 400 K. TP-ACPD measure-
ments and their corresponding d(ACPD)/dT spectra are presented
in Fig. 4. The trends observed during films’ growth are also appar-
ent in both the TP-ACPD and the d(ACPD)/dT profiles. All films
reveal three main features in the temperature range of 30 K-180 K.
TP-ACPD profiles [Fig. 4(a)] demonstrate the evolution of a broad
maximum between 105 K and 160 K, which peaks at 155 K. This
is followed by a mild voltage decrease up to 170 K and increases
again at higher temperatures. The TP-ACPD profiles also show
a lower intensity, broad low temperature maximum that shifts to
higher temperatures with Ty in the range of 30 K-60 K [Fig. 4(a),
curves (a)-(d)]. For films grown at 30 K [Fig. 4(a), curve (a)], this
local maximum is obtained at 65 K. The peak emergence (assigned
to the depolarization of the film while the voltage rises) and its
subsequent decay (regaining polarization) span the entire temper-
ature range of 30 K-105 K. For Ty = 50 K (see Fig. S2 of the
supplementary material), the peak coincides with the higher temper-
ature voltage (ACPD) ramp, prior to the appearance of any decay.
An inflection point is formed this way that shifts to higher tempera-
tures with Tg,. This feature disappears when films are grown at 65 K
and above [Fig. 4(a), curves (e)-(h)]. Simultaneously, a minimum
emerges around 113 K. These features can further be analyzed by
monitoring the d(ACPD)/dT spectra [Fig. 4(b)], which represent the
rate of polarization change upon heating.

The d(ACPD)/dT spectra reveal a maximum at 115 K and a
minimum at 160 K. This is common to all growth temperatures.
According to the analysis of Fig. 1(a), these peaks are attributed
to the multilayer and the onset of ammonia monolayer desorption,
respectively (a full-scale, up to 400 K, TP-ACPD measurement and
its temperature derivative of thick ammonia film are shown in Fig. S3
of the supplementary material). Note that upon annealing, ACPD at
160 K equals —2.8 V, a 1.3 V higher than the ACPD value recorded
during the growth of the first monolayer [~-1.5 V, Fig. 2(b)]. This
significant difference may be associated with the modification of the
first monolayer interaction with the substrate, i.e., increased align-
ment of the dipoles normal to the substrate, either in response to the
stacking of layers above or due to the increased thermal energy avail-
able upon annealing. STM studies of the first monolayers of ASW on
the Ru(0001) surface performed by Maier et al.” have shown that the
growth of higher layers impose the restructuring of the first water
monolayer to commensurate with the 0001 plane of the ruthenium
substrate (forming a planar layer of hexamers). As was mentioned
before and unlike the planar structure of water, first monolayer
ammonia molecules tend to be vertically aligned.”””® Ordering of
the first monolayer due to the stacking of higher layers or due to
film crystallization upon annealing may lead to stronger interaction
with the substrate, mostly due to improved and thus increased image
potential within the metal, which is expected to result in an increased
ACPD.

A direct comparison of the d(ACPD)/dT spectra with a stan-
dard AP-TPD measurement cannot explain the low temperature fea-
tures because the onset for ammonia desorption is observable only
above 80 K (see Fig. 1 and Fig. S4 of the supplementary material).
One can overcome this by utilizing ammonia’s ability to trap other
species within its matrix, as was demonstrated in Fig. 1(b). Although
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FIG. 4. Solid ammonia films responding to temperature modifications. TP-ACPD spectra (a) and their temperature derivative, d(ACPD)/dT (b), of 3300 ML-thick ammonia
films grown at the indicated temperatures and subsequently cooled down to 30 K prior to their annealing at a heating rate of 1 K/s. All plots except that at Tq = 30 K are
arbitrarily offset (in the y-axis) for clarity. Horizontal dashed-dotted lines in (b) mark d(ACPD)/dT = 0.

an excellent model, the methyl chloride molecule is neither unique
nor will be useful for that purpose, since it strongly interacts with
ammonia and will not desorb at the relevant (low) temperature
range. A better strategy is to adsorb low coverage of weakly inter-
acting atoms on top of the films, thus expected to desorb upon
any minor surface modification. A suitable adsorbate is the inert Kr
atom, which weakly binds to surfaces. The weak interaction of Kr
with the ammonia film surface will lead to its release at low tem-
peratures upon annealing unless it is trapped within the molecular
matrix. In this case, it will either desorb together with the multilayer
or upon any reconstruction that may occur in the film at a lower
temperature, similar to that experienced with water.”"*

So far, we have addressed the ammonia films only as solids
without specifying any information regarding their state, for
instance, their phase or morphology. In the relevant temperature
range (30 K-85 K), the film morphology varies in porosity”’ and
can either be amorphous or crystalline.”® ** Despite the limited tem-
perature range (dictated by the onset for multilayer desorption),
the relatively low level of polarization, and the limited literature,
which makes the analysis of the ammonia system more complicated,
our data indicate that one can track the morphological changes
and phase transitions. Figure 5 depicts a Kr AP-TPD measure-
ment (84 m/z; orange solid line) at Kr coverage equivalent to 3 ML

(as defined on the bare ruthenium) deposited on top of the 3300 ML-
thick ammonia film, both deposited at 30 K. This is then compared
to the TP-ACPD measurement of an identical ammonia film (in blue
solid line) and with its d(ACPD)/dT spectrum (blue dashed line).
The AP-TPD profile shows three Kr desorption peaks—at 52 K,
65K, and 115 K. The ammonia multilayer desorption peak observed
at 115 K is well represented in both the Kr AP-TPD (Kr atoms des-
orb together with the ammonia multilayer) and the d(ACPD)/dT
spectra.

The small Kr desorption peak observed at 65 K (magnified 100-
fold) corresponds to the 65 K peak seen in the ammonia TP-ACPD
measurement. We assign this to crystallization of the amorphous
ammonia film to its cubic crystalline phase. Zheng and Kaiser’” have
reported crystallization of amorphous ammonia to occur at 57 K, 8 K
lower than our assignment. They have also reported that by adding
1% of water into the solid ammonia film, a shift of the phase tran-
sition temperature to 65 K is observed. However, this is unlikely
to be the case here because of the experimental conditions under
which the measurements were conducted: base pressure <2.0 x 10~
Torr in the UHV chamber and high-vacuum base pressure in the
prechamber reservoir (manifold) before it was introduced together
with the ammonia vapor. Just like AP-TPD measurements, the
TP-ACPD profiles and their temperature derivative strongly depend
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FIG. 5. Analysis of the TP-ACPD and d(ACPD)/dT spectra by Kr AP-TPD.
TP-ACPD profile (blue solid line) and its temperature derivative (blue dashed line)
of 3300 ML-thick solid ammonia film grown at 30 K. A 3 ML-thick Kr layer was
deposited at 30 K on top of an equivalent ammonia film; its AP-TPD spectrum
(84 m/z, orange solid line) is shown for comparison. In both measurements, the
heating rate was 1 K/s.

on the heating rate. In their work, Zheng and Kaiser annealed the
films at a heating rate of ~0.008 K/s, 125 times slower than the
rate used here. This may explain the difference between the crys-
tallization temperature of 57 K that these authors and 65 K reported
here. Lower heating rates allow more time for the film to respond
to the temperature ramp.”* Our analysis is further supported by
the fact that the peak temperature is thickness independent and
thus also mass independent (see discussion below and Fig. S5 of the
supplementary material).

Satorre et al.”’ have demonstrated by double laser interferom-
etry that amorphous ammonia films are porous and their porosity
changes with growth temperature. From their data, we could esti-
mate the density of films grown at 30 K to be 0.76 + 0.04 g/cm’.
They have shown that the density increases to 0.89 g/cm’ at Tg
= 60 K. This value pertains to the compact film density, since it
remains constant above 60 K. Hence, we attribute the Kr lowest-
temperature desorption peak at 52 K to some structural modifica-
tion, e.g., pore collapse and transition to a denser film. It cannot be
associated with the Kr multilayer desorption, since the multilayer
peak of an equivalent Kr coverage adsorbed on the bare Ru(0001)
substrate is obtained at significantly lower temperatures [the second
Kr monolayer desorbs at ~45 K;'* see an example in Fig. S2(a) of
the supplementary material]. This assignment is further supported
by the growing amplitude of the corresponding d(ACPD)/dT peak
with film thickness, while its temperature does not shift [Fig. 6(a)].
It is also supported by the absence of this low temperature AP-TPD
peak when the Kr is adsorbed on top of the ammonia film grown at
50 K [see Fig. S2(b) of the supplementary material]. There, only the
65 K and 115 K peaks are observed. In this case, the 65 K desorption
peak well correlates with a peak in the d(ACPD)/dT spectrum. Nev-
ertheless, correlating the depolarization of ammonia films grown at
Ty below 65 K with morphology modifications, e.g., pore collapse,
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FIG. 6. Film thickness effect on the spontaneous polarization of solid ammonia
films. (a) d(ACPD)/dT spectra of 670 ML-6600 ML-thick ammonia films grown at
30 K and at 85 K (inset). (b) The corresponding area under the low-temperature
peak (filled squares) and that of the multilayer (filled triangles and diamonds for
films grown at 30 K and 85 K, respectively). The low-temperature peak uptake
reveals a linear correlation with the thickness, L (ACPD = al®, best fit gives
b =0.95 + 0.10). The log-log scale emphasizes the power correlation since the
exponent is equal to the slope of the linear line.

requires the identification of the markers (e.g. unique IR spectra) of
solid ammonia surface molecules.

In contrast to water, where calculations assigning IR bands to
surface sites’” have proven to correspond to the acquired experimen-
tal data”® and were found to correlate with the water depolarization
upon heating,”” similar IR markers for the case of thick ammo-
nia films have not been fully identified so far. Dawes et al.”® and
Zheng and Kaiser * reported on several IR bands that change during
annealing of amorphous ammonia films. Among them, a broad peak
at ~1100 cm™" (the v, symmetric deformation) that upon crystal-
lization to the cubic phase splits into three components (with some
frequency disagreements between the two works). Dawes et al. cor-
related this band to molecules residing at the surface. If that is the
case, this band may serve as a marker for both structural changes
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and phase transition and may be compared to events recorded by
TP-ACPD measurements, similar to the work conducted on water
films by Bu et al.”” In this context, it will be worthwhile to inves-
tigate to what extent the porosity of the ammonia films is sensitive
to the growth conditions. It is well established that the porosity of
ASW films is not only growth temperature dependent’* ** but is also
strongly affected by the growth rate’” and by the incidence angle
in the case of molecular beam deposition.”” The latter approach
can produce compact ASW films when the beam impinges at small
angles of incidence with respect to the surface normal. The porosity
increases with the incidence angle, where backfilling vapor depo-
sition is considered to be equivalent to deposition at the averaged
angle of 45°. If ammonia behaves similarly, it will allow the investi-
gation of the presumed correlation between the surface markers and
the film morphology independently of the growth temperature. Such
investigation has not yet been performed.

Both groups above’”* have claimed that they identified a “ther-
mal memory” of the ammonia films based on their observations
that films grown at elevated temperatures maintained their IR-
absorbance profiles after cooling to 10 K. Furthermore, IR spectra
of amorphous films that were grown at a low temperature and were
subsequently annealed to Tann did not resemble those of films grown
at Tann. It was suggested that the annealing of the amorphous films
leads to their densification and eventually to their crystallization,
however with a distribution of crystalline grains of different sizes.
This distribution is assumed to differ from that of a film initially
grown at Tann, thus in our study has led to different TP-ACPD
profiles.

Given the grain size distribution hypothesis, the observed vari-
ations in the TP-ACPD and the d(ACPD)/dT profiles may explain
why these curves do not overlap until the monolayer desorption.
They show profile variations that can be observed also during the
multilayer desorption [e.g., curves (e) and (f) of Fig. 4(b)]. This indi-
cates that their morphology is distinguished even following pores’
collapse. The growth temperature does not determine only the films’
initial morphology but also the morphology obtained following the
films’ reconstruction. Additionally, identification of the crystalliza-
tion onset temperature demonstrates that ammonia forms sponta-
neous polarization even in the crystalline (also compact) phase, as
seen in Fig. 3 for films grown at T above 65 K.

D. Film thickness effect

The correlation between the desorption of Kr atoms from sur-
face sites and the depolarization of the amorphous films (films
grown below 65 K), both occurring during annealing, have led us
to the conclusion that the depolarization process observed at low
temperatures is attributed to surface reconstruction due to the col-
lapse of the porous matrix. The multilayer desorption at 115 K is,
however, responsible for the most significant depolarization seen
at all films, i.e., most of the polarization is kept within the mul-
tilayer matrix of the film. The contribution of the surface area to
the spontaneous polarization can be further investigated by varying
the film thickness, since the surface area of a film with a uniform
porosity linearly increases with the thickness. TP-ACPD measure-
ments and their temperature derivative can differentiate between the
contributions of dipole accumulation in the bulk and that of the sur-
face dipoles. The first should be manifested by modifications of the
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multilayer desorption peak, which is expected to follow zero-order
kinetics, and thus, it should slightly shift to higher temperatures as
the thickness increases. Its effect on the intensity is expected to be
weak due to the low level of polarization seen. If the dipoles have a
component normal to the substrate, then the intensity is expected
to increase. If their orientation is random, we should see only the
contribution of the first (bottommost) 30 layers responsible for the
-3.4 V minimum measured during the film growth. Changing the
surface area should, therefore, affect the low temperature features. In
that case, the d(ACPD)/dT peak temperature is expected to remain
in place if the voltage develops linearly with the surface area, as Bu
et al.”’ have shown in the case of water.

Figure 6 demonstrates the thickness effect on the d(ACPD)/dT
spectra for films grown at 30 K and 85 K [Fig. 6(a) and its inset].
Common to both growth temperatures is that by increasing the
film thickness, a shift of the multilayer desorption peak to higher
temperatures takes place. It is associated with growing amplitudes,
demonstrating zero-order kinetics [Fig. S4(b) of the supplementary
material] with an apparent sublimation energy of 2.8 + 0.2 kcal/mol,
in agreement with previous calculations of the hydrogen-bond
strength in ammonia ice I.** The low-temperature feature observed
for films grown at 30 K reveals a strong dependence on the
film thickness. Indeed, the depolarization/reconstruction process
observed between 30 K and 65 K demonstrates a first order-like
kinetics; the peak temperature remains unchanged (see also Fig. S5
of the supplementary material) and the contact potential difference
linearly increases with the thickness [best fit to ACPD = aL® shows
a power law behavior with b = 0.95 + 0.10; Fig. 6(b)]. This behav-
ior does not occur in films grown at Ty = 85 K, where no low-
temperature peak evolves, i.e., no structural rearrangement is recog-
nized below the desorption of the multilayer. The curves in Fig. 6(b)
further demonstrate that the polarization changes during film recon-
struction are affected the most by the film thickness. The voltage
difference due to the pore collapse increases 10-fold between films
of 670 ML and 6600 ML, while the area of the multilayer desorption
peak is affected relatively much less. At the same time, however, the
multilayer’s contribution to the voltage is still significantly larger in
both films grown at 30 K and 85 K.

IV. CONCLUSIONS

Due to the limited information on the behavior of thick solid
ammonia films, particularly in comparison to water, we have per-
formed several characterizations in order to fill some of the rele-
vant knowledge gaps. Among those, we have shown that adsorbed
ammonia molecules can compress and cage other coadsorbed
atoms/molecules, resulting from their strong interaction with the
substrate. This is a well-documented phenomenon observed in the
case of water. These together with IR measurements reported in
the literature allowed us to associate features in the TP-ACPD pro-
files and their temperature derivative to phase transition and struc-
tural rearrangements. By employing continuous contact potential
difference measurements utilizing in situ non-invasive Kelvin probe,
we have shown that the spontaneous polarization of thick solid
ammonia films, either amorphous or crystalline, has a prominent
temperature dependence. This is manifested by two processes: the
effect of growth temperature and the consequence of film annealing.
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The growth reveals three distinguished trends at different temper-
ature regimes. These trends include varying degrees of polariza-
tion and even a net (average) polarization flipping. The overall
measured ACPD during growth has contributions from the initial
“short range” interaction of the adsorbate with the substrate and a
“long range” contribution of the net macroscopic dipole alignment.
The first is responsible for most of the measured ACPD and was
found to be much stronger in ammonia than in water (-1.75 V
and -3.4 V ACPD for water and ammonia, respectively). In addi-
tion, this interaction is growth temperature independent. This is
also evident in the TP-ACPD profiles, where most of the ACPD
evolved during growth diminishes during the monolayer desorp-
tion. At higher coverages, the film polarization originates from a net
macroscopic dipole alignment that leads to electric field evolution
across the film. Overall, thick solid ammonia films have a weaker
dipole interaction/alignment than water and, consequently, a weaker
temperature dependence, except for the narrow growth temperature
range of 60 K-75 K, where significant modifications were observed.
We assign ammonia to the family of materials classified as “spon-
telectrics” due to the similar temperature dependence they exhibit
(memory of their “thermal history”) that affects the internal electric
field.

We have shown indications that film reconstruction and crys-
tallization upon annealing occur in the temperature range of 50 K-
65 K. We conclude that the varied film morphology, governed by the
growth temperature and manifested by the spontaneous evolution of
polarization, well-correlates with the IR observations as a function of
temperature reported in the literature. We have provided more evi-
dence for the films’ thermal “memory” effect based on temperature
dependent depolarization measurements, derived from the fact that
films grown at different temperatures have a unique depolarization
pathway. This was demonstrated by AP-TPD of Kr atoms embedded
within the ammonia film, which were employed as an internal probe
of the film structure/porosity during its annealing.

We conclude with a general statement that characterization by
contact potential difference with the appropriate temperature con-
trol can be utilized non-invasively to monitor morphology modifi-
cations and phase transitions, at least for solids of polar molecules,
as was demonstrated here for solid ammonia.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting data concern-
ing the similarity between AP-TPD and d(ACPD)/dT spectra of
ammonia films, AP-TPD profiles of thin methyl chloride and Kr
films adsorbed directly on the Ru(0001) surface and Kr atoms
adsorbed on thick solid ammonia film, both grown at 50 K, uti-
lized as a probe for identifying peaks observed in the TP-ACPD
and d(ACPD)/dT spectra, data regarding the monolayer contribu-
tion to the overall measured ACPD, as it is reflected in a typical
full temperature-scale TP-ACPD profile, analysis of the film thick-
ness effect, including isothermal desorption curves and the film
thickness-multilayer desorption—peak correlation, both demonstrat-
ing the multilayer zero-order kinetics, and detailed data and calcu-
lations concerning the spontaneous polarization, mostly the electric
fields developed within the ammonia films and dipole orientation.
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