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When dipolar gases are condensed at sufficiently low temperature onto a solid sur-
face, they form films that may spontaneously exhibit electric fields in excess of
103 V/m. This effect, called the ‘spontelectric effect’, was recently revealed using
an instrument designed to measure scattering and capture of low energy electrons
by molecular films. In this review it is described how this discovery was made
and the properties of materials that display the spontelectric effect, so-called
‘spontelectrics’, are set out. A discussion is included of properties that differentiate
spontelectrics from ferroelectrics and other species in which spontaneous polarisa-
tion may be found.

Spontelectric films may be composed of a number of quite mundane dipolar
molecules that involve such diverse dipolar species as propane, nitrous oxide or
methyl formate. Experimental results are presented for spontelectrics illustrating that
the spontelectric field generally decreases monotonically with increasing deposition
temperature, with the exception of methyl formate that shows an increase beyond a
critical range of deposition temperature. Films of spontelectric material show a Curie
temperature above which the spontelectric effect disappears. Heterolayers may also
be laid down creating potential wells on the nanoscale.

A model is put forward based upon competition between dipole alignment and
thermal disorder, which is successful in reproducing the variation of the degree of
dipole alignment and the spontelectric field with deposition temperature, including
the behaviour of methyl formate. This model and associated data lead to the conclu-
sion that the spontelectric effect is new in solid-state physics and that spontelectrics
represent a new class of materials.

Keywords: ferroelectrics; dipole orientation; Curie points; heterostructures; polarised
solids; spontelectrics
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1.1. The discovery of spontaneously polarised materials, ‘spontelectrics’, and their salient

properties

Four years ago or thereabouts, we initiated at Aarhus a programme of research designed to
study the interaction of very low-energy electrons with solid material. This followed many
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years of experience in controlling electron beams down to energies of a few meV, with an
energy resolution in the beam of <1 meV, for the study of electron scattering in gases [1-3].
These studies had thrown up a number of fundamental phenomena in electron—molecule
interactions such as virtual state scattering [4], the coupling between elastic and dissociative
channels [5] and phase shifts and time delays in low energy scattering [6]. We sought to find if
these and other phenomena had counterparts in electron scattering in solids. There was almost
no data in the literature concerning the scattering and attachment of very low-energy electrons
involving solid material and the field was wide open for new discoveries. What we faced
instead was the discovery of a new class of spontaneously polarised solids. This deflected us
from the study of electron scattering by solids to the nature of the solids themselves, in which
the low-energy electron beam became a probe of the properties of the solids. These solids have
been dubbed ‘spontelectric’ and they form the subject of the current review.

What was found was as follows. Electrons, formed by synchrotron photoionisation [2,3]
of argon at a well-defined potential, were allowed to impinge on solid material in the form of
a film prepared by low temperature deposition from the gas phase. Give or take some small
potential differences, a current should pass into the sample when the sample is held at a
potential more positive than that at which the electrons were formed, assuming that there is
an energy band in the solid which they may enter. Under this condition, electrons may then
pass through the solid undergoing scattering. Alternatively, electrons may be trapped within
the solid in gap states and an induced current may be measured. The latter was the case for
water ice at 40 K where small repulsive potentials of typically ~—10mV on the ice were
observed to build up during electron irradiation [7]. However, similar films, but formed of
nitrous oxide (N,O), were found to attract electrons rather than repel them. A negative bias
had to be applied to the metallic substrate on which the N,O film was formed in order to null
the current [8]. The bias increased linearly with film thickness and could be of many volts.
The inference was that the N,O surface was spontaneously biased electrically positive. This
unexpected property was rapidly confirmed by a series of experiments described in Ref. [8],
the original paper in which the effect was described. The conclusion was drawn there, sub-
stantially strengthened by subsequent work, that the spontelectric effect arises through intrin-
sic alignment of the permanent dipoles of the constituent species.

Succeeding studies [9-12] have revealed that an extensive class of solids composed of
polar molecules are spontelectric and one may presently hazard the assertion that gas-phase
deposition of dipolar species generally yields spontelectric films and exceptionally does not.
Species identified differ radically in chemical structure, spanning a variety of molecules from
propane to methyl formate and dihydrofuran. Their common property is that these molecules
possess permanent gas-phase dipoles. By some means, as yet unknown in any detail, polar
molecules deposited from the gas phase assume a dipole aligned structure in the solid film.
This gives rise to net macroscopic polarisation whose presence is felt through a surface poten-
tial on the film. Only two species tested in the temperature range down to 38 K were found
not to show the spontelectric effect, namely water ice which is discussed below in Section 1.2
and carbonyl sulphide (OCS). Why it is that the latter species, which has a gas-phase dipole
moment of 0.715D, does not show the spontelectric effect remains presently unknown. It
may perhaps form crystalline films [13] with a structure determined by other forces than
dipole—dipole, a property that is very likely to preclude the spontelectric effect, as we
describe in subsequent sections.
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Figure 1. Spontelectric materials so far identified, with their chemical structures.

The spontelectric materials so far identified are shown in Figure 1. This list of molecules
could doubtless be made to grow rapidly. At present, the emphasis is upon learning the
properties of spontelectric materials more than extending the list.

The salient observed properties of spontelectrics may be summarised as follows:

® On forming a film by gas-phase deposition under ultra-high vacuum of a spontelec-
tric material, a potential, typically of several volts, appears spontaneously on the sur-
face of the film.

e This potential may be either positive or negative and gives rise to a corresponding
spontelectric field in the film.

e The potential is linearly proportional to the thickness of the film. The highest voltage
measured was 38 V on a ~1100 monolayer film of N,O.

e The spontelectric field depends on the temperature at which the film is deposited. It
is in general less for higher temperatures.

e For one material (methyl formate), the spontelectric field at first falls but then
increases with temperature beyond a critical temperature of deposition.

® At greater than a certain temperature of deposition, no spontelectric effect can be
observed.



Downloaded by [Nat and Kapodistran Univ of Athens] at 06:46 20 September 2013

International Reviews in Physical Chemistry 349

e Warming of a spontelectric film in general causes at first little change in the sponta-
neous potential on the surface of the film. A critical temperature is reached at which
the spontelectric effect decays abruptly. By analogy with ferromagnetism, this is
referred to as the Curie point.

® Subsequent cooling to below the Curie point has not been observed to reintroduce a
surface potential.

e The spontelectric potential is in general stable with time, at least over a period of
hours.

® The nature of the surface upon which spontelectric films are deposited has essentially
no bearing on the values of surface potential.

e Spontelectric films can be laid down one on the other and behave approximately
independently, making feasible the creation of any desired structure of electric fields
on the nanoscale.

1.2. Do spontelectric materials represent a new phenomenon in solid-state physics?

The question that forms the title of this section itself spawns several others. First, has the
spontelectric phenomenon ever been recorded before the ‘discovery’ publication in Ref. [8]?
Second, if this phenomenon has not been clearly described in other work, how could such a
fundamental property of thin films have been missed (or ignored) after so many years of
solid-state science? Third, do not ferroelectric materials also show spontaneous polarisation
and may not spontelectrics be a subgroup of ferroelectrics?

On an historical note, Smyth and Hitchcock [14] performed measurements of molecular
rotation in solid ammonia and hydrogen sulphide through measurements of the dielectric con-
stant at 5 kHz from ~80 K and up. They found no evidence for rotation in solid ammonia but
observed an abrupt and reversible change (with a hint of hysteresis) in the dielectric constant
at ~100K of solid H,S. The authors note that this is suggestive of a transition to an ordered
state. In view of the present results, the onset of hindered rotation may have been associated
with dipole ordering in the bulk (although the authors do not suggest this). However, they
report the reversibility of the phenomenon on cooling. This is not observed for spontelectrics,
as noted in Sections 1.1 and 3.

Instead of retreating 80 years [14], we move forward to the work of Kutzner performed
40years ago [15]; here, we find that a variety of molecules, including CO, N,O and H,O,
formed ices which were stated to show spontaneous polarisation. These investigations claim
to have established the presence of potentials on the surface of films of material. Kutzner
reported the measurement of the displacement current flowing as layers of material were
deposited and attributed this current to the presence of surface charge and thus polarisation in
the material. This work therefore suggests the existence of a spontelectric phenomenon and
constitutes a broad hint that spontaneous dipole alignment may take place in films of dipolar
species. We note, however, with reference to H,O ice films, that our own work, using the
technique described in detail in Section 2 below, shows that there is no permanent dipole
alignment in such films [7], in contradiction to the work of Kutzner [15]. Results in Ref. [7]
are consistent with the standard view that the bulk structure of water ice laid down at low
pressure and temperature is dictated by hydrogen bonding (see for example Ref. [16] which
also discusses limited polar ordering in ice). This brings into question both the interpretation
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of the work of Kutzner and more recent work [17,18], using the Kelvin probe technique,
which concluded that water ice is, as the latter reference puts it, ferroelectric in character. The
sceptical view presented here with regard to the spontaneous polarisation of water ice is ech-
oed by standard textbooks on ice structure [19].

1.2.1. Surface dipoles

Remaining on the tack of ‘has the spontelectric phenomenon ever been seen before?’, the
adsorption of a monolayer of polar molecules on surfaces is well-known to give rise to a
surface dipole [20,21]. Dipolar image effects and displacement of charge between the sub-
strate and the adsorbate, for example, from a metal to an organic film, give rise to sur-
face potentials, of either sign, which are typically of a few hundred meV. However, the
adsorption of further layers does not change the apparent work function markedly, that is,
there is no additional change in the surface potential after several layers are added. This
very well-documented phenomenon, see for example Ref. [22], is therefore associated with
the surface—adsorbate interface and is not a bulk property of the film. Thus the observa-
tion here that the surface potential increases linearly with increasing film thickness, main-
taining an inherent polarisation, which gives rise to an apparently constant electric field in
the film, sets the phenomena associated with spontelectric films apart from surface dipole
potentials.

1.2.2. Solid organic films

Spontaneous surface potentials and accompanying electrostatic fields are well-known to occur
in solid organic films [23-29]. These, therefore, display properties more closely resembling
those of spontelectrics than do the properties of the surface dipole layer. In the following sec-
tions, we first very briefly mention some relevant properties of organic films in general, tak-
ing polyimide films as representative of these films. We then review the properties of the
organic semiconductor tris (8-quinolinolato) aluminium (Alq;) in a little more detail. This
material is singled out since films of Alqs, apparently uniquely, have properties that at least
superficially resemble those of spontelectrics. Ferroelectric properties of organic films [30] are
compared with spontelectrics in Section 1.2.4.

Polyimide films [31] yield a surface potential that increases with the number of layers
of material. This increase continues progressively more weakly until a polyimide film thick-
ness of typically 30—50 monolayers (ML) is achieved. The increase in surface potential then
ceases for thicker films. Values of the surface potential vary according to the nature of the
substrate. Values of the potential increase with substrate temperature and can achieve ~1 V.
Uniquely, in the case of thin films of Alqs [32-34], the potential on the film surface
increases linearly with thickness and may achieve values of 28 V. The corresponding elec-
tric field in the film is ~10” V/m. Values of surface potential vary strongly according to the
nature of the substrate, showing for example roughly half as large a surface potential when
deposited on Al as upon Au (figure 3 of Ref. [33]) under otherwise the same conditions.
The sign of the field, however, appears unaffected by the nature of the substrate [34]. Tem-
poral decay of the electric field was observed on warming of the films. This has been
reported to be due to electron injection from the metal substrate through a potential barrier,
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for example, of 1.3eV for Al [33], rather than through thermally induced reordering as in
spontelectrics, as described in Sections 3 and 4. Films of Alq; are also strongly photosensi-
tive [32], a typical surface potential decaying to zero on absorption of 5mW/cm? for 20s
at 400nm, a wavelength at which Alq; strongly absorbs [33]. All authors agree that the
origin of the spontaneous surface potential in Alqs is net dipole alignment. The reported
photosensitivity for Alqs is typical of such dipole aligned systems [35] and the model of
dipole alignment as the origin of the surface potential is reinforced by reports of second
harmonic generation by films of Alqs [32]. The origin of dipole alignment remains uncer-
tain but to quote the most recent view [34] ‘the molecular geometric effect originating from
the molecular shape of Alqs is the origin of the non-centrosymmetric molecular alignment’.
In this connection, chemical effects in which three ligands bind to the surface dictate the
most favourable posture of Alqs on the surface. Reference to the properties of spontelectrics
set out in 1.1 shows that spontelectrics behave quite differently from Alq; in a number of
fundamental respects, such as behaviour with temperature or sensitivity to the surface on
which material is laid down.

1.2.3. How could such a fundamental property as the spontelectric effect of thin films have
been missed?

One may certainly wonder how the build-up of volts of potential on the surface of thin films
has not been recorded after so many years of solid state science, pace the work of Kutzner
[15]. A search of the literature reveals that X-ray photoelectron spectroscopy (XPS) of N,O
has shown evidence of small energy shifts in the apparent binding energy as a function of
film thickness for layers up to 21 ML at 32 K. These shifts were attributed to charging effects
of the films [36] but may have been due to the unsuspected spontelectric nature of the N,O
films. In general, however, XPS and other electron spectroscopies are carried out on very thin
layers, typically a few ML or less, where spontelectric shifts would not be apparent. More-
over the dose of photoelectrons through the surface in (say) synchrotron radiation-based XPS
is likely to be sufficient to destroy any spontaneous surface polarisation, which may arise due
to the spontelectric nature of films, as we discuss in more detail below and in Section 3.5.
Nevertheless, the spontelectric phenomenon could in principle be the origin of shifts and
broadening of XPS peaks for thicker films.

Experiments where the spontelectric nature of films would be most likely to be detected
would be those in which charging of films has been measured by direct illumination of cryo-
films with electron beams — much as in our experiments described in Section 2. The pioneers
in this field have been Sanche and co-workers: see Refs. [37-39] and numerous references
therein. However, as we now show, the currents of electrons used in all previous experiments
to our own, in which currents are typically ~200 fA at maximum, overwhelm any spontane-
ous polarisation of the film that may be present and destroys the spontaneous surface poten-
tial. A specific example [40] makes this clear. The electric field in the film is related to the
effective charge per unit area, that is the polarisation, at the surface of the film divided by the
permittivity of the vacuum, ¢y [32]. If we take the case of N,O at 40K, the electric field in
the film has been inferred from experiment [9] to be 9.72 x 10’ V/m and the polarisation
charge on the surface of N,O at 40K is ~1.7 x 107> C/m®. In Ref. [40] of Sanche and co-
workers, a current of 0.12nA of electrons was allowed to fall on a target (of solid CO, in that
case) whose area defined a charge delivered per second of 107> C/m®. Given an efficiency of
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charge capture of 30% for N,O [8], any surface potential would be removed, were the film
composed of N,O, in a few seconds of irradiation. Noting that currents in such experiments
are generally ten or more times larger than in Ref. [40], it is evident why the spontelectric
effect has not been observed previously by this otherwise direct method. In Section 3.5, we
describe experiments on N,O, which involve the reduction of the surface potential through
irradiation with an electron beam, which corroborate the above statement.

1.2.4. May not spontelectrics be a subgroup of ferroelectrics?

Ferroelectric materials show spontaneous polarisation. The defining characteristic of ferroelec-
trics is switchable polarisation between two or more discrete states on application of an
applied ‘coercive’ field and the related hysteresis under these applied fields [41]. Ferroelectric
materials also display further properties such as piezoelectric, flexoelectric and electrostrictive
effects [42] in which the polarisation of the material is coupled to its deformation. None of
these phenomena, including switchable polarisation under a coercive field, has yet been inves-
tigated for spontelectrics, although they are likely to be encountered for these materials in
some form. Ferroelectrics, moreover, continue to be a very active topic of research at the fun-
damental level, addressing such questions as the minimum size requirement for polarisation
switching [43] or the identity of the driving force of permanent polarisation, the latter refer-
ring to the concept of electronic ferroelectricity rather than the conventional ionic displace-
ment concept [44]. Both from an observational and a descriptive point of view, the
spontelectric effect is very much in its infancy compared with the topic of ferroelectrics.
Notwithstanding, it is possible clearly to differentiate between organic ferroelectrics and
spontelectrics. We concentrate here upon low mass organic ferroelectrics, such as the first
organic ferroelectric, thiourea, since those classes of crystalline ferroelectrics which rely on
ionic displacement to create a dipolar unit cell, or on proton transfer or hydrogen bonding to
create aligned dipoles, are evidently fundamentally different from spontelectrics [30]. First,
the similarities between spontelectrics and organic ferroelectrics: (i) ferroelectric organics
show (or are presumed to show) a macroscopic spontaneous polarisation [41], P. This is mea-
sured through the hysteresis displayed under the influence of the coercive field, although to
quote Ref. [41] ‘... the value of P is never measured directly as an equilibrium property’, (ii)
both organic ferroelectrics and spontelectrics in general show a Curie point, (iii) both rely
upon polarisation created through the ordering of the dipoles in the film in order to create
their special properties. Second, we list the differences: (i) the properties of spontelectric films
may be reproduced by a model which does not require that the films are composed of
domains (Section 4), whereas the presence of domains is a general property of ferroelectric
materials [45] (but see for example Ref. [43]) and may be the determining factor in their fer-
roelectric properties [46] (ii) a cycle of thermal hysteresis [45,47—49], characteristic of ferro-
electrics and generally readily observable, has not been experimentally detected in
spontelectrics, (iii) the behaviour of polarisation with temperature of deposition observed for
methyl formate (Section 3.2), with an increase in the spontelectric effect beyond a critical
temperature, has not been observed for any ferroelectric material. This behaviour is shown to
be a consequence of a general model for spontelectrics set out in Section 4. (iv) Spontelectric
properties are intrinsically generated through dipole—dipole interactions, an aspect that again
is reflected in the model for spontelectrics in Section 4. By contrast, ferroelectric properties
are dictated, in comparable organic ferroelectrics, by interactions that are extrinsic to dipole—
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dipole interactions. This makes for considerable difficulty and lack of success in identifying
organic ferroelectric systems, an aspect that is discussed in some detail in Ref. [30]. The con-
trast with spontelectrics is striking since almost all small organics which we have tested show
spontelectric behaviour (see Section 1.1).

We incline to the view that the answer to the title of this Section, ‘Do spontelectric mate-
rials represent a new phenomenon in solid state physics?’ is that spontelectrics are physically
distinct from all other systems which show spontaneous macroscopic polarisation, namely
certain polyimide films and ferroelectrics. Thus we propose that spontelectrics represent a
new phenomenon in solid state physics.

Section 2 is devoted to technical details of the experimental method through which spont-
electric behaviour was identified. Section 3 describes experimental data for a variety of mole-
cules (see Figure 1), with special emphasis on N,O, the group of species CF5Cl, CF,Cl,, CFCl;
and methyl formate. An example of a multilayer system for the creation of nanoscale potential
structures is also included here. Section 4 sets out a theoretical model that describes the strength
of the spontelectric effect as a function of the temperature of deposition of films of material.

2. The experimental technique for measuring spontelectric potentials
2.1. The principle of measurement of surface potentials

The potentials on film surfaces are measured using the principle that an electron beam formed
at some point at a certain potential can just reach another point at the same potential, poten-
tial barriers apart. Thus, if electrons are formed at a known potential, the potential of their
destination can be measured by the bias that must be applied either to their point of formation
or their destination such that a current just begins to flow. The accuracy with which this bias
can be measured depends on the energy resolution in the electron beam and the sensitivity of
the detection system. The spontaneous potential appearing on the surface of spontelectric
films is therefore measured by applying a bias potential to the system and effectively adjust-
ing this bias in order to null the current. Since electrons are formed at nominally 0V with an
energy of ~5meV (see below), the beam should therefore just be able to reach a target when
the target is itself at this same nominal zero (less 5mV). If the surface of the target were not
at zero but rather, say, at +5V, due to a spontancous formation of an electric field within the
film, then in order to ensure that the electrons only just reach the target it would be necessary
to bias the target, or the point of formation of the electrons, 5V accordingly negative or posi-
tive. Measurement of the bias required to locate the onset of a measureable current, therefore,
gives the potential on the surface of the film.

There is a small correction to be made to establish a true zero difference between the
clean gold substrate and the potential of formation of the electrons. This arises from the dif-
ference between the work function of the gold substrate and the graphite-covered walls of the
photoionisation chamber in which electrons are formed, as described below. This difference is
measured for each series of experiments; a typical value of ~0.25V is found in agreement
with standard figures.

A crucial difference between the present experiments and earlier work relating to electron
irradiation of molecular films, save Ref. [7], is that here the dose of electrons [50] is two to
three orders of magnitude lower (see also Section 1.2.3). Thus, we interrogate the material
while perturbing it to a minimum, in particular by the avoidance of strong negative charging
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or the concomitant removal of the surface potential in a spontelectric material. We give a
quantitative demonstration of this point in Section 3.5.

2.2. The electron source for measurement of surface potentials

As indicated previously, the surface potential is measured by interrogating the surface with an
electron beam. The electron beam has a maximum current typically of 200 fA. The essential ele-
ments of the apparatus are shown in Figure 2. Synchrotron radiation using the SGM2 beam line
on the ASTRID storage ring at Aarhus University, where all experiments described here were
performed, provides an electron source through photoionisation of argon in the region labelled
S1, S2, S3 [3]. Electrons are generated in this region at a nominal zero potential through photoi-
onisation with 1.5 meV resolution within ~5meV of threshold (78.67 nm or 15.764 eV) at the
3p°(°Pss) 9d resonance at 78.675nm or ~15.759 eV [51]. This creates photoelectrons with a
corresponding energy resolution of ~1.5 meV. The photon beam waist is a few tens of microns
and electrons are expelled from the region of photoionisation in a 0.4 V/cm electric field with-

Photoionisation
Region
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51

S2

S3

Four Element
Zoom Lens

Gold substrate
with condensed
solid film on top

Femto -
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|| Cryo-cooled Ta !
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Figure 2. (Colour online) A schematic diagram of the experimental apparatus. Synchrotron radiation (hv
ASTRID) with a resolution of 1.5meV enters a photoionisation source S1, S2, S3 containing argon at a
pressure of typically 10™*mbar. Photoelectrons are transported onto condensed solid films at
temperatures of 38 K and above. Currents are detected with a Keithley 6340 femtoammeter. L1-L4
constitute a four-element electron lens, V. is a further focussing element and S is a shield.
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out significant loss of energy resolution [3]. The beam of electrons so formed is transported
through a 4-element electrostatic lens, L1-L4 (Figure 2) and impinges on the film surface.

Experimental details of the photoionisation source and electron lens system have been
described extensively elsewhere, for example in Ref. [3]. Very briefly, the diameter of the
electron beam is 2-3 mm depending on the electron energy but naturally acquires a greater
opening angle according to the Helmholtz—Lagrange relationship as the electron energy
approaches zero. The current at the Au substrate is measured using a femtoammeter (Keithley
6430). All surfaces S1-L4, V.., and the shield S, Figure 2, are spray coated with Acheson
Aerodag G graphite to ensure a uniform surface. The apparatus is enclosed in a double
mu-metal shield to exclude the magnetic field of the Earth or other stray fields. The electron
energy is varied by applying a variable offset potential to the entire electron source with
respect to the sample. The zero of energy is taken to correspond to the value of offset poten-
tial for which current becomes measurable, that is, 2-3 fA.

2.3. Substrate characteristics and film preparation

The base pressure of the system is ~10~'®mbar. When performing experiments to measure
surface potentials the total pressure rises to ~10~/ mbar when Ar is introduced into the
photoionisation region. The gas is of 99.9999% purity and investigations show no evidence
of deposition of impurities in the Ar, in the form of molecular films on the gold substrate,
arising from many hours exposure to this pressure of Ar. The base temperature of the gold
substrate of 38K is insufficiently low to condense Ar. In addition, without Ar present, sur-
face contamination from background gas or charging of films in the absence of an electron
beam could not be detected. A very sensitive check of the lack of contamination, by impu-
rities in Ar or by the background gas, is the stability at the mV level of the surface poten-
tial of the gold or of a molecular film, noting that any accumulation of impurities or some
source of charge would lead to a readily detectable effect. Experiments on the charging of
ice [7] have established that changes in potential at the sample of 1-2mV may be detected
with this system.

Films are prepared under UHV conditions and are laid down from ambient gas on a poly-
crystalline Au substrate, grain size <100 nm, in the form of a 750 nm thick layer of material
on Ta. The substrate is cooled with a He cryo-cooler to temperatures in the range of 38K
upwards and cleaned by heating to 700 K. All recorded values of surface potential are with
respect to the clean Au substrate. Standard dosing techniques from the background gas allow
the deposition of uniform films of a known number of ML, the latter measured using temper-
ature programmed desorption (TPD). The rate of dosing differed substantially from one spe-
cies to another, varying between 0.4 ML/min for isoprene to 10.7ML/min for CF;Cl
normalised to the same nominal background dosing pressure of 5 x 10~® mbar. Dosing rates
were measured to be independent of the temperature at which dosing was performed, that is,
the deposition temperature, for the ranges of temperature of interest here. Note that absolute
thicknesses of layers in terms of number of ML are known to no better than +20-30%. Rela-
tive values for the same material are, however, generally accurate at the few percent level.

The molecules investigated are not found to decompose on the polycrystalline gold sur-
face at the temperatures employed. Mass spectrometric data associated with TPD data show
no trace of any species other than the pure gas with which the surface was dosed. This is in
keeping for example with results reported for N,O on Ag [52].
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2.4. Use of a trochoidal electron monochromator

Since the spontelectric effect was new and unexpected, it was thought well to detect the charac-
teristic surface potential by a more conventional means than the Ar synchrotron radiation source
described above — in case some artefact had been overlooked. For this purpose experiments
have also been performed using a trochoidal electron monochromator (TEM) [53], the principle
of operation of which has most recently been reviewed in Ref. [54] and which is very widely
used in electron scattering experiments. Very briefly, energy selection operates through the elec-
tron energy dependence of the physical displacement of an electron beam, generated from a fila-
ment, in a crossed electric and magnetic field. Our TEM, not shown in Figure 2, is a
miniaturised version that is fitted before the element S1 of the photoionisation source. This ele-
ment has a 1.8 mm diameter aperture at its centre to allow the passage of electrons from the
TEM. The TEM employs an axial magnetic field of ~107> T in our system and the resolution
in the beam is estimated from the form of the onset of current at the substrate to be ~150 meV.
The energy of the onset of current detection is then determined by the potential of the filament
relative to that of the gold substrate.

The TEM enables us to locate current onsets to better than 10 mV, given the high stability
with which we are able to run the source at currents of 200fA and below. TEM data
confirmed in detail the results obtained with the photoionisation source for our ‘standard’
molecule N,O. Data obtained with the TEM, for example for N,O films of 71, 142, 213 and
355ML at 40 K, match those found with the photoionisation source to within a few mV. This
demonstrates that there are no unrecognised artefacts associated with use of the less conven-
tional high-resolution photoionisation source.

The TEM also provides a valuable quick look at films. For example, in the periods when
synchrotron source ASTRID was not available, we were able to show that both ethyl formate
and dihydrofuran were spontelectrics. In addition, the TEM also allows us to use high cur-
rents, for example, several picoamps, to observe the removal of the surface potential by elec-
tron trapping. Experiments that involve the irradiation of positive going spontelectrics with a
sufficient dose of electrons to eliminate the surface potential are described in Section 3.5.

3. Experimental results illustrating detailed properties of spontelectrics

The purpose of this section is to gather together selected data on the spontelectric materials so
far detected (Figure 1), that is, N,O, CFClz, CF,Cl,, CF;Cl, propane, isopentane, isoprene, tol-
uene, methyl formate, ethyl formate and dihydrofuran. Data are chosen here to illustrate the
salient characteristics of the spontelectrics listed in Section 1.1. All data, save raw data for
methyl formate and those few for ethyl formate and dihydrofuran, have been reported else-
where [8—12]. In Section 3.1, we present experimental results showing the variation of surface
potentials with film thickness and with temperature of deposition, including the lack of effect
of the nature of the substrate. In Section 3.2, data are presented for methyl formate showing
the unexpected behaviour that dipole alignment, albeit unstable with time, increases with
temperature beyond a critical temperature of deposition. In Section 3.3, we describe instances
of the instability of the spontelectric field with time in more detail. In Section 3.4, Curie points
are shown for a variety of species, in Section 3.5 the removal of the spontelectric potential by
irradiation with large electron doses is described and in Section 3.6 some preliminary data for
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Table 1. Data for all known spontelectrics at 40 K (except where specified for CF,Cl, and CFCly) in
terms of mV per ML.

Degree Gas phase

Electric of dipole dipole
Molecule Temperature/K mV/ML field V/im alignment  moment/D
Propane 40 —0.72 and —4.77 - - 0.08
Isopentane 40 -7.8 - - 0.13
N,O 40 +32 9.72 x 107 0.124 0.167
Isoprene 40 +35 - - 0.25
Toluene 40 +6.5 - - 0.385
CF;Cl 40 —11.6 —4.25 %10’ 0.052 0.500
CF,Cl, 45 —3.97 —1.43 x 10’ 0.042 0.510
CFCl; 43 —1.33 —0.532 x 107 0.031 0.45
Methyl formate 40 5.78 221 %107 0.0185 1.766
Ethyl formate 40 ~20mV/L - - 1.98
2,5-Dihydrofuran 40 2.7mV/L - - 1.75

For ethyl formate and 2,5-dihydrofuran, results are expressed as mV per Langmuir since TPD data are not available
for these species. Also shown are gas-phase dipole moments and, where these have been derived, spontelectric fields
within films and the corresponding degree of dipole alignment; see Section 4.

a spontelectric heterostructure giving rise to a nano-well consisting of N,O and isopentane are
presented.

The assumption is made in the subsequent discussion of the spontelectric effect that the
solid films described here are amorphous rather than crystalline. This is for two reasons: (i)
films laid down by vacuum deposition at low temperature, under the conditions described
here, tend to be amorphous and (ii) the properties of crystalline materials are dictated by their
crystal structure and therefore should show little change over a range of temperature of depo-
sition for which the material experiences no change of phase. By contrast, it is characteristic
of spontelectric films that small changes in temperature cause significant changes in the
molecular order, with electric fields within the material changing by a factor of 5-10 over a
temperature range of a few tens of K or less. Note that the term amorphous does not imply a
random structure, since films exhibit dipole alignment.

Data for all known spontelectrics deposited at 40K, save for CF,Cl, and CFCl;, respec-
tively, at 45 and 43 K, are shown in Table 1.

3.1. Spontaneous surface potential data

Positive going surface potentials formed on films of N,O, isoprene and toluene for a variety
of deposition temperatures are shown in Figures 3—5 respectively. Negative surface potentials
are illustrated in Figures 68 for films of isopentane, CF;Cl and CF,Cl,. All surface poten-
tials are relative to the gold surface potential.

Data in Figures 3—8 show a linear dependence of potential on film thickness, which is
taken as good evidence for the presence of a constant electric field within the film. This in
turn indicates that there is negligible net charge stored within the film. Note that layers of a
minimum thickness of 50-100 ML may be required to establish the spontelectric effect, illus-
trated in the case of isoprene laid down at 70 K (Figure 4) or toluene laid down at 75 or 90 K
(see inset to Figure 5).
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Figure 3. (Colour online) Surface potentials measured for films of N,O as a function of thickness in
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Figure 4. (Colour online) The variation with film thickness (ML) of the surface potential on films of
isoprene deposited at 40 K and 70 K.

Data in these figures illustrate that the spontelectric effect is strongly dependent on the
temperature of deposition. Figures 7 and 8 for CF;Cl and CF,Cl, illustrate that at sufficiently
high deposition temperatures, of 55K and 75 K, respectively, no surface potential is observed.
Figure 9 shows further data for N,O demonstrating that very high surface potentials, in this
case of 38V, can be readily achieved. This limit was set only by the practical consideration
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Figure 5. (Colour online) The variation with film thickness (ML) of the surface potential on films of
toluene deposited at 50, 75 and 90 K. The inset shows the behaviour at low coverage for 75 and 90 K.
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Figure 6. (Colour online) The variation with film thickness (ML) of the surface potential on films of
isopentane deposited at 40 K and 55 K. The departure from linearity at 40K is an experimental artefact
due to instability in the dosing rate of isopentane.

that there was a risk of damage to the femtoammeter (see caption to Figure 2) if it were
floated to higher potential.

An important general point, mentioned in the introduction, is that the nature of the surface
upon which spontelectric films are deposited has little or no bearing on the values of surface
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spontelectric effect. Note the small thickness independent surface potential at 55K due to surface dipoles
referred to in Section 1.2.1. The inset shows data at 50 K for a lower rate of deposition (see text).
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Figure 8. (Colour online) Surface potentials measured for films of CF,Cl, as a function of thickness in ML
laid down at five different deposition temperatures; 75K data are included to show the absence of the

spontelectric effect.

potential. Thus all results presented here, so far as we have presently ascertained, are
independent of the fact that spontelectric materials are laid down upon a Au surface. This
reinforces the point that the spontelectric effect is essentially a bulk effect involving the
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Figure 9. Surface potentials measured for films of N,O deposited at 40K as a function of thickness in
ML extended to high potentials.

long-range action of the electric field within the film. Experiments that exemplify this involve
(1) depositing first a layer of Xe on Au and then a layer of N,O and (ii) depositing composite
heterostructures of spontelectrics.

Turning first to (i), experiments have been performed involving 1 ML of Xe with N,O
deposited on top at 58K, the same but with 50 ML of Xe, the same but at 63 K and 15ML
of Xe and the same but at 65K and 5 ML of Xe. No significant differences at the mV level
were found for measured surface potentials on N,O films compared with N,O films laid
down in the absence of Xe films at these temperatures. With reference to point (ii), a single
example of a heterostructure is given in Section 3.6 which again exemplifies the indepen-
dence of the magnitude of the spontelectric field on the underlying material, at any rate for
sufficiently thick films.

3.2. The anomalous case of methyl formate, HCOOCH;

Data for methyl formate for a variety of temperatures between 40 and 89K, selected for
clarity of presentation, are shown in Figures 10-12. We ignore for the present the curvature
of some of the data for surface potential vs. film thickness, to which we return in Section 3.3,
and concentrate on the initial slopes. These slopes give the electric field within the film as ini-
tially laid down. It is evident that the electric field in methyl formate films at first decreases
with temperature of deposition, as in other spontelectrics. However, at greater temperature,
around 78-80K, the electric field begins to rise quite steeply. This may be seen in Figure 12
in which the initial gradient increases sharply between deposition temperatures of 80K and
88 K. This behaviour will be discussed in detail in Section 4.2.3.

Data for ethyl formate and dihydrofuran are shown in Figures 13 and 14. The drop in
slope of surface potential vs. dose of material, where this slope is a measure of electric field,
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function of thickness in ML for the deposition temperature range 45-57 K.
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Figure 11. (Colour online) Surface potentials measured for films of methyl formate, HCOOCHj3;, as a
function of thickness in ML for the deposition temperature range 55-75 K.

between 40K and 60K for ethyl formate or 40K and 70K for dihydrofuran is not especially
marked when compared with other spontelectric materials. This may be indicative of qualita-
tively similar behaviour to that seen in methyl formate in Figures 10-12. Further data are
required to explore this. Ethyl formate is, however, clearly distinct from methyl formate in
that deposition at 80 K creates films that show no spontelectric effect.
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function of thickness in ML for the deposition temperature range 80-88 K. The decay of the
spontelectric effect for higher coverage may be attributed to the instability of the effect with time rather
than an effect of thicker layers of material; see Section 3.3.
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Figure 13. (Colour online) Surface potentials measured for films of ethyl formate, HCOOC,Hs, as a
function of thickness in Langmuirs for the deposition temperatures 40 K and 60 K. Data at 80K are
included to illustrate that this temperature is too high to create a spontelectric film for ethyl formate, in
contrast to methyl formate (see Figure 12). Data are shown in Langmuirs in the absence of TPD data
for this species.
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Figure 14. (Colour online) Surface potentials measured for films of dihydrofuran, as a function of
thickness in Langmuirs for the deposition temperatures 40 K and 70 K. Data are shown in Langmuirs in
the absence of TPD data for this species.

3.3. Temporal variation of the spontelectric field

Almost all spontelectric films show temporal stability over a period of at least several hours.
In one experiment, a 40K film of N,O was allowed to stand overnight. The measured surface
potential was unchanged within experimental error, that is, 2-3 mV. Risk of contamination
makes tests over longer periods of time difficult.

Exceptionally, however, the variation of the spontelectric potential with layer thickness
is not linear but rather tends to show a lesser potential than the initial linear slope sug-
gests or altogether to reverse the trend of increasing surface potential with film thickness.
An example of the latter may be found in Figure 12 for methyl formate. This is inter-
preted as a decay of the spontelectric structure with time and may be observed for some
ranges of deposition temperature of propane, methyl formate, ethyl formate, dihydrofuran
and CFCl;. Data for CFCl; are shown in Figure 15 illustrating the abrupt change of
behaviour between deposition temperatures of 46K and 50K. Direct decay with time is
illustrated for this species deposited at S0K by data in Figure 16 showing a (near) linear
decay from a value of —0.44V over a period of 3 hours towards the value of ~—0.27V
relative to clean gold associated with a single monolayer of CFCl;. The latter figure rep-
resents the surface dipole effect described in Section 1.2.1. Data in Figure 16 support the
attribution of departure from linearity of surface potential with film thickness to temporal
decay. The trait of curvature of the surface potential with film thickness, seen for example
in Figure 15, contains an experimental artefact relating to the time involved in acquiring
the surface potential for each layer thickness. This time is typically about 10 min but is
not controlled in the experiment.

Turning to methyl formate, the decay of the spontelectric potential is greatest at higher
temperatures >80 K as illustrated in Figure 12. There is also a low temperature range
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between 40K and ~55K for which curvature of the observed spontelectric field vs. layer
thickness is found and here temporal instability tends to decrease as temperature of deposition
is increased. The stability of methyl formate films above 55K and instability below suggests
a structural change in methyl formate at around this temperature, an interpretation that is
borne out by Curie point data presented in Section 3.4.
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3.4. The temperature-induced decay of spontelectric fields: robustness of the spontelectric
structure and the presence of Curie points

What takes place when a spontelectric film is deposited at a low temperature and then heated?
As we have noted in the introduction, spontelectric films are robust to temperature stress. For
example, a N,O film of 360 ML thickness was laid down at 38 K and heated, with measure-
ments taken every 3—4 K to just below the evaporation point at 75 K. The potential dropped
by only 510 meV at 75K compared with the value at 38 K. This may be compared with data
in Figure 3 where results for the relaxed state show a drop of 11.95V between 38 and 65K,
where these temperatures refer to temperatures of film deposition. Evidently, the dipole
aligned structure shows powerful rigidity and remains in place despite the substantial electro-
mechanical stress that this implies.

In general if heating is continued, a critical temperature is reached at which the spontelec-
tric effect decays with various degrees of abruptness depending on the material. Thus it is a
particular characteristic of spontelectric films that, through warming of the film, dipole align-
ment disappears at a specific temperature or range of temperatures, while falling little at lower
temperatures. Material is meanwhile not evaporated from the surface and the film survives
but is no longer aligned. By analogy with ferromagnetism, the critical temperature is referred
to as a Curie point. The effect is also analogous to loss of spontaneous polarisation in piezo-
electric materials.

All materials investigated show characteristic Curie points, with the possible exception of
N,O for which the sublimation temperature and the Curie point cannot be experimentally
separated. The example of isoprene is given in Figure 17. The film of 300 ML was heated
from 40K to 82K over a period of 160 min showing an abrupt change in potential around
70K terminating at 80 K. In this connection isoprene begins to evaporate from the gold sub-
strate only above 105 K. These data also serve once more to illustrate the robustness of the
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Figure 17. The variation of the surface potential of a 300 ML film of isoprene laid down at 40 K and
warmed to 82 K showing a Curie point.
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spontelectric effect: the surface potential remains almost constant up to 70 K, whereas Figure 4
shows that a drop of more than 6 V would be expected. We also note that for similar rates of
heating, the Curie effect can be very sharp in temperature, as illustrated by Figure 18 for
CFCl; where decay takes place over 1-2 K, or relatively broad, as illustrated in Figure 19 for
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Figure 18. (Colour online) CFCl;: black points: the variation with temperature of the surface potential
of a 120 ML film of CFCl; laid down at 43 K and heated to 100 K. Red points: the same for a 250 ML
film of CFCl; laid down at 46 K and heated to 84 K.
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Figure 19. (Colour online) CF,Cl,: black points (upper curve): the variation of the surface potential of a
90 ML film of CF,Cl, laid down at 43 K and heated to 95 K showing a Curie point. Red points (lower curve):
the variation of the surface potential of a 120 ML film of CF,Cl, laid down at 45 K and heated to 95 K.
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Figure 20. (Colour online) Methyl formate: values of the surface potential as the temperature of films
deposited at 45K (black squares) and 63K (red circles) is slowly raised, showing different Curie
temperatures (see text).

CF,Cl, where decay takes place over 10-15K. Errors in experimental values of surface
potential are 2-3 mV and of the temperature are +1 K as throughout.

If the assumption is made that the Curie point is characteristic of a distinct phase of the
material, then Curie data can be used to exemplify the formation of different phases when
material is laid down at different temperatures. This is illustrated by Curie data for methyl
formate in Figure 20 where data for films deposited at 45K and 63 K are compared. The for-
mer show a Curie point at 82 K, whereas the latter shows a value of 90 K. These data suggest
a structural change in methyl formate at a deposition temperature between 45K and 63 K.
This is in keeping with the instability in time associated with lower temperature deposition,
such as 45K, and the stability associated with intermediate temperature depositions, such as
63K, shown in Figure 11. The temporal decay of methyl formate films deposited at 45K,
referred to in Section 3.3, may also be seen in Figure 10, through the curvature of the surface
potential vs. film thickness data.

Further evidence of structural complexity may be gleaned from Figure 19 showing the
Curie point for CF,Cl,. The drop in the spontelectric potential in these data around 60—
65K suggested by results shown in the upper curve in Figure 19 for a film laid down at
43K taken with 5K steps, is confirmed by data in an experiment conducted with 2K
steps, in the lower curve (for a film laid down at 45K). These data suggest therefore that
solid CF,Cl, may form two spontelectric configurations which transform one into the other
at >60 K. Alternatively, there may be two co-existent configurations with the conversion
of one into the other at >60 K.

3.5. Removal of the surface potential and charging of surfaces by electron irradiation

A positive potential on the surface of the film of a spontelectric requires that charge, free
or bound, be present on the surface. At the surface-vacuum interface, the protrusion of the
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positive moiety of N,O results in a charge density on the surface and gives rise to polarisa-
tion and a positive voltage. Thus, as described in Section 1.3, irradiation of the surface of a
positive-going spontelectric with a sufficient dose of electrons must lead to a reduction of the
surface potential. Indeed, it could lead to the complete removal of the spontelectric potential,
and this was cited in Section 1.3 as the reason why the spontelectric effect has not been
observed in earlier work.

To establish this phenomenon and give additional credence to our hypothesis of the origin
of the spontelectric effect, we irradiated a surface of a 540 ML N,O film, prepared at 60 K
showing a spontelectric potential of 4.8 V positive, for a period of 1800s with a current of
200 fA at a nominal energy of 300meV [8]. This yielded a total dose equivalent to
~5.1 x 107> C/m?. The surface was observed to shift 200mV less positive. The charge deliv-
ered is equivalent to 11.7% of the total spontaneous polarisation. Therefore, the maximum
possible shift should be 11.7% of the total surface potential of 4.8V for this film, that is,
560 mV, if all charge accumulates at the surface and is sufficiently mobile to neutralise the
surface polarisation. Electrons at 300 meV penetrate the film but encounter the band gap and
are therefore unable to reach the film—metal interface. They are multiply scattered and return
towards the film—vacuum interface. At the surface, they are attracted by the positive charge
and partially neutralise it. Electrons destroyed the spontelectric potential with an apparent
30% efficiency in this example, although this figure may be higher due to the fact that the
electron beam does not match in diameter that of the sample.

Experiments have also been performed using the TEM (Section 2.4) to irradiate a 355
ML sample of N,O laid down at 60 K with ~13 pA for a total of 45 min, equivalent to a total
charge of 3.5 x 10~*C. The initial spontelectric potential of 3V was completely removed.
This result corroborates the explanation in Section 1.3 of why the phenomenon of spontane-
ous polarisation has not been observed in numerous earlier experiments of other groups in
which currents were generally nA and times of irradiation a few to tens of seconds [55].

Materials may in general charge negative on irradiation by electron beams and this may
introduce systematic errors into our data. The extent of charging may be measured by
repeated scanning of the electron current as a function of potential for any chosen film thick-
ness and observing any shift in the onset [7]. Such a shift would represent the accumulation
of a negative potential in the case of negative-going spontelectrics and artificially enhance the
measured spontelectric effect, introducing systematic errors into the data. The effect would
reduce the spontelectric effect in positive going species.

Effects of charging for N,O, isopentane or isoprene are at the level of <10 meV for 100s
of irradiation at 200 fA over an incident electron energy range of 0-500 meV. For propane,
we estimate that charging leads to an overestimate of negative values shown in Table 1 by
~5% in the case of the lower figure of —0.72mV/ML and <1% for the figure of —4.77 mV/
ML. The error for films of toluene, which charge appreciably, lead to an overestimate by 9%
and this is included in the value given in Table 1. For the three chlorofluorocarbons, charging
yields an overestimate of the spontelectric potential of <2%.

3.6. Tailoring electric fields through fabrication of a heterostructure

Data are shown here which demonstrate that it is possible to tailor a set of potentials by
depositing films one upon the other to form a heterostructure. In the example given, a
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spontelectric that possesses a positive surface potential is combined with one that pos-
sesses a negative potential to create a potential well. On the basis of experimental data
for the individual species, it is known that at 40K 33 ML of N,O gives +800mV and
deposition of 183 ML of isopentane gives —800mV. Thus, deposition of N,O and subse-
quent deposition of isopentane should in principle create a net zero polarisation potential
on the surface and yield an asymmetric triangular well of depth 800meV. This is based
on the assumptions that there is no significant interpenetration of these two layers and
that the electrical behaviour of one is unaffected by the other and that a well-defined
boundary can be formed.

Remarkably, this simple prescription works exactly as described. A 33 ML film of N,O
was first prepared at 40 K on gold forming a positive surface potential of 800 mV. As isopen-
tane was dosed in stages on top of the N,O, the reduction in the 800 mV potential to zero
could be followed, a value achieved when 183 ML of isoprene had been formed, as predicted
from the behaviour of the independent layers. A further layer of N,O was added raising the
potential once more to 800 mV with a subsequent layer of isopentane restoring the potential to
zero. There was no necessity for, say, a Xe spacer between the two species and the develop-
ment of the isopentane potential proceeded as on deposition on polycrystalline Au. This rein-
forces the conclusion that bulk spontelectric behaviour is independent of the nature of the
substrate, as set out in Section 3.1. Very recent work on a variety of heterostructures, however,
shows that the electric field in the film in the neighbourhood of the junction of the two spont-
electrics is in fact modified in general from bulk values [56], but settles down to the unper-
turbed value when a sufficiently thick film of typically 50-100 ML is laid down.

4. Understanding the results

The overall impression left by the data presented in the Section 3 is there is a mass of
information, largely unintelligible except in the broadest terms — and some data not even
in those terms, such as the anomalous rise in electric field with increasing deposition tem-
perature for methyl formate. The purpose of the current section is to summarise our pres-
ent imperfect understanding of the spontelectric effect and shed some light on the physics
that causes it.

Following the conclusion drawn in Section 1 that spontelectrics represent a new phe-
nomenon in solid-state physics, many questions spring to the mind of an investigating sci-
entist, just as they must have done when Rochelle Salt was investigated and the terms
‘piezoelectric’ and ‘ferroelectric’ were first coined. Here we narrow these questions down
to a single question, what is the nature of the interactions that give rise to a powerful
electric field within spontelectrics? We attempt to give insight into this by focussing
wholly upon the variation of the spontelectric field with deposition temperature. Thus, all
temporal effects (Section 3.3) and Curie points (Section 3.4), interesting as they may be,
are excluded.

4.1. A theoretical model

There is a host of theoretical work, based on Ising lattice models [57], devoted to phenomena
for both ferromagnetic and ferroelectric materials, with which, as noted in Section 1.2.4, the
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present polarised phase has aspects in common. Lattice systems in which electric moment
interactions play a fundamental role are treated for example in Ref. [58]. In common with this
and much other work, a lattice model is adopted here using a Hamiltonian that is composed
of a long-range dipole—dipole interaction and a term which essentially frustrates the attempt
of the dipoles to align. A term is also included which represents the energy associated with
the interaction of the electric field created through dipole alignment with the dipoles them-
selves. The system is non-linear and non-local since alignment of dipoles creates the field and
the field itself creates dipole alignment. Thus, all components of the film communicate over
all ranges. The film, in the absence of insurmountable barriers, settles down to a stable con-
figuration corresponding to a balance between both short-range and infinite-range interactions,
which together lead to some degree of order, and thermal motion, which leads to disorder.
This concept of dipole—dipole ordering countered by a tendency to disorder through thermal
motion follows naturally from the strong temperature dependence of the spontelectric field on
deposition temperature, illustrated for example in Figure 3 for N,O. The control parameter of
the physics is therefore the energy associated with the interaction of the dipole with the local
electric field divided by the thermal energy.

In our experiments, we can vary only the temperature of the substrate on which the mate-
rial is deposited, the temperature after deposition, the thickness of the layer formed and the
nature of the substrate on which the film is deposited. How therefore to proceed to an under-
standing of what gives rise to the spontelectric effect? Our hypothesis, as we have mentioned
earlier, is that the net macroscopic polarisation, which we observe in terms of an inferred
electric field within spontelectric films, is due to partial alignment of dipoles within the film.
We assert further that these dipoles are those associated with individual molecules rather than
dipolar zones of large molecular aggregates, as suggested for example in ferroelectric glasses
[59]. Thus, we conjure up the rather counter-intuitive image of dipolar species falling from
the gas phase and condensing into configurations with the positive ends of dipoles, say,
having no strong aversion, on average, to sitting closer to other positive ends than local elec-
trostatics would dictate. This counter-intuitive configuration is essential if there is to be net
order in the system and an order which leads to dipole alignment. It arises, as we have indi-
cated previously, because this configuration creates a macroscopic electric field in the system
which itself tends to orient dipoles head to head and tail to tail.

At this stage we introduce the concept of the degree of dipole alignment. If we consider
any one dipolar species in the solid, the dipole will be pointing in some direction. We define
the degree of dipole alignment of the ensemble as a whole as the average component of the
dipole pointing in the direction in which we have measured the electric field, the z-direction,
that is, perpendicular to the plane of the film, divided by the total dipole moment of the mole-
cule. Immediately, we hit a snag. Is this z-component of the dipole flapping about in the elec-
trical breeze, so to speak, or is it frozen into position? In the first, we should consider a time
average value of the direction of any species, whereas in the second, an average over a very
large number of dipoles for each of which the direction is rigidly fixed. We do not know
which is correct, a time average or a space average. So we choose to make no difference
between a space and a time average, consistent with the use of thermodynamic arguments
below. This remains rather unsatisfactory if we seek to visualise the nature of spontelectric
solids.

At all events, if we agree that dipoles can be to some degree ordered, then this yields a
macroscopic polarisation and associated electric field. That is not all, though. A crucial point,
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already alluded to, is that the electric field arising from ordering of the dipoles creates a field
that tends to align the dipoles themselves. The system therefore experiences positive feed-
back: the more the alignment, the more the field, thus the more the alignment and so on. A
characteristic of such feedback systems is that small natural fluctuations can feed an initially
disordered system and spontancously create order. Here a disordered system achieves macro-
scopic order by dipoles talking to each other and conversing at effectively infinite range
through a self-generated electric field. This, we postulate, is how films can be so readily
spontelectric.

The essential idea is that if dipoles are aligned then either the positive or negative end
will predominate at the film—vacuum interface and correspondingly the negative or positive
end will predominate at the film—substrate interface. This leads to a polarisation of the med-
ium with the result that a constant electric field will be found within the film. Note that the
presence of charge in the bulk would create a varying electric field, inconsistent with observa-
tions. The spontelectric effect is a concerted bulk effect and in general requires some mini-
mum film thickness to become established. Data in Figures 4 and 5 have already been cited
in which layers of a minimum thickness of 50-100 ML are required to establish an observable
spontelectric effect.

In the otherwise amorphous, but partially ordered array of dipolar species, interactions
occur through forces involving dipole—dipole interactions (and in principle higher poles),
static polarisation and London dispersion forces. There may also be significant covalent over-
lap, for example, in N,O for which dimers and larger clusters are known to form in the gas
phase [60,61]. Since we are ignorant of local details of these forces and accompanying struc-
ture, we adopt a mean field model in which we consider an average dipole in an average
environment. The mean field model is embodied in the statement that the dipole in the ith
layer, at some angle to the normal, z, may be equated to the average dipole at all sites and all
angles. One result of the adoption of this model is that no spatial information can be
extracted; specifically the model cannot by itself inform us of the presence or absence of
domains or isolated areas showing alignment of dipoles [8,59]. The association of dipoles
with individual molecules is useful for the purposes of visualisation, but the model does not
require this. Rather it deals in dipolar units without specification of what these units are. We
are of course still left with an image of dipoles either fixed in space residing individually at a
variety of angles, yielding a space average, or undergoing hindered oscillation in a constrain-
ing electric field creating a time average. We continue with the image of individual molecules
rather than dipolar domains.

If one considers a specific molecule in the film, all other molecules contribute to a local
field acting on that molecule. This local field may be conveniently divided into two terms.
The first is the term that is present even in the absence of the spontelectric effect and there-
fore describes any amorphous or so-called glassy system. We refer to this term as the ‘sym-
metric’ term since the net field is zero when averaged over the whole film. The second term
is the measured field that arises through macroscopic spontanecous dipole alignment. When
the film is heated above the Curie point, macroscopic dipole alignment is removed and only
the first term survives. This survival arises since /ocal dipole alignment, formed on condensa-
tion of the film, may be frozen into the system at any temperature below the sublimation
point. However, as we have mentioned, the sum of such fields vanishes when averaged over
the entire ensemble [62].
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The first term, describing the local field, may be formulated in different ways and is
described in textbooks [41,63] generally in reference to a particular local lattice symmetry,
for example cubic symmetry in the references mentioned. In the case of spontelectrics, a dif-
ferent description is necessary since there is no local symmetry. Moreover, the local field does
not involve any external field from external charges [63]. There is therefore no net a priori
macroscopic polarisation artificially imposed upon the system. In view of the strictures visited
upon the ‘standard’ theoretical evaluation of the local field, outlined in two sections of Ref.
[41] under the titles of the ‘Fallacy of the Clausius—Mossoti picture’ and the ‘Fallacy of
defining polarisation via the charge distribution’, we choose here simply to postulate that
there exists a local symmetric field, as defined previously. The functional form of the local
field remains unspecified save that we split the field into two parts, that which is associated
with polarisation, dispersion and covalent forces and that which is associated with dipole—
dipole interactions. This inclusion in the local field of a term explicitly dependent on dipole—
dipole interactions is a crucial step in reproducing spontelectric behaviour. Without it, it is
not possible to reproduce either the steeply dependent behaviour of the spontelectric field on
deposition temperature (e.g. Figure 3 for N,O and Sections 4.2.1 and 4.2.2) or the anomalous
behaviour of methyl formate (Section 4.2.3).

The dipole—dipole contribution to the local symmetric field is represented as follows. The
z-component of the average dipole averages to a non-zero quantity, (i), in a spontelectric
film. Note that («.) is, however, zero when such a film is heated to beyond the Curie temper-
ature. The x- and y-components in the plane of the film average to zero under all conditions
by symmetry. The average degree of dipole alignment is defined as the direction cosine of u
and (1), that is, («.)/u, where p is the dipole of the molecule in its environment in the amor-
phous solid. Turning to dipole—dipole interactions, these include contributions from dipole—
dipole forces, dipole-image charge forces and associated polarisation interactions. These
interactions share the common feature that they have an angular dependence governed by
cos® 0, that is by (</¢Z>/ﬂ)2, a dependence which includes arrays of dipoles and extended
dipoles [64-66]. The full local symmetric field may then be written as (Eqym)[1+C((1.)/0)°].
Note that this remains symmetrical to the orientation of the dipole in the +z or —z direction.
Both (Egym,) and { are parameters whose values are unknown and have to be obtained by fit-
ting to experimental data.

To bring this more to life, which of the two terms in this symmetric part of the field is
the more important in real spontelectrics, (Eqypm) or <Esym)C(Qtz>/ﬂ)2? From subsequent fitting
to experimental data, Section 4.2, for the three chlorofluorocarbons for films deposited at
45K for CFsCl and CF,Cl, and 46K for CFCls, values of (Eg,) are respectively
6.96 x 10" V/m, 7.0 x 10" V/m and 1.05 x 10®V/m. For comparison (Eym){({1-)/u)* equals
5.6 x 10" V/m, 1.1 x 10°V/m and 2.6 x 10° V/m (see Table 2). Thus the terms (E,) and
(Eqym){({(1t)/u)* are of similar value for these species at this temperature. A similar result is
found for N,O at (say) 40K. However, for methyl formate at 50K, the dipole term,
(Eqym)l((e)/p)’, is five times larger than (Eg,). At higher temperatures, however, the first
term, (Esym), tends naturally to dominate since the degree of dipole alignment is reduced.
Thus for CF,Cl, at 65K, (Esym>C(<yZ)/,u)2 is only ~13% of (Ey,) and for methyl formate the
ratio of (Eqym){(1)/1)* to (Eqym) (or of {{u.)/1)* to unity) falls from 5 at 50K, as just
noted, to 0.1 at 75K. In answer to the question which of the two terms is more important,
the reply is therefore that the relative importance of these terms depends strongly on the
molecular system and on the temperature of deposition. Physically the dipole term



Downloaded by [Nat and Kapodistran Univ of Athens] at 06:46 20 September 2013

374 D. Field et al.

Table 2. Values of y, the gas-phase dipole moment, o, the molecular polarisability, Q, the molecular
volume, s, the layer spacing between successive ML and u, the dipole moment in the solid for various
species as shown. (Eqym), (Easym) OF s (see text) and ( are fitting parameters defined in Section 4. Uncer-
tainties in values of (Esym), (Easym) and { parameters are mentioned in the text.

Methyl formate:

N,O CF;Cl CF,Cl, CFCl, HCOOCH;
0.166 D 0.500 D 0.510 D 0.45 D 1.766 D
331A3 4740 A3 6.370 A3 7.913 A3 5.25A3
3779 A3 121.36 A® 130.78 A3 140.6 A3 103 A®
0.32nm 0.31 nm 0.28 nm 0.25nm 0.244 nm
0.0785D 0.181D 0.119D 0.025D 0.354D

wm)  543x10°V/im  —6.96 x 10’ V/m —7.00 x 10’ V/m —1.05x 10° V/m 1.206 x 10’ V/m
wym) 788 % 10° V/im  —5.63x 10° V/im  —2.88 x 10° V/m —1.73 x 10° V/m 1.148 x 10’ V/m
43.8 500 900 1550 14,500

"\ca/h;“t = :os:“o:

(Eqym){({1t)/1)* may be interpreted as a measure of the tendency of one dipole to restrict the
angular motion of another, a ‘locking’ term or, as it is sometimes called, a ‘frustration’ term.

We now turn to the second term in the local field acting on a dipole, recollecting that this
term is the measured field that arises through macroscopic spontaneous dipole alignment. This
field resembles the Weiss field in ferromagnetism, which is assumed to be proportional to the
magnetisation [67]. In this context, read degree of dipole alignment for magnetisation and
read polarisation field for the Weiss field. We emphasise that the polarisation field, that is, the
spontelectric field, is self-generated within the spontelectric material and takes the place of an
external field imposed on the film [63]. The polarisation field is naturally opposed to the local
symmetric field since the action of the spontaneous field created through macroscopic
polarisation must, through Le Chatelier’s principle, be to reduce the perturbation due to the
electric field to a minimum and thus the electrical energy of the system, given by YegoE?, to
a minimum. Here E; is the total local electric field in the z-direction, recollecting that £, and
E, are taken to be zero by symmetry. All subsequent equations are written for simplicity in
atomic units for which the Boltzmann constant is unity.

From the above, the net local field experienced by an average dipole is written as

follows:
2
1+ C(ﬂ>
U

The second term is the backward—forward asymmetric field created by the average dipoles
and experienced by the average dipole. Just as for (Egym) and {, (E,eym) is a fitting parameter
of the model designed to reproduce the value of {u.)/u, and hence the observed electric field
in the film, the latter given by (E,sym) (t)/1.

Our stated aim is to reproduce the variation of the observed field with deposition tempera-
ture. For this purpose, the effect of thermal energy is now introduced. Thermal energy tends
to limit the degree of dipole alignment where the value of dipole alignment is governed by
the well-known Langevin equation derived, for example, in Ref. [63]. Thus,

(1)

E = <Esym> - <Easym>7

(1)
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(1) E. Eq\™
P —coth(T) <T) (2)

Note that (u.)/u — 0 implies E. — 0 from Equation (2), which itself requires that (Egy,) —
0 from Equation (1). This represents the requirement in the mean field picture that the symmet-
ric field, in the absence of dipole alignment, falls to zero when averaged over the film.

The ansatz is introduced that (Egyy,), {and (E,qm) are temperature independent. Evidently
the environment of the average dipole will change with temperature and therefore this ansatz
can only be justified in terms of expediency. At any rate it may be tried out; it is found to
work well for modelling N,O data but less well, for example, for methyl formate, especially
at higher temperatures, as we discuss in detail in Section 4.2.3.

It was mentioned earlier that ¢ is the dipole of the molecule in its environment in the
amorphous solid as opposed to the gas phase. The relationship between the measured gas
phase dipole moment and the generally unknown dipole moment of the molecule in a solid
environment has been recently discussed in Ref. [68]. Essentially, as noted earlier, any partic-
ular dipolar species is surrounded by other dipolar species whose presence creates an electric
field at the site of a chosen molecule. This molecule reacts so as to minimise the perturbation
created through the local electric field. Thus the local electric field is opposed through a rear-
rangement of molecular charge whose effect is to depolarise the molecule, that is, to reduce
its dipole moment. The difficulty is to estimate by how much the dipole is reduced from the
gas-phase value. Evidently, this depends on E, the perturbing field given in Equation (1),
itself coupled to the degree of dipole alignment via Equation (2). Indeed, it has been shown
that the perturbation to the gas-phase value of the dipole moment, y, is proportional through
the molecular polarisability, o, to the perturbing field [20]. Our tactic is artificially to decouple
the value of u from the value of (i.)/u and hold u at a constant value irrespective of the
changing temperature and associated environment, essentially an extension of the ansatz of
the temperature independence of (Ey,), ¢ and (E,gym). The relationship between z and p
used here is that proposed in Ref. [68]:

_ Ho
=17 ok /s? 3)

where k was originally determined by Topping [69] and a value of £=11.034 is used here.
This value derives from an analysis that involves dipole—dipole interactions only and depends
weakly on the assumed geometry of the array of molecular dipoles. s is a ‘layer spacing’
which can be roughly related to the molar volume. It is, however, left as a free parameter in
the model since it can be analytically connected to (E,m) as we show below. Equation (3)
can imply a major difference between the gas-phase and solid-state dipole moment. For exam-
ple, methyl formate has a gas phase dipole moment of 1.766 Debyes (5.891 x 107°°Cm,
0.6949 au) and Equation (3) yields a dipole moment in solid methyl formate of 0.354 D, given
$=0.244 nm (derived from fitting, see below) using a=5.25 x 10" m°.

A description is now given of how the electric field, E, can be related to the degree of
dipole alignment, (u.)/u. As noted in Section 2, the field is assumed to be given by the sur-
face potential divided by the film thickness, itself equal to the number of ML times the layer
spacing, s. The macroscopic polarisation, Ps, is the effective charge per unit area which
may be equated with the component (i) of the dipole moment divided by the volume of the
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molecule, Q. Moreover Pops = e0FEops. Thus, Eqps = {(1.)/Qéey or (u.)/u=eoEqnsQ/ 11, giving the
desired relationship between degree of dipole alignment and the observed field. Since we use
a depolarised value of x, Equation (3), this simulates the response of the medium to an
applied field and effectively introduces a local field correction. Thus a static permittivity does
not figure in the above. One may note that the relationship between Eps and {(u.)/u given is
essentially a rewriting of the Helmholtz equation for the change in potential across a dipolar
film [70,71].

Since the observed field is (Eagym)(u-)/u and (u.)/u=eoEqwsQ/p, it follows that
(Eqasym) =1/eoQ. Now, u depends on s, the layer spacing, via Equation (3) and therefore
(Eqasym) and s are not independent parameters, as noted earlier. Hence in fitting experimental
data to the model there are in principle only three independent parameters, (Egym), ¢ and
(Easym) or s. Note that the electric field is referred to as the ‘observed field’, E,ps, but strictly
contains the value of the fitting parameter s. We now proceed to examples of the variation of
the degree of dipole alignment and the electric field in N,O, the three chlorofluorocarbons
(CFCs) CF;Cl, CF,Cl,, CFCl; and methyl formate as a function of deposition temperature, in
order to illustrate the use of the model described earlier. We leave the theoretical development
necessary for an understanding of the switch of d{u.)/u/dT from the expected negative value
to the observed positive value for methyl formate to the section devoted to that species (Sec-
tion 4.2.3).

The above model ignores the nature of the substrate on which N,O or other material is
laid down, by implication requiring that observed potentials are independent of the nature of
the substrate. Also implicit in the model is the assumption that the effective dipole moment
of N,O (say) is the value engendered through the N,O environment without any substrate
influence. Thus, the model is only for bulk material and, within the confines of the model,
the degree of dipole alignment should be independent of the nature of the substrate. This is
corroborated by experiments involving Xe layers separating the gold substrate from N,O as
described in Section 3.1, with further evidence mentioned in Section 3.7 in which a hetero-
structure was introduced.

4.2. Applications of the model
4.2.1. N0 films

Figures 21 and 22 show the result of a fit obtained using data between 38 K and 52K
for the electric field and degree of dipole alignment respectively. Data at 57, 60, 63 and
65K have been excluded from the fit since, at these temperatures, which closely approach
sublimation, fluctuations in local dipole orientation become large and mean field theory
cannot be expected to hold. Indeed, experimental values of (u.)/u drop increasingly rap-
idly above 60 K.

The parameters associated with the fits in Figures 21 and 22 are (Egym,)=5.43
+£0.2x 10°Vm™", (Epym)=7.88+0.3 x 10°Vm™' and (=43.8+3.0 as shown in Table 2,
where the errors quoted are random errors and do not include systematic errors in the film
thickness. At 40K, the part of the field governed by (Eqym) and ¢is 1.27 x 10° Vm™', which
we refer to as the symmetric contribution, and the asymmetric term is 9.78 x 10’ Vm ™" with
reference to Equation (1) and the value of (i.)/u of 0.1242 shown in Table 3. Thus, at 40K,



Downloaded by [Nat and Kapodistran Univ of Athens] at 06:46 20 September 2013

International Reviews in Physical Chemistry 377

F = Observed Field
124 ¢ o Calculated Field

0.8+ 5

0.6

Electric field / 10° Vm™
[ [s]

[ o
04—+ - i o

024

e e A S e
35 40 45 50 55 60 65 70

Temperature / K

Figure 21. (Colour online) Electric fields in N,O (black squares) and calculated values (red open
circles) as a function of the temperature at which films of N,O were laid down. Systematic errors due to
uncertainties in film thickness may yield errors of up to 30% in absolute values of electric fields.
Random errors in electric fields vary from 1% at low temperature to 5% at the highest temperatures.
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Figure 22. (Colour online) Degree of dipole alignment estimated from experiment in N,O (black
squares) and calculated values (red circles) as a function of the temperature at which films of N,O were
laid down.

the symmetric contribution to the local field is approximately an order of magnitude larger
than the asymmetric contribution. This remains true throughout the temperature range over
which the model is applicable, that is, up to 52 K.
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Table 3. The variation of the electric field, E,ps, and degrees of dipole alignment, (u.)/u, as a function
of deposition temperature for N,O, compared with fits obtained using Equations (1) and (2)
(Section 4.1) and values of parameters in Table 2. Data are shown graphically in Figures 21 and 22.

Temperature/K ~ Obs. field/ Vm™"  Calc. field/ Vm™"  (u.)/u from observations  {(u.)/u calculated

38 1.189 x 10% 1.227 x 10® 0.1520 0.1552
40 9.723 x 10’ 9.783 x 107 0.1242 0.1238
42 8.436 x 107 8.448 x 107 0.1078 0.1069
44 7.889 x 107 7.754 x 107 0.1008 0.0981
48 6.616 x 107 6.529 x 107 0.0846 0.0826
52 5.205 x 107 5.567 x 107 0.0665 0.0704
57 4.196 x 107 4.859 x 107 0.0536 0.0615
60 3.655 x 107 4,530 x 107 0.0467 0.0573
63 2.882 x 107 4228 x 107 0.0368 0.0535
65 1.598 x 107 4.034 x 107 0.0204 0.0510

Calculated values of (u.)/u and electric field, (E,sym)(u-)/u, are shown in Table 3. The
experimental values of the spontelectric field, Eps, are reproduced simultaneously with (g.)/u
to better than a few per cent for temperatures <52 K.

4.2.2. CFC films: CF;Cl, CF,Cl, and CFCl;

The study of the CFCs addresses the following fundamental question regarding spontelectrics:
is the influence of the detailed chemical structure of the constituent species seminal to the nat-
ure of their spontelectric behaviour rather than purely their dipole moments? In this connec-
tion, CF;Cl, CF,Cl, and CFCl; have very similar gas-phase dipole moments of 0.500D,
0.510D and 0.45D, respectively. These species also possess similar electronic structure exem-
plified by the similarity of their absorption spectra [72].

Figures 23, 24 and Table 4 show the result of fits obtained using all data between 40 and
65K for the three CFCs studied. The parameters associated with the fits in Figures 23 and 24
are given in Table 2. Random errors associated with values of parameters lie between 2% and
4%. It is evident from Figure 23 that the three CFCs possess spontelectric fields which lie in
the order CF5;Cl>CF,Cl,>CFCl;, for example in the ratio ca. 9:4:1 at 45K for CF;Cl and
CF,Cl, and 46K for CFCI;. One important factor in this difference in spontelectric behaviour
is the depolarisation of the molecules in the solid phase. Increased chlorination leads to an
increased polarisability (Table 2) and therefore increased depolarisation in CFCl;, yielding a
smaller dipole moment in the solid. No such regularity is, however, apparent in the relative
size of terms in E, (Equation (1)). Thus the °‘locking’” field which hinders rotation,
(Eqym)((e) i), is —8.7 x 10" V/m, —1.33 x 10®V/m and —5.3 x 107 V/m for CF5Cl, CF,Cl,
and CFCls, respectively, at 45K (or 46K for CFCl;) using values in Tables 2 and 4.
Evidently interplay between the symmetric and asymmetric terms leads to the observed
behaviour through the feedback inherent in Equations (1) and (2). We conclude that the
spontelectric characteristics of the three apparently closely related CFCs depend critically on
intermolecular chemical forces that are not directly reflected in the similar gas-phase dipole
moments of the individual molecules.
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Table 4. The variation of the electric field, E,ps, and degrees of dipole alignment, (u.)/u, as a function
of deposition temperature for the three CFCs, compared with fits obtained using Equations (1) and (2)
(Section 4.1) and values of parameters in Table 2. Data are shown graphically in Figures 23 and 24

Temperature/K  Obs. field/ Vm™  Calc. field/ Vm™  (1.)/u from observations  {(u.)/u calculated
CF;Cl
40 —4.25 % 107 —4.62 x 107 0.075 0.081
45 —3.28 x 107 —2.82 x 107 0.058 0.050
475 —1.97 x 10’ —1.60 x 107 0.035 0.028
50 —7.55 % 10° —1.12 x 107 0.013 0.020
CF,Cl,
45 —1.43 x 107 —1.46 x 107 0.042 0.046
55 —9.98 x 10° —8.19 x 10° 0.029 0.024
60 —5.51%x10° —5.33 % 10° 0.016 0.016
65 —4.07 x 10° —4.55 % 10° 0.012 0.013
CFCl,
43 —5.32 % 10° —5.29 % 10° 0.031 0.031
46 —3.36 x 10° —3.18 x 10° 0.019 0.018
50 —1.86 x 10° —2.19 % 10° 0.011 0.013
0
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Figure 23. (Colour online) The variation of the electric field, E,,s as a function of deposition
temperature for CF5Cl, CF,Cl, and CFCl3, using values in Table 2, compared with fits obtained using
Equations (1) and (2). Fits are shown as open symbols and experimental values as solid symbols.
Fitting parameters (Egym), (Easym) and {are given in Table 2.

The abrupt onset of temporal instability with deposition temperature of the spontelectric
nature of CFCl; (Figure 15) arises from the fragility of the spontelectric system, attendant on
a weak spontelectric field coupled with a weak solid state dipole. The temporal change from
spontelectric structure to non-spontelectric, seen in Figure 15, comes about through a reloca-
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Figure 24. (Colour online) Degrees of dipole alignment estimated from experiment in the three CFCs
(closed symbols) and calculated values (open symbols) as a function of the temperature at which films
were laid down.

Table 5. Values of the symmetrical part, (Egym)[l +C((,uz)/,u)2] of the electric field E£., Equation (1), and
the asymmetrical part or the spontelectric field (E,sym)(t-)/1t and the relative magnitudes of these terms
for the three CFCs and for N,O.

Temperature/K Symmetrical term (V/m) Asymmetrical term (spontelectric field) V/m Ratio
CF;Cl

40 2.98 x 108 456 x 107 0.153
45 1.57 x 108 2.82 x 107 0.180
475 9.69 x 107 1.58 x 107 0.163
50 8.35 x 107 1.13 x 107 0.135
CF,Cl,

45 2.03 x 10° 1.32 x 107 0.065
55 1.06 x 108 6.91 x 10° 0.065
60 8.61 x 107 4.61 x 0° 0.054
65 8.06 x 107 3.74 % 10° 0.046
CFCl,

43 2.61 x 108 5.36 x 10° 0.021
46 1.58 x 108 3.11 x 10° 0.019
50 1.33 x 10® 2.25x%10° 0.017
N,O

38 1.09 x 10° 1.19 x 108 0.109
40 9.10 x 10° 9.72 x 107 0.107
42 8.19 x 108 8.44 x 107 0.103
44 7.85 % 10° 7.89 x 107 0.101
48 7.13 x 108 6.62 x 107 0.093
52 6.48 x 10° 521 x 107 0.080
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tion of the dipoles to form a structure in which dipoles are no longer aligned. This may be a
disordered structure or a crystalline state. The relative values of symmetric and asymmetric
terms in £, (Equation (1)) may be taken as a measure of this relocation to be a feasible event.
Inserting values of (Egym), (Easym)» ¢ and (u.)/u from Tables 2 and 4 gives values in Table 5
of the symmetric terms and asymmetric terms in £, and their ratio for the three CFCs. Values
for N,O are also shown for comparison.

A clear decrease in an average value of 0.158 to 0.019 may be derived from data in
Table 5 in the ratio of the symmetric to asymmetric contribution to E, on moving from
CF;Cl to CFCl;. Results in Table 5 suggest an onset of collapse of the spontelectric
structure when the asymmetric term in Equation (1) becomes <1.9% of the symmetric. In
summary, it is evident that for CFCl; a combination of sensitivity to motional fluctuations
and the weakness of the asymmetric field, that is, the estimated spontelectric field, itself a
reflection of the low values of (u.)/u, is the root cause of the different behaviour encoun-
tered in this species compared with CF;Cl or CF,Cl,. Values for N,O lie between those
of CF;Cl and CF,Cl, and emphasise the variety of behaviour found in spontelectrics
depending on chemical structure.

In order to model spontelectric effects, it would therefore appear essential to perform
sophisticated calculations of solid-state structures including an accurate description of medium
to long-range forces special to any system. For the present, experimental data remain the only
means to establish the existence of a range of conditions for which spontelectric behaviour is
found.
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Figure 25. (Colour online) The variation of the observed electric field, Eqs, as a function of deposition
temperature for methyl formate. Data are taken from Figures 10-12, with additional data not shown in
those figures. Fits to experiment using the theory described in Section 4 are red open circles. Values of
fitting parameters are given in Table 2. The lack of fit between theory and experiment at <50K is
discussed in Section 3.4; see also the Curie point data in Figure 20. An accurate fit between theory and
experiment for 7>80K may be obtained by relaxing the assumption that parameters of the model are
temperature independent (Section 4.2.3).
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4.2.3. Applications to cis-methyl formate

Methyl formate films show the unexpected property that the gradient with temperature of the
spontelectric field and degree of dipole alignment switches from negative to positive at a criti-
cal deposition temperature [11] as seen in Figures 10—12. This critical temperature is around
78-80K with an associated (u.)/u ~0.003. By contrast, the simple picture presented in the
preceding sections would appear to require that increased thermal disorder would lead to
weaker spontelectric behaviour; yet here the opposite behaviour with temperature of
deposition is observed. This behaviour is illustrated in Figures 25 and 26 using results
derived from the experimental data in Figures 1012 plus data for additional temperatures of
deposition, where initial slopes of surface potential vs. film thickness have been used as
appropriate. We now explore further the nature of the switch from negative to positive gradi-
ent of the spontelectric field and degree of dipole alignment with temperature.

An obvious tactic to analyse the results shown in Figures 25 and 26 is to obtain the total
differential d{u.)/u/dT. Inserting Equation (1) into Equation (2) we obtain an implicit equation
of the form (1.)/u=f({1.)/u,T). Implicit differentiation may be carried out using standard forms
but caution is necessary since these standard forms naturally require that {(u.)/u=/({i.)/1e,T) is
satisfied exactly. From a practical standpoint, high accuracy in the implicit equation is neces-
sary in order to give quantitative results for the differential. The fit shown in Figure 26 is found
to be inadequate to yield quantitative agreement between experimental values of d{u.)/u/dT,
obtained by interpolation from the data in Figure 26, and those computed from the analytic
form of the differential. Computed values of the gradient obtained by inserting derived values
of (Egym)» (Easym) and (into the differential function shown below, Equation (4), lie generally
within a factor of 4-5 of observed values, but can be an order of magnitude in error. The
switch from negative to positive slope appears at 80—83 K, rather than at the observed value of
78-80 K.
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Figure 26. (Colour online) The variation of the degree of dipole alignment, (u.)/u, as a function of
deposition temperature for methyl formate. Fits to experiment using the theory described in Section 4
are red circles. Values of fitting parameters are given in Table 2.
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This quantitative breakdown may be ascribed to the ansatz that (Egym), (Easym) and ( are
temperature independent and by implication (w.)/x independent. We return to this below
where we show that relaxation of this assumption can result in accurate fitting. For the pres-
ent, we proceed on the basis that the qualitative behaviour described by the analytical form of
d{u.)/u/dT remains descriptive of the physics. The total differential of (u.)/u=f{{1.)/u,T) is
given by

d{p./p) _ 1/uE; — (KE./T*)cosech’ (LE./T) )
dT (HE'/T)cosech® (uE,/T) — E'T /uE? — 1

where E' = (Eqeym) — 2{(Esym)(1./1t) and E. is defined by Equation (1). A significant property
of Equation (4) is the presence of a singular cut in (i.)/u, T space for values which satisfy

(LE'/T)cosech® (UE./T) — E'T /uE* — 1 =0 (5)

A representation of d{u.)/u/dT as a function of temperature and (u.)/u is shown in
Figure 27 using the fitted values of (Eqym), (Easym) and { derived using Equations (1) and (2)
and shown in Table 2. Figure 27 illustrates the set of singularities represented by Equation (5).
Immediately to lower {u.)/u, T of this set, d{u.)/i/dT is negative but is positive for higher (u.)/
i, T on the other side of the singularity. Thus ‘normal’ and ‘anomalous’ behaviours are sepa-
rated by the singular cut in Figure 27. Note that for the values of (Egym), (Easym) and { used
here, the nominator in Equation (4) is positive for the entire range of {(1.)/u and T. Thus it is
the sign change in the denominator which wholly governs the change of sign in d{u.)/u/dT.

Given that Equations (4) and (5) are of general (approximate) validity, it follows that
any number of spontelectric materials may in principle share the common feature of a
decreasing and then increasing degree of dipole alignment with increasing deposition tem-
perature, separated by a singular cut. Thus, the anomalous behaviour reported for methyl
formate is in principle a general characteristic of spontelectrics. We have not however —

Gradient

Figure 27. (Colour online) Methyl formate: the variation of the gradient d{u.)/u/dT, evaluated using
Equation (4), as a function of the temperature, T, and the degree of dipole alignment (1.)/u, for values
of (Egym), (Easym) (or equally, s, the layer spacing) given in Table 2.
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so far — identified any other species that show this characteristic, noting that data in Fig-
ures 13 and 14 for ethyl formate and dihydrofuran are suggestive of the same behaviour,
as noted in Section 3, but require detailed investigation to establish this. In connection
with this, none of the three CFCs, whose spontelectric properties are discussed in the pre-
vious section, enters the regime in which the degree of dipole alignment increases with
temperature of deposition. The regime of a positive value of d{u.)/u/dT occurs at a critical
degree of dipole alignment, given approximately by (u.)/u= (Easym)/2{(Esym) [11,12] that
is, 0.008 for CF5Cl, 0.0023 for CF,Cl, and 0.0006 for CFCl;. The lowest measured val-
ues of {(u.)/u are 0.02 for CF5Cl at 50K, 0.012 for CF,Cl, at 65K and 0.013 for CFCl;
at 50K. The inference is that, for these materials, collapse of the spontelectric structure
intervenes, precluding achievement of the critical degree of dipole alignment associated
with change in sign of d{u.)/u/dT.

An intriguing possibility arising from the behaviour shown in Figure 27 is that it may
be feasible to cause the system abruptly to switch the gradient, d{u.)/u/dT, by provision
of an external stimulus of an electric field. A trivial extension of the theory may be made
by adding an arbitrary electric field, E., to the expression for £, in Equation (1), yield-
ing a new Equation (4) in which in each case where E. appears, E.+E. would now be
found. Evidently, if a film of methyl formate is laid down which corresponds to a point
in {(u.)/u, T space close to the singular cut in Figure 27, application of an appropriate
external field could cause the system to hover extremely close to the singularity or to flip
from, say, a negative d{u.)/u/dT to a positive d{(u.)/u/dT. If we consider a deposition tem-
perature of 85K and use the observed gradient of +4.5x 10> per K, then in order to
induce a sign change in the gradient and create, for example, a value of —9 x 1072 per
K, an applied field, E., of 760 V/mm, opposing E., would be required. This represents
only a small perturbation to the system since the value of E. in the unperturbed state is
50 times larger than this value of E.,.

We now pose three questions designed to give insight into the change in sign of d{w.)/u/
dT at a critical temperature. The first question is this: what fundamental aspect of the current
model gives rise to the observed switching behaviour of the degree of dipole alignment or
electric field with temperature? The second poses the question of whether a simple linearisa-
tion of the coth function in Equation (2), or equivalently the cosech functions in Equation
(4), preserves the switch from negative to positive slope. The third question, already men-
tioned previously, relates to the relaxation of the approximation that the parameters of the
model are temperature independent.

The answer to the first question is that the feedback between the dipole orientation and
the term (Esym)é’(<,uz>/y)2 in E_, is the feature which gives rise to the switch of gradient.
Unfortunately we are not able to prove this rigorously as the following considerations show.
If we substitute Equation (1) into Equation (2) we obtain

() _ th([wwmm + L) /1)") = B 12/ 1] u)
u T

. <[<Esym><1 L) /1) — () ()] u) :
T
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the full differential of which is given by Equation (4). We now show that a critical point of
this function cannot exist. In doing so, we argue that we may ignore the recursive nature of
Equation (6) since we are considering differential variations in seeking a critical point. The
condition for the existence of a critical point for the function on the rhs of Equation (6) may
be shown to be

cosech’ {u[(Egm) (1 + L(() /1)*) = (Eugm) (1) /1] / T
= 72/ [1((Eagm) (1 + L4010 /1)) = (Easgmp1) /1)) (7)

Writing the rths of Equation (7) as 7°/¢> where ¢ = p [(Egym) (1+(u2)/0)?) —
(Easym) (=)/u], we find that Equation (6) is not a possible condition. This arises since
cosech®(¢p/T)=—1/3+T?/¢*+ $*/15T* .... Thus we conclude that a critical point rigorously
does not exist for this function. Inserting values for methyl formate, we find that cosech?(¢/T)
is, however, approximately equal to 7%/¢)” since the latter term in atomic units=45.4 at T=70K
and the next largest term in the expansion is —1/3. Using the approximation that cosech?(¢p/T)~
T%/¢*, one then finds that the discriminant is analytically zero and therefore that no information
may be gained with regard to the combination {(x.)/u and T which can give rise to a maximum,
minimum or saddle point. These results also naturally apply for the case of {=0.

An alternative approach has therefore been adopted which involves the numerical
exploration of the behaviour of the model setting (=0, that is, in the absence of feedback
between the degree of dipole alignment and the term related to the symmetric field.
Numerical experiments have been performed for those combinations of (Egym), (Easym) (or
layer spacing s) which lead to a non-monotonic change of electric field or degree of
dipole alignment with temperature of deposition. These experiments show that for any
such combination of (Egm) and (E,ym), the electric field or degree of dipole alignment
increase with temperature, reach a maximum and then decrease beyond a critical tempera-
ture. This is the reverse of observation, and thus the condition (>0 is a necessary one in
order to reproduce the behaviour with deposition temperature seen in Figures 25 and 26.
Indeed one finds a continuous change from the convex (=0 behaviour of electric field
and degree of dipole alignment with deposition temperature to the observed concave
behaviour. The model increasingly reproduces the observations as { is allowed to rise
towards the best fit value of 14,500 given in Table 2.

The second question regarding the behaviour of electric field with deposition temperature
concerns the linearisation of Equations (1) and (2). Writing ¢ = u[(Esym)(1+¢({(1t)/0)*) —
(Easym) (1-)/u] as above, we expand the Langevin function, L(¢)=coth(¢) — 1/¢ to first order.
Thus we set L(¢)=1/3 ¢, the approximation used to yield the Debye equation for the variation of
polarisation with temperature. This yields (u.)/u= ¢/3T and

du)/m

o LA ) (1 4+ ({1 /1))

= (Easym) (1) /1] /AT (128 (Eym) (1) / 1t = (Easym)) = 3T} (8)

This preserves the behaviour seen in Figure 27 since d{u.)/u/dT tends to + oo for values
of |TTi(2 {(Esym) (t4=)/1t — (Easym)) — 37T]| tending to zero. Therefore, even at the simplest level
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of approximation, a switch in sign of d{u.)/u/dT is predicted. The critical value of tempera-
ture, Ty, for which the slope, d{u.)/u/dT, is infinite, that is, the temperature at which the
switch from negative to positive slope occurs, is given by (u/3)(2{{Esym) {(tt-)/tt — (Easym))-
Note that this expression may also be derived by expanding cosech® to first order in 7 in
Equation (5) which defines the singular cut in d{w.)/u/dT.

We may assess the accuracy of this linearisation by asking the question: what is the value
of the degree of dipole alignment which gives rise to a singularity in d{u.)/u/dT at the
observed temperature, 7., of (say) 78 K? If values of constants derived from fitting using
Equations (1) and (2) (Table 2) are inserted into Te.ie=(u/3)(2{ Esym) (t=)/tt — ( Easym)), then a
critical value of the dipole alignment ({u.)/tt)cric=0.0115. The experimental value of ({t.)/10)crit
is 0.00266 and the computed value, using the derived constants in Table 2 and Equations (1)
and (2), is 0.00368. Thus a clear discrepancy arises from linearisation of the system of equa-
tions. We conclude that expansion of the cosech function to a linear function of its argument
preserves the observed switching behaviour of the gradient d{u.)/u/dT but results in an inac-
curate formulation. Note that if { is set to zero in the above, the result is recovered that no
condition can be found under which there is a critical value of temperature for switching, in
agreement with our above conclusion that non-zero { is essential to reproduce the observed
switching.

The third question addresses the problem that the model is inaccurate to a troubling extent
for methyl formate in reproducing the observed variation of the degree of dipole alignment
and electric field with deposition temperature, especially at higher temperatures (Figures 25
and 26). Given that the film has some non-zero derivative of volume vs. deposition tempera-
ture, it is evident the layer spacing, s, and therefore (E,qm), are temperature dependent. It
also follows that (Eg,) and { are temperature dependent. The effective dipole moment, y,
will also change with temperature via change in the layer spacing via Equation (3). These
temperature dependencies are a reflection of the property that all parameters depend on the
physical separation and relative orientation of molecules in the solid and that each tempera-
ture of deposition gives rise strictly to a new structure of the material.

Numerical experiments show that experiment and model predictions for deposition tem-
peratures between 83 and 89K can be brought into agreement by allowing (Egy,) or s
(but not ¢) to vary smoothly with temperature of deposition. Thus (Eg,,) may be allowed
to vary smoothly between 1.698 x 10’ V/m and 8.852 x 10° V/m between 83 and 89K to
give agreement between observation and model within ~0.5%, holding other parameters
constant, noting that the temperature independent value of (Eg) is 1.206 x 107 V/m
(Table 2). Again, agreement (to within ~3%) may be achieved, holding other parameters
constant, by varying s between 2.15 x 107'* m and 2.62 x 107' m in the same tempera-
ture range, where the fixed value for the global fit is 2.44 x 10~ 'm (Table 2). The intro-
duction of temperature dependence of (Egm), ¢ and s has no influence on the
denominator of Equation (4). In the most general case in which all quantities (Egym), ¢
and s (which includes u) are treated as temperature dependent, only the nominator is
modified. Thus a significant general result is that the switch from negative to positive
d{u.)/u/dT with increasing temperature is robust to an introduction of temperature depen-
dence of the model parameters. Thus the singular cut in (u.)/u, T space remains deter-
mined by Equation (5), with whatever values of parameters appropriate.

Setting to one side the introduction of temperature dependence of (Egm), (, 8, (Easym)
and y, it is possible to build a qualitative physical description of the behaviour of methyl for-
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mate at high temperatures. The model parameters crudely define the potential energy land-
scape of the film. The semi-quantitative agreement between observation and model shown in
Figures 25 and 26, with temperature-independent values of (Eyym), (Easym) and ¢, implies that
for methyl formate the potential energy landscape is fundamentally unchanged for deposition
temperatures >50 K. Molecules can sample more of this landscape at higher temperatures.
This concept, exemplified by enhanced mobility of species condensing from the gas phase at
and within the surface layers, has recently been developed in relation to glass formation
through gas phase deposition [73,74]. This leads to the following qualitative description of
the events which may cause the increase of (u.)/u with T for a set of critical combinations of
T, {u.)/i. Species as they attach from the gas phase to the surface evidently find it favourable
at all temperatures to form a dipole-oriented structure. The formation of an energetically
favourable, that is, an oriented system, is enhanced by weakly hindered diffusion, implying
greater mobility and associated molecular motion. According to results in Refs. [74,75], these
are the conditions which are found as gas-phase species condense to form solid material to a
depth of a few nanometers, that is, 10-20 ML. In addition, effects of greater mobility are
likely to be enhanced very close to the surface. Greater thermal diffusion in higher tempera-
ture films implies that species are able to explore a greater volume of phase space, overcom-
ing barriers of frustration imposed by (Eg,) and { between metastable states. This in turn
may increase the degree of dipole alignment that can be achieved in the system, overturning
the tendency to greater disorder associated with higher temperature. At all events, according
to the model presented here, such increased alignment at higher temperatures appears to be
an intrinsic property of spontelectrics.

More extensive sampling of the potential landscape will also modify feedback between
bulk electric field and dipole orientation. This is itself modulated in a temperature-dependent
manner through the values of the interrelated parameters (Egym), ¢ s, (Easym> and u. The
model described earlier above is naturally a ‘first order’ description, ignoring, for example,
the phenomenon that different values of {(u.)/u represent different structures and imply differ-
ent values of the symmetric part of the potential. Moreover, the temporal decay of structures
formed at 80 K and above suggests that systems initially enter metastable states in the energy
landscape that then slowly percolate through a multiple minimum landscape towards ever
more stable configurations. This is analogous to the behaviour described in Ref. [74], in
which a figure of merit is introduced to gauge the extent to which a glass formed from
gas-phase deposition has relaxed towards the global minimum energy structure. In this con-
nection, it is known that between 90 K and 100 K methyl formate undergoes a phase change.
This has been attributed to crystallisation [75]. Molecular dynamics simulations would be
valuable to test the validity of the above conjectures. Note also that the local heat of adsorp-
tion makes a contribution to the dynamics, a factor that would be included in any molecular
dynamics model.

5. Concluding comments

In this review of the current status of spontelectrics, we have endeavoured to place these mate-
rials in an historical and current perspective with regard to spontaneously polarised solid films.
The conclusion has been drawn that spontelectrics constitute a new form of the solid state.
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They are distinct in particular from ferroelectric materials, while acknowledging that some
indications of spontelectric behaviour may perhaps be found in early work of Kutzner [15].

A model has been set out based upon the proposal that the spontelectric effect arises
essentially from dipole alignment dictated by dipolar interactions. This is a primitive mean
field model in which temperature variation is described in terms of the standard
thermodynamic description given by the Langevin expression [63], combined with three tem-
perature-independent parameters used to describe the field at any representative dipole. The
new ingredient of this model, by comparison with other Ising type models, is the introduction
of explicit feedback between the degree of dipole alignment and the symmetrical part of the
field experienced locally by any dipole, represented by the term (Eqym){((1.)/1)* in Equation
(1). This in turn highlights the intrinsic dependence of the spontelectric effect on dipole—
dipole interactions, which are seen as central in their influence on the structure of spontelec-
tric films. In particular, the variation of spontelectric field with temperature for methyl formate
cannot be described in the absence of the (Esym>C(<uZ>/u)2 term to which reference has just
been made. The model reproduces experimental data with an acceptable degree of fidelity for
the five species, N,O, CF;Cl, CF,Cl,, CFCl; and methyl formate for which it has been tested,
showing that dipole alignment due to dipole—dipole interactions is very likely to be the origin
of the spontelectric effect. By contrast, dipole alignment in comparable organic ferroelectrics
is very largely instigated by interactions other than dipole—dipole; rather, structures arise
which fortuitously lead to aligned dipoles [30].

The model deals through use of the Langevin expression only with equilibrium configura-
tions of the solid film characteristic of a particular temperature. The model is not designed to
treat Curie effects, since these involve non-equilibrium structures, which under sufficient tem-
perature and associated mechanical stress give way to systems containing randomly oriented
dipoles. Equally the model cannot treat the temporal evolution of a spontelectric system as it
breaks free from some local equilibrium. Both these features may be described by molecular
dynamics simulations. These are yet to be performed. Indeed in order to understand spont-
electric effects in depth, it would appear essential to perform sophisticated calculations of
solid state structures including an accurate description of medium to long range forces special
to any system. This has already been noted in connection with the three CFCs that behave
differently from one another despite their chemical similarity [12]. For the present as men-
tioned earlier, experimental data remain the only means to establish the existence of a range
of conditions for which spontelectric behaviour is found.

Insight into the nature of spontelectrics may be gained by making an analogy with a free
running saturated non-linear system, for example a strongly saturated interstellar hydroxyl
maser [76]. In such a non-local, non-linear system, knowledge of the starting conditions is
lost over a short physical extent compared with the total length of the system, lying along the
normal to the film surface in the case of spontelectrics. The system maintains a constant con-
dition through almost its entire length and locks into a rigid configuration from which it may
not be displaced without some major perturbation. This has been described in Section 3.4 and
such displacement may take place for example through heating represented by Curie tempera-
ture measurements such as those in Figures 17-20. By analogy with a saturated maser, gain
is represented in the present case through the creation of electric field through dipole align-
ment and stimulated events through the electric field itself creating dipole alignment. Loss is
through thermal motion that opposes dipole alignment as described in Section 4. So long as
gain overcomes loss, the molecules self-organise into a spontelectric dipole-aligned structure.
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In doing so, they lose memory of the initial state from which order emerged save that the nat-
ure of the film—substrate interface may influence the sign of surface potential. In this connec-
tion, the film—vacuum interface, at which deposition takes place, may be of greater
importance in determining the sign of the surface potential. This follows since we have
observed that spontelectric behaviour is characteristic of the material of which the film is
composed and the magnitude of the spontelectric field is essentially independent of the sur-
face on which it is laid down. This consideration emphasises the non-local nature of the
spontelectric effect through which every component molecule contributes to the structure with
long range communication provided through the spontelectric field.

There remain numerous aspects of spontelectrics to explore. There are now extensive data
on heterogencous materials, a foretaste of which was given in Section 3.7. Suffice it to say
here that one may to a large extent dial up any required electric field structure. These results
are presently under preparation for publication [56]. In addition, preliminary experiments have
been performed to explore the behaviour of dilute systems of N,O in Xe, which may shed
light on the essentially three-dimensional nature of the network of interacting dipoles in the
film. Other areas in which results may soon be available will be in neutron and X-ray scatter-
ing and atomic force microscopy of spontelectric films. These studies should indicate the
degree of order in spontelectric films and the nature of that order, differentiating between the
space and time averages mentioned in Section 4.1.

It is of course tempting to make any number of predictions of the future technological
importance of spontelectric materials, with regard to nano-xerography and solid-state nano-
traps among other presently speculative applications. Rather than yield to this temptation,
which has led in a number of other instances to promises that have fallen as flat as they were
unproven, it is probably more pertinent to state that in order for spontelectrics to make a
major contribution to technological advance, an important requirement would be to identify
the spontelectric effect at room temperature. The second advance might perhaps be to imple-
ment switching of the spontelectric field or of the derivative of the field by applying an exter-
nal coercive electric field. Piezo- and flexoelectric phenomena may also arise through analogy
with ferroelectric materials. It is possible, for example, that the application of high pressure
or a strain gradient may induce materials to exhibit spontelectric fields at higher temperatures
than recorded here. For the present, the spontelectric phenomenon remains one whose appeal
is rather as pure science: spontelectrics are a new form of the solid state and these do not
come every day.
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