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Spontaneous electric fields in films of CF;Cl, CF,Cl,
and CFCl;
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Data are presented showing the spontaneous formation of electric fields within solid films of the
chlorofluorocarbons (CFCs) CFsCl, CF,Cl, and CFCl3 as a function of film deposition temperature from
40 K and above. Electric fields, which arise through dipole alignment and lie in the range of a few
times 107 V. m~" to a few times 10° V m~", decrease as the degree of chlorination increases. Maximum
deposition temperatures for display of an electric field lie at ~50 K, ~65 K and ~52 K for CF3Cl, CF,Cl,
and CFCls respectively. CFCls films possess electric fields which show an onset of temporal metastability
between deposition temperatures of 46 K and 50 K. CFsCl and CF,Cl, demonstrate temperatures
of ~65 K and ~80 K at which the electric field in the film is removed by heating, so-called Curie
points, with decay of the field spread over more than 10 K. CFCls displays a comparatively sharp Curie
point at 55 K. This variety of behaviour arises despite the resemblance of these three species in terms of
electronic structure and gas phase dipole moment, emphasising the requirement for detailed chemical
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1 Introduction

The recent detection of spontaneous electric fields in numerous
solid films prepared by vapour deposition raises some funda-
mental questions about the nature of disordered materials."™
These newly discovered ‘spontelectric’ solids may be characterised
as approximately glassy in structure but with a residual order
which gives rise to the observed spontaneous polarisation and
electric fields. Investigations into spontelectrics allow a very
sensitive probe of the nature of the glassy state and present a
challenge to theory which has yet to be met. Note that the
nature of spontelectric films is quite distinct from that of glassy
ferroelectric structures,” containing non-interacting islands of
order, so-called ‘ferrons’.® There is no evidence for such ferron
structures in spontelectrics.

Dipole-dipole interactions and the interaction between the
dipole and the spontaneous electric field within the solid have
been shown to be intrinsic to the formation of the spontelectric
state in solid films.* This is in contrast to all other solids which
show spontaneous polarisation in which polarisation is an
extrinsic consequence of the dipolar nature of the constituent
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molecules, that is, the structure which gives rise to polarisation
is due very largely to other forces than dipole-dipole.*”’® The
purpose of the current paper is to consider the following
fundamental question regarding spontelectrics: is the influence
of the detailed chemical structure of the constituent species
seminal to the nature of their spontelectric behaviour rather
than purely their dipole moments? To probe this question, we
present data on spontelectric behaviour in the CFCs CF;Cl, CF,Cl,
and CFCl;. These species were chosen since they have similar gas
phase dipole moments of 0.500 D, 0.510 D and 0.450 D respectively.
They also possess a similar electronic structure exemplified by the
similarity of their absorption spectra.’

Each of the three freons investigated here can form ortho-
rhombic crystalline structures when condensed in liquid nitrogen
from high pressure and cooled to liquid helium temperatures
or condensed directly from the liquid form.'®'" It has been
suggested that CF,Cl, in the crystalline state may display
ferroelectric alignment of dipoles'! although no ferroelectric
properties have been reported. Crystalline alignment of CF,Cl,
has been reported up to 110 K, significantly greater than the
temperature of 80 K at which spontelectric properties are
quenched for CF,Cl,. We assume that the CFCs laid down from
low pressure, as here, form essentially amorphous layers.

In passing we note that the activity of these three CFCs in
the destruction of ozone in the atmosphere of the Earth
involves ices formed at typically 210-230 K, that is, very much
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higher temperatures than are relevant in the present work.
Ices in polar stratographic clouds are therefore not expected to
have any spontelectric character, since they are formed greatly
above any temperature for the spontelectric effect to be found
(see Section 2.2) and are anyway composed of a very dilute
mixture of CFCs.

In Section 2 we briefly outline the experimental method and
present our results, showing the magnitude of the spontelectric
effects associated with the chosen CFCs and the upper limits of
temperature for which they can be observed. In Section 3 we
analyze these results using a model first described in ref. 1. In
short we find that CF,Cl, and CF;Cl show some similarity
in spontelectric properties whereas CFCl; shows distinctly
different properties, for example exhibiting temporal decay of
the spontelectric state when laid down at 50 K and above.

2 Experimental method and results
2.1 Method

The spontelectric nature of a solid film is established by the
presence of a spontaneously generated potential on the surface of
the film, at the interface with a vacuum, relative to the substrate on
which the film is laid down. The potential of the film surface is
measured using a low energy electron beam with high energy
resolution, set here to be ~1.5 meV. The experimental system
involves electrons generated through photoionization of Ar at a few
mV above the photoionization threshold of 785.6 A, using mono-
chromatized radiation from the ASTRID synchrotron storage ring at
Aarhus. Further experimental details of the synchrotron photo-
ionization source may be found in ref. 1-4 and 12. The voltage
applied to the substrate required to null the electron current gives
the value of the potential on the surface of the film relative to the
potential of formation of the electrons. The latter is nominally zero.
The potential of the clean gold substrate relative to the nominal
zero of the photoionization region is also recorded and is typically
~200 mV. The potential on the film surface relative to the
gold substrate may be measured with an accuracy of 2-3 mV.
The current in the electron beam is set sufficiently low at
<700 fA cm™? (100-200 fA measured) such that the surface
potential is not significantly affected by the measurement. This
is checked by repeated measurements of the surface potential.

Films are prepared under UHV conditions, with a system
base pressure of ~107'° mbar, and are laid down on a poly-
crystalline Au substrate, grain size <100 nm, in the form of a
750 nm thick layer of material on Ta. In connection with this,
we note that spontelectric potentials have been measured to be
independent of the surface on which the active species is
deposited.” The substrate is cooled using a He cryo-cooler to
temperatures in the range of 38 K upwards and cleaned by
heating to 700 K. Dosing is performed from the background
gas, allowing the deposition of uniform films. Temperature
programmed desorption (TPD) is used to estimate the number
of monolayers (ML) deposited. All materials are chemically
stable on the amorphous gold surface at the temperatures
employed. Mass spectral data associated with TPD show no
evidence of any decomposition of parent species. The measured
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desorption temperature for CF;Cl is 99 K, for CF,Cl, is 117 K
and for CFCl; is 130 K. Dosing rates were 7 ML min~" for CF;Cl,
2 ML min~* for CF,Cl, and 5 ML min ™~ for CFCl;. Exceptionally
the dosing rate for thin layers of CF5Cl at 50 K was 3 ML min "
(see Section 2.2.1). Note that absolute numbers of ML are
known to be better than +20-30%. Relative values are however
accurate at the few % level.

2.2 Results

The potential formed on the surface of a film at a specific
temperature of deposition is measured as a function of the
number of monolayers deposited. This yields the electric field
in the film, E,s, as a function of deposition temperature, in
terms of V. m™?, given the film thickness. All electric fields in
the present work are measured to be negative, in common for
example with isopentane but in contrast to N,O.' In this
connection the presence of a positive or negative spontelectric
potential is associated with the binding by physisorption of
spontelectric species to the surface and thus with the initial
breaking of the symmetry in the system. The nature of the binding
is chemically specific and thus requires detailed modelling to
predict, an aspect presently lacking.

As in earlier work we introduced the direction cosine, (u.)/u,
termed the degree of dipole alignment. Here (u,) is the space
averaged component, or the time averaged component for any
point, of the dipole normal to the film, that is, in the z-direction
and p is the value of the full dipole of the molecule in the solid
state. Values of the degree of dipole alignment are estimated
using (u,)/pt = eoEops€2/1t, where Q is the effective volume of the
molecule.” The value of  is given by = uo/(1 + ak/s*) where « is
the molecular polarizability of the relevant freon, s is the
average spacing between successive layers (see Section 3), k =
11.034 and u, is the gas phase dipole moment of the relevant
species.">'* Note that the z-direction is measured normal to and
away from the gold surface. Thus the dipole moment should
strictly be expressed as a negative quantity since in the species
considered here the negative end of the dipole tends to point in
the positive z-direction. The observed field is negative, u is
negative and hence (u.)/u, the degree of dipole alignment,
derived from (p,)/u = eoEopsQ/1, is a positive quantity.

All potentials shown in the succeeding figures are relative to
the polycrystalline gold substrate. As is well-known,"> small
surface potentials arise on deposition of a single ML on clean
substrates and these are seen here to be weakly dependent on
temperature. Thus for CF,Cl, for example, extrapolation of data
to zero film thickness shows an intercept at —0.34 V for
deposition at 45 K and —0.24 V at 65 K.

Data for CF;Cl, CF,Cl, and CFCl; are summarized in Table 1
which shows the raw data in terms of mV ML ™" for different
temperatures of film deposition. Table 1 also shows derived
electric fields, Eops, and the corresponding degree of dipole
alignment. The issue of temporal instability of the spontelectric
effect for CFCl; is considered in Section 2.2.3.

2.2.1 CF;CL. Data for CF;Cl are shown in Fig. 1a in which
films were individually deposited at temperatures of 40 K, 45 K,
47.5 K, 50 K and 55 K. Results for 55 K are included to show the
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Table 1 Observed electric fields, expressed as mV per ML added, for layers of
CF5Cl, CF,Cl; and CFCl3 variously deposited between 40 K and 65 K. Values of the
layer spacing, s, of 0.31 nm, 0.28 nm and 0.25 nm were used in deriving the data
for electric field and dipole alignment for CFsCl, CF,Cl, and CFCls, respectively
(see Section 3). 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 are estimated to be 3%. Errors in temperatures are +1 K

Electric Degree of dipole
Temperature/K mvV ML field/V m™* alignment ({u,)/p)
CFCl
40 —11.6 —4.25 x 107 0.075
45 —9.02 —3.28 x 10’ 0.058
47.5 —5.39 —1.97 x 107 0.035
50 —2.06 —7.55 x 10° 0.013
CF,Cl,
45 —-3.97 —1.43 x 107 0.042
55 —2.77 —9.98 x 10° 0.029
60 —1.53 —5.51 x 10° 0.016
65 -1.13 —4.07 x 10° 0.012
CFCl,
43 -1.33 —5.32 x 10° 0.031
46 —0.84 —3.36 x 10° 0.019
50 —0.46 —1.86 x 10° 0.011
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Fig. 1 (a) Surface potentials measured for films of CF3Cl as a function of thickness
in monolayers (ML) laid down at five different deposition temperatures. 55 K data
are included to show the absence of the spontelectric effect. The inset shows data
at 50 K for a lower rate of deposition (see text). (b) The variation of the surface
potential of a 400 ML film of CF3Cl laid down at 45 K and heated to 80 K showing
a Curie point. Errors in experimental values of surface potential are 2-3 mV and of
the temperature are +1 K.
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absence of spontelectric behaviour at this temperature. Note that at
50 K spontelectric behaviour does not show any temporal effects on
the timescale of hours of the experiment. This is demonstrated by
the linearity of the spontelectric potential vs. film thickness shown
in Fig. 1a and was further checked by introducing a waiting period
of an hour in accumulating data.

Experiments were also performed to determine if there was
a dependence of spontelectric behaviour on the rate of deposi-
tion of CF;Cl on timescales of minutes. The inset to Fig. 1a
shows data obtained using a rate of deposition of 3 ML min ",
as compared with 7 ML min~" for data in the main panel, and
depositing for a shorter time. The slope of the measured
surface potential vs. film thickness remained unchanged within
experimental error and thus the spontaneous electric field
is unchanged.

Changes in the spontelectric potential in response to heating
of a 400 ML layer of CF;Cl, deposited at 45 K are shown in Fig. 1b.
The film was heated in 6 K steps, held at the new temperature,
the surface potential measured and then heated again and so
on. Fig. 1b shows a “Curie point”’! and also illustrates that once
established the spontelectric structure is difficult to dislodge.
All three species studied show the removal of the spontelectric
effect on heating the sample once a certain temperature is
reached. There appears therefore to be a temperature-induced
transition between the spontelectric and the disordered state,
providing further evidence that this order-disorder transition is
characteristic of spontelectrics." As noted in ref. 1, the dipole-
aligned structure shows rigidity and remains intact despite
substantial electromechanical stress. This behaviour is accen-
tuated for CF;Cl since the material remains dipole aligned at
temperatures more than 10 K higher than the deposition
temperatures in the experiments illustrated in Fig. 1a, at any
rate on the timescale of hours of the experiments. Similar
results are found for CF,Cl, (see Section 2.2.2).

We note that the residual surface potential is different above
the Curie point compared with the values quoted for low
temperature with extrapolation to zero coverage. The same
observation applies to CF,Cl, and numerous other spontelectric
materials which show Curie points.

2.2.2  CF,Cr,. Data for CF,Cl, are shown in Fig. 2a in which
films were individually deposited at temperatures of 45 K, 55 K, 60 K,
65 K and 75 K. Note that for CF,Cl, surface potentials persist for
deposition temperatures ~15 K above those for CF;Cl. As for
CF;Cl, no temporal variation of spontelectric fields was in
evidence. The effect on the spontelectric potential of heating
of a 90 ML film of CF,Cl,, deposited at 43 K, is shown in Fig. 2b,
performing experiments in the same manner as for CF;Cl.

Fig. 2b demonstrates a Curie point with a similar slow
inception to that of CF;Cl but with a value ~15 K higher.
The lower curve however shows clear structure at around 60 K
to 65 K in an experiment conducted with 2 K steps and verifies
that the structure seen in the black points, with 5 K steps, is
genuine. It would appear that solid CF,Cl, may form two spont-
electric 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.
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Fig. 2 (a) Surface potentials measured for films of CF,Cl; as a function of
thickness in monolayers (ML) laid down at five different deposition temperatures.
75 K data are included to show the absence of the spontelectric effect. (b) 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.

2.2.3 CFCt;. Data for CFCl; are shown in Fig. 3a in which
films were individually deposited at temperatures of 43 K, 46 K,
50 K, 52 K and 54 K. Two Curie point experiments are shown in
Fig. 3b for films initially laid down at 43 K and 46 K. The
observation that the Curie temperature was the same for these
two films is taken as evidence that the structures of the films
laid down at 43 K and 46 K are essentially the same.* Thus there
is no indication of a structural change as we move close to the
regime of temporal instability. Curie temperature experiments
could not be performed at 50 K due to temporal instability of
films laid down at this temperature (see below).

Data in Fig. 3a and b differ considerably from those for
CF;Cl and CF,Cl, in Fig. 1a, b and 2a, b respectively. The
electric fields in the CFCl; films are considerably weaker than
in the two other species. For example at 45 K for CF;Cl
and CF,Cl, and 46 K for CFCl;, fields are, respectively, 3.28 X
10 Vm Y, 1.32 x 107 V m™* and 3.36 x 10° V. m~’. For
any temperature, the degrees of dipole alignment also tend to
be lower for CFCl; than for the other two species; see Table 1
and Section 3.
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Fig. 3 (a) Surface potentials measured for films of CFCl3 as a function of thickness
in monolayers (ML) laid down at five different deposition temperatures. (b) The
variation with temperature of the surface potential of 120 ML and 250 ML films
of CFCl; laid down at 43 K and at 46 K respectively. (c) The temporal decay of the
surface potential of a film of CFCl3 deposited at 50 K.

There is strong temporal dependence of the spontelectric effect
on films laid down at 50 K and above for CFCl;. This is illustrated in
Fig. 3c which shows the temporal decay of the surface potential on a
CFCl; film deposited at 50 K. The spontelectric effect disappears
after 3 hours. The onset of temporal instability with temperature of
film deposition is quite abrupt. No such effect of spontelectric decay
is seen for films of CFCl; deposited at 46 K.
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This abrupt onset of instability is reflected by the Curie
behaviour shown in Fig. 3b. In contrast to Curie experiments
for CF;Cl and CF,Cl, shown in Fig. 1b and 2b, the Curie point
for CFCl; occurs over a range of 1 to 2 K, even more rapidly than
the value of ~5 K recorded for isoprene.’ Moreover the Curie
effect occurs at a temperature of 55-56 K in accord with the
maximum value of deposition temperature for which a spont-
electric effect can be observed: see Fig. 3a. This behaviour is in
contrast to CF;Cl and CF,Cl,.

3 Analysis

A mean-field model, originally introduced in ref. 1 and also
employed successfully in ref. 4, is used here to analyse the results
shown in Fig. 1a, 2a and 3a for the temperature dependence of the
electric field and the degree of dipole orientation in the CFC films.
As mentioned in the introduction, the dipolar nature of the
constituent molecules is intrinsic to spontelectric behaviour, one
feature which sets spontelectrics apart from ferroelectrics.” Dipole-
dipole interactions play a central role, with an infinite range order
spontaneously generated through an interplay between dipole
alignment, the electric field and the thermal motion associated
with the temperature at which the solid is deposited.

The model is based on the concept that the z-component of
the local electric field, E,, is composed of two parts. The first is
the local field at any molecular site as described in standard
texts."®*® In a randomly oriented collection of species, that is,
an amorphous solid, this part of the local field averages
spatially or in time to zero and is therefore overall macrosco-
pically symmetrical. The assumption is made that this holds
true for the present materials. This symmetrical part is
expressed as a constant term, Egy,, plus a dipole-dipole term,
parameterized through Eg, {((1.)/n)” reflecting the fact that all
such interactions, dipole-image charge, extended dipoles and
arrays of dipoles, follow this squared relation.'®>" Physically
the dipole-dipole term represents the tendency to hinder
relative intermolecular rotational motion.

The second part of the local field is equivalent to the
depolarization field in materials depolarized by an external
field.>* In spontelectrics however this field is internal and
spontaneous. This contribution is proportional to the degree of
dipole alignment and is parameterized through (Eqem){u)/p.
Since there is no applied field in our experiments, this second
part represents the full field which permeates the system and
is the field estimated from our experiments. This term acts
locally in opposition to the symmetrical part and represents
the infinite range field created by the average dipoles and
experienced by an average dipole. The {({u,)/n)* term in the
symmetrical part of the local field introduces feedback between
the depolarization field and the local field. This feedback is
essential to describe the variation of the degree of dipole
alignment with temperature.

Hence, using atomic units throughout,

)

E. = <Esym>
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where (Eqm), (Easym) and ( are taken to be temperature inde-
pendent parameters. Given that (u,)/u = &EopsQ2/u (see
Section 2.2), it follows that (Eagm) = u/eeQ. Since p = po/(1 + okls®),
either the layer spacing, s, or (E,,m) may be used as a para-
meter for fitting to experimental data, described below.

Mean field theory gives an implicit expression for (u,)/u
yielding the familiar Langevin function for orientational inter-

actions™®
() _ Ep\  (E)”
. = coth T T (2)

which in combination with eqn (1) allows best fit values of (u,)/u
and the observed field, Eqns = (Easym) (1iz)/11, to be obtained, using
(Esym), s (O (Easym)) and ( as fitting parameters. As noted in ref. 1
and 4, the dependence of E, on (u,)/u in eqn (1) and the feedback
introduced through eqn (2), in which (u,)/u is related through
the Langevin function to E, for a given temperature, illustrate the
non-linearity of the system. The fits obtained are shown in Fig. 4.
Values of fitting parameters (Eqnm), S, the related quantity
(Easym), and { are shown in Table 2. Other relevant molecular
parameters are also given in that table.

-1x10"+

-2x10"+

-3x10" +

Electric Field / Vm"'

-4x10"

-5x10’ } } } } } }

Temperature / K

Fig. 4 The variation of the electric field, £ops, as a function of deposition
temperature for CF3Cl, CF,Cl, and CFCls, using values in Table 1, compared with
fits obtained using eqgn (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.

Table 2 Values of the gas phase dipole moment, uo, the polarizability, o, the
molecular volume Q (=the molar volume divided by Avogadro’s number) used to
calculate the fits to experimental values of electric field shown in Fig. 4. Fitting
parameters are (Eym), { and s, or equally (Easym), as described in Section 3

CF,;Cl CF,Cl, CFCl,
1o (D) 0.500 0.510 0.45
o (A%) 4.740 6.370 7.913
Q (&%) 121.36 130.78 140.6
S (nm) 0.31 0.28 0.25
1 (D) 0.181 0.119 0.025
(Egym) (Vm™1) —6.96 x 107 —7.00 x 10’ —1.05 x 10®
(Basym) (Vm™) —5.63 x 10° —2.88 x 10° -1.73 x 10°
¢ 500 900 1550
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4 Discussion and conclusions

It is evident from Fig. 4 that the three CFCs possess spont-
electric fields which lie in the order CF;Cl > CF,Cl, > CFCl;. One
important factor in this difference in spontelectric behaviour
would appear to be the depolarization of the molecules in the
solid phase. Increased chlorination leads to an increased
polarizability (see Table 2) and therefore increased depolariza-
tion in CFCl;, yielding a smaller dipole moment in the solid. By
contrast, individual symmetrical terms in Eqn (1) and (2) yield
fields in the reverse order to the spontelectric field, that is,
CF;Cl < CF,Cl, < CFCl;. For example the ‘locking’ field which
hinders rotation, (Egm) {({1;)/1)* is =5.6 x 10’ Vm ™', —1.1 x
10* Vvm " and —1.6 x 10° V m ™" for CF;Cl, CF,Cl, and CFCl,,
respectively, at 45 K (or 46 K for CFCl;) using values in Tables 1
and 2. Evidently an interplay between the symmetric and
asymmetric terms leads to the observed behaviour through
the feedback inherent in Eqn (1) and (2).

The abrupt onset of temporal instability with deposition
temperature of the spontelectric nature of CFCl; (Fig. 3a) arises
from the fragility of the spontelectric system. This is associated
with a weak spontelectric field coupled with a weak solid state
dipole. The temporal change from spontelectric structure to
non-spontelectric, as seen in Fig. 3¢ for CFCl;, arises through a
relocation of the dipoles to form a random distribution. The
relative values of asymmetric and symmetric terms in E,
(Eqn (1)) may be taken as a measure of this relocation to be
energetically favourable. Inserting values of (Egm), (Easym), {
and (p,)/u from Tables 1 and 2 and considering only the highest
temperatures of deposition, the ratio of asymmetric to sym-
metric terms for CFCl; is 0.017 at 50 K (and 0.02 at 46 K), for
CF,Cl, is 0.066 at 65 K and for CF;Cl is 0.14 at 50 K. This
suggests an onset of collapse of the spontelectric structure
when the asymmetric term in Eqn (1) becomes <2% of the
symmetric. In summary it is evident that for CFCl; a combi-
nation of sensitivity to motional fluctuations and the weakness
of the asymmetric field, that is the measured field, itself a
reflection of the low values of (u.)/u, is the root cause of the
different behaviour encountered in this species compared to
CF,Cl or CF,Cl,.

In connection with the metastability of CFCl; illustrated in
Fig. 3a, none of the three species discussed here enters the
regime in which the degree of dipole alignment increases with
temperature of deposition, as observed in methyl formate,*
noting that such a phenomenon may be accompanied by meta-
stability of the spontelectric effect. The regime of a positive value
of d{u)/u/dT occurs at a critical degree of dipole alignment®
given approximately by (Eqasym)/2{(Esym), that is, 0.008 for CF;Cl,
0.0023 for CF,Cl, and 0.0006 for CFCl;. The lowest measured
values are 0.02 for CF;Cl at 50 K, 0.012 for CF,Cl, at 65 K and
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0.013 for CFCl; at 50 K. The inference is that collapse of the
spontelectric structure intervenes precluding achievement of
the critical degree of dipole alignment associated with a change
in sign of d(u,)/u/dT.

We conclude that the spontelectric characteristics of the
three apparently closely related CFCs depend critically on
chemical forces which are not reflected in the similar gas phase
dipole moments of the individual molecules. 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. The
present results reinforce the view set out in earlier work' ™ that
structure and dipole alignment in spontelectric materials are
intrinsically dictated by dipole-dipole interactions. If these are
modified, for example by increasing temperature, then the
structure changes accordingly.
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