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We report here the discovery of a new form of spontaneously polarized material. Examples of this

material, in the form of films, demonstrate the property that they spontaneously harbour electric

fields which may exceed 108 Vm�1, achieving potentials of tens of volts on the film surface. The

molecules presently identified form a diverse group, thus far of six species, with gas phase dipoles

lying between 0.08 D and 0.5 D: propane (0.08 D), isopentane (0.13 D), nitrous oxide (0.167 D),

isoprene (0.25 D), toluene (0.385 D) and CF3Cl (Freon-13; 0.5 D). Here we concentrate on an

understanding of the nature of the interactions which give rise to the spontaneously polarized

state, using the measured temperature dependence of the electric field in N2O as a diagnostic.

We show that the polarized state can arise through a mechanism of non-linear dipole alignment

in a single domain in which dipole alignment generates the electric field within the film and the

field generates dipole alignment. Non-local interactions take place over the dimension of the

thickness of the film and permeate the entire medium through the agency of the electric field.

This new type of material may have wide ranging applications in devices and in nanotechnology.

1 Introduction

A recent publication1 reported the discovery that very sub-

stantial electric fields form spontaneously within thin films of

nitrous oxide (N2O) deposited on polycrystalline gold. Electric

fields exceed B 108 Vm�1 for films laid down at 38 K. This

finding, which is observed through the spontaneous generation

of substantial potentials at the surface-vacuum interface,

was attributed to dipole alignment between molecules in the

film. This attribution appeared plausible but no clear demon-

stration was furnished. Here we report much more extensive

studies of this phenomenon, giving insight into how the

phenomenon comes about and placing it on a much broader

footing than in ref. 1.

There are numerous classes of materials known to show

spontaneous order giving rise to non-local electric fields.

Examples, quite distinct from the present, are the creation of

net polarization in individual domains in ferroelectric crystals,2 in

liquid crystals3 and dipolar fluids,4 the permanent electric dipole

moments which have been observed in a variety of metal clusters5

and electro-optically active materials. The latter for example

may involve materials in the form of single crystals, generally of

large organic species and polymers, showing long range acen-

tric order stemming in part from electrostatic interactions.6

Perhaps the most closely related phenomenon to that described

here may be found in Kelvin probe measurements7 of a poten-

tial as high as +28 V recorded on the surface of a room

temperature 560 nm thick layer of the organic semi-conductor

Alq3 on gold, noting that some doubts appear to have been cast

subsequently on aspects of these data.8 Results in ref. 7 were

attributed to dipole alignment suggesting B 1% alignment in

this species whose isomeric forms have dipole moments of 4.1 D

and 7.1 D.

Data in ref. 1 raised a number of significant questions which

are addressed here. These questions may be summarized as

follows. (i) What is the nature of the interactions which give

rise to the observation of a powerful electric field within the

medium and how could these interactions be investigated

experimentally? (ii) Is N2O alone in showing this property or

is there a class of compounds which show spontaneous

polarization of which solid N2O is but one member? (iii) Is

the nature of the substrate of significance for the phenomenon

to occur and, if so, does the nature of the substrate influence

the magnitude of the electric field within the film? (iv) The

highest voltage earlier recorded1 was 4.8V. Could films main-

tain potentials which were significantly in excess of this value?

The work presented here concerns the electrical properties

of spontaneously polarized material in relation to temperature

of film deposition, film thickness and permanent dipole of

the parent species. We consider in detail the first question

posed above relating to the fundamental origin of the obser-

ved spontaneous polarization. We restrict ourselves to species

in which the leading long range term in the intermolecular
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interactions is dipole–dipole, excluding species which exhibit

hydrogen bonding, save briefly in the concluding comments.

Taking the questions in the order in which they are framed

above, to investigate the origin of the electric field within the

medium we propose that the structure of films is governed by a

tendency to order through intermolecular forces, in particular

dipole–dipole, where this tendency is countered by thermal

motions. We report a detailed series of experiments on N2O

films, laying down layers of material at ten different tempera-

tures. The electric field in the N2O film is found to decrease

rapidly with temperature and this variation may be reproduced

with a simple parameterised theory of the Langevin-Debye

type. Results are found to support the dipole induced order

vs. thermal disorder model. The answer to the second question:

is N2O alone? is firmly in the negative. Between the range of

dipoles 0.08 D (for propane) to 0.5 D (for trifluorochloro-

methane, CF3Cl) all films tested show spontaneous polarization

behaviour for a range of chemically diverse species. The answer

to the third question, with regard to the nature of the substrate,

is that the identity of the substrate has no influence within

experimental accuracy of a few meV on the magnitude of the

electric field generated within the medium. This emphasises the

generality of the phenomenon whose discovery is reported here.

It is well-known that the adsorption of a monolayer of atoms

or molecules on surfaces creates a surface dipole layer.9 This

gives rise to surface potentials, of either sign, typically of a few

hundred meV and contributes to work function change on

monolayer adsorption. 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. Thus the observations reported here and in ref. 1 are

anomalous in that potentials at the surface-vacuum interface of

adsorbed species continuously increase with film thickness.

In section 2 below we describe the experimental technique

used to measure potentials on the surface of films. In section 3,

detailed measurements are presented for electric fields within

films of N2O involving data for ten film deposition tempera-

tures between 38 K and 65 K. In section 4 we outline the

properties of films of propane, isoprene, toluene, isopentane,

CF3Cl and some composite films. In section 5 we present a

phenomenological model, mentioned above, which addresses

the temperature dependence of electric fields in films with

particular reference to N2O data, with a view to understanding

the physical mechanism which underlies the results described

here. In section 6 we consider the insight into the nature of the

spontaneously polarized films that may be gained from the

lack of dependence of the properties of the film on the identity

of the substrate. In section 7 we briefly describe how hetero-

structures may be formed, giving an example of a quantum well.

2 Experimental method

2.1 The apparatus

The potentials on film surfaces are measured, as described in

ref. 1, by interrogating the surface with electron beams of lowest

energy of 2–3 meV andmaximum current typically of 200 fA. The

essential elements of the apparatus are shown in Fig. 1. Elec-

trons are generated in a cell at a nominal zero potential through

photoionization of Ar within B 5 meV of threshold (78.67 nm

or 15.764 eV) at the 3p5(2P3/2)9d resonance (78.675 nm B
15.759 eV). This is performed using focussed synchrotron

radiation of resolution B 1.5 meV from the ASTRID storage

ring at Aarhus University,10,11 where all experiments described

here were performed. This creates photoelectrons with a

corresponding energy resolution of B 1.5 meV. The photon

beam waist is a few tens of microns and electrons are expelled

from the region of photoionization in a 0.4 Vcm�1 electric field

without significant loss of energy resolution.11 The beam of

electrons so formed is transported through a 4-element electro-

static lens, L1–L4 (Fig. 1) and impinges on the film surface.

2.2 Substrate, cooling and film preparation

The base pressure of the system is B 10�10 mbar. When

performing experiments to measure surface potentials the total

pressure rises to B 10�7 mbar when Ar is introduced into the

photoionization region. The gas is of 99.9999% purity and

investigations show no evidence of deposition of impurities

onto the gold substrate or of molecular films arising from many

hours exposure to this pressure of Ar. In addition, without Ar

present, surface contamination from background gas or charg-

ing of films in the absence of an electron beam could not be

detected. A very sensitive check of this is the stability at the mV

level of the surface potential 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 ice12 have established that changes in potential

at the sample of 1 to 2 meV may be detected with this system.

Films are prepared under UHV conditions and are laid

down on a polycrystalline Au substrate, grain size o 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 38 K upwards and cleaned by heating to 750 K. Standard

dosing techniques from the background gas allow the deposition

of uniform films of a known number of monolayers (ML)

Fig. 1 A scale diagram of the UHV apparatus. Synchrotron radiation

(hn ASTRID) with a resolution of 1.5 meV enters a photoionization

source S1, S2, S3 containing argon at a pressure of typically 10�4 mbar.

Photoelectrons are transported onto condensed solid films at tempera-

tures of 38 K and above. Currents are detected with a Keithley 6340

femtoammeter.
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using temperature programmed desorption (TPD), where 1 ML

is B 1015 molecules cm�2. The rate of dosing differed substan-

tially from one species to another varying between 0.4 MLmin�1

for isoprene to 10.7 MLmin�1 for CF3Cl normalised to the same

background dosing pressure of 5� 10�8 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 numbers of

ML are known to no better than � 20%. Relative values are

however accurate at the few percent level.

The molecules investigated are not found to decompose on

the polycrystalline gold surface at the temperatures employed.

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 N2O on Ag.13

2.3 The principle of measurement of surface potentials

Since electrons are formed at nominally zero volts with an

energy of B 5 meV, the beam should therefore just be able to

reach a target when the target is itself at this same nominal

zero. If the surface of the target were not at zero but rather,

say, at +5 volts due to spontaneous 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 5 volts negative. Measurement of the bias required to locate

the onset of a measurable current, that is, 1 to 2 femtoamps,

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 difference between the work

function of the gold substrate and the graphite walls of the

photoionization chamber in which electrons are formed, labelled

S1, S2 and S3 in Fig. 1. We have measured a value ofB 0.25 V in

agreement with standard values. All recorded values of surface

potential are with respect to the clean Au substrate.

A crucial difference between the present experiments and earlier

work relating to electron irradiation of molecular films, save

ref. 12, is that here the dose of electrons is two to three orders

of magnitude lower.14 Thus we interrogate the material while

perturbing it to a minimum, in particular by the avoidance of

strong charging.We return to this point in more detail in section 4.

2.4 Use of a trochoidal electron monochromator (TEM)

In addition to experiments using the Ar synchrotron radiation

source described above, experiments have also been performed

using a TEM,15 the principle of operation of which has most

recently been reviewed in ref. 16. Very briefly, energy selection

operates through the electron energy dependence of the physical

displacement of an electron beam, generated from a filament,

in a crossed E-B field. Our TEM, not shown in Fig. 1, is a

miniaturised version which is fitted before the element S1 of the

photoionization source. This 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 B 10�3 T in our

system and the resolution in the beam is estimated from the

current onset to be B 150 meV. The energy 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 200 fA and below. The TEM provides

a valuable ‘quick look’ at films and also allows us to use high

currents, for example several picoamps, to observe the removal

of the surface potential by electron trapping (see section 4).

3 Electric fields in nitrous oxide films

Our hypothesis is that potentials on the surface of molecular

films and the associated electric fields within films are gener-

ated through the cooperative dipole alignment of individual

species of which the films are composed. Thus dipole align-

ment is proposed to give rise to a non-zero surface polariza-

tion. At the surface-vacuum interface the positive or negative

end of the molecule may essentially protrude from the surface

giving rise to surface polarization and generating an electric

field within the film. In the case of N2O, the positive nitrogen

moiety of N2O protrudes at the surface-vacuum interface

and the resulting charge density on the surface gives rise to a

positive voltage.

The very low currents used to measure the surface potential

ensure that negligible charge is trapped within the film.

Gauss’s theorem then requires that the electric field within

the film be constant. Thus the surface potential should increase

linearly with layer thickness with an intercept equal to the work

function change of Au associated with a monolayer addition,9

here of the order ofB 200 mV at 40 K. A linear relationship of

the surface potential with layer thickness was observed for N2O,

for all layers of 430 ML.1

Fig. 2 shows data for the variation of the surface potential

on N2O as a function of film thickness for a set of ten different

films each corresponding to a different deposition tempera-

ture. These lie between 38 K and 65 K, the latter temperature a

few degrees below the maximum temperature at which N2O

can be deposited on polycrystalline Au. Films were accumu-

lated through successive depositions of 71 ML. Random errors

in potentials are 2–3 meV. Some systematic errors arise through

Fig. 2 Surface potentials measured for films of N2O as a function of

thickness in monolayers (ML) laid down at ten different deposition

temperatures. Data at 40 K from ref. 1 have been included for films of

thickness o 71 ML.

D
ow

nl
oa

de
d 

by
 B

ib
lio

te
hq

ue
 d

e 
L

'u
ni

ve
rs

ite
 d

e 
C

er
gy

 P
on

to
is

e 
on

 1
6 

A
pr

il 
20

12
Pu

bl
is

he
d 

on
 2

1 
O

ct
ob

er
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

P2
23

10
K

View Online

http://dx.doi.org/10.1039/c1cp22310k


21038 Phys. Chem. Chem. Phys., 2011, 13, 21035–21044 This journal is c the Owner Societies 2011

small variations in the film temperature of � 0.25 K between

depositions over the typical duration of an experiment of about

90 min for any one temperature. With regard to data at 40 K

for ilms ofo 71 ML taken from ref. 1 and shown in Fig. 2, the

number of monolayers was overestimated by B 35% in that

work due to an accumulation of errors in calibration. This has

been corrected here. In addition temperature measurement

techniques have been considerably refined in the present work.

Fig. 3 shows the corresponding electric fields, Eobs, in films

of N2O. Observed electric fields are also tabulated in Table 1.

Values of Eobs are the measured surface potentials divided by

film thicknesses, the latter given by the number of ML times a

layer spacing s = 0.32 nm between successive N2O layers.

Data obtained with the TEM, for example for N2O films of 71,

142, 213 and 355 ML at 40 K, match those shown in Fig. 2

within a few mV demonstrating that there are no unrecognized

artefacts associated with use of the more unconventional high

resolution photoionization source.

Electric fields achieve values of 4 108 Vm�1 at 38 K. In

this connection for solids in general, breakdown fields17 vary

between 108 Vm�1 to 109 Vm�1, where electromechanical

stress is induced by elastic deformation and electron cascade.

The latter will be inhibited by inelastic scattering of electrons

within solid films.

Using N2O films we have also addressed specific questions

set out in the introduction. First, is the nature of the substrate

of significance for the phenomenon to occur and, if so, does

the nature of the substrate influence the magnitude of the

electric field within the film? Second, can films maintain

potentials which were significantly in excess of the highest

voltage of 4.8 V earlier recorded in a previous publication?1

In order to address the first question, four films have been

prepared of Xe of 1 ML and 50 ML at 58 K, 15 ML at 63 K

and 5ML at 65 K with N2O deposited over the Xe in each case

at the same temperature as the Xe deposition. No significant

difference at the mV level was found for the value of the

electric field within N2O films compared with pure N2O films

laid down at these temperatures. The conclusion is that the

identity of the substrate has no influence within experimental

accuracy of a few mV on the magnitude of the electric field

generated within the medium. This conclusion is discussed in

section 6 and reinforced by experiments involving other

composite hetero-structures films, reported in section 7.

The answer to the second question, regarding the limit of

potential that can be achieved, is that a potential as high as

38 V has been measured at the surface-vacuum interface for

films of N2O of 1250 ML at 40 K. Numerous other examples

of high potentials are illustrated in Fig. 2. Since we float

the femtoammeter to the surface potential, the maximum

measurable potential is essentially limited only by the electrical

integrity of the measurement devices involved.

4 Electrical properties of other films

As mentioned in the introduction, the phenomenon reported

appears widespread, at any rate for low dipole moment species.

Here we briefly consider each of the species investigated:

propane, isoprene [CH2QC(CH3)CHQCH2], toluene, iso-

pentane [CH3CH2CH(CH3)2], CF3Cl (Freon-13) separately.

Structures of these species are shown for reference in Fig. 4

which also underlines the diversity of their form.

Isoprene and toluene show positive potentials on their surface,

whereas CF3Cl, isopentane and propane show negative poten-

tials. All species show strong temperature dependence of the

potential and relevant data are shown in Fig. 5–9 respectively.

Propane is discussed separately. Any deviations in linearity in

Fig. 3 Observed electric fields in N2O (red diamonds) and calculated

values (blue crosses) as a function of the temperature at which films of

N2O were laid down.

Table 1 Data for N2O: observed electric fields and the corresponding
degree of dipole alignment hmzi/m obtained from data shown in Fig. 2
and 3 for a set of deposition temperatures T. Also shown are the
electric fields and values of hmzi/m obtained from the mean field theory
describe in section 5

T/K Obs. field/Vm�1 Calc. field/Vm�1
hmzi/m from
observations

hmzi/m
calculated

38 1.189 � 108 1.227 � 108 0.1520 0.1552
40 9.723 � 107 9.783 � 107 0.1242 0.1238
42 8.436 � 107 8.448 � 107 0.1078 0.1069
44 7.889 � 107 7.754 � 107 0.1008 0.0981
48 6.616 � 107 6.529 � 107 0.0846 0.0826
52 5.205 � 107 5.567 � 107 0.0665 0.0704
57 4.196 � 107 4.859 � 107 0.0536 0.0615
60 3.655 � 107 4.530 � 107 0.0467 0.0573
63 2.882 � 107 4.228 � 107 0.0368 0.0535
65 1.598 � 107 4.034 � 107 0.0204 0.0510

Fig. 4 Structures of the molecules investigated, other than N2O,

which show spontaneous polarization.
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data above some critical layer thickness arise from lack of precise

control of the deposition rate as successive layers were added.

Electric fields associated with each species for deposition at 40 K

are collected in Table 2. These are expressed as mV per ML

added rather than Vm�1 since we do not have well-established

values of the layer separation in these solids. Note subsequent

comments below on small systematic effects of charging and the

errors associated with this.

A particular characteristic of spontaneously aligned material

in general is that a temperature may be encountered at which

the polarization alignment and therefore, in our case, the surface

potential disappears as the material is heated. Material is mean-

while not evaporated from the surface and the film survives but

is no longer aligned. Isoprene, isopentane and toluene all show

this behaviour, which is the equivalent of the existence of a

Curie temperature in ferromagnetism or the loss of spontaneous

Fig. 5 The variation of the surface potential on films of isoprene at

40 K and 70 K.

Table 2 Observed electric fields, expressed as mV per ML added, for
layers of molecules deposited at 40 K

Molecule mV ML�1 Dipole Moment /D

Propane �0.72 and �4.77 0.08
Isopentane �7.8 0.13
Nitrous oxide +32 0.167
Isoprene +35 0.25
Toluene +6 0.385
Trifluorochloromethane �1.7 0.5

Fig. 6 The variation of the surface potential on films of toluene at

50 K, 75 K and 90 K. The inset shows the behaviour at low coverage

for 75 K and 90 K.

Fig. 7 The variation of the surface potential on films of CF3Cl at

40 K and 65 K.

Fig. 8 The variation of the surface potential on films of isopentane at

40 K and 55 K.

Fig. 9 The variation of the surface potential on films of propane in

phase 1 at 40 K, 50 K and 60 K.
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polarization in piezoelectric materials. The example of isoprene

is given in Fig. 10. The film was warmed from 40 K to 82 K over

a period of 160 min showing an abrupt change in potential

around 70 K terminating at 80 K. The final potential of the film

surface relative to the gold surface is �0.3 V at4 80 K, a small

but interesting effect for which we have no explanation at

present. Note that isoprene begins to evaporate from the gold

substrate only above 105 K.

The analogy with ferromagnetism is incomplete since on

cooling from above the critical temperature to 38 K, our lower

limit, isoprene, isopentane and toluene have not been found to

re-establish any surface potential. Thus the effect is not demon-

strably reversible. The material appears locked into an energe-

tically unfavourable state from which it cannot stray, at any

rate on a timescale of hours. Curie-like behaviour cannot be

clearly identified in nitrous oxide and CF3Cl since the tempera-

ture of evaporation and the sudden decay of surface potential

are located at effectively the same temperature.

Preliminary data on propane, with a gas phase dipole moment

of 0.08 D, show that this species is alone in this group of

molecules in showing evidence of the formation of two phases.

One phase yields �4.77 mV ML�1 (phase 1) and the other

�0.72 mV ML�1 (phase 2) at 40 K. The rate of propane

deposition appears to determine which phase forms. Phase 1

shows a strong temperature dependence of the field as shown

in Fig. 9, noting that the material may be in phase 2 for the

60 K data. A 3700 ML layer of phase 1 on warming between

41 K and 65 K, over a period of 120 min, demonstrates a clear

Curie-like behaviour between 45 K and 52 K, becoming

abruptly less negative over this temperature range as shown

in Fig. 11. However a potential ofB�3 V survives, suggesting

a change to phase 2, which on the basis of the above figure of

�0.72 mV ML�1 would yield B�2.66 V. Phase 2 has been

observed to show dipole alignment up to deposition tempera-

tures of 70 K. Preliminary experiments with warming to close to

the Curie temperature and subsequent cooling appear to give

rise to more classical hysteresis behaviour. The case of propane

is evidently rather complex and requires further experiment.

Materials may in general charge negative on irradiation by

electron beams18 introducing 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 thickness and observing any shift in the onset. Such a shift

would represent the accumulation of a negative potential and

introduce errors into the data. No effect of charging is observed

for N2O, propane or isoprene at the level of o 2 meV for 100 s

of irradiation at 200 fA over an incident electron energy range

of zero to 500 meV. For propane we estimate that charging

leads to an overestimate of negative values shown in Table 2

byB 5% in the case of the lower figure of�0.72 mVML�1 and

o 1% for the figure of �4.77 mV ML�1. The error for films of

toluene, which charges appreciably, lead to an underestimate by

9% and a better estimate than that in Table 2 may be therefore

6.5 mVML�1. For CF3Cl charging yields an overestimate of 2%.

5 An electrostatic model

The purpose of this section is to develop an understanding of

the physics at play in creating the potentials which we observe

on the surface of thin films and in forming the associated

electric fields within these films. The analysis presented here

has the limited objective of reproducing the variation of

surface potentials and electric fields with temperature shown

in Fig. 2 and 3 for N2O. For the present, phase transitions or

any form of critical behaviour, either involving different polar-

ized phases or at the Curie temperature, are not considered. The

hypothesis which we seek to test is that the mechanism for the

creation of electric fields in the film is due to a tendency of

the molecular dipoles to align in successive layers of the material,

a tendency countered by thermal motion.

At the surface-vacuum interface, the protrusion of the posi-

tive moiety of N2O results in a charge density on the surface and

gives rise to polarization and a positive voltage. Equally, the

more negative end of isopentane (for example) protrudes from

the surface giving a negative surface potential. The only net

charge introduced into the film is that from the electron beam,

which was shown experimentally in ref. 1 to be insignificant in

reducing the potential on the surface of N2O and, as discussed

at the end of section 4, has either small or no effect on any of the

species studied here and no measurable effect on N2O for the

very low currents used. At 40 K the value of the polarization1 is

B 1.1 � 10�3 Cm�2. The diameter of the sample irradiated is

Fig. 10 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.

Fig. 11 The variation of the surface potential of a 3700 ML film of

propane laid down at 40 K and warmed to 65 K.
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6 mm and the polarization charge is therefore B 1.2 � 1011

charges. The fluence of electrons by comparison is 200 fA for

100 s = 1.25 � 108 charges, illustrating why the electron beam

has no influence on the measured potential. This conclusion is

borne out by the constancy of the electric field within N2O films.

In the model outlined below, polarization resulting from dipole

alignment gives rise to the electric field and free charges are

assumed to make no significant contribution.

In this connection we have performed experiments using the

TEM (section 2.4) to irradiate a 355 ML sample of N2O laid

down at 60 K withB 13 pA for a total of 45 min, equivalent to

a fluence of 2 � 1011 charges. The initial polarization potential

of 3 V, representing in this case a polarization equivalent to

4.6 � 1010 charges, was completely removed. This and other

results with the TEM offer an explanation of why the pheno-

menon of spontaneous polarization 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.19

There is a host of theoretical work devoted to phenomena

for both ferromagnetic and ferroelectric materials, with which

the present polarized phase has aspects in common, based

on Ising lattice models.20 Lattice systems in which electric

moment interactions play a fundamental role are treated for

example in ref. 21. In common with this and much other work

a lattice model is adopted here using a Hamiltonian which is

composed of a long range dipole–dipole interaction and a term

which essentially frustrates the attempt of the dipoles to align.

In addition and in contrast to much other theory, a non-linear,

non-local interaction is included which represents the energy

associated with the interaction of the electric field created

through dipole alignment with the dipoles themselves. 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 barriers, settles down to a stable

configuration corresponding to a balance between the non-

linearity which leads to 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 electric field on

deposition temperature, illustrated in Fig. 3. The control para-

meter of the physics is therefore the energy associated with the

interaction of the dipole with the local electric field divided by the

thermal energy.

This non-linear order-disorder problem may be solved by

methods set out by Langevin, Debye and Landau, using

so-called mean field theory. Solutions yield the average direc-

tion in which a dipole is pointing within the film, relative, say,

to the normal to the film surface, as a function of temperature.

This in turn gives the amount of polarization charge at the

surface-vacuum interface per unit area – the polarization – and

hence the electric field within the material. Values emerging

from the model are fitted to observed data of electric field

versus temperature, using three temperature-independent

parameters described below and yielding results shown as blue

crosses in Fig. 3. The good agreement between this theory –

albeit parameterized – and observations gives strong support

to the hypothesis that dipole alignment is the cause of the

unexpected electrical nature of the films reported here. Note

also that dipoles are not pointing vertically but rather are

typically aligned at an angle of more than 801 to the normal.

The formulation of the theory is outlined below.

Values of Eobs, the observed electric field in the film, given in

section 3 as a function of deposition temperature, provide the

spatially averaged value of the dipole moment in a direction

normal to the surface, hmzi as a function of temperature. We

refer to hmzi/m as the degree of dipole alignment, where m is the

total moment of N2O in the solid environment and hmzi/m
is equal to the cosine of the average angle, y, between the

direction of mz and m. The degree of dipole alignment is derived

from Eobs as follows. First we record that components Ex

and Ey in the xy-plane of the substrate surface are identically

zero on average; there are on average as many species with

dipoles pointing one way as the other in the surface plane. The

macroscopic polarization may be expressed as Pobs = e0 Eobs,

noting the absence of a permittivity for reasons to be given

below. Pobs is the effective charge/unit area which may be

equated7 with the component hmzi divided by the volume of the

molecule, O. Thus Eobs = [hmzi/O]/e0 or hmzi/m = e0EobsO/m,
giving the degree of dipole alignment from the observed field.

The value of the dipole moment, m, in the solid environment in

the above expression for hmzi/m is reduced by depolarization22,23

from the gas phase value, m0, to a value given by m = m0/
(1 + ak/s3). Here a is the polarizability and has the value

3.31 � 10�30 m3 for N2O and s is the layer spacing = 0.32 nm

as earlier. Since we use a depolarized value of m, 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 above. The value of k depends on the geometry23

and we choose k = 11.034 giving m = 0.0785 D which may be

compared with the gas phase value of 0.166 D. The molecular

volume, O, has been estimated using the value of polar surface

area for N2O of 56.46 Å2 yielding O= 3.779� 10�29 m3. Values

of the degree of dipole alignment are shown in Table 1 and

vary between 2% at the highest temperatures to 15% at the

lowest.

In the current model the forces in solid N2O are simulated

through an electric field acting on a dipole, where this electric

field represents both the origin of the familiar forces which

bind N2O molecules to form films and the electric field, created

by the oriented dipoles, which permeates the film. The electric

fields which represent interactions which bind one layer to the

next are backward-forward symmetric and those from dipole

alignment are asymmetric in the direction normal to the film.

Backward-forward symmetric interactions, represented by Esym,

include those that bind one layer of adsorbed material to the

next, be it dipolar or not, the latter as in Xe films, say. These

interactions give rise to zero net electric field in the medium. The

asymmetric interactions, Easym, are the end-to-end dipole inter-

actions, that is, the miz with mi+1
z interactions, where i and i + 1

refer to successive layers. These interactions give rise to dipole

ordering and create the measured electric field in the film, Eobs.

We use a mean field (or Landau) model which makes no

spatial distinctions. The presence of the metal-adsorbate inter-

face and an adsorbate-vacuum interface however breaks the

symmetry. This allows us to define a z-direction normal to

the surface and thus an asymmetric field in the z-direction.
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The influence of the substrate surface must be such that in

the case of N2O the majority of species are physisorbed with

their negative (oxygen) ends towards the substrate surface,24

whereas in (say) CF3Cl the positive moiety points towards the

substrate surface.

The change in work function associated with adsorption of

a monolayer9 may be represented by an electric field created by

the substrate forming a surface dipole. For species which show

spontaneous polarization, the field must be sufficiently strong

to overcome the propensity of dipoles in the first monolayer to

line up side-by-side, d+ to d�, which if strongly dominant

would result in very little net effective surface charge as sub-

sequent layers are added. In passing, this may be the origin

of an apparent optimum dipole moment for dipole alignment,

around 0.25 D (Table 2), rather than a general increase in

the alignment with increasing dipole moment, differences in

depolarization of the gas phase dipole in the solid environment

apart. In support of this hypothesis we find that carbonyl sulphide,

OCS, deposited at 40 K, does not form a spontaneously polarized

film where OCS has a dipole moment of 0.7 D.We note that while

this explanation may suggest an optimum dipole it does not give

any quantitative insight into why the optimal value should lie

around 0.25 D or indeed that it is only the dipole moment which

dictates the observed behaviour. This must await sophisticated

computational models, as further comments in the conclusion,

section 8, emphasize.

In a manner analogous to the derivation of Curie’s law for

paramagnetism, we proceed by invoking a thermodynamic

balance between the mean interaction energy of the dipole

with the local electric field, Ez, and the thermal energy, kT,

where T is the temperature at which the film was laid down;

see eqn (1) and (2) below. The mean field approximation is

embodied in the statement that the dipole in the ith layer, at

some angle to the normal, may be equated to the average dipole

at all sites and all angles. The backward-forward symmetric

field, Esym, includes contributions from anti-ferroelectric dipole–

dipole forces, dipole-image charge forces and associated polar-

ization interactions, all of which are involved in moderating

thermal fluctuations of molecular motions. These symmetric

interactions share the common feature that they have an angular

dependence governed by cos2y, that is by (hmzi/m)2, a dependence
which includes arrays of dipoles and extended dipoles.25–27

The net local field experienced by an average dipole may be

expressed as

Ez ¼ hEsymi 1þ z
hmzi
m

� �2
" #

� hEasymi
hmzi
m

ð1Þ

where the first term is the backward-forward symmetric field

in the film and the second term the backward-forward asym-

metric field created by the average dipoles and experienced by

the average dipole. hEsymi, hEasymi and z are temperature

independent fitting parameters of the model designed to

reproduce the variation of hmzi/m, and hence the theoretical

electric field in the film, hEasymihmzi/m, with deposition tem-

perature. The energy of interaction of the average dipole is

eqn (1) multiplied by m.
On the basis of textbook analysis, the mean field theory

yields an implicit equation for hmzi/m involving the Langevin

function coth(x) � 1/x where x � Ezm/kT. Hence we seek

solutions of the implicit equation

hmzi
m
¼ coth

Ezm
kT

� �
� Ezm

kT

� ��1
ð2Þ

which combined with eqn (1) allows values of hmzi/m and the

electric field to be obtained numerically.

Fig. 3 shows the result of a fit obtained using data between

38 K and 57 K. Data at 60 K, 63 K and 65 K have been excluded

from the fit since, at these temperatures, which approach evapo-

ration, fluctuations in the local dipole orientation become large

and mean field theory may not hold. Indeed values of hmzi/m
drop increasingly rapidly above 60 K. The parameters associated

with the fit in Fig. 3 are hEsymi = 5.43 � 0.2 � 108 Vm�1,

hEasymi = 8.24 � 0.3 � 108 Vm�1 and z = 43.8 � 3.0. For

example at 40 K, the symmetric part of the field = 1.27 �
109 Vm�1 and the asymmetric = 1.02� 108 Vm�1 using eqn (1)

and the value of hmzi/m of 0.1242 (Table 1). Thus at this tempera-

ture the symmetric contribution to the local field is approximately

an order of magnitude larger than the asymmetric contribution.

Calculated values of hmzi/m and the theoretical electric

field, hEasymihmzi/m, are shown in Table 1. The experimental

values of the electric field due to dipole alignment, Eobs, are

reproduced simultaneously with hmzi/m to better than 10% for

temperatures r 52 K.

6 Implications of a lack of substrate effects

The above model ignores the nature of the substrate on which

N2O or other material is laid down, by implication requiring

that potentials observed are independent of the nature of the

substrate. Also implicit in the model is the assumption that the

effective dipole moment of N2O (say) is the value engendered

through the N2O 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 indepen-

dent of the nature of the substrate. This is corroborated by

experiments involving Xe layers separating the gold substrate

from N2O as described in section 3. Further evidence is men-

tioned in section 7 in which a hetero-structure is introduced.

The conclusion that we are dealing with a bulk effect which

depends to a very large degree only on the film gives insight

into the nature of the phenomenon of macroscopic dipole align-

ment. An analogy may be made with a free running saturated

non-linear system, for example a strongly saturated interstellar

hydroxyl maser.28 In such a non-local non-linear system all

knowledge of the starting conditions are lost over a short

physical extent compared with the total length (thickness)

of the system. The system maintains a constant condition

through almost its entire length and locks into a rigid configu-

ration from which it may not be displaced without some major

perturbation. This may be for example through heating repre-

sented by Curie temperature measurements in Fig. 10 and 11 and

by additional data which we describe in the succeeding paragraph.

By analogy with a saturated maser, gain is represented in the

present case through the creation of electric field through

dipole alignment and stimulated events through the electric

field itself creating dipole alignment. Loss is through thermal

motion which opposes dipole alignment as described in section 5.
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So long as gain overcomes loss, the molecules self-organise losing

memory of the initial state from which order emerged.

With regard to the rigidity of the system, the robustness of

films to temperature stress has been tested. For example, for

N2O a film 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 surface potential was measured at each temperature.

The potential dropped by only 510 meV at 75 K. This may be

compared with data in Fig. 2 where results for the relaxed state

show a drop of 11.95 V between 38 K and 65 K, where these

temperatures refer to temperatures of film deposition. Evidently

the dipole-aligned structure shows powerful rigidity and

remains in place despite the substantial electromechanical

stress that this implies. This may also be seen in the Curie

point measurements shown in Fig. 10 for isoprene where the

surface potential remains nearly constant up to 70 K whereas

Fig. 5 shows that a drop of more than 6 V would be expected.

7 Fabrication of a heterostructure quantum well

We have tested the idea that it should be possible to tailor any

set of potentials by combining films to form a heterostructure.

In principle, for example, one might be able to combine films

which possess a positive surface potential with those that

possess a negative potential to create a quantum well. On

the basis of experimental data for the individual species, it is

known that at 40 K 33 ML of N2O would give +800 mV and

subsequent deposition of 183 ML of isopentane would give

�800 mV, creating a net zero polarization potential on the

surface and yielding an asymmetric triangular well of depth

800 meV. This is based on the assumption that there is no

significant interpenetration of these two layers.

Remarkably this simple prescription worked exactly as

described. A 33 ML film of N2O was prepared forming a

positive surface potential of 800 mV and as isopentane was

dosed in stages on top of the N2O the reduction of the 800 mV

potential to zero could be followed, a value achieved when

183 ML of isoprene had been formed, just as predicted from

the behaviour of the independent layers. A further layer of

N2O 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 development of the isopentane

potential proceeded exactly as on deposition on polycrystalline

Au, reinforcing comments in sections 3 and 6 referring to the

independence of behaviour on the nature of the substrate. We

infer that the interface between the N2O and isopentane layers

must be such that the negative O moiety of N2O must line up

with the positive end of the isopentane species.

8 Concluding remarks

The present work has shown that spontaneous dipole align-

ment is a general phenomenon in thin films of weakly dipolar

species. However our results raise numerous questions. No

quantitative explanation is furnished of why some surface

potentials are positive and some are negative, why there is such

a marked difference in efficacy of different species in creating

surface potentials or what is the full range of dipoles over which

spontaneous polarization may be observed. The value of the

optimal dipole around 0.25 D has already been mentioned as

a puzzle whose solution requires models based on detailed

chemistry codes. As a further example our results suggest that

the transition from spontaneously polarized to non-polarized

behaviour occurs between 0.5 D and 0.7 D, the latter for OCS.

One may ask, why these values? It is evident that sophisticated

models are necessary to make convincing statements since the

chemical details of the species involved as well as purely their

dipole moments may play a significant role.

In addition, in recent experiments we have tested the hypo-

thesis that spontaneous polarization is limited to solid films

composed only of molecules of low gas phase dipole moment

below 0.7 D. The hypothesis was found to be incorrect. Films of

the species methyl29 and ethyl formate30 with gas phase dipoles

of 1.77 D for cis-methyl formate and 1.81 D and 1.98 D for

gauche and trans-ethyl formate respectively and tetrahydro-

furan with a dipole of 1.63 D all show spontaneous polariza-

tion. It turns out however that the effective dipole moment in

the solid state for methyl formate is very likely greatly reduced

by a factor of B 5 to 0.35 D by the depolarization22,23

mentioned in section 5. Thus the simple concept, suggested in

section 5, of the competition between the grip of effective field at

the substrate surface and the tendency of dipoles to align plus to

minus may survive these recent observations. Again, only

sophisticated calculations can clarify this. In addition the three

species of high dipole moment mentioned show hydrogen bond-

ing. This demonstrates that terms associated with hydrogen

bonding in the long range pairwise interaction potential, which

presumably compete with dipole–dipole in establishing the solid

state geometry, do not necessarily preclude spontaneous polar-

ization in solid films. However water ice, with a dipole of 1.85 D,

shows no dipole alignment.12 In water ice, be it amorphous or

crystalline, 3D hydrogen bonding is well-known to dictate the

structure of the material.

The spontaneous molecular self-organisation described here

may have a number of practical applications. For example

polarized materials may be used with masking to produce

surfaces patterned with potentials, of general application in

the field of nanoxerography. Voltage patterned surfaces could

for example be employed to create very high density biosensor

arrays. In this connection with the future exploration of a

range of species it is quite likely that cryo-techniques may be

unnecessary. This may be achievable for example by the

inclusion of species with longer aliphatic side-chains, noting

that dodecyl formate has a melting point of 294.5 K.

Future work will include structural investigations involving

X-ray and neutron scattering studies and investigations into

the optical properties of these films.
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