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Abstract
Keywords: Magnetic Fluids, Composites, Thin Pilms, Microwave,

Dichroism, Birefringence.

Ferrofluid composites containing polystyrene, tin, copper,
aluminium, carbon and silver particles 1 to 50 um in diameter have been
prepared by dispersing the particles in ferrofluids with !-4-3 = 400 to 800 G.
Thin £film samples 1 um to 1 mm thick have Dbeen studied using a 3 mm
microwave source and Pourier Transform Spectrometry. Large microwave
absorptions (60%) which are induced by small fields of less than 100 Oe
have been observed in thin film composites containing metal particles.
Magnetic absorptions arise from chain formation in the composite and this
has been modelled using Monte-Carlo simulations. Good agreement between

the observations and theoretical predictions is obtained.




1 INTRODUCTION

Magnetic fluids (ferrofluids) have recently been shown to
possess a magnetic dichroism, birefringence and Faraday rotation at
microwave wavelengths (Birch et al 1985). These effects are
significant and their origin depends on the structure of the magnetic
fluids. However, a much larger magnetically induced dichroism is
observed in ferrofluid composites. The effect is potentially more
exciting and more likely to lead to the development of new devices
for use in the millimetre wavelength range.

1.1 Ferrofluid Compogites

A ferrofluid composite consists of macroscopic non—-magnetic
particles between 10~? and 1072cm in diameter dispersed in a
ferrofluid carrier. Since the ferrofluid itself is a dispersion of
colloidal magnetic particles in a non-magnetic liquid carrier it is
important to distinguish between these magnetic particles and the
much larger non-magnetic particles which are subsequently added to
the ferrofluid to form the composite. Since the colloidal magnetic
particles are some 100 times smaller in diameter than the
non-magnetic particles of the composite, to a first approximation the
larger particles can be considered to be dispersed in a homogeneous
magnetic medium, the ferrofluid, which has well defined magnetic
properties. If the composite particle size were progressively
reduced, however, a situation would develop that is analagous to the
formation of an alloy when the magnetic and non-magnetic particle
sizes become comparable. It is interesting to speculate how the
magnetic properties of the system would change as the composite
particle 8size approaches that of the ‘alloy’ etat;. It is
conceivable, for example, that the magnetic birefringence, dichroism,

etc., would change substantially or even disappear. To resolve this
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question studies of the microwave properties of composites are
contemplated which include both an experimental investigation and a
theoretical analysis using Monte—Carlo simulations.

1.2 Microwave Properties of Ferrofluid Composites

In a magnetic field the non-magnetic particles of the
composite acquire a strong induced diamagnetic moment (Section 3)
which causes the particles to aggregate into chains which align in
the field direction. It is this alignment, when the particles are
metallic, which is responsible for the strong magnetic dichroism
observed in the microwave region.

The purpose of the work undertaken and reported here has
beenr 1o atudy and measure the microwave properties of a number of
composites containing particles of dJdifferent materials, shape and
concentration. Such measurements are necessary before the usefulness
of ferrofluid composites in devices such as modulators, polarisers or
isolators can be ascertained.

In order to measure the absorption, magnetic birefringence
and dichroism through a wide wavelength range a Microwave Pourier
Transform Spectrometer (FTS) has been constructed. Most measurements
so far undertaken have been restricted, however, to measurements at a
fixed 3 mm wavelength using an Impatt diode as a microwave source and
a Golay pneumatic cell as detector.

Monte-Carlo simulations have also been undertaken to model
the particle distribution within the composites and in this way
establish by theoretical means the most appropriate structures likely
to give a large magnetic Dbirefringence and Adichroism. The
simulations have been valuable and excellent agreement between the
theoretical predictions and experimental observations has Dbeen

obtained.
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It is clear €from the studies already undertaken that the
ferrofluid composites have extremely important properties in the
microwave range. However, other features which arise from the
anisotropy induced by an applied magnetic field are also worthy of
investigation. In this respect attention should be directed to
studies of the magnetic field induced anisotropic electrical
conductivity and dielectric constant as well as rheological

properties.




2 MAGNETIC AND OPTICAL PROPERTIES OF FERROFLUIDS

Most of the work undertaken and discussed in this Report has
been concerned with the microwave properties of ferrofluid
composites. The properties observed, however, depend on both the
nature of the particulate material in the composite and the
ferrofluid itself which acts as a carrier for the particles. The
ferrofluid magnetisation curve, magnetic strength (saturation
magnetisation fs) and viscosity are important in determining the
behaviour of the composite and therefore any likely application. As
a consequence this section of the Report is devoted to a discussion
of the properties of the ferrofluid carrier.

2.1 Magnetic Properties

Magnetic fluids are prepared by dispersing single domain
magnetic particles such as Fe304, iron, nickel or cobalt in a carrier
fluid such as water, a hydrocarbon oil, a diester or toluene. The
particles are made small, approximately 100A in diameter, and are
coated with a surfactant to produce colloidal stability in the
presence of both magnetostatic and van der Waal's attractive forces.

The strength of the magnetic fluid as represented by its
saturation magnetisation i, is Adetermined by the particle packing
fraction € and the saturation magnetisation of the particle material
Ig. Thus

1g = elg (1)
The viscosity n also depends on the particle concentration and for a
magnetic fluid containing PFe304 particles with € = 0.02, n is
typically 10 cp.

The criteria affecting the stability of the ferrofluid used
as the carrier in the preparation of composites can also be applied

to the larger non-magnetic particles of the composite. In this case
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the particles are at least two orders of magnitude larger than the
colloidal magnetic particles of the ferrofluid and even though the
effective magnetisation Iges 18 s8smaller the particles of the
composite migrate more readily in a field gradient. Thus for
colloidal Fe304 particles with a = S50A, Ig = 500 emu/cc and the
larger composite particles with a = 10" %cm, Iefef = 15 emu/cc the

criteria for stability (Popplewell et al 1965)

Ve 4anlg VHa3
s - e = (z)
€ 3kT
S (colloid)
gives - = 4 x 1076

S (composite)

Thus by this criterion the colloidal particles are = 10® times more
stable in a field gradient VH than the composite particles. It
follows +that <though a substantial migration of the composite
particles is likely in a field gradient of 1020e/cm the colloidal
pa.rticles would remain unaffected.

2.1(a) Modes of Magnetisation and Superparamagnetism

The room temperature magnetisation curve for a ferrofluid containing
60 A radius cobalt particles dispersed in a diester carrier is shown
in Pigure 1. The curve is similar to that expected for a
paramagnetic gas with the magnetic moment equal to that of a cobalt
particle, radius 60 A. This superparamagnetic state has no remanence
or coercivity. The magnetisation curve of the ferrofluid below its
melting point is, however, different and an appreciable remanence and
coercivity are observed (Pigure 2), For a system containing
relatively large particles, a = 60A, superparamagnetism is only

observed in the liquid state. A system containing smaller
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Figure 1 Room Temperature Magnetisation Curve of a 60 A
Cobalt Ferrofluid
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" particles, however, with a = 25A can show superparamagnetic behaviour
in both the liquid and solid states.

2.1(b) The Magnetisation Curve

Although ferrofluids are superparamagnetic and each particle
can be considered equivalent to a giant paramagnetic molecule the
simple classical Langevin treatment of paramagnetism requires
modification when applied to magnetic fluids. The Langevin treatment
takes no account of magnetostatic interactions which are important
for those particles of large magnetic moment found in magnetic
fluids. The effect of magnetostatic interactions is to change the
structure of the magnetic fluid by forming particle aggregates which
may be chains in a magnetic field or ring or necklace arrangements in
zero field. Aggregation can be prevented if the magnetostatic energy
is less than the thermal energy kT. Por two identical particles of
magnetic moment yu the magnetostatic energy

U = ~2u?/y3 (3)
where r 18 the interparticle separation and p = IgV.
iU! is greatest when r = 2a whence the condit;.on for non aggregation
becomes

(IgV)2/4a3 < kT (4)
This gives a minimum size for the particle radius below which
aggregation would@ not be expected at temperature T. In a real
system, however, not all the particles would have the same size and
some aggregation between the larger particles would be expected. The
'‘quality' of a magnetic fluid@ can be measured by the degree of
aggregation and clearly would be improved if the particle sizes were

made very small and uniform.
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2.2 Optical Properties of Magnetic Fluids

Magnetic fluids show a magnetic birefringence, dichroism and
Paraday rotation. These effects arise from the magnetic particles
within the £fluids and in order to interpret observations it is
necessary to know the particle size distribution parameters as well
as the mode of magnetisation.

The Faraday rotation and associated ellipticity of a

polarised beam occur when the magnetic field 1is parallel to the
direction of propogation of the 1light. Both effects are small and
the Paraday rotation is less than a degree in a magnetic fluid,
Mg = 4nIg = 10~4G, diluted 1 part in 10® by volume to give good
optical <transmission. In contrast to Faraday rotation the
birefringence and dichroism of a magnetic fluid of the same
concentration but with +the magnetic field perpendicular to the
direction of propagation of the light are easy to measure and are
relatively large effects.

The origin of the strong birefringence and dichroism is
8till uncertain but is unlikely to be due to crystalline anisotropy
since it occurs with Fe304 particles which have a cubic structure. A
more likely explanation is that the optical anisotropy arises from
particle alignment in the magnetic field and the presence of a shape
anisotropy. In the simplest case the magnetic moment of the particle
would lie along the long axis of an ellipsoidal particle (the easy
direction) and the particle would align with the magnetic moment
coupled to the magnetic field. The magnetic moment would need to be
blocked and the mode of magnetisation would be by Brownian particle
rotation. As with magnetic measurements any interpretation of data

nust take into account the particle size distribution. The

———
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birefringence an, induced by an applied magnetic field is then given

by Hartmann et al (1984).

@
(]

an = — (g1 - q) ] €(q)f(v)[1 -2 n(p)]dv ()
2ng P

o
where ¢ is the packing fraction of particles, ng, the isotropic
refractive index, (g1 - g9p) the difference in optical
polarizabilities perpendicular and parallel to the field, p = uH, o
and L(p) the Langevin function. # is the magnetic moment of the
particle and ¢ (g) is a coupling function which depends on the ratio
of the energy barrier KV to the thermal energy (q = XV/yqp). 1In the
two liriting cases when Q=0 and q = o, ((gq) =0 and 1
respectively. f(y) is the particle size distribution function which
is considered to be lognormal.

The dichroism is given by

w®
€

ak = - (hy - hy) ]c(q)fm [1— n(p)] ay (6)

2ng °

where (h; - hy) measures the imaginary part of the optical
polarisabilities.

Por low fields Davies and Llewellyn (1979) have shown that

2n I42 B2 12 D (exp 18 o2)
an = — €(g9,- g) ——mmm™m— (7)
ng " 540 k2712

where o is the standard deviation of the particle size distribution
function and D is the median particle diameter. Good agreement

between theory and experiment is apparent.
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An alternative method for analysing optical properties is to
undertake measurements in a pulsed magnetic field. For this
experiment the sample is placed between crossed polarisers and then
subjected to a pulsed magnetic field. Light is transmitted dAuring
the pulse but the intensity then reduces after the pulse is removed
with a time constant which measures the rate at which the particles
relax through Brownian motion. This relaxation time depends on the
carrier viscosity and the particle size. The pulsed birefringence
measurements should be compared with those of Bogardus et al. (1978)
who made magnetisation measurements under similar pulsed conditions.
The two decay curves are shown in Pigure 3. Clearly a significant
difference in the measurements is the absence of the fast relaxation
process in the optical measurements. Short relaxation times are
associated with Nfel relaxation in the emaller particles present.
Since no fast component is observed in the pulsed birefringence
measurements it is tempting to conclude that only those particles
which align in the magnetic field and in which the magnetisation is
locked to the easy direction, contribute to the optical anisotropy.
This conclusion is consistent with the observation that no magnetic
birefringence or dichroism 1is observed in a cobalt particle
ferrofluid where the mean particle radius is less than 25 A and the
relaxation processes are dJdominated by Néel rotation. FPor such
particles the field coupling constant as measured by KV/kT is small
and minimal alignment of the easy axes is expected.

Wiener in 1912 presented a simple theory which attributed
the birefringence to shape anisotropy. This theory was later
reviewed by Bragg and Pippard (1953) and modified by Llewellyn (1983)

to include the effects of dichroism by including both real and
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Figure 3 (i) Decay of magnetization with time
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Figure 3 (ii) Decay of birefringence with time
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imaginary parts of the refractive index in the analysis. It is thus
possible to predict the variation of the birefringence and dichroism
with wavelength for a specific particle elongation and concentration
provided the refractive indices and absorption coefficients of both
particles and carrier are Kknown. Pigure 4 shows the measured
wavelength dependence of the bDirefringence and dichroism for a
magnetic fluid containing cobalt particles in toluene. The
birefringence an shows a change from negative to positive sign at a
wavelength of 3700 A. Such a change is predicted by theory and is
related to particle shape. The theoretical and experimental curves
can be matched by adjusting the particle concentration and elongation
parameters. Good agreement is obtained if the particles are assumed
to have an axial ratio 1.3:1 and € = 4 x 10°®, This shape anisotropy
is rather larger than the predictions made from magnetic measurements
and the concentration predicted is surprisingly small. Although the
form of the wavelength dependence of the predicted birefringence and
dichroism curves is enCouraging the estimated values for the particle
elongation and concentration require to be explained.

Because of particle interactions it is inevitable that some
aggregates form in the magnetic fluid. These may be in the form of
dimers or trimers and arise because there are always large particles
present in a particle size distribution. These exist in the stock
material before dilution and will continue to exist after dilution
because of the strong magnetostatic interactions. These elongated
clusters could well be responsible for <the observed magnetic
birefringence. This explanation would also account for the absence
of a magnetic birefringence and dichroism in .magnetic £fluids

containing very small 25 A radius cobalt particles. Magnetostatic
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interactions in this case are small and cluster formation is,
therefore, unlikely. An alternative explanation is that <the
birefringence arises from isolated and unrepresentative elongated
particles. The concentration of these would only need to be small

(e = 4 x 107%) to give the required birefringence.

The birefringence in magnetic fluids has been studied
recently using Monte—-Carlo calculations (Chantrell et al 1984). This
analysis shows that magnetostatic interactions between particles
coupled to the field direction would lead to metastable aggregates
and a consequent optical anisotropy. The magnitude of the effect is,
however, uncertain.

There is currently no interpretation of the optical
measurements which is unambiguous. More measurements are required on
particle systems containing elongated pairticles and the effect of
Clusters has to be carefully evaluated. Unfortunately, it is
difficult to produce magnetic fluids containing elongated particles
in the B8ize range 50 to 100 A. Further studies are, however,
continuing.

The optical and microwave properties of composites which
have a ferrofluid base will inevitably contain a contribution from
the ferrofluid itself. The optical contribution has already been
discussed. The microwave properties have been studied recently by
Birch et al (1985) who have observed measurable effects (dichroism,
birefringence, and Faraday rotation) in the near millimetre range.
These effects, however, are much smaller that those observed and
measured in composites where the particle structures induced by the
applied magnetic field dominate over the smaller contributions from

the carrier fluid. The remainder of this Report will be concerned,
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therefore, with the study of composites prepared and measured as part

of a specific programme of research which 1is directed towards the
production of materials that might find application in microwave

devices in the near millimetre wavelength range.
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3 MAGNETIC PROPERTIES OF FERROFLUID COMPOSITES
3.1 Composites containing polystyrene spheres

Skijeltorp (1! has shown that in a magnetic field spherical
polystyrene particles dispersed in a ferrofluid acquire a strong
induced magnetic moment yu which can be written for small fields in
terms of the effective magnetic fluid susceptiblity Xeff. Hence

L = -XeffVH (8)
where V is the particle volume and H the applied field. In
determining Xegf demagnetising factors Ng and Np arising from sample
and particle shapes must be included. Thus

Xege = X/(1 + (Ng—Np)X) (9)
where X is the carrier fluid susceptibility. For a sample in the
form of a monolayer of polystyrene spheres in a thin film of
ferrofluid and with H parallel to the plane of the film Ng = O.
Thus,

Xeff = X/(1 - NpX) (10)
Np = an/3 for spherical particles.

The particles interact through a strong diamagnetic
interaction which for two spherical particles separated by a distance
r is given by

E = u2(1 ~ 3 cos?e)/13 (11)
where 6 is the angle between the magnetic field and the line of
centres of the two particles. For the case where H is parallel to
the plane of the film the minimum interaction energy is

E = -2u2/r3 (12)
Equation (11) indicates that the interaction between spheres may be

either attractive or repulsive depending on 9 Equation (12) gives

. the attractive case (6 = 0) where the spheres form into chains




i S s el s B o) o o -

18

whilst for the repulsive situation (@ = w/2) and

E = u2/¢3 (13)
In this situation the spheres form a hexagonal or triangular lattice
which may be destroyed if the thermal energy is too large. The two
situations identified by equations (12) and (13) for the case when
the thermal energy is small are shown in Figures 5 and 6.

Skjeltorp (1963) has defined a controlling parameter for the
stability of the triangular lattice as

r(e) = u2/rxr (14)
which s8imply compares the magnetic to thermal energies. Por
r(e=90°) » fc = 63, that is for large fields or large diameter
spheres the triangular lattice should be stable. Similarly for
r(é) <« f¢ a disordered structure, analagous to that arising in
melting, is expected. The chain length when the field is applied
parallel to the surface layer dJdepends on thermal effects for a
composite with specified Xegf, and particle radius a and applied
magnetic field H. This is an important factor in the consideration
of composites for microwave device applications where the chain
length would decide the magnitude of any field dependent absorptions.
The use of Monte-Carlo calculations as described later in this Report
and Davies et al (1985) are valuable, therefore, when used to predict

the extent of chaining in composite structures.

3.2 Relaxation effects in composite structures
Relaxation effects in composite structures have not Dbeen

studied in detail though thermal effects are clearly important.
Thermal effects are responsible for dispersing particles once the

applied magnetic field has been removed.
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Figure 5 Interacting Polystyrene Spheres, H Parallel to Film

/ Z /4 4 S s s S S Sl
& [ —

-

77 77 7777 777 777777
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Using the Einstein relation

D = xT/6mma (15)
for the diffusion coefficient an estimate of the distance moved, x,
as part of a random walk process can be calculated from

/ot (16)

!4

X

giving

.t (17)
6mmA

implying that a particle of diameter 10~ 3cm would travel 10~ 5cm

in 1 sec, that is 0.0l of a particle diameter. Diffusional mixing is
therefore very small and other processes would seem to be responsible
for the changes in composite structure which are observed immediately
the applied field is removed. These relaxation processes are
discussed in more detail together with experimental observations in

Section 5.1.(c).
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4 EXPERIMENTAL PROCEDURE
4.1 Preparation of the composite carrier ferrofluids containing

magnetite partic les

The method used for producing surfactant coated magnetite
was based on that given by Shimciizaka et al (1980). Sodium oleate
coated particles of magnetite (Fe304), approximately 100 A in
diameter were prepared in the following way. The reaction mechanism
is shown in Pigure 7.

A mixture of 130 g of ferric chloride and 77 g of ferrous
sulphate (molar ratio 2:1) was dissolved in distilled water. The
resulting solution was highly acidic (pH 2) and approximately 400 ml
of 10 M sodium hydroxide solution was added until the pH had risen to
a value of about 11. The solution was stirred for an hour at room
temperature to form the Fej04 precipitate. An excess amount (21 ml)
of oleic acid (CH3(CHjz)7 C-C(CH2)7 cfg.,) was added to the mixture.
In these alkaline conditions the acid dissociates due to the presence
of sodium ions, and thus the oleate ion is free in solution. The
oleate ions were chemisorbed onto Pe2* ions at the surface of the
magnetite particles and since an excess was present complete coating
was ensured, Physisorption between sodium oleate molecules also
occurs and forms a partial second layer over the magnetite
(Pigure 8).

Nitric acid was added until the pH was approximately 4.5 and
the mixture was heated to 100°C. This coagqulated the magnetite by
converting the oleate ion in the second layer to hydrophobic free
acid molecules. The coagulate was repeatedly washed in acetone and
distilled water to produce magnetite coated with a monolayer of
oleate. The magnetite was then dried under vacuum and dispersed in

an appropriate carrier liquid.
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Two 1liquids have been used as carriers, isopar M and
decalin. To disperse the magnetite powder 5 ml of the required
carrier liquid was placed in a small beaker. The carrier was gently
heated and about 0.25 g of the oleic cocated magnetite was added and
continually stirred to disperse the powder. By altering the amount
of magnetite added to the carrier the saturation magnetisation, Ig,
of the resulting fluid was varied.

To ensure that the fluida did not contain large agglomerates
which would 1lead to colloidal instability they were finally
centrifuged at 3500 rpm for 30 minutes. The top 75% of the resulting
colloid was then decanted off and the residue discarded.

4.2 Preparation of Ferrofluid Composites

4.2 (a) Preparation of samples containing polystyrene spheres for
optical studies

The composite colloid samplea were made using the method

given by Skjeltorp (19683). A typical sample containing 1 um diameter
polystyrene spheres dispersed in an Isopar M based magnetic fluid
(prepared as described in Section 4.1) was made as follows. A few
drops of an aqueous suspension of polystyrene spherea were placed on
a clean, dust-free microscope 8lide and the water allowed to
evaporate, One drop of ferrofluid was then pippetted onto the slide
and a glass cover slip placed on top. The cover slip was pressed
down to displace any excess ferrofluid and to form a monolayer of
spheres. It was also necessary to move the cover slip in a circular
motion to dislodge any spheres that might have become attached to the
microscope slide. The sample was then sealed using an epoxy resin to
prevent the carrier liquid evaporating (Figure 9). By varying the

amount of the aqueous suspension of polystyrene spheres placed on
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the microscope slide samples of different concentrations could be
produced.

4,2 (b) Preparation of samples containing non-magnetic metallic
particles for optical studies

The method of preparing composites containing metallic
particles wag very similar to that described in the previous Section
4.2 (a) However, the metallic particles were not in aqueous
suspension but in the form of a dry powder. They were, therefore,
dusted onto the glass microscope slide through a fine gauze.
Perrofluid was then pipetted onto the slide and a cover slip placed
on top and the sample sealed.

The methods by which particle concentrations were measured
are discussed later in Section 4.2 (c).

The samples were examined with a Swift MP120 polarizing
microscope with camera tube attachment (Figure 9). External fields
of up to 100 Oersteds could be applied to the samples using either a
Helmholtz vair of coils or permanent magnets.

4.2 (c) Preparation of samples for microwave measurements

Two types of microwave samples were produced, one for use
with the single wavelength microwave 3mm source and the other for use
in the broad band Fourier Transform Spectrometer (Sections 4.3 (a)
and 4.3 (b) respectively). All the samples contained metallic
particles. No significant microwave effects were noticed from a
copusite containing polystyrene particles.

Glass was not used in the construction of the sample cell
for single frequency measurements since it is highly absorbing at
wvavelengths in the millimetre range. A good material to use is TPX

(Chantry et al (1969)) which readily transmits in the wavelength

i =
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range above A = 200 um. Such a cell with a path length of 1 mm is
shown in Figure 10.

Many samples were studied using different concentrations of
non-magnetic metallic particles in a 375 Gauss Isopar M based
ferrofluid. The particle concentration ¢ of a sample was calculated
as the total volume of the particles per ml of ferrofluid. To
prepare a sample the particles were first weighed and then added to a
known volume of ferrofluid. The two components of the system were
mixed thoroughly and then syringed into the TPX cell. Extreme care
was taken to ensure that no air bubbles were present in the cell
before sealing the cell with a plug. The sample was then placed in
the microwave system (Section 4.3(a)) for further investigation.

Although Isopar M :osorbs 3 mm radiation the power output of
the microwave source was such that no problems occurred in using a
cell with a relatively long path length of 1 mm.

4.2 (d) Preparation of microwave samples using 2z—cut crystalline

quartz plates

Unlike the single 'wavelenqth 3 mm source, the mercury lamp
used as the broad band source for Pourier Transform Spectroscopy has
a much lower output in the millimetre and submillimetre region. This
meant that the samples used in this section of the work had
fundamental differences from those described in 4.2 (c) above. Pirst
the carrier liquid had to be changed to decalin which is a 1liquiad
with a low absorption in the near millimetre wavelength range.
Second the path length of the sample had to be reduced. In fact, for
this section of the work it was found that monolayers of the
non-magnetic metallic particles in a thin film of the decalin based
Pe304 ferrofluid were ideal. These samples were made using precisely

the same technique as that described in Section 4.2 (b). However, as
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noted in Section 4.2 (c), glass plates absorb heavily in the
millimetre wavelength region and so Z-cut crystalline quartz plates
were used in place of the glass slides. Since the samples were true
monolayers their concentrations were measured in terns of the number
of particles per square centimetre. These concentrations were
measured using optical microscopy techniques.

4.3 Microwave Experiments

4.3 (a) Single Wavelength (A = 3 mm) Experiments

The 3 mm wavelength apparatus used is shown in Figure 1l1.
The source used was an Impatt diode, its name derived from the
initial letters of Impatt Avalanche Transit Time., The Impatt diocde
is a specially doped p-n Jjunction diode which is biased in the
reverse direction so that a very high electric field intensity exists
across a narrow region at the junction. Avalanche breakdown occurs
in this narrow region and causes oscillation in the microwave range
of frequencies. The polarized radiation from the source is
polarised. A TPX lens focussed radiation from the source on to the
sample which was in the form of a monolayer film with the plane of
the film horizontal. Two sets of Helmholtz coils produced fields at
right angles to one another in the horizontal plane and thus enabled
the particle chains to be aligned either parallel or perpendicular to
the plane of polarization of the source. The radiation passed
through the sample and was turned through 90° using a front
aluminised mirror. This was done purely for experimental convenience
since the beam was then parallel to the laboratory bench. A second
TPX 1lens focussed the beam on to the Golay pneumatic cell, the
principal of operation of which is descridbed in detail by Golay

(1947, 1949).
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The light beam was modulated using a chopper at 13 Hz and
the output signal from the Golay cell was passed to a lock-in
amplifier. The resulting dc signal was directly proportional to the
intensity of the radiation falling on the detector.

It is important in this experiment +to ensure that the
initial state, that is the form o.f t':he composite before the
application of a magnetic field, was reproducible. Because
relaxation effects have a time conatant of many minutes an initial
state corresponding to a random array of particles was unrealistic
and could not be readily achieved once a magnetic field has been
applied. To overcome this problem a saturating field of 70 Oe was
applied to the sample perpendicular to the plane of polarisation of
the incident beam. This aligned the particle chains in the composite
and the transmitted intensity I, at this stage was measured
Figure 12. The magnetic field was removed and then applied parallel
to the plane of polarisation of the microwave source and the
transmitted intensity I measured as a function of the applied field.
The transmission T of the sample, defined as T = I/I,, was plotted as
a function of the field, H. The smallest value of transmission
measured in the field was defined as Tg¢ = (I/I5) final. This would
be the value corresponding to the situation when all the chains were
aligned in the field direction. With this procedure the initial
state is always recoverable and comparisons with other samples can
readily be made. It must be noted, however, that the absorptions
recorded in this experiment are greater than would be expected from
an unpolarised source.

Experiments are also being undertaken to measure

quantitatively the magnetic dichroism and birefringence at microwave
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wavelengths. The experimental set—up as shown in FPigure 13 contains
two additional polarizers. The first, which is needed to measure the
dichroism polarised the beam at 45° degrees to the applied field.
This produced two equal components of radiation Iy and I at 90° to
each other. The large field induced dichroism is then given by the
expression

AR = logyo (Ig/Iv) (18)
where Iy is the transmitted intensity of the radiation polarized in
the field direction and Iy the transmitted intensity perpendicular to
the field direction. A second polarizer measured the change in
polarisation co¢f each component and from this the magnetic
birefringence present in the sample could be determined.

An initial study of the relaxation of these systems on the
removal of a magnetic field (Section 3.2) was also undertaken using
the same experimental arrangement described in 4.3 (a). A sample
whose transmission had previously been measured was left in a
saturating field of about 300 Oe parallel ¢to the plane of
polarization c;f the incident radiation. The relaxation of the
particle chains after the field was removed was then studied by
measuring the change in the intensity of the transmitted radiation, I
as a function of time. The results are presented in Section 5.

4.3 (b) PFourier Transform Spectroscopy (FTS)

Preliminary measurements have been made on monolayer
ferrofluid composites (Section 4.2 (d)) using PTS. Since the Pourier
Transform Spectrometer records simultaneously all the elements of the
spectrum (the multiplex advantage) it enables the field induced

absorption to be studied as a function of wavelength.

-y
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The Fourier Transform Spectrometer used to study monolayers
of compesite colloids is shown in Figure 14. It is clearly desirable
to choose a spectroscopic system giving an opti.mum.tra.nsfer of energy
from the source to the detector. Such a system uses a two-beam
Michelson interferometer which has the highest throughput of any
spectroscopic system.

Radiation from the water cooled mercury lamp Source was
passed into the interferometer via a polarizer P1. The resulting
plane polarized radiation was then split into two components using
the beam splitter, P2, One beam was reflected back to P2 by a
stationary mirror M, the other by the movable mirror MM, At P2 the
beams recombined with their respective planes of polarization at 90°
to each other. In order for these to interfere their planes of
polarization were made parallel by polarizer P3. The two beams were
then focussed on the sample S using a TPX lens L before entering the
detector R which was a helium cooled Rollin detector (Rollin (1961),
Kinch and Rollin (1963)) rather than the Golay pneumatic cell used in
Section 4.3 (a). This was due to the lower output of the mercury
lamp compared with that of the Impatt diode and the fact that the
Rollin detector was more sensitive to millimetre and submillimetre
radiation than the Golay cell. The output was linked to a phase
sensitive detector (PSD) and the radiation was modulated using a
chopper which provided the reference for the PSD. The whole
spectrometer was interfaced (Jefferies et al (1984)) to a Sirius
microcomputer which collected all data. An interferogram with
amplitude modulation is shown in Pigure 15.

A typical measurement on a monolayer sample was made as

follows. A sample of the form of a monolayer was placed in the
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Figure 15 An .Amplitude Modulated Interferogram
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interferometer as shown in Figure 14 and a scan made with a small
magnetic field, approximately 50 Oe, applied in a direction
perpendicular to the plane of polarization of the incidept radiation.
This was taken as the reference scan, analagous to I, in Section
4.3 (a). A second field of about the same size was then applied
parallel to the plane of polarization of the incident radiation to
align the particle chains in the sample in the same direction. This
produced a reduction in transmitted intensity and a scan was made
with the field in this orientation. The resulting two interferograms
were transformed by the computer into reference and sample spectra
respectively and the ratio of the two spectra gave a plot of the
transmission versus wavelength. Thus if no absorption was present
the two spectra would be identical and the transmission unity at all
values of wavelength. Any reduction in the transmission was the
result of absorption by the ferrofluid composite. The results from a
preliminary study are shown in Section 5.
4.4 Monte-Carlo Simulations

The basis of the. Monte-Carlo model as applied to magnetic
fluids is described in detail by Chantrell et al (1980), Menear
{1984) and Menear et al (1984). For a colloidal system in which Van
der Waals forces are small the energy of a particle is given Dby
Chantrell et al (19680) as

Ej = Eq + Ep + Eg (19)
En is the magnetostatic energy, E, the energy due to repulsive forces
arising from a surfactant coating and Ez the magnetic dipole energy
of a magnetic particle in an applied magnetic field H. In the case

of composites containing lum diameter polystyrene spheres dispersed

e : I_
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in a ferrofluid, magnetostatic interactions are dominant. Thua
equation 19 reduces to

Ej = Em + Eg (20)
since E, is negligible compared with E, and Egy. Epg is given by

Eg = —uHcos 64 (21)
where the particle magnetic moment u is given by equation (8) and 64
is the angle between the magnetic moment of the particle and the
direction of the applied field. Since the induced magnetic moment u
of a polystyrene sphere is diamagnetic the moment is anti-parallel to
H and cos 6§ = -1. u has a value which depends on the applied field
and the magnetization curve of the carrier fluid and is a constant if
the magnetic field applied is gufficient to saturate the ferrofluid.
Below saturation pu is field dependent. The Monte-Carlo
configurations in this section assume the field applied is fixed and
large enough to saturate the carrier ferrofluid.

In the model used the initial random configuration of N
polystyrene spheres (d = lum) was confined to a square cell of side
50 um. Each particle was subjected to a random displacement which
was restricted to less than five particle diameters. The enerqgy Ej
of the particle was calculated in its new position and then compared
with its original value. If the energy difference AE; € O then the
move was allowed. If AEj was positive a random number X was
generated (O<€ X 1) and compared with the value of exp(-4E;j/KT). If
the exponential was greater than X the move was allowed otherwise the
move was prohibited and the particle returned to its original
position. The energy of the system was computed after each move and
when this reached an equilibrium value representing a final state the

program was terminated. Periodic boundary conditions were used for
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this analysis. The configurations generated by the above model are
shown in Section 5.2 (a).

4.4 (a) The Spatial Distribution Function

Evaluation of the spatial distribution function of a given
Monte—Carlo configuration enables the extent of particle chaining to
be determined. The spatial distribution function g(r,0) was defined
as the average number of particles per unit area at a distance r and
angle © from the origin (the centre of the reference particle),
normalised by dividing by the averxage particle density pg. The
functions g(r,e) (shown in Section 5.2 (b)) were especially useful in

determining the extent of spatial anisotropy in the system.
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5. RESULTS

5.1 Magnetically induced Microwave Absorption Effects

5.1 (a) Single frequency source

The transmission, T = I/I,, through a composite film
containing micron-gized tin particles dispersed in an Fe304 Iscpar M
ferrofluid (Mg = 375G) is shown in Figure 16 for different magnetic
fields applied parallel to the plane of the film. The experimental
arrangement is described in Section 4.1. Six plots have been drawn
on the same axes, showing the variation in the absorption
characteristics with the concentration of tin particles. It is clear
that as the concentration is increased from c = 0.034 to ¢ = 0.410
the absorption progressively increases. It should also be noted that
a relatively large absorption is observed in a very low
field (= S50 Oe). This is an important factor as regards the
usefulness of the composites in microwave devices.

The final transmission is defined as Tg¢ = (I/Ig)final amd it
is the condition which gives maximum absorption; it occurs in
fields, » 50 Oe, as can be 8seen from Figure 16. This is the
condition of saturation when all the particles are aligned in chains.
The final transmission Tg, plotted against particle concentration on
a logarithmic scale, decreases exponentially with the particle
concentration ¢, as shown in Figure 17.

Thus I = Iy exp (~k(H)C) (22)

for a cell of fixed path length of 1 mm. For the case of

H > 50 O k (H) reaches a limiting value and equation (22) can be
simplified to

I = I, axp (-kc) ‘ (23)
where k is a field induced absorption coefficient corresponding to
complete chain aligment and c¢ is the dimensionless particle

concentration (Section 1).

.——-———-—A
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Composites containing conducting particles of other
materials in the same 375G ferrofluid have also been prepared and
examined. The final transmission/concentration characteristics,
obtained by plotting loge Tfg against loge ¢ are shown in Figure 18
for silver, tin, carbon, copper and aluminium particles. As can be
seen for these samples aluminium particles show the largest
absorption whilast silver particles show the lowest.

Table 1 gives the values of k determined from Figure 3 and
equation (23). It should be noted that high values of k are
associated with composites giving a large absorption, that is they

have a large absorption in fields greater than 50 Oe.

Table 1

MATERIAL FIELD INDUCED
ABSORPTION COEFF, k

Silver (Ag) 0.38

Tin (Sn) 2.37

Carbon (C) 3.28

(graphite)

Copper (Cu) 4,92

Aluminium (Al) 6.11
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5.1 (b) PFourier Transform Spectroscopy

Although a Pourier Transform Spectrometer has been developed
to measure absorptions in the wavelength range 0.1 mm to 3 mm this is
still undergoing tests and as such is not yet fully operational. The
measurements in this Section, therefore, refer to a sample whose
wavelength dependent absorption was measured at the National Physics
Laboratory, with the assistance of Dr James Birch.

The sample studied was a composite of aluminium particles
dispersed in a décalin based Pe304 ferrofluid (Mg = 300G)

In Pigure 19 the Fourier Transform Spectrum has been
analysed to give the variation in the magnetic absorption with
wavelength. Plotted on the y-axis is the ratio of the intensity
through the sample with the field parallel to the plane of
polarization of the incident radiation to the intensity through the
sample with the field perpendicular to the plane of polarization (the
latter being anaiagous to the quantity I, defined in
Section 4.3 (a)).

A magnetically induced absorption coefficient can also be
calculated for the sample used in the FTS measurement. However, the
normally defined coefficient of absorption takes into account the
thickness of <the sample and refers to a sample of fixed
concentration. In this case the coefficient of absorption k' is
given by

I = Iy exp(-k'x) (24)
where 1 is the intensity of the radiation with the plane of
polarisation parallel to the magnetic field and I,, as stated
previously, the intensity of the radiation with its plane of
polarisation perpendicular to the field. x is the lanp:l:e thickness.

Por the sample used in this study x = 35 um. Prom equation (24)
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Since Pigure 19 gives I/I, = 0.92, k'(aluminium particles) =
16.7 cm~}

The absorption coefficient k' defined in this section and
the absorption coefficient k defined in Section 5.1 (a) are related.
Thus for a composite of thickness Ax and concentration c

I = Iy exp (kC) = I, exp (-k'Ax) (26)
xc

and k' = — (27)
ax

Taking a typical composite sample containing aluminium particles

k =6.11 for ¢ = 0.25 and ax = 0.1 cm. Thus

X' (Al particles) = 15 cm~1, which is the same order of magnitude as
the value obtained from Pourier Transform Spectrometry. These
m.easurements also indicate that k' should be constant over the
wavelength range A = 0.1 to 3 mm.

It should be remembered that the sample is a monolayer and
has a thickness of less than 50 um. The significant reduction in
transmission (= 10%) through a single monolayer, indicating a
relatively large magnetically induced absorption 1is encouraging in
terme of possible applications in the near millimetre wavelength
range.

5.1 (¢c) Relaxation Measurements

Pigure 20 shows a monolayer of 10 um diameter polystyrene
spheres dispersed in a thin film of ferrofluid prepared as described
in section 4.2. A magnetic field of = 100 Oes has been applied to the
sample in the plane of the film and the spheres have formed chains in

the field direction.
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Figure 20 Composites Colloid Containing
Polystyrene Spheres in a Field
of 100 Oe Parallel to Layer

Figure 22 Composite Colloid Containing
Tin Particles in a Field of

About 100 Oe Parallel to Layer

Figure 21 2-3 Seconds after

Removal of Field

Figure 23 Composite Structure
2-3 Seconds after

Removal of Field
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when the field is removed, however, the chains kink and bend
almost immediately to form the structure shown in Pigure 21. Since
diffusion of the relatively large polystyrene spheres is
insignificant in a time scale of less than one second (Section 3.2)
some other process must be responsible. The relaxation is probably
due to surface tension effects once the field is removed. This would
tend to draw the particles into a minimum energy configuration, i.e.
a spherical cluster. This process is also evident in composites
containing metallic particles dispersed in a ferrofluid. Fiéure 22
shows a sample of tin particles in a Fe304 isopar M based ferrofluid
(Mg = 375G). As in Pigure 20 a magnetic field of about 100 Oe has
been applied parallel to the layer of the film. The field was then
removed and another photograph taken 2-3 seconds later. By this time
the particles had formed the structure illustrated in Figure 23. The
relaxation process is again unlikely to be due to a diffusion process
and other factors such as the ferrofluid surface tension are more
likely to be responsible.

Relaxation effecta in composites containing metallic
particles were also studied by monitoring the increase in the
transmitted intensity I when the saturating field was removed from
the sample (the experimental arrangement is that shown in Figure 11).
Thus as the chains relax the alignment of the chains which was
initially in the same direction as the plane of polarization of the
incident radiation diminishes and the transmission thus increases.

Figure 24 shows the change in transmission as a function of
time for two composites, one containing tin particles and a second

containing copper particles in a ferrofluid (Mg = 870G).
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It is again cClear from Figure 24 that two relaxation
mechanisms a 2 operative. The initial relaxation takes place within
seconds and over this time period the value of I, the transmitted
intensity, increases rapidly. Following this initial relaxation a
second 8lower relaxation process is evident and the rate of change of
I with time decreases dramatically until equilibrium is reached and I
then remains at a constant value.

The difference in the form of the curves in FPigure 24 is
probably due to a difference in the shape and size of the particles
in the two samples.

FPigure 25 shows the change in intensity I with time for a
system of aluminium particles in a ferrofluid (Mg = 375G). As in
Figure 24 two relaxation processes are again evident. The initial
fast relaxation (0-10 sSeconds) is followed by a second Slower
relaxation taking several minutes. However, a significant difference
between Figure 24 and Figure 25 is evident. The initial relaxation
takes place more rapidly in the case of the aluminium particles in
the 375 G ferrofluid t;\an either tin or copper particles in the 870 G
ferrofluid. This could be related to the different physical
properties of the two carrier ferrofluids, For éxample both the
viscosity and surface tension values would be different, the
viscosity of the 870 G ferrofluid being much the greater because of
higher particle concentration. The viscosity and surface tension of
the ferrofluid carrier could therefore be an important consideration

in the design of any device based on ferrofluid composites.

Whasoze o
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5.2 Monte—-Carlo Simulations

5.2 (a) Theoretical confiqurations of a composite containing 1 um
polystyrene spheres

Pigure 26 shows the particle configuration predicted by the

Monte-Carlo mcdel for a composite containing 1000 polystyrene spheres
(@ = 1um) in a cell = 50 um square. The resulting volume
concentration is 0.16. The field applied parallel to the layer was
20 Oe and the ferrofluid has a susceptibility of X = 0.05 emu/cc/Oe.
The corrésponding experimental observation made wusing optical
microascopy on a sample under similar conditions is shown in

Pigure 27.

Pigure 28 shows the configuration generated for a more
dilute system of 400 particles in the same size cell and under the
same conditionsa of field and susceptibility. This number of
particles corresponds to a volume concentration ¢ of 0.06, Figure 30
shows the experimental observation for a sample under similar
conditions as Pigure 28,

Pigure 31 shows the structure predicted by the model for a
sample with a volume concentration ¢ of 0.16 with a field of 110 Oe
applied perpendicular to the plane of the composite. This produces a
triangular or hexagonal lattice formed by repulsive magnetic dipoles,
the experimental result of which is shown in Pigure 32.

5.2 (b) Spatial Distribution Punction g(r,6)

The spatial AdAistribution function g (x,8) calculated from
the Monte—-Carlo configuration gives a quantitative measure of the
spatial texture induced by the magnetic field. PFigure 33 shows
g(r,9) for the 1000 sphere Monto-Carlo simulation shown if Pigure 26

with a field of 20 -Oe applied parallel to the plane of the film.
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i
Figure 29 Composite Colloid Containing Figure 30 Composite Colloid
Polystyrene Spheres in Field Containing Polystyrene
of 20 Oe Applied Parallel to Spheres in a IField of
the Film, C = 0.1¢6 20 Oe Applied Parallel 10

the Film, C = 0. 06

Figure 31 Composite Colloid Containing Polystyrene Spheres in a Field of
20 Oe Applied Perpendicularly to the Film, C = 0. 16
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The value of @ in this case is 0, i.e. g (r,®) is measured in the
field direction. It can be 8seen that peaks occur 1in g (r,0) at
integer values of particle diameter indicating that chains of
touching particles have formed. Peak structure can be seen up to
18 particle diameters and PFigure 33 1is thus the ‘'signature' of a
strongly interacting system of particles.

FPigure 34 shows g (r,0) for the 400 particle case, i.e.
c = 0.06 corresponding to the structure shown in Figure 28, It is
similar to Figure 33 in that the peaks, which again occur at integer
diameter values arxe sharp and well defined indicating touching
spheres. However, the average chain length in the less dense system
is lower, as would be expected, and this is shown by the extent of
the peak structure in the function g (r,0). Structure persiats only
as far as 5-6 particle diameters in this case, Figure 34 is
therefore the ‘'signature’ for a low concentration, strongly
interacting system of particles.

Figure 35 shows g (r,0) for the triangular lattice shown in
Figure 31 where the field is perpendicular to the sample plane.
Sharp peaks are still evident, indicating a regular structure.
However, in this case the peak spacing gives the average particle
separation which may be described as a pseudo lattice parameter.
$.2 (c) Energy Considerations

Monte—-Carlo techniques have been used to evaluate the
internal energy (in reduced units, U/kT) of the composite as a
function of the angle between the applied magnetic field and the
plane of the film, ¢. The energy predicted is shown in Figure 36.
This shows that the high energy of the composite arising from

particle repulsions when the field is perpendicular to the plane of
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the film is reduced progressively as the field direction is changed
and is lowest when the field is parallel to the plane of the film. A
change in composite structure from the triangular lattice to a system
of parallel chains has been predicted to take place at ¢ = 60°, which

can be compared with the value of > 70° proposed by Skjeltorp (1984).
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6 Recommendations and Puture Work

The absorption of millimetre microwave radiation by ferrofluid
composites in the form of a thin film subjected to a magnetic field
(magnetic dichroism) is remarkable in that a monolayer of <50 microns in
thickness is capable of absorbing a significant amount of radiation, the
amount depending on the particle concentration, the particle materials and
the applied magnetic field. Very large, 60% absorptions, can be readily
achieved in thicker samples in magnetic fields of less than 100 Oersteds.
what is also significant is that improved sample preparations arising from
further studies are likely to q:fve even greater absorptions. At this stage
of the investigation the effects of particle size and carrier fluid
magnetisation on the magnetic dichroism remain uncertain. However, it is
confidently expected that substantial improvements can be made. There are
potentially many exciting applications of ferrofluid composites in the near
millimetre wavelength range based on magnetically induced absorptions which
are worthy of exploitation.

The studies to date have been mainly concerned with establishing
real effects and noting their magnitudes. Measurements during the coming
year will concentrate more on obtaining quantitative measurements and
detaila of the frequency dependence of the magnetic dichroism and
birefringence. This will be completed by the end of the Project. A
Microwave Fourier Transform Spectrometer has been constructed to assist in
this investigation.

A more detailed study will require measuring the effect of
magnetic fields and the effect of the composite particle size and
concentration. As has been shown it is possible to model the structure of
the composites using Monte~Carlo calculations and theoretical predictions

of experiments observations are, therefore, possible.
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A final study will include the production of a composite with
properties which maximise the already large absorptions in the near

millimetre microwave range.

The study of the microwave properties of ferrofluid composites has
proved rewarding and valuable. There are many variables, however, which
are likely to affect performance. Not all of these can be studied before
the conclusion of the present project. In particular the effect of the
carrier fluid, its magnetic properties and viscosity can only be studied
briefly in the ¢time available. Relaxation effects relating to the
diffusion of particles when the applied magnetic field is removed have to
be studied if devices using composites are to be developed. A guide to
what can be realistically completed by the end of the final year of the
contract is given at the end of this Section together with a proposal for
further work as an extension to the current project.

Finally, it is the anisotropies induced in the composites by a
magnetic field that are responsible for the observed microwave properties.
The anisotropies, however, can also lead to interesting optical,
electrical, dielectric and rheological properties. Studies of these are
important and complement current microwave studies. The immediate concern,
however, is to produce reliable, stable composite systems which show
striking effects in the near millimetre wavelength range. The construction
of simple devices then becomes worthwhile.

During 1965/86 the following programme of work will be undertaken
as a priority.

(1) A study of the wavelength dependences of the magnetic dichroism

and birefringence.
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(2) A theoretical study of composite structures using Monte-Carle
calculations with a view to establishing optimum conditions for absorption

in the microwave region

(3) Absolute measurements of absorption in terms of particle size and
concentration.
(4) A preliminary study of devices using magnetic fluid composites.

Further measurements may be possible but the following would be a
valuable programme of study for an extension to the current project.
(5) A study of the effects of particle shape, chain length and carrier
fluid on the magnetic dichroism in the microwave region.
(6) Measurement of relaxation effects in composites and techniques for
shortening relaxation times by applying secondary fields to break up chain
formation.
(7) A study of the stability of composites in gravitational and
magnetic field gradients as a precurser to devige development.
(8) The preparation of new composite materials containing optically
active particles and others containing strongly magnetic particles.
(9) An examination of the properties of composites containing
sub-micron particles, approaching molecular sizes. Such materials become
equivalent to 'alloys' and the alignment of the 'molecular’ particles could
be studied in an external magnetic field. If the particle sizes in the
composite can Dbe reduced to molecular 8izes then composite
Langmuir-Blodgett type thin films become possible. This would be of
interest in the rapidly developing field of molecular electronics.

As much of the above programme as possible will be undertaken
before the contract terminates in September 1986. It is hoped, however,

that it will be able to continue the work beyond this period. -
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