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The initial susceptibility of magnetic liquids was measured and calculated in the one-particle
approximation for a wide range of frequencies from 10 to 10° Hz. A detailed analysis was made of
the reasons for an analogy between the dynamics of magnetic liquids and that of dipole glasses.
The interparticle magnetic-dipole interactions in ferromagnetic colloids were found to have a
secondary role. Their influence on the dynamic susceptibility can be allowed for using the one-
particle approximation by renormalization of the effective anisotropy constant.

INTRODUCTION

Intensive investigations of systems with a dipole—dipole
interaction have drawn attention to the physics of magnetic
liquids. These liquids are stable colloidal solutions of ferro-
magnets or ferrimagnets in any normal liquid and they have
been investigated by many research teams for more than
twenty years. This interest is due to the unique combinations
of flow and high magnetic permeability of ferromagnetic col-
loids. For example, typical magnetite colloids with single-
domain particles of 5~10 nm size and a saturation magneti-
zation M, =50 G have an effective viscosity of 7~ 107"
g-cm ~'-s7! (i.e., only an order of magnitude higher than
that of water and two orders of magnitude less than that of
glycerin) and an initial permeability ¢ S 10. Liquids with
record-high magnetizations of M, =100 G are character-
ized by 7~1g-cm™'-s ' and u ~ 10-107, respectively.

For the nanometer particle size the magnetic moment
of the particles is m ~ 10~ '® erg/G, i.e., ~ 10* Bohr magne-
tons. The magnetization curves of dilute or moderately con-
centrated ferromagnetic colloids can be described satisfacto-
rily by a Langevin function with an argument mH /kT. This
circumstance suggests that it should be possible to use the
one-particle model to describe also dynamic properties of
magnetic liquids. According to this model the dispersion of
the initial susceptibility y (at frequencies low compared
with the ferromagnetic resonance frequency) is governed by
the Debye expressions with two characteristic relaxation
times corresponding to two independent fluctuation mecha-
nisms of reorientation of the magnetic moment of the parti-
cles.! One of them is the Brownian mechanism associated
with rotational diffusion of a particle in a viscous liquid and
the other is the Néel mechanism with rotational diffusion of
the magnetic moment inside a particle, i.e., relative to its
crystallographic axes. (This mechanism is known to result
in superparamagnetism of small particles of a ferromagnet
embedded in a solid matrix.?) However, the experimental
results usually fail to confirm the Debye nature of the disper-
sion of the susceptibility y. Magnetic liquids exhibit a con-
tinuous and extremely wide (7-8 orders of magnitude!)
spectrum of relaxation times, a quasilinear reduction in the
real part of the susceptibility y, on increase in the logarithm
of the frequency, and a constant imaginary part y, in a wide
(4-6 orders) frequency range. Such a susceptibility spec-
trum is characteristic of spin and dipole glasses.

The hypothesis of the possibility of a transition of a
magnetic liquid to a dipole glass state has been considered on

498 Sov. Phys. JETP 68 (3), March 1989

0038-5646/89/030498-05$04.00

a number of occasions.”” In addition to the above-men-
tioned nature of the dispersion of y, this hypothesis is sup-
ported also by the existence of a temperature maximum of
the susceptibility.>*'® The temperature of this maximum in-
creases linearly on increase in the frequency logarithm and
decreases on reduction in the concentration of particles in a
solution. Our aim will be to show that the analogy between
magnetic liquids and dipole glasses is purely superficial. In
our opinion, both the dispersion of the susceptibility and the
temperature maximum can be explained and described
quantitatively by the one-particle model. The wide spectrum
of the relaxation times is due to the natural polydisperse
nature of colloidal particles and a strong (exponential) de-
pendence of the Néel relaxation time on the particle size. A
similar strong temperature dependence of the relaxation
times is responsible for the observed temperature maximum
of the susceptibility.'° The collective effects due to the inter-
action of particles play a secondary role. These interactions
create many-particle clusters and this can be allowed for pri-
marily by renormalization of the effective magnetic anisot-
ropy constant. The new experimental results obtained by us
cover practically the whole range of dispersion of the suscep-
tibility from 10 to 10° Hz.

1.EXPERIMENTAL METHOD AND RESULTS

We investigated highly concentrated colloidal solutions
of magnetite in kerosene stabilized by oleic acid. These were
the liquids used in the majority of the investigations cited
above. Measurements of the real y, and imaginary y, parts
of the susceptibility at low frequencies (up to 2 X 10° Hz)
were made using a mutual inductance bridge employing a
method described in Ref. 11. The experimental error did not
exceed 2-3% for y, and 4-6% for y,. At high frequencies
(2X 10°-4 X 10’ Hz) the susceptibility was determined from
the change in the resonance frequency and in the loss resis-
tance in a series-connected circuit. In the microwave range
(up to 10° Hz) the measurements were made using a coaxial
waveguide filled with a magnetic liquid.'*

Images of colloidal particles obtained with the aid of an
electron microscope indicated that their shape was nearly
spherical. According to our data, the particle sizes could be
described satisfactorily by the following gamma distribu-
tion:.

@(z)=2" exp(—x)/I'(p+1), (n

where @(x) is the distribution density; x =d /d,; d is the
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FIG. 1. Size distribution of magnetite particles in samples Nos. 1 and 3
(curves 1 and 3, respectively).

diameter of a magnetic (without a stabilizer coating) core of
a colloidal particle; I'(Z) is the gamma function; d, and 8
are parameters. Experimental histograms'*'* can also be ap-
proximated satisfactorily by the distribution of Eq. (1): the
rms error does not exceed 2-4% of the maximum value of
@(x). In the present study the parameters d, and 3 were
determined from a static magnetization curve (by a variant
of a magnetic granulometric analysis) making corrections
for the interparticle magnetic-dipole interaction. The cor-
rections for weak fields were calculated in the average sphere
approximation'>'® which made it possible to allow for the
effects associated with the formation of clusters. In strong
fields the interaction was allowed for using the model of the
effective Lorentz force. The validity of this approach is dem-
onstrated in Ref. 15.

We investigated three samples of magnetic liquids dif-
fering primarily in respect of the width of the particle size
distribution. The average diameters of the particles were
practically identical for all the samples. Figure 1 shows the
distribution curves for samples Nos. 1 and 3 plotted on the
basis of Eq. (1). The curve representing sample No. 2 is not
included: it would occupy an intermediate position. The
average magnetic moment (m) and the average diameter
(d ) of the particles, the saturation magnetization M, the
static susceptibility in weak fields y,, and the density p of
magnetic liquids are all listed in Table I. The frequency de-
pendence of the susceptibility reduced to the static value is
shown in Fig. 2. The points are the experimental results.
Although the distributions of the particle sizes in the investi-
gated magnetic liquids quite similar (Fig. 1 and TableI), the
susceptibility spectra were very different. The reason for this
effect was the above-mentioned feature of magnetic liquids,
i.e., the existence of two mechanisms of relaxation of the
magnetization and an exponential dependence of the Néel
relaxation time on the particle size.
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FIG. 2. Frequency dependences of the initial susceptibility of magnetic
liquids: a) sample No. 1,; b) sample No. 2; c) sample No. 3. Curves la-
beled 1 represent the real part of the susceptibility and curves labeled 2
represent twice the imaginary part. The continuous curves are calculated.

2. ANALYSIS OF EXPERIMENTAL RESULTS

The Brownian 7, and Néel 7, relaxation times of the
magnetization depend in different ways on the particle vol-
ume. The condition 7 = 7, determines the characteristic
size of a particle d, and the characteristic frequency
v, =1/2775(d, ). (Ref. 1). If d <d_, the Néel relaxation
mechanism predominates (7y < 75), whereasford >d, the
Brownian mechanism is stronger. It should be pointed out
that generally speaking the value d, is not equal to the limit-
ing size of superparamagnetic particles: the Brownian frac-
tion includes magnetically hard particles and some super-
paramagnetic particles with 7, > 7. In the case of magnetic
colloids, we have

d.=16—18 nm, v.~10‘ Hz,

Tv~1071"—10-" s, 15~10—°—10—3 s,

Therefore, the high-frequency part of the susceptibility spec-
trum is formed by the “Néel” fraction of the smaller parti-
cles. The Brownian mechanism of the magnetization relaxa-
tion is then inactive. At low frequencies the magnetization

TABLE L.
Sample No. |(m), 10— erg/G (d), nm M, G 47txo p, g/cm?
1 1.54 8.0 55 2.07 1.61
2 1.81 7.8 51 4.88 1.44
3 2.23 8.2 47 6.63 1.40
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reversal in small particles is quasistatic and the susceptibility
dispersion is determined by the larger Brownian particles.

Our first sample had the narrowest particle size distri-
bution and did not contain Brownian particles. For this rea-
son the susceptibility dispersion was observed only at high
frequencies in the range 10° < v < 10° Hz (Fig. 2). The pres-
ence of particles of size ~d in the second sample increased
immediately the range of dispersion to seven orders of mag-
nitude because of the exponential dependence of 7, on the
particle volume V. These are the liquids that exhibited the
closest similarity to dipole glasses: the susceptibility y, re-
mained constant in a wide frequency range and y, decreased
quasilinearly on increase in the frequency logarithm. The
third sample had the widest particle size distribution. The
relative number of Brownian particles this sample was about
3% but their contribution to the static susceptibility reached
50%. (This contribution was disproportionately high, be-
cause it rose as the sixth power of the particle diameter.)
Consequently, a strong dispersion of y, and a maximum of
Y2 at v~ 10" Hz were observed.

The value of 7, depended relatively weakly (linearly)
on the particle volume; the natural polydisperse nature of
ferromagnetic colloids simply increased (by one or two or-
ders of magnitude) the broadening of the range of the Brow-
nian times. A further rise of the number of large Brownian
particles was accompanied by a fast increase of their contri-
bution to the If susceptibility and a reduction in the width of
the spectrum of the magnetization relaxation times. In the
final analysis the y, (v) and y, (v) curves became of the
quasi-Debye type with a strong maximum of y, in the fre-
quency range 10°~10* Hz. (The magnetic liquids with pre-
dominance of Brownian particles were investigated ear-
lier'"'” and the results were similar.) These results were in
conflict with the hypothesis of a transition of magnetic li-
quids to a dipole glass state. According to this hypothesis the
dispersion of the susceptibility typical of dipole glasses
should be observed primarily for liquids with larger parti-
cles, i.e., cases characterized by a higher energy of the di-
pole—dipole interaction. However, the experimental results
demonstrated that these liquids exhibited quasi-Debye be-
havior. The wide spectrum of the relaxation times was ob-
served for ferromagnetic colloids with a predominant contri-
bution of superparamagnetic particles to the susceptibility
and a small value of the magnetic-dipole interaction param-
eter A = m*/d kT.

In estimating the influence of the magnetic-dipole inter-
actions on the susceptibility spectra of ferromagnetic col-
loids we compared the experimental results with calcula-
tions carried out using the one-particle approximation.

3.CALCULATION METHOD

Cubic crystals of magnetite have a very weak magneto-
crystalline anisotropy: the first anisotropy constant is K,
= — 1.1 X 10% erg/cm®. The main contribution to the effec-
tive anisotropy constant K comes from the shape anisotropy.
This predominates when particles depart from spherical
shape by just =~1.5-2%. For this reason, the behavior of
colloidal particles of magnetite in an external magnetic field
is similar to that of uniaxial crystals, which is supported in
particular by experimental studies of birefringence.'*"’
The magnetic susceptibility of superparamagnetic par-
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ticles in a periodic field, parallel and perpendicular to the
easy magnetization axis, is discussed in Ref. 20. In a magnet-
ic liquid subjected to a very weak (~1 Oe) measuring field
the particle anisotropy axes are oriented at random. The
contribution of the Néel particles to the susceptibility of a
liquid is a linear combination of the longitudinal y, and
transverse y, susceptibilities:

="/ F2x.).

The transverse susceptibility y, is found analytically in Ref.
20 for the full range of values of the ratio of the magnetic
anisotropy to the thermal energy, 0 = K¥ /kT, but there are
no general solutions for y| and the corresponding relaxation
time 7. We shall use below an interpolation expression for
7, which gives reliable asymptotes for the limits of low and
high values of o, and agrees well with the numerical solu-
tion® for o~ 1:

T =To0 exp(a) (1+a°)~" - 2)

Here, 7, = M, /2ayK; M is the saturation magnetization of
the particle material; y is the gyromagnetic ratio for an elec-
tron; a is the dimensionless damping coefficient. The contri-
bution of Brownian particles can be calculated using familiar
expressions (see, for example, Ref. 1).

Using the results given in Refs. 1 and 20, the density of
the particle distribution described by Eq. (1), and the com-
ments made above, we find that the dynamic susceptibility of
a magnetic liquid can be represented by

s G(w,z)z** exp(—z)dz. (3)

0

x -
%o F(§+7)

In the case of Brownian particles (x>d, /d,) the function
G(w,x) in the integrand is a Debye factor:

G(o, z)=1+tioTts) ™", (4)
where the Brownian relaxation time is

=30 (V+AV)/kT, (5)

where w = 27v; 77 is the viscosity of the magnetic liquid; AV
is the volume of the protective coating of a particle. In the
case of Néel particles (x<d_ /d,), the function G(w,x) is
described by

_(F+F') (R, +iaW) | 2F

2G(w,2)F = - ,
R.R—W*+iWR, 1+tieT,

(6)

where

1

F(o)= 5 exp(6Z*)dZ,

)
R,=0/Rst+o?(cR;—2),
F+F’

3F'—F’

Ry=a (R.+0R,—2),
oM,V
kT

3

ToF—F)"’

A prime denotes a derivative with respect to 0. In the range
x=d,/d, both relaxation mechanisms are important, so
that in calculations we have to use Eq. (4) replacing the
Brownian relaxation time 7, with the reduced time'

T=T1p7 (75 + 7y y~ L
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Equations (3)-(6) describe the susceptibility disper-
sion throughout the experimentally investigated range of
frequencies including the natural ferromagnetic resonance
frequency (v 10° Hz).

The integral of Eq. (3) was calculated numerically us-
ing quadratures of the lowest degree of precision®' on the
assumption that 7= 295 K, M, = 480 G, and a = 0.1. The
viscosity of the investigated liquids was determined in addi-
tional experiments and was found to be within the range
0.11-0.13 g-cm~'-s~'. The thickness of the protective coat-
ing was assumed to be equal to the length of oleic acid mole-
cules amounting to Ad =2 nm. The values of y, and y,
found from Eq. (3) were averaged on the assumption that a
magnetic liquid is characterized by a uniform distribution of
particles in respect of the effective anisotropy constant. The
average value of the anisotropy constant (K ) was found
from the best fit to the experimental values of y, and y, near
the frequency v~ 10" Hz.

Therefore, the value of (K ) was the only fitting param-
eter in our calculations. In this connection it should be men-
tioned that an independent determination of the particle
shape anisotropy using electron micrographs is practically
impossible, because one would then have to carry out mea-
surements with a precision exceeding the resolution of the
electron microscope employed. Moreover, the effective ani-
sotropy constant is influenced strongly by particle aggrega-
tion processes, i.e., by the formation of many-particle chains
or clusters in a magnetic liquid. Therefore, this constant can
vary within a wide range depending on the degree of aggre-
gation and its maximum value is K, ~7M=7.2X10
erg/cm’. The existence of many-particle aggregates contain-
ing 10 to 30 particles in ferromagnetic colloids can be regard-
ed as firmly established. This follows from the experimental
studies of the scattering of light*? and polarized neutrons,?’
from investigations of diffusion processes,** from numerical
modeling of the effects of the magnetic dipole interactions, >’
etc.

4. COMPARISON OF EXPERIMENTAL AND CALCULATED
DATA

The results of a susceptibility calculation are presented
in Fig. 2 in the form of continuous curves. We can see that
the one-particle model describes well the high-frequency
(v = 10*~10° Hz) dispersion range of the susceptibility of all
the samples. The influence of the magnetic dipole interac-
tions can be allowed for by renormalization of the average
anisotropy constant. The effective values of this constant for
samples Nos. 1-3 are 1.3x10°, 2.0x10% and 2.9x10°
erg/cm’. As expected, the effective magnetic anisotropy is
much stronger than the crystallographic anisotropy and its
magnitude rises on increase in the fraction of large particles,
tending to form aggregates. The value (K ) =0.9x10°
erg/cm’ obtained in Ref. 26 by the rotating cell method for
strongly dilute magnetite colloids is in agreement with our
data.

A serious quantitative discrepancy between the experi-
mental and calculated values of the susceptibility was ob-
served only at low frequencies for sample No. 3 with the
greatest proportion of large particles. This discrepancy is to
be expected because the calculation model ignores the for-
mation of ferromagnetic colloidal aggregates with the Brow-
nian relaxation mechanism. The appearance of such aggre-
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gates alters the effective particle size distribution and shifts
the dispersion region toward lower frequencies. Our esti-
mates show that in order to ensure the observed shift each
aggregate should consist of 3-10 particles, which is in agree-
ment with the results of Refs. 22-25.

Equations (3)—(6) allow us to calculate the change in
the dynamic susceptibility with temperature on condition
that the temperature dependences of the viscosity 7(7) and
of the static susceptibility y,(7) are determined indepen-
dently. (The latter varies monotonically, but it is not gener-
ally described by the Curie law.'®'®) In the present study the
7(T) and y, (T) dependences were obtained by direct mea-
surements and smoothing out of the experimental data. The
results of numerical modeling confirmed the conclusion'
that the temperature maximum was of dynamic nature. The
main reason for its formation was the blocking of the rota-
tional degrees of freedom as a result of an exponential rise of
the viscosity and of the Brownian relaxation time due to
cooling.

Figure 3 shows, by way of example, the temperature
dependence y, (T) for a magnetic liquid with a particle size
distribution similar to that in sample No. 3, but with a some-
what lower concentration of the magnetic particles. Clearly,
the one-particle model provided a qualitatively correct de-
scription and predicted quite accurately the temperature T',
of the maximum. This temperature rose linearly on increase
in the frequency logarithm, as in the case of dipole glasses.
The imaginary part of the susceptibility y,(7) also had a
maximum, but it was shifted toward lower temperatures rel-
ative to T, . This shift is sometimes regarded as one further
example of transition magnetic liquids to a dipole glass
state.” In reality, it is not associated with the magnetic dipole
interactions [and this is true also of the maxima of the de-
pendences y, (T) and y, (T)] and is predicted even by the
one-particle model. The blocking of the Néel relaxation
mechanism can also give rise to a strong temperature maxi-
mum of the susceptibility, but in the case of ferromagnetic
colloids with a distribution which is narrow in terms of the
parameter o.

It follows therefore that dynamic properties of ferro-
magnetic colloids (temperature and frequency dependences
of the initial susceptibility) can be explained satisfactorily
and quantitatively even by the one-particle model, provided
we allow for the naturally polydisperse nature of colloidal
particles. It is the particle size distribution that determines
primarily the general nature of the susceptibility spectra.
The magnetic dipole interactions do not give rise to qualita-

200 Juo 400
Tk

FIG. 3. Temperature dependences of the initial susceptibility. The contin-
uous curves represent y, calculated in the one-particle approximation: 1)
v =40 Hz; 2) 640 Hz; 3) 2.5 kHz. The dashed curve is y, at v =40 Hz.
The points are the experimental values of y, at v =40 Hz.
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tively new effects. Their influence may be allowed for in the
one-particle model by renormalization of the effective ani-
sotropy constant.

The authors are grateful to M.I. Shliomis for his con-
stant interest, discussion of results, and valuable comments.
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