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Abstract. We studied the magnetic propenties of frozen magnetic liquids containing amorphous
Fej_,C, particles. By varying the particle size and concentration, we could separate single-
particle effects from interactions. In samples containing particles with median diameters 5.0 nm
and 3.8 nm and with spontaneous saturation magnetizations 7.1 kA m~! and 9.2 kA m™?, effects
of particle interactions are obgerved. For 3.2 nm no interactions were observed. In samples with
negligible interactions the superparamagnetic blocking temperature increases with the particle
size. The effective anisotropy constant increases with decreasing pdrticle size, implying that the
anisotropy is enhanced by surface effects.

1. Introduction

Small magnetic particles are the building blocks of many magnetic materials, and it is
of fundamental interest to study their physical properties. For single-domain particles the
Néel model [1] of superparamagnetism has frequently been used to describe their magnetic
behaviour (see for instance the early review by Bean and Livingston [2]). In this model each
particle is ascribed a permanent magnetic moment, that changes direction due to thermal
fluctuations. In thermodynamic equilibrium the magnetization of an ensemble of such
identical, non-interacting, randomly distributed particles is given by the Langevin function
and the initial susceptibility obeys a Curie law. Real particle ensembles invariably deviate
from the ideal superparamagnetic behaviour in experiments. One reason for this is that
there are interparticle interactions, which depend upon the size and size distribution of the
particles, the magnetic moments of the particles and the distances between them. In order
to separate interactions from single-particle behaviour, it is important to study systems
in which particle sizes and distances may be varied independently of each other. These
conditions are normally not fulfilled,. since most preparation methods lead to broad particle
size disteibutions and particle separations that vary considerably. Magnetic liquids prepared
by thermal decomposition of Fe(CQO)s in organic liquids are, however, excellent modelling
systems for studies of the physical properties of ultrafine particles {3-8]. The size of the
particles is determined by the surfactant used in the decomposition process, and, by choosing
the appropriate surfactant molecules, it is possible to vary the particle diameters between
3 nm and 6 nm, with narrow size distributions. The coated particles are well dispersed in
the carrier liquid and their concentration may be continuously varied by dilution. In this
paper we present results from a study of such liquids, in which we were able to separate
single-particle effects from interaction effects.
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2. Experimental techniques

2.1. Magnetic liquids

We prepared one liquid, A, with oleyl-sarcosine as surfactant molecules and another, B,
with oleic acid. The carried liquids were hexadecane and decalin, respectively, The size of
the particles was estimated from transmission electron micrographs [6, 10]. The diameters
have a log-normal size distribution. The median diameter and standard deviation of the
particles were estimated as D, = 5.0 nm and ¢ = 1.0 nm in liquid A and D, = 3.8 nm
and ¢ = 0.4 nm in liquid B. We further investigated a liquid C, prepared earlier [6]. In
this the carrier liquid is decalin, the surfactant molecules cleic acid and the particle size is
given by D, = 3.2 nm and o = 0.3 nm.

2.2. Méssbauer spectroscopy

The magnetic particles in the liquids were investigated by Mdossbauer spectroscopy.
Meossbauver spectra were obtained using a constant-acceleration spectrometer with a 50 mCi
source of 3’Co in rhodium. Isomer shifts are given relative to that of w-Fe at room
temperature.

2.3. Magnetic measurements

We measured the static magnetization of the liquids with an Oxford Instruments vibrating
sample magnetometer in magnetic fields, B, up to 2 T. The measurements were made on
frozen samples in the temperature range 10 K £ T £ 250 K, where the magnetization of
a particle changes direction by Néel rotation. To obtain the initial susceptibility, x;, the
samples were cooled in zero field to a preset temperature, and the magnetization measured
in the range —0.01 T £ B £ 0.01 T. Thereafter the samples were successively warmed
to-higher temperatures, and the magnetization measured in the same range of fields. The
zero-field cooled magnetization, Mzrc, was measured on samples that were initially cooled
in zero field from room temperature to 10 K. Then a field of 0.002 T was applied, and
the magnetization measured in constant field during warming. To obtain the field cooled
magnetization, Mg, the samples were cooled in zero field from room temperature to 200 K.
This is well below the melting points of the liquids. No time dependence or remanence was
observed in the magnetization at this temperature, which ascertains that 200 K is above any
superparamagnetic blocking temperature of the particles. Then a constant field of 0.002 T
was applied, and the magnetization measured during cooling down to 10 K. The cooling
and warming rates were 0.05 K s~!. The magnetization of the liquids increases with field
without saturation up to 12 T, with a high-field susceptibility that is independent of particle
size. This is interpreted as an intrinsic volume effect in the particles due to their amorphous
structure [11], and gives further evidence that all particles have the same composition and
structure. The spontaneous saturation magnetization, My, was obtained by extrapolating
the high-field data to zero field [6,11]. The values at 200 K for liquids A, B and C were
Moy=71KkAm™, 92 kA m~' and 21.0 kA m™!, respectively. Thus, the liquids contain
similar volume fractions of magnetic material. Three additional liquids were prepared by
diluting liquid A about 10 and 20 times, which yielded Mp = 0.7 kA m~! and 0.3 kA m~,
and liquid B about 20 times, which yielded My = 0.4 kA m~'. Liquid C was diluted about
three times and 30 times, yielding Mg = 7 kA m™' and 0.7 kA m~'. The fact that the
spontanecus saturation magnetization of the liquids is proportional to the concentration of
magnetic particles ascertains that no oxidation has taken place during the dilution.
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3. Results and discussion

3.1. Mossbauer spectra

In figure 1 a Mdossbauer spectrum of liquid A obtained at 15 K and in zero applied field
is shown. The absorption lines in the spectra were fitted to Lorentzian lines by a least-
squares method. For all three liquids an average hyperfine field of (27 £ 1) T and an
isomer shift of (0.35 & 0.05) mm s~! are found. The quadrupocle shifts are negligible.
The lines are broadened, showing that the particles in the liquids consist of an amorphous
Fey_,C, alloy with x = 0.25 [12]. The small component, about 5% of the spectrum, with
a hyperfine field of (47 2 1) T indicates the presence of a disordered iron oxide. Altogether
the Mdssbauer measurernents show that the structure and composition of all the magnetic
particles prepared by this method are very much alike [10]. At 180 X the Massbauer spectra
are significantly affected by superparamagnetic relaxation. The superparamagnetic blocking
temperature, T2/, taken as the temperature at which 50% of the spectrum is affected by
superparamagnetic relaxation, was determined as 130 K £ 50 K for liguid A and 85 K &+
20 K for liquid B. For liquid C it is of the order of 80 K [6].

Absorption

1 1
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. -1
Velocity (mms )
Figure 1. A Mossbhauer spectrum of liquid A obtained at 15 K and in zero applied field.

3.2. Zero-field cooled and field cooled magnetization

In figure 2 Mzpc and Mpc, normalized to My, are plotted versus temperature for four of the
magnetic liquids. They all have a rounded maximum in Mzrc at a temperature T, within
the experimental temperature range. 7T, decreases with decreasing particle size. There is
also a concentration dependence in T}, strongest for the liquid with the largest particles, A,
weaker for liquid B and negligible for liquid C with the smallest particles (see table 1). Mpc
increases with decreasing temperature in the whole temperature range. At high temperatures
Mzrc and Mpc coincide, but, as the temperature approaches T, from above, the curves
begin to diverge at a temperature T,;. The values of T, and T for the liquids are compiled
in table 1. T, indicates the onset of blocking for the largest particles in each liquid. Above
this temperature the samples reach thermal equilibrinm within the time scale of the magnetic

measurements, T,, = 10 s, i.e. the magnetic particles are superparamagnetic.
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Figure 2. Normalized zero-field cooled magnetizaticn, unfilled circles, and field cooled
magnetization, filled circles, versus temperature. The plots are shown for the magnetic liquids
A:20, B:20 and C, for which the influence of interactions is negligible, and liguid B which
shows clear effects of interactions in the susceptibility (¢f, table 1). D, is the median particle
diameter for each liquid.

3.3. Curie-Weiss analysis

In figure 3 the inverse susceptibility, x,-'], multiplied by Mj, is plotted versus temperature
in the range well above T, and still below the melting temperature, Ty, for five of the
liquids. There is a linear relation between X;—I and T. This is shown in figure 3 by
the straight lines obtained by linear regression. For all concentrations of liquid C with
the smallest particles, the curves extrapolate to the origin. This corresponds to a Curie
law, x; = C/T, and indicates that the interactions are negligible in this liquid. For the
concentrated liquids A and B, x; has a Curie-Weiss dependence, y; = C/(T —6), yielding
intercepts ¢ = &4 K and 22 K, respectively. The most diluted samples of these liquids
yield @ = 0. Although the temperature range is limited for these samples, the results imply
that in the concentrated liquids there are magnetic interactions influencing the magnetization
also above the temperature region where the superparamagnetic blocking occurs and that
the interactions decrease when the concentration is decreased. From the slopes of the
straight lines the magnetic moments of the particles were defermined. These values are
in good agreement with those calculated from the size determined by electron microscopy
and a constant intrinsic magnetization (see table 1). The estimated moments are practically
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Table 1. A compilation of magnetic liquid data. D, is the median particle diameter with standard
deviation . M is the spontanecus saturation magnetization. 7; is the dipolar interaction
temperature for a pair of particles separated by the mean distance, ry. T; = 2ugm?/dariky =
wgmMy/2rckp. Tp is the temperature at the maximum of Mzrc and T’ the temperature at which
the particle with the median volume becomes blocked. 7 indicates the onset of blocking. K is
the effective anisotropy constant calculated as described in the text. mysar is the particle moment
determined from the magnetic measurements and mrgy the magnetic moment calculated from
transmission electron microscopy measurements, using the intrinsic magnetization 1400 kA m™!
[5]. @ is the Curie—Weiss temperature.

Dyxe Mo n T, T» Ty K mysy mTEM e
Liquid (nm) kam™H (K (K) K K (107 Ioe®H (0% Amd 10T An? (K)
A 5010 7.1 73 6 — 130 - T 76£06 9.1 64
A0 50%10 07 0.7 54 23 120 13 — 9.1 —
A20  50+10 0.3 03 53 23 1200 13 8.8£0.7 9.1 0
B 38+04 92 63 30 — 15 — . 35402 4.0 22
B:20 38+04 04 03 26 17 70 22 42402 4.0 0
o 32203 210 82 22 14 27 30 2.7£0.l 24 0
c:3 3203 79 26 21 13 26 28 26401 24 0
C30 32+03 07 03 20 I3 26 28 2501 24 0

independent of concentration for each particle size. We attribute the small variations to the
experimental uncertainty. The concentration independence of the particle moments and the
agreement with the results from electron microscopy give further evidence that no oxidation
of the particles has taken place in the liquids. The Curie, or Curie—Weiss, analysis of the
initial susceptibility clearly demonstrates the increase of particle interactions as the particle
size is increased. In the following we discuss the single-particle hehaviour in the non-
interacting case, liquids with @ = 0, and some effects of particle interactions, liquids with
8 #£ 0.
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Figure 3. The inverse susceptibility multiplied by the saturation magnetization versus
temperature for the magnetic liquids A, B and C with median particle diameters 5.0 nm, 3.8 nm
and 3.2 nm respectively, The filled markers indicate the undiluted liquids. The unfilled markers
indicate the corresponding most diluted liquids. The error bars in the figure represent a maximal
experimental uncertainty of about 3% in the susceptibility values,
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3.4. Single-particle effects

In the liquids with 8 = O the Mgc curves continue to increase as T is decreased, well
below T,. The rounded maximum of Mzrc is shifted towards higher temperatures with
increasing particle size. These features are characteristic for superparamagnetic blocking
of single particles with a size distribution. The value of Mzrc at the lowest temperature,
10 K, is almost zero in liquid A, implying that most particles are blocked. In liquids
B and C, with smaller particles, a larger number of particles are still superparamagnetic
at 10 K. This behaviour is also reflected in the Mg curves, which become flatter with
increasing particle size in the same temperature range. As the blocking temperature, 7§, of
a particle with volume V' we take the temperature at which the experimental measuring time
is equal to Néel's relaxation time: =y = Tgexp(KV/kgT). K is the uniaxial anisotropy
constant and &y Boltzmann’s constant. The main volume and temperature dependence of
Ty is contained in the exponential factor and 79 may be treated as a constant. Particles
with a distribution of sizes have a distribution of energy barriers, XV. Then 7, may
not coincide with the blocking temperature of the median particle volume, V;, [13]. In
order to compare different samples we calculated the ratio 8 between T, and T using the
actual size distributions [6]. T was then obtained from T = T,/8, and the anisotropy
constant from K = (kgTg'/V,) In(tm/T). The variation of K over the size distribution
is neglected, thus an effective anisotropy constant is obtained. By comparing the blocking
temperature for liquid C, as observed in magnetization measurements and in Mdssbauer
spectroscopy, with an experimental time T = 2 x 107° 5, we determined a value of
1o = 2.8 107! 5 [6]. With this value of Ty the values K = 2.8%10° Jm™, 2.2 105 Tm3
and 1.3 x 10° T m™? were determined for the particles with median diameters D, = 3.2 nm,
3.8 nm and 5.0 nm, respectively. The vaiues are compiied in table I. As can De seen
K is not constant: it increases with decreasing particle size. The anisotropy can also be
independently determined from the field dependence of the magnetization at temperatures
above the blocking temperature, according to a model including the anisotropy [7]. This
yields the same size dependence of K for our particles. Thus we conclude that the anisotropy
is not purely a volome effect, but that it also contains considerable contributions from the
surface of the particles. Such a size dependence of K has also been found in ¢-Fe particles,
where it was attributed to the influence of surface anisotropy [14].

The estimated values of the anisotropy constants and the actual size distributions were
used to calculate the zero-field cooled magnetization of the liquids according to the relation

[6]

Moo o Mool H 70
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Here V. is the mean particle volume, g the permeability of a vacuum, I, the intrinsic
magnetization of the particles and H the applied magnetic field. V(y) is the volume of
a particle with diameter D(y} = y D, and fyy(y) is the log-normal distribution function,
given by the relation [15]

FinO)ddn y) = (1/v27 In o) exp(—(In® y/2 0% o, )} d(in y). ()

Here o, is the geometrical standard deviation. The upper limit of integration, yg(T), is
obtained from the volume Vp(7T) = (r/ﬁ)y}“;(T)Dﬁ of the particle that becomes biocked
at the actual temperature, according to the relation 7, = roexp(Vp(T)K/kpT). The
relations are obtained from the assumption that only particles with Tz below the measuring
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temperature contribute to the temperature dependence of the magnetization. In low ficlds
the influence of the anisotropy on the magnetization is small [7]. thus it was neglected in
the calculations. This simple model with superparamagnetic blocking of single particles
gives a good description of the experimental data for afl three particle sizes. The fit for the
smallest particles was shown in [6].

3.5. Interaction effects

In the liquids with & # 0 the influence of interactions is ciearly seen also in the Mzpc and
Mpc curves. As the concentration is increased, T, increases and Mpe flattens out faster
than for the non-interacting liquids below T, (cf. figure 2(b) and (d)). This behaviour may
be qualitatively explained by the presence of dipolar interactions which lead to coupling
between the magnetic moments when the temperature is decreased. This slows down the
thermal relaxation and prevents alignment of the moments in the small external field. The
effects are, however, enhanced for the larger particle sizes, implying that there may be
a critical size, between 3.2 nm and 3.8 nm, below which the interactions are negligible.
We made an estimate of the dipolar interactions, T}, between a pair of particles with the
mean interparticle separation (cf. table 1). When T, is compared to the superparamagnetic
blocking temperature of the actual liquid, cne would expect the interactions to be more
important in liquid C than in the others. The experiments, on the contrary, show that
the interactions are negligible in C, but influence the magnetic properties of A and B.
This suggests that a model in which the interparticle distance is assumed to be equal to
the median separation cannot account for the results. Another possibility may be that
the interactions influence the geometrical arrangement of the particles in the liquids. The
largest pair interaction is obtained for the minimum separation dyy, = D, +2I, where I is the
thickness of the surfactant layer. With I & 1.4 nm for oleyl-sarcosine and 1.1 nm for oleic
acid, we obtain the maximum pair interaction yielding ratios of about 3.5:2:1in A, Band C
respectively. If we assume that the particle interactions lead to a non-random distribution,
with a number of particles approaching the minimum separation in liquids A and B, the
relative strength of the interactions may be qualitatively explained. An indication of the
strength of interactions in a fine-particle system can further be obtained from a comparison
between the blocking temperatures Tg' obtained from zero-field cooled magnetization and
T} obtained from Mossbauer spectra. For a non-interacting particle system, governed
by the Néel relaxation, the ratio between the two blocking temperatures is given by the
expression

v =TH/TE = In(tn/)/ In (T /o). 3)

When the experiments are made on a sample with a distribution of particle sizes, one must
extract the blocking temperatures that are representative of the same particle sizes in both
experiments. For liquid C, which has a narrow size distribution and in which the interactions
are negligible, we used T = T},/8 to obtain 7p =2.8 x 107! s. With 7y =2 x 107 5
and 1, = 10 s, this yields ¥ = 6. In particle systems with weak interactions it is observed
that the difference between T} and Tj decreases [16-20] and the value of y decreases.
For strongly interacting systems, which possibly may order magnetically, the model for
superparamagnetic relaxation is no longer applicable and one cannot speak about blocking
temperatures. However, we can still compare the ratios between T} and T,. For the
liquids A and B the values of T3/ T, are about 2.0 and 2.8. These values are considerably
lower than expected for the non-interacting case [16). This gives further evidence of the
consistency in our interpretation that we can separate single-particle effects and interactions
in our particle system.
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4, Conclusions

The rounded maximum in Mzpe, observed earlier in magnetic liquids containing iron oxide
particles, was interpreted as being due to dipolar interactions [21] or superparamagnetic
blocking [22-25]. The influences of interactions and particle sizes were not clearly
separated. Among the conditions that may not be fulfilled in the common magnetic liquids
with iron oxides, but that made it possible to separate out the single-particle effects in our
system, we emphasize the following.

(i) Particles with different sizes can be prepared with sufficiently narrow size
distributions to yield a small size overlap between different samples.

(ii) The intrinsic magnetization is independent of particle size.

(iii) The magnetic particles are well dispersed in the liquids.

The main conciusions drawn from the present study of magnetic liquids with amorphous
irop-carbon particles are as follows.

(i) By analysing the initial susceptibility according to Curie-Weiss law, we could
separate liquids with particle interactions, & # 0, from the non-interacting case, £ =< 0.

(if) The magnetic measurements imply that there is a critical size between 3.2 nm and
3.8 nm, below which particle interactions are negligible.

(ii) In liquids with negligible interactions we observe superparamagnetic relaxation of
single particles with a size distribution. For particles with median diameters D, = 3.2 nm,
3.8 nm and 5.0 nm an effective anisotropy constant within the Néel model was determined:
K=28x10°Tm3 22x10° T m™3 and 1.3 x 10° J m™, respectively. From this we
conclude that the anisotropy is strongly enhanced by the surface.

{iv) The magnetic interactions between the particles lead to an increase of the
temperature at the maximum of the zero-field cooled magnetization.

For the liquid with the smallest particles, 3.2 nm, which has been extensively
investigated also in [6,7, 11,26], all the results can be interpreted within the same model
of single-demain, non-interacting particles with uniaxial anisotropy. Thus we conclude that
Ngel’s model for superparamagnetic relaxation is adequate for this system.
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