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Abstract. We studied the magnetic properties of frozen magnetic liquids containing amorphous 
Fel-,C, particles. By varying the particle size and concentration. we could separate single- 
pmicle effects from intemctions. In samples containing particles with median diameters 5.0 nm 
and 3.8 nm and with spontmoeous saturation magnetizations 7.1 PA m-l and 9 2  k4 m-’, effects 
of particle interactions are observed. For 3.2 nm no interactions were observed. In samples with 
negligible interactions the superparmagnetic blocking temperature increases with the particle 
size. The effective anisotropy consIan1 increases with decreasing panicle 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 
N h l  model [ 11 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 *e 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 distributions and particle separations that vary considerably. Magnetic liquids prepared 
by thermal decomposition of Fe(C0)5 in organic liquids are, however, excellent modelling 
systems for studies of the physical properties of ultrafine particles 13-91. 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 U = 1.0 nm in liquid A and D, = 3.8 nm 
and U = 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 oleic acid and the particle size is 
given by D, = 3.2 nm and U = 0.3 nm. 

2.2. Mossbauer spectroscopy 

The magnetic particles in the liquids were investigated by Mossbauer spectroscopy. 
Mossbauer spectra were obtained using a constant-acceleration spectrometer with a 50 mCi 
source of "CO in rhodium. Isomer shifts are given relative to that of a-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 12 T. The measurements were made on 
frozen samples in the temperature range IO K < T < 250 K, where the magnetization of 
a particle changes direction by Nee1 rotation. To obtain the initial susceptibility, xi, 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, MZFC,  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, MFC,  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 inmnsic volume effect in the particles due to their amorphous 
structure 1111, and gives further evidence that all particles have the same composition and 
structure. The spontaneous saturation magnetization, MO. was obtained by extrapolating 
the high-field data to zero field [6,1 I]. The values at 200 K for liquids A, B and C were 
MO = 7.1 kA m-', 9.2 kA m-' and 21.0 kA m-I, 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 MO = 0.7 kA m-I and 0.3 kA m-I, 
and liquid B about 20 times, which yielded MO = 0.4 kA m-I. Liquid C was diluted about 
three times and 30 times, yielding MO = 7 kA m-' and 0.7 kA m-l. The fact that the 
spontaneous 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 Mossbauer 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 f 1) T and an 
isomer shift of (0.35 =k 0.05) mm s-I are found. The quadrupole shifts are negligible. 
The lines are broadened, showing that the particles in the liquids consist of an amorphous 
Fel-,C, alloy with x x 0.25 [IZ]. The small component, about 5% of the spectrum, with 
a hyperfine field of (47 zk 1) T indicates the presence of a disordered iron oxide. Altogether 
the Mossbauer measurements show that the structure and composition of all the magnetic 
particles prepared by this method are very much alike [IO]. At 180 K the Mossbauer spectra 
are significantly affected by superparamagnetic relaxation. The superparamagnetic blocking 
temperature, T;, taken as the temperature at which 50% of the spectrum is affected by 
superparamagnetic relaxation, was determined as I30 K f 50 K for liquid A and 85 K & 
20 K for liquid B. For liquid C it is of the order of 80 K [6] .  

I I I I I 
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Figure 1. A Mossbauer spectrum of liquid A o b i n e d  at 15 K and in zero applied held. 

3.2. Zero$eld cooled andjield cooled magnetization 

In figure 2 MZFC and MFC. normalized to MO. are plotted versus temperature for four of the 
magnetic liquids. They all have a rounded maximum in MZFC at a temperature T, within 
the experimental temperature range. T,, 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 smdlest particles (see table 1). MFC 
increases with decreasing temperature in the whole temperature range. At high temperatures 
MZFC and MFC coincide, but, as the temperature approaches Tp from above, the curves 
begin to diverge at a temperature Td. The values of T,, and Td for the liquids are compiled 
in table 1. Td indicates the onset of blocking For the largest particles in each liquid. Above 
this temperature the samples reach thermal equilibrium within the time scale of the magnetic 
measurements, rm = 10 s, i.e. the magnetic particles are superparamagnetic. 
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Figure 2. Normalized zero-field cwled magnetization. unfilled circles. and field cooled 
magnetization, filled circles, versus temper". The plots are shown for Ihe magnetic liquids 
A Z O ,  B:20 and C. for which the influence of interactions is negligible, and liquid B which 
shows clear effects of interactions in the susceptibility (cf. table 1). D. is the median panicle 
diameter far each liquid. 

3.3. Curie-Weiss analysis 

In figure 3 the inverse susceptibility, x;', multiplied by MO, is plotted versus temperature 
in the range well above T, and still below the melting temperature, T,, for five of the 
liquids. There is a linear relation between x;' 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, xi = C / T ,  and indicates that the interactions are negligible in this liquid. For the 
concentrated liquids A and B, xi has a Curie-Weiss dependence, xi = C/(T  - 0). yielding 
intercepts 0 = 64 K and 22 K, respectively. The most diluted samples of these liquids 
yield B = 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 determined. 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 panicle diameter with standard 
deviation U. MO is the spontaneous saturation magnetizarion. 1; is the dipolar interaction 
temperature for 3 pair of pmicles separated by the mean distance, r,. 1; = 2pam2/4nr2k~ = 
!~emMo/Znks. T,, is the temperature at the maximum of MZFC and TE the temperature at which 
the particle with the median volume becomes blocked. Td indicates the onset of blocking. K is 
the effective anisotropy constant calculated as described in the text. mvSM is the particle moment 
determined from the magnetic measurements and mrEM the magnetic moment calculated hom 
transmission electron microscopy mwurements. using the intrinsic magnetization 1400 kA m-I 
[5]. 0 is the Curie-Weiss temperature. 
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& + U  MO 7, T,, 78 Td K m v m  mTEM e 
Liquid (nm) (kAm"') (KI (K) (K) (K) (105Jm-3)  (IO-'"A m2) (10-2"Am2) (K) 
A 5.0+1.0 7.1 7.3 66 - 130 - I 7 .6 f0 .6  9. I 64 
A10 5.0+1.0 0.7 0.7 54 23 120 1.3 - 9.1 
A20 S,O+ 1.0 0.3 0.3 53 23 120' 1.3 8.8+0.7~ 9.1 0 
B 3.810.4 9.2 ..6.3 30 - 75 - ~ 3.9f0.2 4.0 22 
B:20 3.810.4 0.4 0.3 26 17 70 2.2 4.2+ 0.2 4.0 0 
C 3 .210 .3  21.0 8.2 22 14 27 3.0 2.7 f 0.1 2.4 0 
C 3  3.210.3 7.0 2.6 21 13 26 2.8 2.6*0.1 2.4 0 
C:30 3.210.3 0.7 0.3 20 13 26 2.8 2.5+0.1 2.4 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 singleparticle behaviour in the non- 
interacting case, liquids with e = 0, and some effects of particle interactions, liquids with 

~e + 0. 
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Figure 3. The inverse susceptibility multiplied by the saturntion magnetization versus 
temperature for the magnetic 1iquids.A. B and C with median particle diameters 5.0 nm, 3.8 nm 
and 3.2 nm respectively. The filled makers 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 0 = 0 the MFC curves continue to increase as T is decreased, well 
below Tp. The rounded maximum of MZFC 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 MZFC 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 MFC curves, which become Batter with 
increasing particle size in the same temperature range. As the blocking temperature, T;, of 
a particle with volume V we take the temperature at which the experimental measuring time 
is equal to Nkel’s relaxation time: 7~ = rOexp(KV/kBT). K is the uniaxial anisotropy 
constant and kB Boltzmann’s constant. The main volume and temperature dependence of 
rN is contained in the exponential factor and ro may be treated as a constant. Particles 
with a distribution of sizes have a distribution of energy barriers, K V .  Then T,, may 
not coincide with the blocking temperature of the median particle volume, V, [13]. In 
order to compare different samples we calculated the ratio ,3 between T,, and TF using the 
actual size distributions [6]. T; was then obtained from T; = T,,/,3, and the anisotropy 
constant from K = (kBT; f V,) In (r,/ro). 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 Mossbauer 
spectroscopy, with an experimental time r$ = 2 x lo-’ s, we determined a value of 
TO = 2.8 x lo-’’ s [6] .  With this value of 70 the values K = 2 . 8 ~  lo5 J m-3, 2 . 2 ~  lo5 J m-3 
and 1.3 x lo5 J m-3 were determined for the particles with median diameters D. = 3.2 nm, 
3.8 nm and 5.0 nm, respectively. The values are compiled in table 1. As can be 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 volume 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 n-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 
[61 

Here V, is the mean particle volume, PO 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 f ~ ~ ( y )  is the log-normal distribution function, 
given by the relation [IS] 

f”(y)d(ln y) = (I/& In uR)exp(-(ln2y/21nZug))d(ln y ) .  (2) 

Here n8 is the geometrical standard deviation. The upper limit of integration, YB(T), is 
obtained from the volume VB(T) = (7r/6)yi(T)D: of the particle that becomes blocked 
at the actual temperature, according to the relation s, = roexp(VB(T)K/kBT). The 
relations are obtained from the assumption that only particles with TB below the measuring 
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temperature contribute to the temperature dependence of the magnetization. In low fields 
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 all three particle sizes. The fit for the 
smallest particles was shown in [6]. 

3.5. Interaction effects 

In the liquids with 0 # 0 the influence of interactions is clearly seen also in the M Z F c  and 
MFC curves. As the concentration is increased, q, increases and M.PC flattens out faster 
than for the non-interacting liquids below To (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, c,  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, one 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 d ~ "  = D,+U, where I is the 
thickness of the surfactant layer. With 1 x 1.4 nm for oleyl-sarcosine and 1.1 nm for oleic 
acid, we obtain the maximum pair interaction yielding ratios of about 3.S:Zl in A, B and 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 Tf obtained from zero-field cooled magnetization and 
Tf obtained from Mossbauer spectra. For a non-interacting particle system, governed 
by the NCel relaxation, the ratio between the two blocking temperatures is given by the 
expression 

y = T,M/ ~f = In (rm/ro)/ In ( rM/ro ) .  (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 

and rm = 10 s,  this yields y = 6. In particle systems with weak interactions it is observed 
that the difference between T," and Tf 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 TF and T.,. For the 
'liquids A and B the values of T!/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 inour interpretation that we can separate singleparticle effects and interactions 
in our particle system. 

are negligible, we used Tf = T,/@ to obtain TO =2.8 x lo-]' s. With sM = 2 x IO- 9 s 
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4. Conclusions 

The rounded maximum in M Z F C ,  observed earlier in magnetic liquids containing iron oxide 
particles, was interpreted as being due to dipolar interactions [21] or supcrparamagnetic 
blocking [22-251. 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 conclusions drawn from the present study of magnetic liquids with amorphous 
iron-carbon particles are as follows. 

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

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

(iii) 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 Nee1 model was determined: 
K = 2.8 x lo5 J m-3, 2.2 x lo5 J m-3 and 1.3 x 10' J 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-domain, non-interacting particles with uniaxial anisotropy. Thus we conclude that 
NBel's model for superparamagnetic relaxation is adequate for this system. 
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