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In nanometric iron particles, magnetic correlations are determined by small angle neutron

scattering and compared to their values calculated in a simple superparamagnetic model.
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When the size of the particles is small enough, the

particle magnetisation can overcome the potential

barriers between easy magnetic axis, owing to the

thermal energy. This is called "superparamagnetism" A

detailed study of the spin dynamics of nanometric

particles was recently performed by inelastic neutron

scattering1. Here we focus on small angle neutron

scattering (SANS), where the intensity is integrated

over all energy states, yielding the instantaneous

correlations. With applying a magnetic field H, we can

separate the correlations between spin components

parallel (longitudinal) or perpendicular (transverse) to

the field.

Small particles of 48wt%Fe dispersed in an alumina

matrix were prepared by rf cosputtering. X-rays data

can be satisfactorily analysed with a unique particle

radius (R=12.5Â). The intensity IN(q) shows a large

peak, characteristic of a liquid-like arrangment of the

particles. Neutron scattering in zero field1"3 probes in

addition a magnetic signal IM, which strongly varies with

temperature T, showing two distinct T ranges. Above

100K, IM(q) is well fitted by a squared lorentzian. Here,

we assume that the total moments H(T) of neighbouring

particles fluctuate independently, so that IM=F(q)n.2(T).

The magnetic form factor of the particle F(q) is

approximated to the lorentzian K2/(K2+q2), and not to

the spherical form factor deduced from X-rays. The

magnetic radius of the particle is not well defined, due

to uncorrelated spins at the surface3. The correlation

length Ç=1/K increases with decreasing T, but remains

rather close to the chemical radius R. Below 100K,

IM(q) deviates from a squared Lorentzian, due to the

onset of short range magnetic correlations between the

particles.

At 100K the field effects are strong, but still act on

"independent" magnetic particles. We measured them on

the spectrometer PAXY, with a wavelength of 5Â, in
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the range 0.008<q<0.3Â-' With increasing H (Fig 1),

the intensity I(q)=IN+IM averaged over all (q,H) angles

decreases at low q values, so that the liquid-like peak

becomes more apparent, but it hardly changes beyond

the peak position. This comes from opposite field

variations of the coherent and uncoherent terms of the

magnetic correlations as shown below. We can separate

these terms by expressing I(q) as:

I(q) = IN(q) + sin̂ cc [Lj(q)+Lc(q)] + [(l+cos2a)/2] T(q)

[1]

where L and T are the Fourier transforms of the

correlations between spin components longitudinal or

transverse to the magnetic field. We distinguish between

the coherent term L., where the induced moments of all

particles "add" yielding the macroscopic magnetisation

M, and the incoherent term L1. Lc increases with H, but

L1 and T decrease. In Fig 2, we separate T and L

components' by measuring I(q) for two values of the

angle a=(q,H). For q//FL I(q) which involves only the T

components, decreases at all q values with increasing H.

For q-LH, I(q) also decreases in the medium q range,

but it increases near the liquid-like peak, since Lc

increases with H and is superimposed to the nuclear

intensity.

We first calculate the magnetic components at thermal

equilibrium for independent monodispersed particles of

moment |J.. We assume that the particles relax between

uniaxial anisotropy axis of random directions. The

particle energy writes as E = \iKz sin28 - \iR cosm,

where H1IS the local anisotropy field, 0 the angle (H1H1)

and to the angle (|i.,H). The magnetic components,

normalised to the product F2(q)|l2(T) are obtained by a

thermal average. Namely T = <sin2co>, Lc= <cosco>:,

and Lj = <cos2co> - <cosco>2 = 1-T- Lc. For Fl1=O, Lc

and T are related to the Langevin function /(x), (where

x = liH/kT), by Lc = Z2(x) and T = 22(x)/x. In Fig 3, the

magnetic components are computerized at 100K for

particles with R=12.5Â, M= 1300 emu/cm3, H1 =500G.
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L1 and T strongly decrease in low applied field. L0

increases almost like the squared Langevin law

The data with q//H and q±H were fitted according to

equation [I]. The q-dependence of IN was deduced from

X-rays. F(q) was approximated by a lorentzian with

correlation lengths Çc and ç( for the coherent and

incoherent terms. We imposed the constraint T+Lc+L| =1

for the normalised amplitudes of the magnetic

components. Their fitted values (Fig 4) are very close to

the calculated ones. Discrepancies with the calculation

appear in the correlation lengths, which are field

dependent and differ from the zero field value ^0 =6.6Â.

Çc is higher than ^0 and E1 is smaller. We explain this

by a size distribution of the particles, since the big

particles are more easily aligned by the field than the

small ones. Therefore their weight in Lc is higher than in

L1 and T. With increasing H, all particles tend to align so

that the weight of the big ones decreases, and the E1

values decrease (Çc-> C0; ̂ ->0).

In summary, the field evolution of the magnetic

components is well explained in a superparamagnetic

approach. The introduction of a lorentzian shape for the

magnetic form factor is necessary to obtain a good fit of

the data. This reveals two extra features: a spin disorder

at the surface of the particles which persists in applied

field, and a distribution in the particle sizes not probed

by X-rays. As expected in the studied sample, the field

alignement becomes easier with decreasing temperature.

This is no longer true for samples with bigger and

closer-packed particles, where strong dipolar

interactions develop at low temperatures and oppose to

the external field.
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Figure captions

Fig 1 : SANS intensity at IOOK , averaged over all (q,H) angles.

Fig 2: SANS intensity at 100K, for q//H (a=0) and q l H (ct=90°).

Fig 3: Calculated values of the normalised magnetic components T, Lc

and L1 and of the macroscopic magnetisation M (LC=M2) versus H.

Fig 4: Fitted magnetic components and correlation lengths versus H.
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