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Nuclear vs magnetic interaction
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• Self-healing in ferritic steels
• Dynamic formation of precipitates
• Model system: Fe-1wt%Cu
• Comparison with and without pre-strain of 8% and 24%

Application: Fe-Cu

with 0% and 24% prestrain before and after aging at 550 °C
for 12 h. The scattering intensities of the specimens with 8%
prestrain are very similar to those for 24% prestrain. Before
aging, the Fe-Cu alloy is fully solutionised and the SANS
signal in Fig. 3 roughly follows a power-law behavior with a
constant background for both the nuclear and the magnetic
contributions !with a minor additional contribution of un-

known origin centered around 0.1 nm−1". The additional
scattering observed after aging is a result of the Cu precipi-
tation. The data indicate that especially the magnetic scatter-
ing is strongly enhanced by aging. Without deformation, the
additional contribution of the nuclear and magnetic scatter-
ing caused by aging has roughly the same Q dependence in
the range 0.2!Q!2 nm−1, reflecting the formation of

(a) (b)

FIG. 2. !Color online" Small-angle neutron-scattering patterns of the Fe-Cu alloy with 24% prestrain !a" before and !b" after 12 h of aging
at 550 °C. A magnetic field of 1.1 T was applied horizontally !along Qx".

(a) (b)

(c) (d)

FIG. 3. !Color online" Nuclear and magnetic SANS components as a function of the wave-vector transfer Q for the Fe-Cu alloy with 0%
and 24% prestrain measured at room temperature before and after aging at 550 °C for 12 h.
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• Increased contrast between Fe matrix and 
Cu precipitates

• Precipitation kinetics can be tracked as 
function of time

Application: Fe-Cu

with 0% and 24% prestrain before and after aging at 550 °C
for 12 h. The scattering intensities of the specimens with 8%
prestrain are very similar to those for 24% prestrain. Before
aging, the Fe-Cu alloy is fully solutionised and the SANS
signal in Fig. 3 roughly follows a power-law behavior with a
constant background for both the nuclear and the magnetic
contributions !with a minor additional contribution of un-

known origin centered around 0.1 nm−1". The additional
scattering observed after aging is a result of the Cu precipi-
tation. The data indicate that especially the magnetic scatter-
ing is strongly enhanced by aging. Without deformation, the
additional contribution of the nuclear and magnetic scatter-
ing caused by aging has roughly the same Q dependence in
the range 0.2!Q!2 nm−1, reflecting the formation of
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FIG. 2. !Color online" Small-angle neutron-scattering patterns of the Fe-Cu alloy with 24% prestrain !a" before and !b" after 12 h of aging
at 550 °C. A magnetic field of 1.1 T was applied horizontally !along Qx".
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FIG. 3. !Color online" Nuclear and magnetic SANS components as a function of the wave-vector transfer Q for the Fe-Cu alloy with 0%
and 24% prestrain measured at room temperature before and after aging at 550 °C for 12 h.
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boundaries. The increase in the size of the Q−4 power-law
amplitude suggests Cu precipitation at dislocations !or inter-
faces".

Recently, the small-angle scattering from dislocations was
analyzed in detail by Long and co-workers.33,34 It was found
that the strain fields associated with the dislocations give rise
to a nuclear small-angle scattering signal in the form of a Q−2

power law for dislocation cores, Q−3 for dislocation dipoles
and Q−4!1−!2Q−2" for dislocation walls. In the low-Q range
the scattering from dislocation walls will be dominant. For
finite thickness walls with sharp boundaries !!=0" the Q
behavior becomes Q−4. This prediction is in agreement with
our experimental data. For magnetic scattering it is
predicted35 that the nuclear scattering term is multiplied by
!Q2+Qm

2 "−2, where 1 /Qm is a characteristic magnetic scale
for magnetostatic field variations. For Q"Qm the magnetic
and nuclear scattering show the same Q−4 power law, as we
found experimentally.

In Figs. 6!c" and 6!d", the time evolution of the coefficient
A of the Q−4 power law during aging is shown for the Fe-Cu
and Fe-Cu-B-N alloys with 0%, 8%, and 24% prestrain. For
the Fe-Cu alloy #Fig. 6!c"$, no significant increase in A is
observed in the undeformed sample during aging while the
predeformed samples show a strong increase with aging
time. This strongly suggests that a significant fraction of the

nuclear scattering at low-Q values originates from a network
of Cu atoms or clusters decorating the existing dislocations
!or interfaces". The aging curves of A for the two deformed
samples are close to each other but the most severely de-
formed sample with 24% prestrain exhibits the highest A
value at all times. This means that the contribution from the
network of Cu along dislocations !or interfaces" increases
with the applied level of prestrain due to higher density of
dislocations before aging. For the Fe-Cu-B-N alloy #Fig.
6!d"$, only a very weak aging response is observed for A,
with a slight increase for higher prestrains. The suppression
of the aging response of A in the deformed Fe-Cu-B-N
samples probably originates from a full decoration of the
dislocations and interfaces by mobile N and/or B atoms be-
fore the less mobile Cu atoms have had the chance to pre-
cipitate at these sites.

It is important to note that the annealing response of the
Q−4 power-law contribution in the nuclear scattering at low
Q is considered to be related to the contrast in scattering
length density of the Cu segregated at the dislocation walls
and not due to a modification of the strain fields itself. This
interpretation is confirmed by a comparison of the
as-quenched samples with and without prestrain before
aging. For these samples, which contain dislocations but no
Cu precipitates, no significant enhancement in the low
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FIG. 6. !Color online" Time evolution of the volume fraction fV for !a" the Fe-Cu alloy and !b" the Fe-Cu-B-N alloy with 0%, 8%, and
24% prestrain, derived from the magnetic SANS component shown during aging at 550 °C. For comparison, the time evolution of the
coefficient A of the Q−4 power law is shown for !c" the Fe-Cu alloy and !d" the Fe-Cu-B-N alloy with 0%, 8%, and 24% prestrain, derived
from nuclear SANS component around Q=0.1 nm−1 during aging at 550 °C. The inset in Fig. 6!a" shows the early aging stage up to 1.2 h.
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• Precipitate size distribution as a function of aging time

Application: Fe-Cu

are coherent with the matrix !with the same bcc crystal struc-
ture" and the difference of mass density between Cu and Fe
is low, the contrast of these smallest particles is poor.

Comparing Figs. 9!a" and 9!b" to Fig. 9!c", it can be seen
that there are more distinguishable precipitates in the 8%
prestrained sample than in the undeformed sample. More-
over, the distinguishable Cu particles are predominantly con-

nected to heterogeneously distributed residual dislocations.
In between the precipitates, dislocation-free regions are ob-
served, where larger particles do not exist.

In Fig. 9!d", a TEM bright-field image for the 8% de-
formed Fe-Cu-B-N sample with 12 h aging at 550 °C is
shown. Again, spherical Cu precipitates and dislocations are
observed. However, compared to the Fe-Cu sample, fewer

(a) (b)

(c) (d)

(e) (f)

FIG. 7. !Color online" Volume distribution DV of spherical Cu precipitates in !a"–!c" the Fe-Cu alloy and !d"–!f" the Fe-Cu-B-N alloy
with 0%, 8%, and 24% prestrain during aging at 550 °C. DV is derived from a fit of the time-resolved magnetic SANS data !see text".
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Spin-polarized SANS



Schematic drawing of the spin flipper setup with (1) the gradient field, (2) the radio-
frequency solenoid, (3) the magnetic shielding box and (4) the magnetic guiding field.

Spin flipper



https://www1.hitachigst.com/hdd/hddpdf/tech/hdd_technology2003.pdf

superparamagnetic effect



https://www1.hitachigst.com/hdd/hddpdf/tech/hdd_technology2003.pdf
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perpendicular recording allows higher head field and taller grains è smaller grain area.

Perpendicular

soft magnetic underlayerhard recording layer

lower pole

upper pole
return pole

main pole

Longitudinal

field from narrow gap

read-
element

read-
elementwrite

coil

recording media



protective overcoat to inhibit oxidation

10 nm thick recording layer: CoCrPt-SiOx

Ru based seed layer (~20 nm)

CoFe-based soft magnetic underlayer 
(~50 nm)

0.8 mm thick silicon substrate

compositionally inhomogeneous PRM

SiOxCoCrPt

~9 nm



=

I+(Q)I-(Q)

I-(Q)- I+(Q)

benefits of using spin-polarised SANS



• F(q,σ )   form-factor (cylindrical, diameter σ)
• S(q,σ1,σ2)   partial structure factor for poly-

disperse P-Y model
• f(σ)   size distribution (Gamma-Schulz)
• differential intensity can then be written:

∫FN(σ) FM(σ) f(σ) dσ + ∫∫FN(σ1) FM(σ2) f(σ1) f(σ2) S12(q,σ1,σ2) dσ1 dσ2

• for grains of given size, the size and
strength of the magnetised region
can then be varied freely

modeling of scattering data: analytic model 



Modeling scattering data: real space images 

I-(Q)- I+(Q)



transmission electron microscope (TEM) 
image of surface of recording layer

processed image to give 
two-level contrast

§ TEM image clearly shows the heterogeneous granular structure
§ nuclear scattering contrast is expected to be similar 
§ metallic grains are magnetised, while inter-granular medium is non-

magnetic. However the full volume of the grain may not be uniformly 
magnetised

modeling scattering data: real space images 



Magnetic scale 100 % Magnetic scale 60 % Magnetic scale 80 %

comparison of the structure factor obtained from the center 
of the grains in the TEM image and from the analytical model

modeling scattering data: real space images 



Applied field

1. first saturate with out-of-plane field

Recording layer
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Applied field

1. first saturate with out-of-plane field

2. then apply reverse field

Recording layer

‘Switching’ experiment
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changes sign as grains reverse magnetisationI-(Q)- I+(Q)

length scale over which reversal has occurredq-dependency

Information on which sized grains reverse at each reversal field
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‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



‘Switching’ experiment



Ferrofluids

https://youtu.be/n8Zvyr2Bc5Y



Magnetic colloids

~10 nm

~2 nm stabilizing surfactants

ferromagnetic core 
(e.g. Co, Fe3O4)

zero field field induced ordering

H

t ~ 2-5 sec



time-resolved SANS and SANSPOL

decay of nuclear and magnetic

correlations measured in time 

slices of  0.1 s

duty cycle 15-30 s

intensity

time  / s5 10 15

B

Physica B 385–386 (2006) 453–456

SANS

SANSPOL: I+-I-



time-resolved SANSPOL
switch-off of B:

• slow decay of field-induced ordering  (few seconds).

• fully reversible relaxation onto equilibrium

• single exponential decay: 
time constants depending on Q and Bmax
t(intra-chain) > t (in-plane) > t (inter-plane)

switch-on of B:

reordering follows B-sweep rate: process too fast!

intensity

time  / s5 10 15

B

Physica B 385–386 (2006) 453–456
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sector: y = 90°

Slow exponential decay  

when B is switched off  

I(t)=I0 exp(–t/t)



Extensions: Sample environments

tempertures :

70K - 300K

magnetic field:

ac, dc, ac+dc : 

± 40 mT

frequency: 

sine-wave, square

u : mHz… 5 kHz

small electromagnet with closed cycle refrigerator

trigger for data 
acquisition of 2D 
detector

A . Wiedemann et al Physical Review B 77 (2008) 184417



ns = 100 Hz    B0=   20 mT

frequency of response twice of B-field

the magnetic scattering intensity is 
proportional to the square of the 

magnetization vector.
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ns = 300 Hz    B0=   20 mT
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ns = 600 Hz    B0=   20 mT

damping of oscillations

with increasing frequency !"! !"# !"$ !"% !"& '"!
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