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Abstract 

A technique based on specular reflection of polarised neutrons, complemented by polarisation analysis and small-angle 
(diffuse) scattering under reflection has been suggested for determination of parameters of domain structure of thin 
( ~ 10-103 nm) films. The generalised matrix formalism developed to cope with the problem of reflection of neutrons from 
layered magnetic media with magnetisation arbitrary in magnitude and direction allowed to describe the specular 
reflection from unmagnetised films. It has been shown that under total reflection the local (averaged over the region 
coherently illuminated by a neutron) magnetic induction, the mean (averaged over the sample) magnetic induction and 
the mean square direction cosines of the magnetic induction enter into the reflection and depolarisation matrices. It has 
also been shown that the first two Fourier transform coefficients of the angular distribution function of the domain 
magnetisation, connected with the mean magnetisation and magnetic texture, can be experimentally found. The study of 
magnetisation processes in Fe36Co64 (170 + 3 nm) and Co (110 _ 3 nm) films demonstrates the possibilities of the new 
technique. The optical effect of averaging over the region coherently illuminated by a neutron, effectively leading to 
a decrease in the 'local' measured magnetic induction of the Co film, has been observed for the first time. 

PACS." 61.12.Ha; 75.60. - d 
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1. Introduction 

Several techniques used to study the domain 
structure of ferromagnetic materials are known at 
present. First of all, the well-developed powder 
pattern technique is to be mentioned. The magneto- 
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optical techniques based on rotation of the polarisa- 
tion plane of light, both under transmission (the 
Faraday effect) and under reflection (the Kerr 
effect), are also widely used. Polarised neutron tech- 
niques have also been found useful in this research 
field. The parameters of the domain structure are 
determined in neutron transmission experiments by 
measuring the polarisation of the beam traversing 
the sample (depolarisation analysis) and in small- 
angle neutron scattering (SANS). 
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The theory of depolarisation of neutrons travers- 
ing a bulk sample has been founded by Halpern 
and Holstein [1] and developed in papers [~8] .  
Measuring the change in the neutron beam 
polarisation, one can determine the mean square 
direction cosines of the magnetic induction, the size 
of magnetic inhomogeneities (mean domain size, 
correlation length), and the mean magnetisation. In 
order to obtain measurable depolarisation effects 
and find these parameters for thin films, their total 
thickness is increased, e.g. by piling the thin films 
up into a stack [9]. 

Small-angle neutron-scattering technique has 
been for quite a long time used to study magnetic 
inhomogeneities in bulk samples. Multiple refrac- 
tion of neutrons at the domain walls which gives 
rise to small-angle neutron scattering is informative 
about the mean domain size. More detailed in- 
formation about the domain wall structure may be 
obtained by measuring refraction of neutrons at 
single-domain boundaries using SANS instruments 
[10] or double-crystal spectrometers [11-13]. It is 
to be noted that small-angle scattering under reflec- 
tion of neutrons from domain structure of fer- 
romagnetic films has been observed earlier [14], 
and the characteristic parameters of the magnetic 
inhomogeneities have been thus evaluated. 

Polarised neutron reflectometry (PNR) [15] is a 
powerful technique which can be used to study quite 
complicated magnetic structures [16-21]. It enables 
one to get information about the state of inter- 
facial regions including roughness and interdiffusion 
[22], to determine the thicknesses of a thin-film 
structure and oxidation of the topmost layers, etc. 

In the present work the possibilities of PNR are 
suggested for the study of domain structure of thin 
films. The proposed technique is based on specular 
reflection of polarised neutrons, complemented by 
polarisation analysis and small-angle (diffuse) scat- 
tering under reflection from demagnetised mag- 
netic films. It has been shown that the local 
(averaged over the region coherently illuminated by 
the neutron) magnetic induction, the mean (aver- 
aged over the sample) magnetic induction and the 
mean square direction cosines of the magnetic in- 
duction can be additionally found for thin 
(~10-103 nm) films. Investigation of such thin 
films is of considerable interest, since they become 

widely used in magnetic memory devices. The pos- 
sibilities of the technique have been demonstrated 
by the study of magnetisation processes in 
Fe36Co64 (170 + 3 nm) and Co (110 __+ 3 nm) films 
prepared by magnetron sputtering and electron 
beam evaporation techniques, respectively. 

2. Theory 

When a film is in a demagnetised state, the re- 
gions of spontaneous magnetisation (domains) are, 
as a rule, not collinear to the polarisation vector of 
the incident neutrons. A series of interesting phe- 
nomena can be observed when neutrons are reflec- 
ted from such a demagnetised film, including 
rotation of the polarisation vector under reflection, 
small-angle (diffuse) scattering at domains, and de- 
polarisation of the reflected beam. The formalism 
developed in [21, 23, 24], where reflection of neu- 
trons from layered magnetic media with magnetisa- 
tion arbitrary in magnitude and direction is treated, 
allowed to describe the specular reflection from 
unmagnetised films. 

Consider first reflection of neutrons from a single 
domain. The potentials of a magnetic film on glass 
for two spin components, up and down the mag- 
netic field in the film (B), V -+ = VN _+ VM (VN and 
VM are its nuclear and magnetic potentials) are 
represented in Fig. 1. The y-axis is normal to the 

(a) v] vg 
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Fig. 1. (a) The potentials of a magnetic film. (b) The experimental 
scheme. The directions of the quantisation axis (Z), the guide 
field (//), and the magnetic induction in the film (B) are shown; 
the coordinate system (x, y, z) is connected with the sample. 
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sample surface, and the z-axis is parallel to the 
guide field H. The quantisation axis Z is chosen to 
be parallel to H and collinear with the incident 
beam polarisation Po, X is the angle between H and 
B (both are assumed to be 'in-plane'). It can be 
shown [21] that, in the approximation of weak 
guide fields, the reflection matrix r' is diagonal in 
the coordinate system with a quantisation axis 
Z'HB, r'+ + and r'_ _ being reflection Fresnel ampli- 
tudes for neutrons with the spin 'up' (+)  and 
'down' ( - )  B. Using the unitary transformation 
from one system of coordinates to another, one can 
find the reflection matrix in the coordinate system 
with ZIIH [21]: 

r_ + = r+ _ = l(r! _ - r+ +) sin(z ), (la) 

r+ + = r'+ + cose(x/2) + r'_ _ sinZ(z/2). (lb) 

For  the sake of simplicity, consider only the case 
of total reflection: E± < Vg, when r'++ = 
exp(iq~+) and r'_ _ = exp(i~0_). As a result of reflec- 
tion, the polarisation vector will be rotated about 
B: 

P = D(n, ¢p)Po, (2) 

where D(n,~o) is the matrix of rotation about 
n = BIB  by an angle q~. The angle of rotation of the 
polarisation vector, ~o = ~o+-  ~o_, is determined 
by the phase shifts of the opposite spin compo- 
nents, up and down the field B [25] 

qg+ = 2 arccos{[E±/V+] 1/2} (El < V+), (3a) 

~o_ = 2 arccos{[E±/Vg] U2} + 2k .d  

(V- < E± < Vg). (3b) 

The term 2k±d is due to the fact that, unlike the (+)  
spin component, the ( - )  spin component is reflec- 
ted at the boundary 'film/substrate' (Fig. la). Since 
R + = R _ +  + R + +  = 1 ,  the Z-projection of the 
polarisation vector takes the following form: 

2 (1 COS((p)). P= = D~(n, ~o) = 2R+ + -- I = 1 - -  n ~  - -  

(4) 

It follows from Eq. (4) that in the given case the 
flipping is complete (Pz = - 1) when 

B L H ( x  = rt/2) and q~ = ~z (1 + 2N), (5) 

where N = 0, 1, 2, 3 ---. 

~ . .  ~.(2=-sin(~).A~[ 1 

Fig. 2. The domain structure of a magnetic film and the neutron 
coherent illumination length It. 

On the other hand, neutrons are reflected without 
spin-flipping (P~ = 1) when 

q~ = 2~N. (6) 

It is worth noting that similar processes take 
place under reflection of neutrons from layered 
periodic structures with AFM ordering [26]. One 
magnetic structure with a period 2L is then shifted 
with respect to the other by L. In the 'magnetic' 
diffraction order of reflection (k. = 7t/2L), when the 
angle q~ = 2 k . L  = rt, all neutrons are reflected with 
spin flipping, whereas in the 'structural' order 
(kl  = 7t/L), they are reflected without spin flipping. 

Using the statistical approach [1, 5], one can 
introduce the angular distribution function f(z)  of 
the domain magnetisation (Fig. 2) and calculate the 
neutron reflectivities averaged over the sample. 
Therefore, in the region of total reflection, one has 
to go from the rotation matrix to the depolarisation 
matrix D = (D(n, ~0)>. Accordingly, it follows from 
Eq. (4) that 

2 (1 cos(q~))>. (7) P z = D = =  (1 --nx - 

The following quantities can be then defined [5]: 

mz = <n~> = if(Z)cos(z)> = <Bz>/B, (8a) 

y~ = (n2> = (1 - (f(z) cos(2D>)/2. (8b) 

Here m= is the z-component of the reduced mean 
induction, and 7~ is the mean square direction 
cosines of the magnetic induction of domains. 
Note that the spin-up refleetivity and the Z- 
projection of the polarisation vector of the reflected 
beam in the region of the 'normal' energies 
E .  < V +, provided that the spin component anti- 
parallel to B is weakly reflected, i.e. Ir 2 _ I<< Ir'+ +[ ~ 1, 
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are accordingly 

R + = R_ + + R+ + --- (cos2(z/2)) = ½ (1 + mz), (Da) 

P~ ~ 1 - ½ (sinZ(x)) ( cos -  2(X/2)) 

= 1 - -  7x / (1  + mz). ( 9 b )  

When averaging over domains, one has to take 
account of the relation between the domain size 
6 and the coherent illumination length l ~  1/Akll, 
connected with the uncertainty relation for the neu- 
tron wave-number component parallel to the sur- 
face, Akll. It can be shown [-27] that 

l~ ~ 2  (2n sin(a) A~)-1, (10) 

where ~ is the glancing angle and A~ is the beam 
divergence. 

Neutrons can be considered to be reflected from 
single domains when 6 >> Ic. Then the relative phase 
shift ~0, which depends not on the orientation of the 
magnetic induction but on its magnitude, is the 
same at any point of the sample. For  reflection from 
a single domain, ( IBI>  - -  Bs, where B~ is the satura- 
tion induction. 

The depolarisation matrix can be represented 
as [6] 

D = [ + ( A )  sin(~o) + (.A~ 2 ) (1 -- COS(~0)), (11) 

where [ is the unit matrix and 

A =  nz 0 n ~ .  (12) 

0 nx 

Measuring the depolarisation matrix D, one can 
find 

mz = (Dy~ - D,y)/(2 sin(~0)), (13a) 

(n~) = (D~ r - Dr~)/(2 sin(q~)), (13b) 

cos(cp) = 1 - (Trace(D) - 3)/2, (13c) 

(n~) = 1 -- (Du - 1)/(1 - cos(q~)), (13d) 

where i = x, z, 

(nxnz )  = (nzn~)  = ½ (Dxz + Dz~)/(1 -- cos(~o)). (13e) 

As a result of total reflection, the polarisation 
vector is rotated about the vector ( n )  = ( B ) / B ,  

and depolarisation is defined by the deviations of 
the magnetic induction directions of domains, 
An(z,  y) = n(z, y) - ( n ) ,  from the mean direction. 
The spins of neutrons reflected at different parts of 
the mirror are rotated about different directions 
but on the same angle ~o. Therefore, if condition (6) 
is satisfied, the beam polarisation after reflection 
will be unchanged. 

When ~ ~< Ic, the local magnetic induction ([B[) 
will be less than the saturation induction Bs, as 
a consequence of coherent averaging over different 
domains. At different parts of the sample, the local 
magnetic induction IB(z, x)l will be different, and 
the neutron spin will be rotated on different angles 
~p(z, x ) =  (¢p(z, x ) ) +  Aq~(z, x). The latter leads to 
an additional mechanism of depolarisation of the 
reflected neutron beam. It is evident that even when 
(qg) = 2nN,  the reflected beam will be (partly) de- 
polarised. If N > 1 and the film is demagnetised, 
one may suggest that, when a domain boundary 
happens to be inside the coherent illumination re- 
gion, Aq~(z, x) may exceed 2n. Then the mean do- 
main size can be found from 

Dzz ~ (1 - ~xlc/6) when (q~) = 2nN.  (14) 

Formula (14) allows one to evaluate the mean size 
of large (3 > l¢) domains from depolarisation at 
points (~0) = 2 n N  in the region of total reflection. 
Using the spectral oscillating behaviour of Pz at 
a fixed glancing angle, one can determine the mag- 
nitude of the local magnetic induction (IBI). 

The condition 6 < l~ corresponds to that for 
observation of diffraction at domains (Fig. 3). 
Additional information about the surface micro- 
structure can be obtained from the intensity of 
diffuse scattering [28-31]. Formulas describing the 
intensity of diffuse scattering at island structures 
[29, 30] can be reformulated for the case of scatter- 
ing at domain structures. In the simple case when 
magnetisation in all domains is collinear to the 
guide field, the intensity of diffuse scattering can be 
written in the Born approximation as 

Sdiff(q) ~ [sin2(qid/2)/q~]K(qll) ,  (15) 

where q = k - k' is the momentum transfer, K(qll ) 
is the Fourier transform of the domain size correla- 
tion function related to the probability of crossing 
over from one domain to another, which can be 
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Fig. 3. A scheme of neu t ron  sca t te r ing  at  the d o m a i n  s t ruc ture  

of a magne t i c  film. q = k - k' is the m o m e n t u m  transfer. 

found from the transverse diffuse scans (q± = 
const). 

Using one-dimensional polarisation analysis 
(Fig. 1), one can find the quantities m= and ?,x con- 
nected (8) with the first two cosine coefficients of the 
Fourier transform of J(Z). It is to be noted that, 
rotating the sample about the surface normal in 
zero field, one can get more detailed information 
about the magnetic texture and the mean magnetic 
induction. Thus, rotating the sample by n/2, one 
obtains the first Fourier transform coefficient of 
~Z): m exp(iqSm), where 

m = ( m  2 + m2)  1/2 = I(B>I/B, 

Cbm = arctg(m~/m=) (16) 

and rotating by 7t/4, one obtains the second Fourier 
transform coefficient off(x): r exp(iq$0, where 

= [if(X)sin(2z)) 2 + (f(z)cos(2z))2] 1/2, (17a) 

q$~ = arctg[(f(z) sin(2z))/(f(z) cos(2z))]. (17b) 

The quantity m determines the mean magnetisation 
of the sample and varies from 0 (demagnetised 
state) to 1 (magnetic saturation), and the angle 
q$,, e [0, 2rt] determines the mean magnetic induc- 
tion direction in the film. The parameter z defines 
the degree of magnetic texture of the film, which 
can change from 0 (isotropic state) to 1 (anisotropic 
state), and q$~ e I-0, rt] determines the direction of the 
anisotropy axis. Applying the 3D polarisation anal- 
ysis, all these quantities can be found from Eqs. 
(11)-(13) without rotation of the sample, since m 

enters into the matrix ( A )  via mx and m=, and the 
texture parameter r enters into the matrix (~2) via 

Yx - (n~ z) = (1 - Q~(Z) cos(2z)))/2, (18a) 

(nxn=) = 0c(z) sin(z) cos(x)) = ½ (f(z) sin(Zz))- 

(lab) 

3. The experimental set-up 

The present work has been carried out in 
Gatchina (Russia) at the reflectometer 1-27] supple- 
mented with an analyser (Fig. 4). A polarised beam 
with neutrons of wavelengths 2 = 0 . 1 ~ ) . 4 n m  
(Fig. 5), cross-section 0.15 x 30 mm z and diver- 
gence 0.2 mrad is formed by a polarising neutron 
guide on the basis of the FeCo coating and by two 
slits, 1 and 2 (Fig. 4). The polarisation is analysed 
with a FeCo/TiZr supermirror. The flipper reverses 
the neutron spins adiabatically with respect to the 
vertical guide field formed by stray fields of the 
polariser and the sample electromagnet. It has been 
found out that the neutron spins adiabatically fol- 
low the guide field from the polariser to the ana- 
lyser only when the magnetic field in the sample 
region exceeds 25 Oe (the maximum field available 
is 500 Oe). In all the experiments the applied field 
was parallel to the sample surface. The time-of- 
flight measurements of non-spin-flip (R++) and 
spin-flip (R_ +) reflectivities were carried out with 
the flipper turned off and on, accordingly. Since 
R+ _ = R_ +, the spin-up reflectivity R + = R+ + + 
R+_ and the Z-component of the corresponding 
polarisation vector Pz = (R++ - R + _ ) . ( R + +  + 
R+_)- I  can be calculated. Removing the 

Magnet 

• H Detector 
Polariser slit1 " ' E ~ ~  

j - 

~ - ' .  , ...2 .............. slit3 
~l  Fli-pp;r slit2 Analyser 

W 1 x 
Chopper Z * ~- 

Fig. 4. A scheme of the neu t ron  ref lectometer  Z INA.  
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Fig. 5. The spectrum of the incident polarised neutron beam 
(/beam) and the spectral dependence of the product of the efficien- 
cies of the polariser, flipper and analyser (PpfP~). 

analyser, we measured also the quantity Pint = 
(I+ - I _ ) ' ( I +  + I_) -1 where I+ and I_ are the 
integral intensities, accordingly, for the spin-up and 
spin-down neutron beams reflected from the 
sample. Measurements of small-angle (diffuse) scat- 
tering under reflection were carried out by scanning 
with the detector, the thin slit 3 (Fig. 4) having been 
attached. The coherent illumination region length 
(10) is changed in experiments with, e.g. the Co film 
(~ = 2.5 mrad) as a function of the wavelength from 
30 gm at 2 = 0.1 nm to 120 pm at 2 = 0.4 nm. 

The generalised matrix formalism developed to 
cope with the problem of reflection of neutrons 
from layered magnetic media with magnetisation 
arbitrary in magnitude and direction was used to fit 
the experimental data. The beam divergence and 
the spectral dependence of the product of the ef- 
ficiences of the polariser, flipper and analyser, 
PpfPa (Fig. 5), as well as the reflectivity of the 
analyser were taken into account. The model in 
Fig. 1, supplemented by an oxide layer, was used in 
data fitting. 

4. Fe36Co64 film 

For  a Fe36C064 film, prepared by magnetron 
sputtering, the quantity Pint was  first measured 
(Fig. 6) as a function of the field applied both along 
the easy (1) and hard (2) axes. Further, the inten- 
sities at different detector positions /~ (see Fig. 3) 

0 , 6  - 

o,5- 
0,45 
o,3- 
0,2- 
o,1- 
o,o- 

-0,1 - 
-0,2- 
-0,3- 
-0,4 - 
-o,5 
-0,6 

o 

Pint 

- - - - = t - , J -  ' ' 
1 ÷ 

, , ~ + ~ 2  Fe360064 film 

+ ~ ' /  1-easy axis 

l 2-hard axis 

t 5" 

. . . .  i . . . .  t . . . .  t . . . .  t . . . .  t 100 200 300 400 500 
Field, Oe 

Fig. 6. The quantity P i n t  measured for a F e 3 6 C 0 6 4  film as 
a function of the field applied along the easy (1) and hard (2) 
a x e s ,  

and the spectral behaviour of P= and R + (Figs. 8 
and 9) were measured for a fixed glancing angle 
c~ = 3.7 mrad. The coherent illumination region 
length is changed as a function of the wavelength 
from 20 to 80 pm. 

From the fact that the diffuse wings and the 
width of the the specular peak are practically inde- 
pendent of the applied field (Fig. 7), one may con- 
clude that neutrons are scattered at domains with 
dimensions by far exceeding 100 gm. The results of 
fitting of other parameters of the domain structure 
of the film in the field applied along the hard axis 
are tabulated in Fig. 8. When the field grows from 
59 to 472 Oe, the film is being magnetised (m= 
changes from 0.08 to 1.00), as can be directly seen in 
that region of the 'normal' energies E i  < V + where 
the spin component antiparallel to B is still weakly 
reflected (see Fig. 9). A monotonous decrease of 
7x from 0.86 to 0.00 testifies to the fact that there is 
a rotation of magnetisation. One may conclude 
from analysis of the parameters mz and 7x that the 
rotation is accompanied by movements of domain 
boundaries. It is to be noted that, when the film is 
almost completely (m= = 0.08) demagnetised, the 
magnetisation of domains is oriented mainly 
(Tx = 0.86) along the anisotropy axis (7~ = 0.5 when 
f 0 0  is isotropic), and under total reflection the 
quantity P= = 1 -  7 x ( 1 - c o s t a )  is negative at 
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Fig. 7. The intensity I + of neutrons scattered from the demag- 
netised (curve 1) and magnetised (curve 2) Fe36Co64 film as 
a function of the scattering angle/Y. The field is applied along 
either the easy (a) or the hard (b) axis. 

• + + •  o •  

~0 = ~ (1 + 2N), in full agreement with the experi- 
ment (Fig. 8). The local magnetic induction is not 
changed during magnetisation (the positions of ex- 
trema of P= are not changed) and is fitted to 
19.1 kG. At H = 472 Oe the film is completely 
magnetised (m= = 1.0 and 7x = 0.00). When the field 
is reduced to 59 Oe, the film is partly demagnetised 
(m= drops from 1 to 0.26). It may be concluded that 
the reversal of domain magnetisation (7~ gradually 
increases from 0 to 0.86) is accompanied by move- 
ments of domain boundaries. 

The reversal of magnetisation of the film with the 
easy axis parallel to the applied field is rapid 
( m = = - 0 . 4  at H = 2 9 . 5 O e  and m~= 1.0 at 

H = 44.30e).  The domains remain to be collinear 
to the anisotropy axis (Tx ~< 0.03). It means that the 
magnetisation process is mainly due to movements 
of the domain walls. As before, the local magnetic 
induction is not changed during magnetisation 
(19.1 kG). The film remains to be magnetically 
saturated when the applied field is decreased to 
25 Oe. The magnetic texture of the film (17) as 
evaluated from 7x is ~ >~ 0.94. 

Such anisotropic film can be used to produce 
a spin turner (reflection mode) for monochromatic 
and collimated neutron beams [21]. Note that 
a similar device has been realised in the transmis- 
sion mode [32]. 

The thicknesses of the film and the oxide layer 
were found from data fit to be equal to 169 _+ 3 nm 
and 2 4- 1 nm, respectively. 

5. Co film 

Similar measurements were carried out with 
a Co film prepared by electron beam evaporation 
technique. The closeness of the hysteresis-like 
curves of Pint (Fig. 10) measured as a function of the 
applied field for two mutually perpendicular direc- 
tions (1 and 2) shows that the magnetic film is 
almost is•tropic. So, the other measurements were 
carried out only for sample orientation 1. The 
intensity of diffuse scattering laiff summarised over 
the range of/~ from 3 to 12 mrad is also represented 
in Fig. 10. The profile of the reflected beam I+ is 
given in Fig. 11 for two magnitudes of the field, 
when the film is demagnetised and magnetically 
saturated. An increase in the intensity of diffuse 
scattering near the demagnetised state can be ex- 
plained by the appearance of small domains with 
dimensions less than the neutron coherence illu- 
mination length (6 < Ic). The Fourier transform 
K(qll) was approximated by the function 
exp ( -q l  I 6) [14]. The mean size 6 of domains was 
evaluated to be about 3 lam (the curve in Fig. 11 is 
the fit). This evaluation is in agreement with the 
data obtained (SANS) for bulk samples [33]. The 
Yoneda wing in the diffuse scattering intensity 
(Fig. 11) is observed on the left side of the specular 
reflectivity peak (at smaller angles). Its position is 
connected with the Fresnel transmission coefficient 
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Fig. 8. The Z-component P= of the polarisation vector of the reflected beam and the corresponding spin-up reflectivity R + for the 
Fe36C064 film in different magnetic fields are given as functions of q± (points). The field applied along the hard axis is first increased (a) 
and then decreased (b). The solid curves correspond to calculations. The parameters of the domain structure (Tx, mz and (IBI)) for the 
corresponding magnetic fields are tabulated. 

[T(fl)[ [-29], which is maximum when fl is equal to 
the critical angle of total reflection 0c. The angular 
dependence of diffuse scattering from magnetic ma- 
terials is more complicated, since [T(fl)[ is different 
for the opposite (up (+)  and down (--)B) spin 
components and the diffuse scattering has two 
Yoneda maxima at the angles fl = 0~. It will lead to 
polarisation effects in diffuse scattering. 

The quantities Pint measured as a function of the 
scattering angle fl in different fields (m= = - 0.80, 
- 0 . 2 4  and 0.98) are shown in Fig. 12. It is 

seen that the curves are antisymmetrical about the 
angular position of the specularly reflected beam, 
the degree of asymmetry being dependent on the 
mean magnetisation. The asymmetry is more 
conspicuous near the demagnetised state. When 
the magnetisation is reversed, the asymmetry 
changes its sign. The explanation of such a behav- 
iour of Pi,t is made difficult by the circum- 
stance that the measurements were carried out with 
a white neutron beam (no application of time- 
of-flight technique was done). The experiments 
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Fig. 10. The quantity Pint measured for a Co film for two 
mutually perpendicular directions (1) and (2), and the corres- 
ponding intensity of diffuse scattering la~ff (summarised over the 
range offl from 3 to 12 mrad) for direction (1) are represented as 
functions of the applied field (see also Fig. 11). 

will  be c o n t i n u e d  in o r d e r  to  c lar i fy  this  effect, 

too.  

T h e  a p p e a r a n c e  o f  smal l  d o m a i n s  n e a r  the  de-  

m a g n e t i s e d  s ta te  b r ings  a b o u t  a dec rea se  in the  

loca l  m a g n e t i c  i n d u c t i o n  ( f rom 15.9 to  13.3 kG),  

wh ich  is r e spons ib l e  for  the  shifts of  e x t r e m a  of  
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Fig. 11. The intensity I + of neutrons scattered from the demag- 
netised (curve 1) and magnetised (curve 2) Co film as a function 
of the scattering angle/L The dashed curve corresponds to the 
theoretical intensity of scattering at the domain structure with 
the mean size 6 = 3 gm. The glancing angle ~ = 2.5 mrad. 

Pz in the  r e g i o n  o f  to t a l  re f lec t ion  to  sma l l e r  

q± (Fig. 13). T h e  m a g n i t u d e  o f  <IB[) v ~ 0 testifies to  

the  p re sence  o f  la rge  d o m a i n s  5 > It. T h e  m e a n  size 

of  la rge  d o m a i n s  as e v a l u a t e d  by m e a n s  o f  Eq.  (14) 

f r o m  d e p o l a r i s a t i o n  o f  the  b e a m  ref lec ted  f r o m  
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Fig. 12. The quantity Pint measured for a Co film in magnetic 
fields (1) 38.1, (2) 59.0, and (3) 118Oe as a function of the 
scattering angle ft. The field is applied along direction (1). The 
angle fl = 2.5 mrad corresponds to the position of the specularly 
reflected beam. 

tion of the film, was observed for the first time. In 
our case, I¢ lies within the range 30-120 ~tm. It is to 
be noted that the effect of the instrument on the 
result of a quantum mechanical measurement has 
been discussed in connection with neutron reflec- 
tion from the boundary of homogeneous magnetic 
media [21] and earlier in connection with small- 
angle neutron scattering at magnetic inhomogenei- 
ties [3]. Particularly, it was pointed out that neu- 
tron depolarisation in both cases may depend on 
the beam divergence. Note that the experimental 
verification of this conclusion cannot be easily done 
in transmission experiments. Such a possibility can 
be realised in our further experiments on reflection, 
since the length of the coherent illumination region 
is comparable to the mean size of magnetic do- 
mains and can be changed (at a given glancing 
angle) by changing the beam divergence or the 
neutron wavelength. 

The thicknesses of the Co film and the oxide 
layer were found from data fit to be equal to 
113 + 2 nm and 4 _+ 1 nm, respectively. 

a demagnetised ( m ~ = - 0 . 2 4 )  film at q±~ 
0.14nm -1 (curve 4 in Fig. 13) is ~ 150 ~tm. Such 
domains do not contribute to diffuse scattering 
from small domains, and the results obtained for 
small domains should not be corrected. 

One may conclude from analysis of the par- 
ameters m~ and 7x that rotation of magnetisation is 
accompanied by movements of domain boundaries. 
In our measurements the quantity 7x is maximum 
and equal to 0.47 at m= = -0 .66 .  (Note that ac- 
cording to the definition of the texture parameter 
(17), the sample should be considered as magneti- 
cally isotropic even when the mean magnetisation 
is not zero; physically, it means that the distribu- 
tion of the axes along which the domains are mag- 
netised is isotropic, but the ~lumbers of oppositely 
oriented domains do not coincide.) As a conse- 
quence, the amplitude of oscillations of P= in the 
region of total reflection (see Eq. (11)) is maximum 
for this case (Fig. 13). The film is almost saturated 
(Tx = 0.04, mz = 0.98) in the field 118 Oe, and is 
slightly demagnetised when the field falls to 29 .50e  
(7~ = 0.10, m~ -- 0.86). 

The optical effect of coherent averaging (6 ~ l¢), 
which led to a decrease in the local magnetic induc- 

6. Conclusions 

It may be concluded that specular reflection of 
polarised neutrons, complemented by polarisation 
analysis and small-angle (diffuse) scattering under 
reflection can be used for determination of para- 
meters of domain structure of thin (~  I(L103 nm) 
films. The generalised matrix formalism developed 
to cope with the problem of reflection of neutrons 
from layered magnetic media with magnetisation 
arbitrary in magnitude and direction was found to 
be satisfactory for description of the specular reflec- 
tion of neutrons from unmagnetised films, provided 
that the effect of neutron coherent averaging is 
taken into account. The optical effect of coherent 
averaging which led to a decrease in the 'local' (as 
'seen' by neutrons) magnetic induction of a Co film 
have been observed for the first time. It is connected 
with the uncertainty relation for the neutron wave- 
number component parallel to the surface. 

The technique described may be useful for cre- 
ation and development of neutron polarisers, mem- 
ory and other devices on the basis of thin magnetic 
films. 
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Fig. 13. The Z-component P= of the polarisation vector of the reflected beam and the corresponding spin-up reflectivity R + for the Co 
film in different magnetic fields are given as functions of q± (points). The field applied along direction (1) is increased from 24.3 to 48 .40e  
(a) and further on up to l18Oe  (b). The solid curves correspond to calculations. The parameters of the domain structure 
(7x, mz and (IB])) for the corresponding magnetic fields are tabulated. 

The study of magnetisation processes in 
F e 3 6 C o 6 4  (170 _+ 3 nm) and Co (110 -I- 3 nm) films 
demonstrates the possibilities of the new technique. 
It has been shown that the Fe36C064 film prepared 
by magnetron sputtering possesses strong magnetic 
anisotropy, whereas the Co film prepared by ther- 
mal evaporation technique is practically isotropic. 
As it is to be expected, the magnetisation of the 
anisotropic Fe36C064 film in the easy direction is 
only due to movements of domain boundaries. The 
magnetisation process in the hard direction is due 

to movements of domain boundaries, accompanied 
by rotation of the domain magnetisation. The 
movements of domain boundaries are always ac- 
companied by rotation of the domain magnetisa- 
tion in the Co film. It follows from analysis of 
experimental data that there are domains of two 
scales ~3 pro, and ~150pm near the demag- 
netised state of the Co film. 

To compare the possibilities of the new tech- 
nique and to obtain an additional information 
about the films, magneto-optical and X-ray 
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measurements of Fe36Co64  and Co films are car- 
ried out presently. It has been found from X-ray 
diffraction measurements that Fe36Co64  and Co 
films are polycrystalline. It has been experimentally 
found also that the magnetic in-plane anisotropy of 
the Fe36Co64 film is related to the magnetron sput- 
tering geometry. The direction of the anisotropy 
axis depends on the mean direction of motion of the 
particles in plasma, which are deposited onto the 
substrate during sputtering. Isotropy of the Co film 
is determined by symmetric planetary geometry 
used in the thermal evaporation technique. 

The results of the present work have been partly 
represented at the 1st European Conference on 
Neutron Scattering (Interlaken, Switzerland, 1996) 
[34]. 
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