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Abstract 

Recent progress in the development of polarizing 
multilayer thin-film monochromators for neutrons is 
reported. In particular, multilayers consisting of thin 
films of Fe and Ge with bilayer thicknesses of the 
order of 50 A have been made with high peak reflec- 
tives and polarizing efficiencies. The results of 
measurements of multibilayer reflectivity and polariz- 
ing efficiency are compared with other neutron 
polarizers. A picture of the microscopic structure of 
the individual Fe and Ge films has also be~n obtained. 
Finally, practical applications of polarizing multi- 
bilayers are discussed. 

1. Introduction 

Possessing a magnetic moment, the neutron is a 
unique probe of the microscopic structure and 
dynamics of condensed-matter systems in which the 
constituent atoms or nuclei have spin-dependent 
cross sections. Full utilization of the discrimination 
afforded by the neutron moment can, nonetheless, 
require both a polarized incident beam and polariz- 
ation analysis of the scattered neutrons, as demon- 
strated in the fundamental paper by Moon, Riste & 
Koehler (1969). Consequently, this powerful tech- 
nique has in the past been restricted primarily to 
elastic scattering experiments because of the relatively 
low reflecting efficiencies of most existing polarizing 
monochromators. At present, the best commercially 
available polarizing monochromators are Heusler 
alloy crystals with typical reflectivities (for a single 
neutron spin state), which are approximately one- 
third to one-half that of the best nonpolarizing mono- 
chromators such as pyrolytic graphite (PG). Thus, 
for a conventional triple-axis spectrometer, the rela- 
tive intensity loss due to the lower Heusler mono- 
chromator and analyzer reflectivities, combined with 
the automatic loss of one spin state upon initial 
polarization, can be a factor of 8 to 18! Although 
significantly higher Heusler crystal reflectivities have 
recently been reported (Freund, Pynn, Stirling & 
Zeyen, 1983), such crystals are not now generally 
available. 

Recently it has been demonstrated that a new type 
of neutron polarizer can be fabricated of multibilayer 
thin films where one of the two film materials is 
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ferromagnetic. In fact, two general types of multi- 
bilayer polarizing devices currently exist. One device, 
here referred to simply as a 'multilayer', consists of 
a number of bilayers of a single thickness or a distribu- 
tion of thicknesses, which result in a diffraction peak 
at a position in reciprocal space separated from the 
region of total mirror reflection. Multilayer polarizers 
consisting of a number of bilayers of a single thickness 
or 'D spacing' were first reported by Lynn, Kjems, 
Passel, Saxena & Schoenborn (1976) and Hamelin 
(1976). The other type of multiple-thin-film polarizing 
device has become known as a 'supermirror' because 
it is composed of a particular sequence of bilayer 
thicknesses, which in effect extend the region of total 
mirror reflection beyond the ordinary critical angle. 
This concept was introduced by Turchin (1967) and 
Mezei (1976). 

In the present paper we report on progress in the 
development of polarizing FeGe multilayers with 
average bilayer thicknesses of the order of 50 to 100 A. 
These multilayers are found to have high reflectivities 
and polarizing efficiencies. Furthermore, by deposit- 
ing a distribution of bilayer thicknesses it is shown 
that the angular acceptance for a given neutron 
wavelength in a divergent incident beam can be sig- 
nificantly increased over that obtained for a single- 
spacing multilayer. A picture of the microscopic struc- 
ture of the individual Fe and Ge films that constitute 
the multilayer is presented and practical applications 
of multilayers as polarizers are discussed. 

A more general review of the development of multi- 
layers and supermirrors for neutron scattering 
instrumentation, which includes nonpolarizing appli- 
cations, is given by Majkrzak (1984). 

2. Multilayer fabrication 

The FeGe multilayers reported on in this paper were 
made by sputter deposition. There are a number of 
reasons why sputtering is preferable to evaporation 
as a deposition technique. For example, deposition 
can be maintained at a relatively constant rate over 
periods of many hours or even days. Also, most 
materials, including those with high melting points 
and insulators, are readily sputtered. A general dis- 
cussion of sputtering techniques is given by Vossen 
& Kern (1978). Details of the sputtering apparatus 
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used to fabricate the FeGe multilayers reported on 
here are given by Saxena & Majkrzak (1984). 

3. Reflectivity 

In the Bragg reflection process for an ideally imperfect 
mosaic crystal bathed in a uniformly polychromatic 
beam, the wavelength resolution AA/A is given by 
cot 0A0, where the spread in angle AO is due to both 
the crystal mosaic and the divergence of the incident 
beam. For a multilayer, on the other hand, AA/A = 
cot OAO+AD/D, where now AO is principally due 
to beam divergence alone and D is the average bilayer 
thickness. If for the moment any intrinsic width is 
neglected, AD is a measure of the width of some 
distribution of sets of bilayers of different thicknesses, 
which in effect scatter radiation of a given wavelength 
coherently over an extended angular range. (Random 
bilayer thickness variations of the type that give rise 
to a static Debye-Waller factor do not produce a 
broadening of a reflection in angle.) Even if A D / D  
is small, AA/A can be relatively large for practical 
beam divergences since 0 is small and cot 0 corre- 
spondingly large. As discussed in § 6, there are a 
number of ways that the wavelength resolution can 
be sharpened without restricting the angular diver- 
gence of the beam to a prohil~itive degree. Although 
a multilayer with a single D spacing reflects a rela- 
tively broad band of wavelengths, it reflects a given 
wavelength over a relatively limited angular range. 
In most cases, it is desirable to extract a given 
wavelength or range of wavelengths from a divergent 
incident beam at every possible angle. The angular 
acceptance of a multilayer for a given A can, in fact, 
be made to match a particular beam divergence by 
creating a distribution of bilayer thicknesses. From 
this point of view the reflecting power or efficiency 
of a multilayer can be characterized by two measur- 
able parameters, namely the peak reflectivity and 
angular acceptance for a single neutron wavelength. 

The kinematical and dynamical theories of diffrac- 
tion as applied to thin-film multibilayers have been 
discussed by Saxena & Schoenborn (1977) and Sears 
(1983). In the kinematical limit the reflectivity is pro- 
portional to the fourth power of the bilayer thickness 
D, the square of the number of bilayers N, and the 
reciprocal of the fourth power of the order of the 
reflection m. The width of the reflection in Q, where 
Q = IQ] = [ks-k,I  and k, and ks are the incident and 
scattered neutron wavevectors, respectively, is also 
approximately proportional to 1/N. If one material 
B of the bilayer is of thickness D/2 and is ferromag- 
netic and magnetized to saturation by an applied field 
H perpendicular to the momentum transfer Q, then 
the reflectivity R is proportional to 

[NAbA- NB(bB±pB)] 2 (1) 

where NA and NB are the atomic densities of materials 

A and B and b and p denote nuclear and magnetic 
scattering lengths, respectively. The plus (minus) sign 
preceding the magnetic scattering length corresponds 
to one (or the other) spin eigenstate of the incident 
neutron. If the scattering lengths and densities of 
materials A and B are properly chosen, then neutrons 
in one spin state see a uniform refractive index and 
R -- 0 while those in the other spin state see a periodic 
modulation of the refractive index and a non-zero 
reflectivity when the Bragg condition is satisfied. This 
is the polarizing action of a multilayer. Although the 
kinematic theory is useful in understanding some of 
the essential properties of multilayers, extinction can- 
not always be neglected and dynamical theory is 
required. 

3.1. Reflectivity measurements 

A mosaic crystal can be described in terms of an 
angular disbribution of perfect microcrystallites, 
which reflect a given wavelength over a finite range 
of incident angles. The angular acceptance of a multi- 
layer (with parallel layers) depends, for a particular 
wavelength, not on an angular mosaic but on a distri- 
bution of bilayer thicknesses or D spacings. Ideally, 
to measure directly the peak reflectivity and angular 
acceptance requires a perfectly parallel and 
monochromatic incident beam of radiation. In the 
case of a mosaic crystal, a rocking curve is then taken. 
(It is assumed that the natural or Darwin width of 
an individual microcrystallite is much narrower than 
the width of the angular distribution of the microcrys- 
tallites and that the aperture of the detector intercepts 
all of the radiation diffracted by a single microcrystal- 
lite.) For multilayers, on the other hand, a 0 : 20 scan 
is appropriate. 

In practice, the peak reflectivity and angular 
acceptance of a multilayer for a given wavelength is 
measured on a spectrometer where the beam incident 
on the sample has a finite energy width and angular 
divergence. Reflectivity measurements were per- 
formed on a number of multilayers with various spec- 
trometer configurations and degrees of resolution. 
For magnetized FeGe multilayers with several hun- 
dred bilayers and a D of the order of 50 A, peak 
reflectivities approaching 0.90 with Q widths of 
0'10 • - '  full-width at half-maximum (FWHM) have 
been obtained. This Q width is greater than that that 
would be expected for a single bilayer thickness and 
corresponds to a distribution of thicknesses arising 
from changes in deposition rate during fabrication. 
Fig. l compares the reflectivity of an FeGe multilayer 
consisting of almost 1500 bilayers of average thick- 
ness equal to 55 A with that of pyrolytic graphite and 
Heusler alloy mosaic crystals. These measurements 
were performed on a standard triple-axis spec- 
trometer in the elastic scattering mode without an 
analyzer and using a Heusler crystal as mono- 
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chromator (in conjunction with a pyrolytic graphite 
filter) to obtain a highly monoenergetic polarized 
beam incident on the sample. Preceding and following 
the sample were two pairs of single vertical slits giving 
collimations of 3-and 30', respectively. The wavevec- 
tor resolution A k o f  the beam incident on the sample 
was =0.06/~-~ FWHM for k = 2 . 6 0 9 ~  -1 and the 
corresponding Q resolution, AQ, approximately 
0.005 A -~ FWHM for the multilayer and 0.05/~-~ 
for the mosaic crystals. The incident beam width 
defined by the widths of the 3' pair of slits was much 
narrower than the apertures of the 30' pair of slits. 
The minimum value of the peak reflectivity is obtained 
by dividing the maximum diffracted intensity by that 
of the incident beam. In the case of the multilayer 
this was found to be 0.71. After deconvoluting the 
contribution of the instrumental resolution from the 
observed Q width of 0.012/~-~ FWHM, an inherent 
width of approximately 0.011 A-1 was obtained for 
the multilayer, which corresponds to an angular 
acceptance of about 7' at k = 2.609/~-~. The corre- 
sponding value of the peak reflectivity on deconvol- 
ution is 0.77. A good pyrolytic graphite crystal can 
have a peak reflectivity of about 0.75 and a width of 
30' at k = 2.609 A -~. Thus the multilayer of Fig. 1 has 
approximately one quarter the integrated reflecting 
power of PG for a single wavelength. However, com- 
pared with the Heusler crystal of Fig. l, the multilayer 
is clearly superior. The measurements described 
above were repeated at a wavevector of 1.55/~-~ with 
consistent results. A calculation of the peak reflec- 
tivity and angular acceptance using the optical theory, 
described in the following section, predicts a peak 
reflectivity of about 0.75 and a width of 0.0017/~-~ 
FWHM or 1.2' at 2.5/~-~ for a multilayer consisting 
of 100 bilayers with / ) =  50/~ (25/~ Ge layer and 
25 A Fe layer) and random fluctuations of magnitude 
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Fig. 1. Measured reflectivities and angular acceptances for an 
FeGe multilayer (FG518), pyrolytic graphite crystal (002 reflec- 
tion) and Heusler crystal (111 reflection, reflection geometry) at 
k =2.609/~-~ for one neutron spin state. In the case of the 
mosaic crystals, 0 is the angle the crystal makes with the incident 
beam in a rocking curve whereas in the case of the multilayer 
0 is the angle made relative to the incident beam in a 0 : 20 scan. 

AD/D=O.05 FWHM. In addition to the random 
fluctuations in bilayer thickness which occur during 
deposition of the films, relatively slow changes in 
deposition rate also take place. Whereas the former 
rate fluctuations result primarily in a decrease in peak 
reflectivity, the latter cause the broadening of the 
diffraction peak that is actually observed. 

Table 1 summarizes the relevant properties of a 
representative sampling of FeGe multilayers. The 
values of the peak reflectivity given therein are uncor- 
rected and, consequently, minimum values. The 
widths or angular acceptances are, on the other hand, 
the deconvoluted values, which are less than the 
widths actually observed. The uncertainties in the 
values of the widths appearing in Table 1 are of the 
order of 20%. The uncertainties in the measured 
reflectivities are of the order of 5%. The values given 
for the average Fe and Ge individual film thicknesses 
were determined gravimetrically by weighing, before 
and after deposition, a glass slide exposed to only 
one or the other sputter source and do not reflect the 
amount of interdiffusion which might have occurred. 
These measurements are uncertain by a few percent. 
The values for the average bilayer thickness deter- 
mined directly from the position of the observed 
diffraction peak have not been corrected for the slight 
shift caused by refraction. Note that some of the 
multilayers in Table 1 have significantly broader 
angular acceptances. This was achieved by deliber- 
ately changing the bilayer thickness during deposi- 
tion. However, because the total number of bilayers 
is presently limited by adhesion problems to about 
1500, the peak reflectivity is consequently reduced. 

In addition to the reflectivity measurements 
described above, separate rocking-curve data were 
obtained with collimations (again defined by pairs of 
single slits) of 1 and 2' before and after the multilayers 
respectively. For the majority ofmultilayers deposited 
on float glass substrates, the rocking-curve width was 
found to be no greater than the divergence allowed 
by these collimations. The observations are consistent 
with a picture in which the bilayers composing the 
multilayer are in effect parallel to one another and 
to a fiat substrate. 

Fig. 2 compares the FeGe multilayer (FG518) 
shown in Fig. 1 with the supermirror and mirror 
described by Sch/irpf (1982). The supermirror effec- 
tively extends the critical angle for total mirror reflec- 
tion (which is proportional to wavelength) by about 
two to two and one-half times that of an Ni mirror. 
This is the present practical limit according to Sch/irpf 
(1982). The supermirror reflects all wavelengths over 
a continuous range of angles up to the critical angle 
for each wavelength. However, as discussed at the 
beginning of this section, a multilayer also reflects a 
relatively broad band of wavelengths in a moderately 
divergent beam. The essential difference between 
supermirrors and miltilayers is that the latter give rise 
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Table 1. Properties of a representative sampling of  FeGe multilayers made to date 

Peak reflect ivi ty va lues  g iven  are those  o b t a i n e d  p r io r  to d e c o n v o l u t i o n  of  s p e c t r o m e t e r  r e s o l u t i o n  a n d  the re fo re  r e p r e se n t  m i n i m u m  values .  

Average  film th ickness  ( A )  

G r a v i m e t f i c  Peak 
M u l t i l a y e r  d e t e r m i n a t i o n  Via n e u t r o n  N u m b e r  reflectivity F 

No.  d i f f rac t ion  of  for  (+ )  sp in  F W H M  F l i p p i n g  
F G  G e  Fe Bi layer  b i l aye r  b i l ayers  state ( A -  ~) ra t io  

225 A 44 23 67 67 500 0-49 0.015 17 
234GA 50 39 89 87 900 0.82 0.011 18 
412 29 20 49 52 1482 0.54 0.006 14 
413 28 27 55 52 1246 0-62 0.011 18 
502 - -  - -  - -  50 669 0.24 0.034 20 
503 - -  - -  - -  68 1493 0.72 0.012 28 
506 - -  - -  - -  67 1082 0.60 0-012 14 
512 36 29 65 69 1067 0.70 0.010 30 
515 44 37 81 75 1037 0.71 0.012 22 
516 39 55 94 92 1531 0.65 0-010 9 
518 29 25 54 55 1478 0.71 0-011 6 
520 - -  - -  - -  108 10 0.23 0-008 37;237" 

* Result of a separate, more accurate measurement of the polarizing efficiency described in the text. 

to distinct Bragg reflections at angles separated from 
the region of total mirror reflection. It is sometimes 
advantageous to utilize the higher scattering angles 
obtainable with multilayers, especially when working 
with shorter-wavelength neutrons. An additional 
advantage is that multilayers suppress higher-order 
wavelengths. 

Note, however, that the FeAg supermirror of Fig. 
2 has an angular acceptance of approximately 
0.045 A-~ for the up spin state, whereas that of the 
FeGe multilayer is only 0-010 A-~. In many applica- 
tions the most important requirement is to match the 
angular acceptance of the polarizing element for a 
given wavelength or range of wavelengths to the 
angular divergences of a beam without significant loss 
in peak reflectivity. As mentioned above, one means 
of accomplishing this in the case of a multilayer is 
to create a distribution of bilayer thicknesses centred 
about some particular average bilayer thickness. 

3.2. Bilayer thickness distributions 

The diffraction pattern that results for a given 
sequence of bilayer spacings can be calculated in a 
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Fig. 2. Comparison of the FeGe multibilayer of Fig. 1 (FG518) 
with the supermirror and mirror of Fig. 3, Sch~irpf (1982). With 
the use of an antireflccting and absorbing layer between substrate 
and supermirror, the reitectivity of the FeAg supermirror for the 
spin-down eigenstate can be suppressed (private communication 
with O. Sch~irpf). 

straightforward manner taking into account extinc- 
tion, absorption and refraction. The method of calcu- 
lation is analogous to that encountered in the solution 
of thin-film optical interference problems and has 
been used to study supermirrors; see, for example, 
Croce & Pardo (1970), Schelten & Mika (1979) and 
Yamada, Ebisawa, Achiwa, Akiyoshi & Okamoto 
(1978). The neutron is treated as a plane wave incident 
upon a layered but continuous medium with a corre- 
sponding Kronig-Penney-type periodic potential: 
boundary conditions are imposed at each interface 
and the reflection and transmission coefficients sub- 
sequently evaluated. The problem is conveniently for- 
mulated in matrix algebra for numerical computation. 
In our calculations we have incorporated random as 
well as systematic fluctuations in bilayer thicknesses. 
Absorption is also taken into account although the 
actual neutron path lengths are short enough and the 
cross sections for Fe and Ge sufficiently small that 
absorption and scattering (other than that which gives 
rise to the low-angle Bragg peaks) is usually negli- 
gible. It should be noted, however, that one possible 
limitation of this calculation is that it assumes an 
incident neutron plane wave and a multilayer struc- 
ture of perfect uniformity and infinite extent parallel 
to the substrate. 

Several sequences of bilayer thicknesses have been 
proposed for supermirrors by Mezei (1976), Schelten 
& Mika (1979) and Yamada et al. (1978). In general 
a relatively large number of bilayers is required. 

Using two simple relations from kinematic theory 
regarding the dependence of peak width and reflec- 
tivity on bilayer thickness and number of bilayers to 
create an algorithm for the bilayer thickness distribu- 
tion, a calculation of the reflectivity as a function of 
Q for a distribution of 40 different bilayer thicknesses 
was performed using the optical method described 
above. The mean bilayer thickness was approximately 
46 A. A Gaussian distribution of random fluctuations 



C. F. MAJKRZAK AND L. PASSELL 45 

with an uncertainty of about 3% (FWHM) was also 
assumed. The calculation predicts that an average 
peak reflectivity for one spin state of about 0.90 
extending over a range of approximately 0.025 A-I  
can be obtained for a total of 2336 bilayers. For 
random errors of about 7%, significant dips in the 
peak reflectivity, down to almost 0.50 were calculated. 
This shows that control over random fluctuations is 
important. In practice the fluctuations can be 
monitored by an oscillating quartz crystal, whose 
frequency of vibration changes as material is 
deposited on it, making feedback control over deposi- 
tion rates possible. It is worth noting that the random 
fluctuations can be of two different kinds. If the total 
thickness of the multilayer is monitored continuously 
and controlled to an uncertainty AD of a single 
bilayer thickness, then the random fluctuations in the 
multibilayer system will give rise to a static Debye- 
Waller factor. The intensity of the first Bragg reflec- 
tion and higher-order harmonics will be diminished 
in intensity but the peak widths will be unaffected. 
If, instead, each individual bilayer is deposited with 
the same uncertainty AD but without monitoring the 
net thickness of the preceding bilayers, then there 
will be no long-range order since the distance from 
each successive bilayer to the substrate is more poorly 
defined (see for example Axe, 1976, p. 512). In this 
case the intensities and the widths of the higher-order 
reflections are affected. For the calculations discussed 
above, errors or the latter kind were assumed. 

In summary, multiple-D-spacing multilayers with 
increased angular acceptance and of high reflectivity 
can and have been made. However, at present the 
angular acceptance cannot be increased significantly 
beyond 0-010A -~ without a corresponding loss in 
peak reflectivity because of the present limitation on 
the total number of bilayers that can be deposited 
(-~1500) on a single substrate. In order to increase 
the maximum number of bilayers that can be 
deposited, experimentation with different materials 
(e.g., Fe and W), substrates (e.g. Si or A1203) and 
sputtering conditions is now being done. 

Another possible means of manufacturing a multi- 
pie-D-spacing multilayer is to deposit the required 
N '  bilayers of spacing D'  on one substrate, N" 
bilayers of spacing D" on another substrate, and so 
on, and then to superimpose the substrates on one 
another in a parallel orientation. If the substrate 
material is perfect-crystal Si or A1203, then the sub- 
strates will be nearly transparent even for the rela- 
tively long path lengths at small angles through 
minimum substrate thicknesses. Alternatively, several 
substrates on each of which are deposited N bilayers 
of the same D spacing can be superimposed on one 
another but at different angles, which are a fraction 
of the angular width of each individual element. This 
latter arrangement would be similar to a mosaic crys- 
tal. In either configuration, however, the intensities 

Table 2. Beam width and angular acceptance as a func- 
tion of  neutron wavelength or energy for a multilayer 
50 cm long with an average D of  50 ~ and a F of  

0.010 A- l  F W H M  

Angular  
Maximum Acceptance 

beam width F ( F W H M )  
A (/~) E (meV) (cm) (') 

1.65 30 0.8 4.5 
2.34 15 1.2 6.4 
4.04 5 2.0 11.1 
6.40 2 3.2 17.5 
9.04 1 4.5 24.8 

scattered from the separate groups of bilayers would 
add incoherently. Extinction would then be secon- 
dary rather than primary. 

3.3. Other multilayer properties 

Once the peak reflectivity, polarizing efficiency and 
angular acceptance of a multilayer have been optim- 
ized, there remain secondary geometrical consider- 
ations regarding, for example, beam dimensions or 
the relative uniformity of the multilayer film at differ- 
ent points on the surface of the substrate. For the 
FeGe multilayers deposited on 2 x 18 x0.25 in thick 
(5.08 x 45.72 × 0.635 cm) float glass substrates, a rela- 
tive uniformity in thickness to within a few percent 
has been obtained. With more sophisticated feedback 
control of the deposition rates, even greater unifor- 
mity should be possible if required. It might be useful 
to note here that, as would be expected, the peak 
reflectivity is found to be practically independent of 
vertical beam divergences of the order of a degree. 
Table 2 is a compilation of maximum horizontal beam 
dimensions and angular acceptances as a function of 
neutron wavelength and energy for a bilayer thickness 
of 50/~, a substrate length of 50 cm, and a AQ of 
0.010 A- i  FWHM. Of course, it is possible to reduce 
significantly the length of a multilayer required for a 
given beam width by assembling a straight or bent 
Soller array of multilayers as is done, for example, 
by Schiirpf (1982) with supermirrors. 

4. Polarizing efficiency 

If it is assumed that the Fe and Ge thin films compris- 
ing a multilayer have the same respective densities 
as in the bulk and form well-defined interfaces with 
no interdiffusion, then the flipping ratio R of the 
intensity of neutrons diffracted with spin up to that 
of neutrons with spin down is given in the kinematic 
limit to be 217. This corresponds to a polarizing 
efficiency P of 0.9954. Fe is a particularly good 
material to use as the ferromagnetic layer since it has 
a relatively large moment and high atomic density, 
is magnetically soft and can be deposited in thin films 
of high quality. Ge has the appropriate density and 
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nuclear scattering length to match those of Fe closely 
for the spin-down state. However, a number of other 
elements, in principle, could be used. Potentially, Se, 
W and Zr used instead of Ge would give better 
flipping ratios (R = 43 000, 25 000 and 20 000 respec- 
tively). Furthermore, alloy compositions could be 
used to 'fine tune' the matching of refractive indices. 

In the kinematic limit the polarizing efficiency is 
independent of the number ofbilayers, the D spacing, 
and the relative thicknesses of the films of the two 
materials. Diffusion and extinction can, however, 
affect the polarizing efficiency. 

Measurements of the polarizing efficiencies or flip- 
ping ratios of the FeGe multilayers included in Table 
1 were performed using the same spectrometer con- 
figuration as that described above for the reflectivity 
measurements. However, the polarizing efficiency of 
the Heusler crystal monochromator in this particular 
arrangement was limited by a magnetic field of about 
0.13 T, which was insufficient for saturation. Thus, 
the measured flipping ratios quoted in Table l are 
actually lower than the true values, the difference 
being larger for the multilayers with the higher 
measured flipping ratios. It is found, on the other 
hand, that the Fe layers of a multilayer can be nearly 
saturated in magnetic fields of the order of 0.01 to 
0.03 T. 

The relatively low polarizing efficiencies of some 
of the multilayers included in Table 1 can be 
attributed to the effect of primary extinction. This 
effect can of course be minimized by reducing the 
number of bilayers of a given thickness or by better 
matching of refractive indices as discussed above. 

A separate polarizing efficiency measurement using 
a different spectrometer configuration was made on 
FG520 with a smaller Heusler crystal (as analyzer) 
placed in a larger field of 0.25 T, which was sufficient 
for saturation. Fig. 3 is a plot of intensity vs Q for 
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Fig. 3. Intensity data as a function of Q for an FeGe multilayer 
(FG520) with ten bilayers and an average bilayer thickness of 
108/~,. Positive spin-state intensity is plotted with open circles 
and that corresponding to the negative spin state with solid 
circles. 

the FeGe multilayer (FG520) with N = 10 bilayers 
and D = 108 A as measured at a neutron wavevector 
of 2.609 A-~. The intensities 1+ and I_, for spin-up 
and spin-down neutrons respectively, are measured 
sequentially at the same value of Q without moving 
the spectrometer. At Q = 0.057 A-~, the flipping ratio 
R = I+/ I_  is found to be 237. The kinematical predic- 
tion is 217. However, according to the optical theory 
discussed in § 3.2, a shift in the relative positions of 
the peaks corresponding to spin-up and spin-down 
neutrons is predicted owing to refractive-index differ- 
ences for the two spin states. This causes an oscillatory 
behavior of the flipping ratio as the first-order peak 
and subsidiary maxima for one spin state are out of 
phase with those of the other. In practice, the instru- 
mental resolution and bilayer thickness fluctuations 
usually obscure the finer details of this effect although 
shifts in the positions of the principal maxima are 
still observed (for N bilayers there will be N - 1  
minima between Bragg reflections of successive 
orders: see, for example, Fig. 9 of Saxena & Schoen- 
born, 1977). Because of these shifts the flipping ratio 
at some values of Q can be even greater than that 
predicted by the kinematical structure factor. 

Closer inspection of Fig. 3 also reveals that the 
reflected intensity for spin-up neutrons becomes less 
than that for spin-down at the second- and fourth- 
order positions (the fact that there is some intensity 
at the even-order Bragg positions indicates that the 
Fe and Ge layers are not of exactly equal thickness). 
It can be shown that this reversal cannot occur for a 
multilayer where the magnetic scattering-length 
density is uniform throughout the Fe layer (this is 
true in both the kinematic and optical theories). 
However, if a region of interdiffusion between Fe and 
Ge occurs or the ordered Fe moments at the interface 
have a different magnitude from those at the interior 
of the layer, then such behavior can be explained. 
This will be discussed further in § 5. 

[,,o] [,,oJ 

Fig. 4. Approximate picture of the microscopic chemical structure 
of the Fe and Ge films composing a multilayer based on X-ray 
diffraction data. Further investigation reveals significant 
diffusion across the interface between Fe and Ge films. 
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Finally, we mention that another advantage of 
multilayer polarizers is that the troublesome simul- 
taneous reflection effects that occur in Heusler crys- 
tals and that often result in poor instrumental flipping 
ratios as discussed by Majkrzak & Shirane (1982) are 
avoided. 

5. Microscopic structure of the films 

In order to determine the microscopic structure of 
the Fe and Ge thin films in each bilayer, two X-ray 
diffraction patterns were obtained, one with the scat- 
tering vector in the plane of the substrate (trans- 
mission geometry), the other with the scattering vector 
perpendicular to the plane of the substrate (reflection 
geometry). The data clearly show that each Fe layer 
or film is made up of microcrystallites oriented with 
a [110] direction normal to the plane of the substrate 
but randomly rotated about this direction in a plane 
parallel to that of the substrate. The dimension of the 
Fe microcrystallites parallel to the plane of the sub- 
strate is estimated to be of the order of one to three 
hundred A from a measurement of the width of  the 
110 diffraction peak in transmission geometry. 
However, because the inherent width of the diffrac- 
tion peak (obtained by deconvoluting the instru- 
mental width from the measured width) is inversely 
proportional to the coherence length, it is difficult to 
distinguish the contribution to this width that is due 
to the finite size of the microcrystallite from that that 
is caused by strain. Separate rocking-curve scans indi- 
cate that the angular distribution of [110] directions 
has a FWHM of approximately 9 ° centered about the 
normal to the plane of the substrate. 

The Ge film, on the other hand, is found to be 
amorphous owing to the absence of any powder 
diffraction lines in either reflection or transmission 
geometry. 

PROPAGATI ON 
; DIRECTION 
I OF UNPOLARIZED 

I I I ~ INCIDENT BEAM 

. . .2  t ',*--F-SPIN OOWN 
SP,N I II__] VERT,CA LY 11 /[Z~ZZ].._._..... FOCUSSING 

I ~' / /  " CRYSTAL 

POLARIZING I I /// \ ~  
MULTILAYER ~ 

) 

BACKSCATTERING CRYSTALS INSIDE 
FLAT COIL rr FLIPPERS 

Fig. 5. Polarizing multilayer used for extraction of a back-scattered 
beam as described in the text. 

The general picture of the microscopic structure of 
the multilayer that then emerges is shown schemati- 
cally in Fig. 4. A more detailed plot of an Fe 110 
peak obtained in reflection geometry using X-rays 
reveals a satellite structure centered about the prin- 
cipal maximum, which can be shown to be a con- 
sequence of the relatively small finite number of 
Fe( l l0 )  planes comprising a single Fe layer. The 
satellite spacing is in fact a direct measure of the 
number of Fe (110) planes per layer. 

The Fe 110 diffraction peak in reflection geometry 
can also be seen with polarized neutrons. Although 
a satellite structure is again observed, there is a sig- 
nificant difference between the profiles corresponding 
to IFN+FM[ 2 measured by spin-up neutrons and 
[FN- FM[ 2 measured by spin-down neutrons, where 
FN and FM are the nuclear and magneti'c structure 
factors, respectively. This data, together with the flip- 
ping ratios of the first- and higher-order superlattice 
reflections at low angles, can be fit to a model where 
in addition to a region of Fe (110) planes there exists 
a number of FeGe alloy planes of varying degrees of 
relative concentration. In the alloy planes, the Fe 
moments are reduced in magnitude. On annealing it 
is found that interdiffusion increases to the extent 
that the entire multilayer becomes FeGe alloy but 
with a single preferred orientation of one crystallo- 
graphic direction normal to the plane of the substrate 
remaining. The coherence length in that direction 
normal to the substrate plane is also greatly increased. 

A more complete report on the investigation of the 
microscopic structure of the Fe and Ge films will be 
forthcoming (Majkrzak, Axe & B6ni, 1984). 

6. Practical applications of polarizing multilayers 

A simple yet effective way to improve the relatively 
poor energy resolution of a multilayer (if necessary 
to do so) is to use it in conjunction with a crystal 
monochromator such as pyrolytic graphite. The 
pyrolytic graphite does the monochromating and the 
multilayer the polarizing. This combination has in 
fact been successfully employed here at Brookhaven. 

However, once a neutron beam has been polarized, 
other, more innovative and advantageous means can 
be used to sharpen the energy resolution. One such 
scheme utilizes a wavelength-dependent flipping 
device of the kind first proposed by Drabkin (1962) 
and is discussed by Aganalyan, Drabkin & Lebedev 
(1977) and by Majkrzak & Shirane (1982). This device 
has the remarkable property that the energy width is 
essentially decoupled from the angular divergence of 
the beam. The energy resolution and divergence of 
the beam can then be selected independently to suit 
a particular experiment. 

Another application where polarizing multilayers 
can be used to advantage involves a back-scattering 
spectrometer. Consider the back-scattering configur- 
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ation shown in Fig. 5. An unpolar ized beam of  
nominal  wavelength A is incident  upon a polarizing 
mult i layer  set at the appropriate  Bragg angle. The 
spin-up neutrons are reflected while the spin-down 
neutrons are t ransmit ted (the mult i layer  can be 
deposited on either a single substrate or a Soller array 
of  substrates of  highly t ransparent  single-crystal Si 
or sapphire).  The transmit ted beam is subsequent ly  
back-scattered at exactly 90 ° from a mosaic crystal 
placed within a flat-coil spin flipper. The flipper field 
is adjusted so that within the coil a neutron makes 
an adiabat ic  rr /2 turn before and a 7r/2 turn after 
being reflected. (The coil thickness can be made  large 
compared to the average penetrat ion depth of a 
neutron into the crystal.) The back-scattered neutron 
now in the 'up '  eigenstate is subsequent ly deflected 
by the mult i layer  towards the sample (or, as shown 
in Fig. 5, a vertically focusing PG crystal and then to 
the sample).  The spin-up neutrons in the incident  
beam, on the other hand,  will be first reflected by the 
mult i layer  and upon back-scattering from another  
crystal undergo a 7r spin turn and be t ransmit ted 
through the mult i layer  in the same direction as the 
original incident  spin-down neutrons. The advantage 
of  this a r rangement  is that the exact back-scattering 
geometry is main ta ined  without the problems nor- 
mal ly  encountered in using an ordinary deflection 
crystal in the incident  beam, which would deflect 
incident  neutrons equal ly as well as back-scattered 
neutrons. Also, if  needed,  a polarized beam can be 
obtained by simply shutting off one or the other 
7r-flipper. 
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A b s t r a c t  

The Laue-case rocking curve from two thin crystals 
is known to exhibit  fine structure which can be used 
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to determine the corresponding structure ampl i tude  
Fh. Thus F444 and F777 have been measured for crystal- 
line silicon to a s tandard deviation of 0.2%. F444 is 
in excellent agreement  with publ ished experimental  
values. There are no previous high-precision measure- 
ments of  F777 in the literature. The values measured 
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