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1. Background and objectives  

Due to the different scattering processes the information yielded by x-ray and neutron 

scattering experiments is different and complementary. A number of topics in basic and 

applied research can be effectively studied using cold and thermal neutrons. The 

relatively low luminosity of neutron sources makes sample illumination and signal to 

noise ratio vital issues in neutron scattering experiments. This allots the reflectivity of 

(straight, curved or focusing) neutron guides so special importance. 

Neutron supermirrors (SMs) are two-component slowly varying bilayer thickness 

multilayers possessing high reflectivity in the angular range between the critical angle of 

the homogeneous components and 2-7 times of this angle (the „critical angle of the 

SM”). The number of bilayers is between hundreds and thousands depending on critical 

angle of the SM required by the application. The appropriate choice of layer thicknesses 

leads to a constructive interference of the waves reflected from the individual interfaces 

of the structure and a consequent high reflectivity of the entire system. The SM may 

have continuously varying bilayer thickness or can be composed of periodic stacks of 

bilayer thicknesses of stepwise variation. Due to their large neutron optical contrast the 

Ni / Ti metal pair is the most widely used for non-polarizing SMs. In the multilayers 

used in the present studies the Ni layers contained some ~8at% Mo to avoid beam 

depolarization and to decrease interfacial roughness. 

The rough and composition-graded interfaces result in decrease of the reflectivity of the 

multilayer. The quality (plainness and sharpness) of the interfaces is important in almost 

every practical multilayer application (x-ray optics, stratified magnetic devices, etc.). 

The sharpness of interfaces, the roughness and the roughness correlations were widely 

studied in various multilayers by scattering methods and by microscopy, too. 

Specular x-ray and neutron reflectometry provides scattering length densities averaged 

in planes parallel with the sample plane. Off-specular scattering sets in when the 

translational symmetry of the sample plane is broken by the presence of interfacial 

roughness, magnetic domains and/or inclusions. From the off-specular scattering pattern 

one can deduce the roughness-correlation properties of the sample. For off-specular 

measurements both reflectometry and Grazing Incidence Small Angle Scattering are 

applied. Transmission Electron Microscopy was widely used to investigate various 



multilayers (e.g. Ni-Ti, Si-Ge, Au-Cu), their interface replication and layer structure 

(structure zone models, columnar growth). 

Different analytic and numerical models are available in the literature to describe the 

interfaces of the growing multilayers and to explain their fractal nature and correlation 

properties. The most accepted framework to model off-specular scattering characterizes 

the correlated interface roughness by in-plane and out-of-plane correlation lengths and 

the so called Hurst parameter. The Hurst parameter is related to the fractal dimension of 

the interfaces. Contrary to this model the roughness components of different spatial 

frequencies may replicate to different extents.  

If interfacial roughness is replicated to long distances and a Bragg-like resonance 

condition is fulfilled one can observe strong off-specular scattering called Resonant 

Diffuse Scattering (RDS) 

Studies of SMs, periodic multilayers and band-filters by off-specular scattering on 

polarizing Fe-Si structures and ion-beam-sputtered Ni-Ti and NiC-Ti systems have been 

published but we found no results on magnetron-sputtered Ni(Mo)-Ti multilayers. In the 

mentioned works the correlation parameters were determined by fit but no clear physical 

picture was given for the origin of the scattering pattern of the SMs. The features of off-

specular scattering map from periodic multilayers and their origin are well known in the 

literature (strong lines due RDS and dynamical effects).  

The aim of the present work is to determine the preparation-specific interface sharpness, 

roughness and the roughness correlation parameters of Ni(Mo)-Ti multilayers used in 

neutron optics mainly by reflectometry methods. Explanation and systematization is 

given for the off-specular scattering patterns from multilayers with replicated roughness 

and of slowly varying bilayer thickness. The interpretation is confirmed by experiments 

on normal and reverse-layer-sequence SMs.  

The present studies may have practical importance. Namely, off-specular scattering from 

SMs not only provides information about the structure, but, if present, it affects 

negatively SM applications. Indeed, in focusing applications (a frequent use in Small 

Angle Neutron Scattering) off-specular scattering leads to an undesirable increase of the 

background. 

 

2. Research methods 

The investigated samples were prepared by magnetron sputtering. This method is 

actually the only one suitable for industrial scale (large area, > 0.1 m2) multilayer 



production. I applied specular and off-specular scattering of neutrons and x-rays for my 

studies. It is not a unique choice, but probably the best one for an overall 

characterization of such mirror samples. Transmission electron microscopy (TEM) 

investigations, for example, would require cross sectional sample preparation, a 

procedure, that may also influence the layer structure to be investigated. Moreover, it is 

practically impossible to sample sufficiently large areas of the structures by TEM for an 

overall characterization.  

Additionally, due to the small penetration depth of x-rays, x-ray scattering is not suitable 

for studying several micrometer thick SMs. Therefore, for some experiments I used 

relatively thin periodic multilayers prepared by the same sputtering procedure as the 

SMs. My scattering experiments were performed on the on the REF and the GINA 

neutron reflectometers at the Budapest Neutron Centre (specular and off-specular 

neutron reflectometry) and on x-ray diffractometers (using Cu Kα wavelength) of the 

Institute of Technical Physics and Materials Science of the Centre for Energy Research 

of the HAS and Research Centre for Natural Sciences of the HAS. For the purposes of 

the present study the "REF" neutron reflectometer had to be upgraded. (A focusing 

double monochromator was designed using Monte-Carlo simulations then installed and 

new measurement software was written.)  

The interface width in periodic multilayers was determined using specular reflectometry. 

The nature of the interface imperfections (roughness and its correlation properties) were 

determined by off-specular scattering. The off-specular scattering intensity was 

calculated within the Distorted Wave Born Approximation using the FitSuite software 

developed by Sz. Sajti at the Institute for Particle and Nuclear Physics of the Wigner 

Centre for Physics of the HAS.  

The procedures followed here (and widely in the literature) have an inherent limitation. 

In off-specular (similarly to specular) reflectometry the collimation is provided by slits. 

Consequently the sample-plane-parallel component of the wave number vector, k║ is not 

well-defined. The measurement provides an average for k║, which is to be taken into 

account in the evaluation. This averaging makes impossible to study different replication 

lengths for the different spatial frequencies of interfacial roughness (if they may be 

present) and, additionally, averaging leads to some uncertainty in the determination of 

the in-plane correlation length as well. On the contrary, if using Grazing Incidence 

Small Angle Scattering geometry (GISAXS for x-rays and GISANS for neutrons), the 



incoming beam is collimated in both the sample-plane-parallel and the sample-plane-

perpendicular directions, which relieves the mentioned shortcoming. Since there is no 

instrument dedicated for such measurements In Hungary, I recently modified and tested 

an x-ray Small Angle Scattering instrument for GISAXS in the Research Centre for 

Natural Sciences of the HAS and successfully applied for GISANS beam time at MLZ 

in Garching (Munich). The latter experiment is due in May, 2018. 

 

3. New scientific results 

I. The layer thicknesses, interface widths, as well as x-ray and neutron scattering length 

densities were determined for magnetron-sputtered (glass/[Ni{Mo}(x Å)/Ti(y Å)]n , n: 2-

8; nominal x: 66-115; nominal y: 59-87) multilayers based on fits of specular x-ray and 

neutron reflectivities. I found the Ni-on-Ti and the Ti-on-Ni interfaces of different width 

(9 and 6 Å, respectively).[1,2]. 

 

II. Performing off-specular scattering experiments evidence is given for long range 

roughness replication in the investigated periodic Ni(Mo)-Ti multilayers by observation 

of sharp resonant diffuse scattering peaks. Using the kinematic approximation a 1000 to 

3200 Å lower estimate is deduced for the out-of-plane correlation length in the different 

samples based on the comparison of the widths of off-specular and specular peaks. 

 

III. On the basis of off-specular neutron scattering experiments the interfacial roughness 

correlation parameters in neutron SMs were determined by Distorted Wave Born 

Approximation calculations. A fair agreement of experiment and DWBA simulations 

was found for a model with common interface roughness, depth-independent in-plane 

and out-of-plane correlation lengths, and Hurst parameter of _σ = 7 A˚, ξ|| = 450 A˚, 

ξout = 4000 A and h = 0.5 in the case of both m = 3 (550 layers) normal (increasing 

bilayer thickness from the substrate) and m = 2.5 (320 layers) reverse-layer-sequence 

SMs.[3]. 

 

IV. By comparing θin-θout intensity maps (calculated using DWBA) and off-specular 

reflectivity data I confirmed that the angular position of the rising and falling edges of 

the plateaus (one plateau in normal-sequence and two plateaus in reverse-layer-sequence 



SMs) depend linearly on the angle of incidence and the critical angle of the SM. I have 

determined the parameters of the linear equation for both layer sequences. [3] 

 

V. Considering the angle-dependent transmittance of the bilayer sections covering the 

considered bilayers of the supermirror. I determined in which regions of the scattering 

intensity map the different orders and modes (RDS-i and RDS-r) of the resonant diffuse 

scattering may provide recognizable intensity and which layers in the regions of the map 

scattered intensity stems from. The regions determined by this kinematic calculation 

coincide with the regions determined by the DWBA calculation and correctly provides 

the limits of the diffuse plateaus determined experimentally. The model correctly 

explains the most striking feature of the experimental data, namely that in the normal 

layer sequence supermirrors the first order of the RDS-i scattering is forbidden. [3] 

 

VI. Studying the effects of typical kinds of imperfectness on the reflectivity of 

supermirrors I found the followings. 

a) Comparing tolerance of the Hayter-Mook (AP) type (continuously increasing bilayer 

thickness) and Carron-Ignatovich (PI) type (set of of periodic multilayer stacks) 

supermirrors with respect to smeared-out interface, random deviation from optimum 

layer thickness and increased absorption I found that the reflectivity of the two types of 

SMs decreases to the same extent. I verified these findings experimentally by comparing 

an m=2 AP and an m=2 PI type supermirror and concluded that the two preparation 

recipes are equally suitable for SM design and production. .[4]   

b) I interpreted the gradual decrease of the reflectivity of eight SMs with total thickness 

of coverage by oil films of thicknesses ranging from 0,17 to 2,3 µm. Modelling the 

operation of a neutron guide by Monte-Carlo simulation I determined that the effect is 

detrimental, the relative transmissivity of the neutron guide decreases exponentially with 

the thickness of the oil film. [5] 

c) By bringing counter-examples I rejected the widespread opinion that the interface 

roughness and consequently the off-specular scattering of smaller critical reflectivity 

SMs would be higher. I pointed out that the specular reflectivity is dependent on any 

type of smear-out of the interface, while the off-specular reflectivity is dependent on the 

contribution of the roughness and, additionally, on the extent of roughness correlation in 

the respective interfaces.[3] 
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