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NEUTRON REFLECTOMETRY

A.A. van Well
IRI, Delft

1. INTRODUCTION
On July 14, 1944, Fermi discovered that neutrons could be totally reflected from a surface
[1]. The recognition that this was a direct consequence of the wave character of the neutron
resulted in the assessment of many analogies between neutrons and light. This part offieutron
research where reflection, refraction, and interference play an essential role is generally
Teferred"to as 'neutron optics'. Klein and Werner |2, 5\ give an extensive review of many
aspects of neutron optics. For a very good and clear introduction in this field, we refer to
Sears [4]. Analogous to optics with visible light, a refractive index n for neutron can be
defined for each material. If we define n = 1 in vacuum, it appears that for almost all
materials the refractive index for thermal neutrons is smaller than unity. The deviations from
1 are in the order of 10~5. This implies that for most materials total reflection will occur at
small glancing angles (of the of a fraction of 1 degree) coming from the vacuum (or air), just
opposite the normal situation for light. The ifeutron wavelength, the scattering length density
and the magnetic properties of the material determine the critical angle for total reflection.
We"wilT come bacYTcHfiTs~TrTcretail in tHe~next""sections. TotaTrefTection ot neutrons fs
extensively applied in the determination of the neutron scattering length [5], for the transport
of neutrons over long distances (10 - 100 m) in neutron guides [6], in filter systems [7], and
neutron polarisers [8-10]. In the latter application, use is made of the fact that the interaction
of neutrons with spin parallel to the magnetic induction differs from that with the anti-parallel
spin.

So in the early stages, the phenomenon of total reflection was used to construct instrument
components. Much later one realised that detailed information about surface and interface
structure could be obtained by determining the (partially) reflected neutron intensity 'beyond'
the total reflection region. This information concerns the composition as well as magnetic
profiles as a function of z, the distance tot the interface. The spatial range extends from a
fraction of 1 nm (monolayers) to depths of a few hundred nanometres. This insight resulted in
a fast growing number of neutron reflectometers all over the world, with a still broadening
range of applications.

Generally, samples are being studied that are isotropic in the x-y plane, parallel to the
interface. This means perfectly layered structures along an area of the order of several cm^.
For these systems, the neutron reflects purely specularly (angle of incidence = angle of
reflection). In principle, information about lateral structure (in the range from 100 nm to
several |im) could be obtained from the intensity distribution of the non-specularly reflected
neutrons. This is a new and complex branch of neutron reflection that is still maturing [11,
12] and will not be considered here.

Neutron reflectometry and the reflection of electro-magnetic waves with the is-vector
perpendicular to the plane of reflection, the so-called s-waves, are described by the same
equation. Lekner [13] extensively reviews the theoretical background and gives exact and
approximate solution methods for both EM-waves and particles. In Section 2, the theoretical
background will be discussed briefly. The phenomenon of reflection is described by the
Schrodinger equation, where the medium is considered to be continuous and is characterised
by means of an effective (or 'optical') potential. This potential can be translated into an



expression for the refractive index. In Section 3, some words are spent on the interpretation of
neutron reflection data. For a recent review of this field, we advice [14]. Section 4 discusses
the experimental methods. In Section 5, we conclude with some examples of the application
of neutron reflectometry.

2. THEORETICAL BACKGROUND
The neutron is described by a plane wave with wave vector k, with magnitude k = 2n/X, and
with kinetic energy

2

The interaction with matter is described by an effective or 'optical' potential [4]

F ( ) ( ) B ( ) (2)
m

where the first term describes the interaction with the nuclei and the second term the magnetic
interaction, m is the neutron mass, |u,n the neutron magnetic moment, B the magnetic
induction (throughout this paper we use SI units), and the scattering length density is defined
by

p(r) =<]>>,.£,.>, (3)

where TVj and b\ are the number density and coherent scattering length of species i, and <•••>
denotes the average at position r. Neutron absorption is taken into account by the imaginary
part of the scattering length b [4]

b = V-ib", (4)
where b" = (k/4n)aa(k), with a a the absorption cross section. Except for thick layers and/or
strongly absorbing elements, such as Cd and Gd, the adsorption can in general be neglected.

Reflection is governed by the 3-dimensinal Schrodinger equation

2 . (5)()
2m

If we consider a system that is isotropic in the*, y plane, then the potential Fonly depends on
the perpendicular component z (see Fig. 1). Eq. (5) then reduces to the 1-dimensional
equation

^ feV = 0, (6)
with y{z) the perpendicular component of the neutron wave function, and qQ = kQ sin Go is
the perpendicular component of the neutron wave vector in the incoming medium (z < 0).
Note that the wave vector transfer during reflection is given by Q = 2q§. The optical potential
in units of wave vector squared is defined by

^ ) . (7)r(z) ^ F ( z ) .
n~

The perpendicular component of the neutron wave vector as a function of depth is
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Fig. 1. Reflection geometry

In Eq. (6), the incoming medium was taken vacuum (or air) with F = 0. If the neutron
approaches the interface through a bulk medium with F = FQ, F(Z) should be replaced by
r(z)-F(). The nuclear part of F(z) is given by

Fn (z) = 4np{z) = 4n < \ Nt b{ >. (9)

The treatment of the magnetic part is more complicated. Here we will only consider the
collinear case, i.e. where the neutron spin is either parallel or anti-parallel to the magnetic
induction B. Then the magnetic part of F can be written as

iPi>, (10)

resulting in

=r n ( z )+r B = 4 * ( i i )

where the 'magnetic scattering length' is defined as

Pi=Cfii, (12)
with /u\ the magnetic moment of species i in units of Bohr magneton ^Q and the constant
given by C = m/jn/jQ/jQ/2nh^ = 2.699 fm/z/g. The plus (minus) sign in Eqs. (10-11) refers to
spin parallel (anti parallel) to the magnetic induction (or magnetisation). In the non-collinear
case, the theoretical description is much more complicated [15-17]. Then, spin flip may occur
during reflection, also leading to non-specular reflection [17-20].

From Eqs. (6) and (8) follows that for neutron, analogous to light, a refractive index can be
defined by

(13)

For the non-magnetic case this yields

V n 2n
A sharp interface between two bulk media with F() < T\ (see Fig.l) acts as a potential barrier
for de neutron with a height AV = h^AT/(2m), with AF = F) - Fo- If the 'perpendicular
component' of the kinetic energy is smaller than this barrier, total reflection occurs. I.e., the
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reflected intensity R(qo) = 1 for qo<qc= -v AF . In that case, q\ is imaginary, corresponding
with an exponentially damped wave, the 'evanescent 'wave'. For qg > qc the reflectivity
decays according to the Fresnel law (see dotted line in Fig. 2)

2

(15)

For qo » qc the Fresnel reflectivity approaches the asymptotic form

zw^/tfc Y_(AT)2

2q
(16)

At the interface between two media with refractive indices«o and n\ (conform Eq. (13)), the
Snellius law holds

n0 cos#0 = nx cos#,. . (17)

q (nrn1)

Figure 2. Calculated reflectivity from a glass substrate with a nickel layer of thickness
D. Continuous line: D = 100 nm; dashed line: D = 10 nm; dotted line: bare substrate.

In our example «Q < n\ and therefore 8\ < 9o- For neutrons with wavelength A. = 2n/kQ total
reflection occurs for glancing angles smaller than the critical angle 9C = arccos («]/«()) =

qc/JcQ =VAr IICQ = A-VAF 11%. For most materials the deviation ofn from 1 is of the order
10~5, resulting in very small critical angles, of the order 10 mrad (17.5 mrad corresponds to
1°). In Table I, numerical values for the variables discussed above are given for some
materials. In Fig. 3, Fn (and the corresponding ri) is displayed for all elements. Note that
different isotope in general have different scattering lengths.
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Figure 3.T, defined by Eq. (11); and the deviation of the refractive index from unity
(for X = 0.28 nm) as a function of the atomic number. For some elements, values for
different isotopes are given. Closed circles represent natural isotopic abundance.

Table I. Neutron reflection parameters for some materials. The symbols for the
magnetic materials indicate that the magnetic moment (in saturation) is not taken into
account (0), is parallel (©), or anti-parallel (e) to the neutron spin.

material

Si crystal
SiO2 'glass'
Ni ©

©
©

58Ni ©

©
©

C diamond
C graphite
Al
Au
Cd
Gd
Ti
Fe ©

©
e

Co ©
©
©

H2O
D2O

b'
(fm)
4.15

15.75
10.3
10.3
10.3
14.4
14.4
14.4
6.65
6.65
3.45
7.63
4.87
6.5

-3.43
9.65
9.65
9.65
2.53
2.53
2.53

-1.677
19.15

6"
(fm)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.027
0.70

13.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0.

p
(fm)
0.0
0.0
0.0
2.0

-2.0
0.0
2.0

-2.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
5.8

-5.8
0.0
4.5

-4.5
0.0
0.0

N
(nm-3)

49.9
22.0
91.3
91.3
91.3
91.3
91.3
91.3

176.0
112.8
60.3
59.0
46.4
30.2
56.6
84.8
84.8
84.8
89.7
89.7
89.7
33.4
33.3

r
(nm'2)

0.00260
0.00435
0.0118
0.0141
0.0095
0.0165
0.0188
0.0142
0.0147
0.0094
0.00264
0.00566
0.00284-0.0005/
0.00247-0.0035/

-0.00245
0.0102
0.0163
0.0040
0.00281
0.0077

-0.0022
-0.00070
0.00800

9c
(nm1)

0.0510
0.0660
0.109
0.119
0.0975
0.128
0.137
0.119
0.121
0.097
0.0514
0.0752
0.0533
0.0497
0.0
0.101
0.128
0.063
0.053
0.088
0.0
0.0
0.0894

8C

(mrad/nm)
8.12

10.50
17.3
18.9
15.5
20.4
21.8
19.0
19.3
15.4
8.18

12.0
8.48
7.91
0.0

16.1
20.3
10.1
8.44

14.0
0.0
0.0

14.2

As a second example, we consider a substrate coated with a single layer. In this case also, an
analytic expression exists [13]. The partially reflected waves from both interfaces interfere.
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The positions of the interference fringes (the so-called Kiessig fringes [21]) are determined
by the layer thickness, while the amplitude depends on the contrast inF for the three media.
For qQ » qc the period of the oscillations approaches n/D, with D the layer thickness. In Fig.
2, the reflected intensity from a glass substrate with a nickel layer is shown. In this case the
optical potential of the layer is higher than that of the substrate. For qQ < <7cCNi), the
'perpendicular component' of E is smaller than the potential V of nickel. The neutron wave
tunnels through the layer and is reflected / transmitted at the second interface. For a layer
thickness D = 100 nm, almost total reflection occurs in the range<?c(glass) < qQ < <7c(Ni). For
a thickness D = 10 nm, the penetration depth in this go-reg'011 is large enough to see the
influence of the buried interface.

R 10

10 —

10 - 6

0.0

Figure 4. Reflectivity from a Ni/TiHx multilayer on silicon, consisting of 20 bilayers with
5/3.1 nm thicknesses. Experimental results are obtained with the time-of-flight
reflectometer ROG of IRI [22], for glancing angles 7.5 (closed circles), 20.5 (open
circles), and 60.4 mrad (triangles). The continuous line represents a model
calculation with perfect interfaces. For the dashed line, an interfacial roughness of 0.5
nm was included.

As a third example, we consider a multilayer system composed of a stack of identical
bilayers. Again, at small qQ, we recognize the Kiessig fringes, resulting from the total layer
thickness. Due to the repetition of the bilayers (with bilayer thicknessd = d^\ + dj\\\) Bragg
reflections are present. At large go values, the peak position of the /th order Bragg peak can
be approximated by In/d.

3. INTERPRETATION
The aim of a neutron-reflection experiment is to obtain information about F(z) from a
measured reflection profile R(q) (for sake of simplicity we omit the subscript '0 ' in the
remainder of this paper). Usually, this is done by model fitting. Then, a model for F(z),
containing adjustable parameters, is used. Some kind of (weighted) least-squares routines is
used, to deduce these parameters from the experimental data. The weight factors are
determined by the statistical accuracy of the data. In the model calculations, the finite
exprimental ^-resolution is taken into account. For a continuously varying F(z), it is -in
general- not possible to derive an analytical expression forR(q). By dividing the layer into an
number of layers, each with constant F, the reflection profile R(q) can be calculated
numerically, using an optical matrix method [13, 23]. For each layer, a matrix is constructed
from the boundary conditions that at the interface both y/(z) and d^z)/dz are continuous.
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From the product of the matrices of the individual layers,/?(g) can be calculated. In this way,
R(q) can be calculated for all T(z) to any desired accuracy. Although, due to lack of phase
information, no unique solution can be obtained, this fitting procedure often leads to good
results. If it appears to be difficult to find a good set of starting values for the parameters,
leading to acceptable fits, other methods are available. In this case 'maximum entropy
methods' [24-25] or 'genetic algorithms' [26] can be used to globally scan the parameter
space. Recently, methods are being developed to obtain phase information via a specially
designed set of experiments [27-31]. With this phase information it is -in principle- possible
to uniquely invert the data to T(z).

Besides these 'exact' methods to calculate/?(<?), approximate methods exist [13]. The so-
called kinematic approximation yields the best physical insight. This is a weak-interaction
approximation, and is only valid for low reflectivities, i.e. for q » qc. It results in the
following expression

2

r.substrate rdrI—exp(72gz)dz
J A?16<7

where the reflectivity is expressed in terms of the Fourier transform of the gradient of the
density profile. The failure of Eq. (17) for some systems, even at low reflectivities, is
explicitly demonstrated by Lekner [32]. Crowtey [33] developed a more advanced
'kinematic' approximation, also applicable for higher values of 7?, i.e. smaller q values.

4. EXPERIMENTAL TECHNIQUES
Reflectivities have to be determined as a function of 17 = (2n/X) sin 0. This can be realized by
using a monochromatic beam, performing 0-20 scans. This (MONO) method is often used at
continuous sources. Examples: NIST (USA), K.FA, HMI, GKSS (Germany), Riso (Denmark).
If a broad wavelength spectrum is available, the glancing angle© can be kept fixed, while X is
determined by means of the time-of-flight (TOF) technique. This method is the obvious
choice at pulsed sources. Examples: ISIS (UK), Los Alamos (USA). The advantage of the
latter method is that a large q region can be covered, without changing the geometry. De Haan
et al. [34] made a comparison between both methods, for an instrument placed at a
continuous source. If a special type of chopper is used [35], the performance of both
techniques is similar. At the Delft reflectometer ROG, the TOF technique is used. In the
reflectometers, presently being built at PSI and ILL, both the TOF and MONO option will be
possible. Extra options, available at several reflectometers, are polarisers, spin flippers, spin
analyser (all needed for properly measuring magnetic structures), and a position sensitive
detector (for measuring non-specular reflection).

5. APPLICATIONS
The field of application is very broad. To give an overview, we refer to [23, 36], with
references therein. Almost full account of all reflectometry research is given in the
proceedings of the Surface X-Ray and Neutron Scattering (SXNS) conference series [37].
Here, we restrict ourselves by remarking that neutron reflectometry yields unique information
is those fields where contrast variation, by means of isotope substitution, can be applied, and
in the field of surface magnetism. We will demonstrate both areas with an example.

As a first example, we show the results of Lee et al. [38], concerning the adsorption of the
surfactant decyl-trimethylammoniumbromide (DTAB, CioH2lN(CH3)3+Br) at the air/water
interface.
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Figure 5. Left: experimental reflectivities from the air-water interface of a 0.05M
solution of DTAB; 1: CioH2iN(CH3)3+Br- ; 2: CioD2]N(CH3)3+Br ; 3:
CioD2iN(CD3)3+Br.
Right: An artist impression of the structure of the adsorbed layer, obtained by
simultaneously fitting the 3 data sets.

The tail of this molecule is hydrofobic and the head hydrophylic. The experiment have been
performed with so-called air-contrast-matched water (a H2O/D2O mixture containing 8.08
vol% D2O, yielding F = 0). Then all signals measured are originating from the adsorbed
layer. Three different levels of deuteration of the molecule were used, yielding detailed
information about the different parts of the molecule. The measured reflectivity curves with
the resulting structure is shown in Fig. 5.
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Figure 6. Reflectivity as a function of wave vector transfer 2q, of spin parallel (open
circles) and spin anti-parallel (closed circles) for 1.6 nm Fe on a MgO substrate,
covered with Au, in a magnetic field of 2000 Oe.

As an example of polarised neutron reflectometry, we discuss the experiment of Huang et al.
[39] of a thin bcc iron film on MgO, covered with a gold layer. Experiments were performed

87



for different thicknesses of the iron layer (0.4, 0.6, 0.8, and 1.0 nm). From the data was
concluded that the ordering temperature and the perpendicular anisotropy strongly depend on
the thickness of the Fe film. The magnetic moment of Fe in saturation hardly differs from the
bulk value (2.2 //g per Fe atom). However, in thin cobalt films on silver, a clear increase of
the magnetic moment per Co atom was found - up to 2.15 /^g , while the bulk value is 1.8
/̂ B - . Fig. 6 shows two reflectivity curves for spin parallel and spin parallel for a 1.6-nm-
thick Fe film.
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