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§ 1. Introduction

The reflection of light from surfaces is a well-known
phenomenon caused by the change of refractive in-
dex across the interface. Already in 1675 Newton
had realised that the colour of the light reflected by
a thin film, illuminated by a parallel beam of white
light, could be used to obtain a measure of the film
thickness. Spectral colours develop as a result of in-
terference between light reflected from the front and
back surfaces of the film and optical interference is
still used to measure the thickness of surface coatings.
In the 1920s experiments by Compton showed that
X-ray reflection was governed by the same laws as re-
flection of light but with different refractive indices
depending on the number of electrons per unit vol-
ume. In 1944 Fermi and Zinn first demonstrated the
mirror reflection of neutrons (Fermi and Zinn, 1946).
Again this follows the same fundamental equations
as optical reflectivity but with different refractive
indices. Neutrons are scattered by nuclei and the
neutron refractive index depends not only on the
number of nuclei but also on how strongly they scat-
ter. A quantity known as the scattering length that
indicates a nucleus’ ability to scatter neutrons may

be defined for each one. A neutron refractive index
of any material is a function of the scattering length
density of its constituent nuclei and the neutron wave-
length. As with light, total reflection may occur when
neutrons pass from a medium of higher refractive in-
dex to one of lower refractive index. Since the neu-
tron refractive indices of most condensed phases are
only slightly less than that of air or vacuum, total ex-
ternal reflection is more commonly observed instead
of the total internal reflection experienced with light.
The critical angle for total reflection is such that the
reflectivity of neutrons of a given wavelength from a
bulk interface is unity at lower glancing angles (ig-
noring absorption effects) and falls sharply at larger
angles. Fermi and Zinn had observed the total re-
flection of thermal neutrons below the critical angle.
Since the neutron refractive index is related to its
composition and to the scattering lengths of its con-
stituent atoms, measurement of the critical angle for
total reflection for pure materials became an impor-
tant method for the determination of the scattering
lengths of nuclei. Indeed for a long time neutron re-
flection, besides being used in the transport of ther-
mal neutron beams in guide tubes, has been used for
such determinations even though the presence of in-
terfacial inhomogeneity impaired the accuracy of the
measurements. Over the past twenty years more ac-
curate methods have been developed for measuring
scattering lengths and neutron reflection has emerged
as a powerful technique for investigating the inhomo-
geneities across the interface itself, inhomogeneities
either in composition (Penfold and Thomas, 1990) or
magnetisation (Felcher, 1981). As for light, interfer-
ence occurs between waves reflected at the top and at
the bottom of a film at an interface, which gives rise
to interference fringes in the reflectivity profile.

For studies at interfaces neutron reflection offers
many advantages with respect to traditional tech-
niques as well as to X-ray reflection. In particu-
lar, because of the short wavelengths available, it
has a resolution of a fraction of a nanometer, it
is nondestructive and it can be applied to buried
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interfaces, which are not easily accessible to other
techniques. In addition it provides the advantage that
isotopic substitution can be used to achieve large con-
trasts in the scattering length density. Information on
the concentration profiles giving rise to the reflectiv-
ity curves is usually obtained through model fitting.
Structure within a surface cannot be probed by spec-
ular reflection and off-specular studies become nec-
essary (Sinha et al., 1998). Much effort is being put
recently in the optimisation of data analysis from off-
specular measurements and in this direction are to be
sought the future achievements of the technique as
well as in new data analysis methods.

Neutron reflection is now being used for studies
of surface chemistry (surfactants, polymers, lipids,
proteins, and mixtures adsorbed at liquid/fluid and
solid/fluid interfaces), surface magnetism (ultrathin
Fe films, magnetic multilayers, superconductors) and
solid films (Langmuir–Blodgett films, thin solid films,
multilayers, polymer films).
After an introduction to the theory and measurement
of neutron reflectivity, examples of applications at
various interfaces will be given.

§ 2. Theoretical Principles

In the quantum mechanical approach the neutron can
be treated as a wave with a characteristic wavelength,
λ, defined by the de Broglie relation, λ = h/mnv, where
h is Planck’s constant, and mn and v are the neu-
tron mass and speed, respectively. The Schrödinger
equation is analogous to the wave equation for light
and leads to neutrons showing characteristic opti-
cal behaviour such as total reflection and refraction
(Lekner, 1987; Sears, 1989). The Schrödinger equa-
tion may be written as

−
h2

8π2mn
∇2Ψ +VΨ = EΨ, (1)

where V is the potential to which the neutron is sub-
ject and E its energy. V represents the net effect of the
interactions between the neutron and the scatterers in
the medium through which it moves. Provided any
scattering is far from satisfying the Bragg condition
of the crystalline structure, the neutron can be con-
sidered to interact with a constant potential simply
related to the coherent scattering length by the rela-
tion

V =
h2

2πmn
Nb, (2)

where Nb is the scattering length density defined as

Nb = Σ
j

bjnj, (3)

where nj is the number of nuclei per unit volume and
bj is the scattering length of nucleus j. The latter is

an empirical quantity known for most nuclei, varying
strongly across the periodic table and often varying
sharply between isotopes of the same element. Most
materials have a positive b; therefore in a positive po-
tential a neutron has less kinetic energy and hence a
longer wavelength (opposite to light where the wave-
length shortens).

We may now consider what happens to a beam ap-
proaching a surface with a bulk potential V, infinitely
deep (see Fig. 1). With no structure within the surface
the only potential gradient and hence force is perpen-
dicular to the surface. Only the normal component of
the incoming wave vector, ki is altered by the barrier
potential and it is the normal component of the ki-
netic energy Ei⊥ that determines whether the neutron
is totally reflected from the barrier,

Ei⊥ =

(

hki sin θi

)2

8π2mn
, (4)

where θi is the angle of the incident beam. If Ei⊥ < V
then there is total reflection and the critical value of
wave vector transfer, qc, will be when Ei⊥ = V, giving

qc =
√

16πNb as q = 2ki sin θi. (5)

Assuming the interaction is elastic, then conservation
of momentum means that θi = θo where θo is the angle
of the reflected beam; i.e., the reflection is specular.
Provided the sample is static, any off specular reflec-
tion must be a result of potential gradients within the
xy plane of the surface.

Figure 1 (a) Reflection of an incident beam from an ideally
flat interface. k i and k r are the incident and scattered wave
vectors, with angles θi = θ0 = θ in the incidence plane; q is the
wave vector transfer; and Nb1 is the scattering length density of
the semi-infinite substrate. On the right is the scattering length
densityprofile as a function of depth. (b) Simulation of the specular
neutron reflectivity as a function of q from a silicon/air interface
(Nb1 = 2.07×10−6 ◦

A−2).



Neutron Reflection: Principles and Examples of Applications 3

If Ei⊥ > V, then the reflection is not total and the
neutron can be either reflected or transmitted into
the bulk of the material. The transmitted beam,
kt, with its normal component of kinetic energy re-
duced by the potential must change direction; i.e., it is
refracted. The change in the normal wave vector is

k2
t⊥ = k2

i⊥−4πNb, (6)

allowing us to define a refractive index n

n2 =
k2

t

k2
i

=
k2

i || + (k2
i⊥−4πNb)

k2
i

= 1−
4πNb

k2
i

= 1−
λ2Nb

π
, (7)

where λ is the neutron wavelength. For most ma-
terials, Nb is much less than 1, so for λ < 60

◦
A we

can make a good approximation for n with the well-
known result

n ≈ 1−
λ2Nb

2π
. (8)

This confirms the earlier statement about the wave-
length change in the bulk being opposite to that of
light (for positive b) as we see that n is less than
1. The transmitted beam refracts towards the mirror
plane and exactly at the point of total reflection, the
refracted beam travels along the surface.

All of the above discussion (apart from treating
neutrons as waves) can be derived from classical
physics. In order to describe all the physical aspects of
reflectometry a quantum mechanical approach must
be used. The wavefunction describing the probability
amplitude of a neutron near to the surface is

∂2Ψz

δzz +k2
⊥ = 0, where k2

⊥ =
2mn

h- 2 (Ei −V)−k2
||.

(9)

Solutions for this above and below the surface are

Ψz = e iki⊥z + re−iki⊥z and Yz = te ikt⊥z, (10)

where r and t are the probability amplitudes for re-
flection and transmission. Continuity of the wave-
function and its derivative gives the expressions

1+ r = t ki⊥ (1− r) = tkt⊥, (11)

where the second relation only holds for Ei⊥ > V; this
leads directly to the classical Fresnel coefficients found
in optics:

r =
ki⊥−kt⊥
ki⊥ +kt⊥

and t =
2ki⊥

ki⊥ +kt⊥
. (12)

In reflectometry the reflectivity is measured as a func-
tion of wave vector transfer or q. Using the expres-
sions (5), (6) and (12) the measured reflectivity R can

be related to q and qc. Note that what is measured
is an intensity and thus is a function of the quantum
mechanical probability amplitude squared.

R = r2 =







q−
(

q2 −q2
c

)1/2

q+
(

(

q2 −q2
c
)1/2

)







2

. (13)

When q >> qc this reduces to

R ≈
16π2

q4
N2

b, (14)

which is the reflectivity used in the Born approxima-
tion (Born and Wolfe, 1989).

Returning to the wavefunction within the surface
(10) and using (6) it is found that when Ei⊥ < V (or
k2

i⊥ < 4πNb or q < qc) there is a real solution of the
form

Yz = te
i
(

k2
i⊥−4pNb

)1/2
z

= te−
1
2 (q2

c−q2)1/2
z. (15)

This is a very important result as it shows that even
when the potential barrier is higher than the particle
energy normal to the surface it can still penetrate to

a characteristic depth of
(

q2
c −q2

)−1/2
. This “evanes-

cent” wave travels along the surface with wave vector
k|| and after a very short time it is ejected out of the
bulk in the specular direction (see Fig. 2a). Taking as
example the value of Nb for Si this penetration is on
the order of 100

◦
A at q = 0, rising rapidly to infinity

at q = qc. No conservation laws are broken, as the
reflectivity is still unity due to the fact that this wave
represents no flux transmitted into the bulk. The re-
sult also explains why when a thin layer of material
such as Ni, which has a much larger Nb, is put onto
a Si substrate qc is still defined by the Nb of Si and
not of Ni. The reason being in this case the layer is
thinner than the characteristic penetration depth and
the neutrons tunnel through the barrier.

Calculating the reflectivity from such a system or
one with many layers requires a general technique
such as the optical matrix method (Born and Wolfe,
1989). The transmission and reflection from one layer
to the next can be described as a matrix multiplication
product for each layer. The problem of inverting a re-
flectivity curve to extract Nb as a function of depth is
complex and many profiles can produce the same re-
flectivity curve (this is known as the phase problem).
In Fig. 2b is an example of reflectivity profile associ-
ated with a single layer of the form in Fig. 2a with
d = 400

◦
A. In the Born approximation these oscilla-

tions are simply the Fourier transform squared of Nb
as a function of depth multiplied by the Fresnel reflec-
tivity, the period of which at q >> qc is 2π/d.

A useful review of the various techniques for inver-
sion can be found in Zhou and Chen (1995).
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Figure 2 (a) As described in the legend to Fig. 1a with an addi-
tional thin layer of scattering length density Nb2. (b) Simulation of
the specular neutron reflectivity as a function of q from a 400-

◦
A

layer of nickel on a silicon substrate (Nb1 = 2.07×10−6 ◦
A−2,

Nb2 = 9.04×10−6 ◦
A−2).

Absorption

In reality many materials have a finite absorption
cross section, although for most materials absorp-
tion does not significantly reduce the reflectivity. This
is dealt with by adding an imaginary part to the
coherent scattering length:

btotal = bcoherent + ibabsorbtion. (16)

It can be seen then from (10) that the transmitted and
the reflected intensity is exponentially reduced by the
presence of absorption. Even in the regime of total re-
flection, as the evanescent wave exists in a surface re-
gion of the material, absorption occurs, reducing the
total reflection amplitude to less than 1. It should not
be forgotten that even materials such as Cd and Gd,
which are very strong absorbers of neutrons, can still
have significant reflectivities.

Magnetic Materials

We have seen that a neutron in the bulk is affected
by a mean potential related to the coherent scattering
length. If the material is magnetised, then there is an
additional potential associated with the interaction of
the magnetic dipole moment of the neutron and mag-
netic flux density B. This potential has the value

Vmag = −µ•B(r), (17)

where µ is the magnetic dipole moment of the neutron
and B(r) is the spatially varying magnetic field. If the
incoming beam is polarised up or down with respect
to the magnetisation of the sample then the magnetic

potential switches sign. The magnetic potential can be
expressed in the form of a coherent scattering length

bm = 1.913
e2

me
S, (18)

where e and me are the electron charge and mass, re-
spectively and S is the effective spin of the magnetic
atom perpendicular to the momentum transfer of the
reflection. The total coherent scattering length be-
comes polarisation dependent with the plus sign cor-
responding to a beam polarised by a polariser with a
magnetisation in the same direction as the magnetisa-
tion of the sample:

btotal = bnuclear ±bm. (19)

Assuming the sample is a saturated ferro-magnet, to
extract the nuclear and magnetic parts of b, two
measurements must be made, one with the polarisa-
tion parallel to the magnetisation, R+, and the other
with the polarisation inverted, R−, by use of a flip-
per (Williams, 1989). A very important point in
polarised neutron reflectometry (PNR) is to remem-
ber that magnetic reflection is only going to occur
at a potential boundary and that requires a step in
B. If a sample has been magnetised within the plane
of a magnetic layer, then, from Maxwell’s equations,
the step in B is µoM at the surface, where M is the
magnetisation density of the layer. If the sample is
magnetised normal to the plane, then B is continu-
ous at the boundary and there is no potential step.
Magnetic reflection can only occur in the presence of
in-plane magnetisation components. Components of
magnetisation normal to the plane do not reflect an
in-plane polarised beam but can cause spin flip; i.e.,
a completely polarised beam will have a certain frac-
tion polarised in the opposite direction after reflec-
tion. This can only be measured by the use of a second
flipper and polariser or analyser. Figure 3 shows the
four combinations of the initial and final polarisation
states needed to measure the four reflectivities, i.e.,
R++, R−−, R+−, R−+. It should be noted that from the
polariser to the analyser there must be a small vertical
guide field that maintains the polarisation direction.
In addition to measuring these four reflectivities the
four cases should also be measured with a nonmag-
netic scatterer such as graphite to enable the imper-
fection of the flipper and polariser efficiencies to be
taken into account. A detailed description of neutron
optics and magnetic effects can be found in Williams
(1989).

Roughness and Interdiffusion

There is a large field of interest in what happens be-
tween materials at an intermaterial boundary. An in-
terface may be rough with peaks and troughs over
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Figure 3 A schematic layout of a polarised neutron reflectiv-
ity experiment withanalysis. The initially unpolarised beam is
polarised vertically by the polariser mirror. Flipper 1, when ac-
tivated, inverses the polarisation, allowing the measurement of
R+ and R−. The difference of these two data sets represents
the magnetic contribution to the reflectivity. If in the process of
reflection the neutron polarisation was changed (flipped) due to
a magnetisation component out of the vertical plane, this can be
detected by the use of an analyser mirror and second flipper. Be-
tween the polariser and analyser a guide field (∼20 G) is required
to maintain the polarisation in the vertical direction.

a large range of length scales with a fractal-like
structure. It may also have magnetic roughness if
the magnetisation does not sharply change at an in-
terface. A boundary may be smooth but with one
material diffused into the other. It turns out that
in both the rough and diffuse cases the specular re-
flectivity is reduced by a factor very much like the
Debye–Waller factor reduces scattered intensity from
a crystal (Névot and Croce, 1990). The resulting den-
sity profiles are the same, as shown in Fig. 4. Expres-
sion (14) is affected in the manner

R ≈

(

16π2

q4
N2

b

)

e−q2
z σ2

, (20)

where σ is a characteristic length scale of the layer im-
perfection. So what happens to the intensity lost by
the exponential factor in (20)? In the case of the dif-
fuse interface the lost intensity must go into the trans-
mitted beam as there are no potential gradients in any
other direction than normal to the surface. This is
not the case for the rough interface where intensity is
lost by local reflections in directions away from the
specular direction or off-specular scattering. Infor-
mation such as the height–height correlation function
can be deduced from this off-specular scattering (Born

Figure 4 Two possible interfaces that can result in identical
specular reflectivities. The data only differ in the case of the
rough interface where off-specular scattering is observed.

1 1

and Wolfe, 1989; Daillant and Gibaud, 1999). If the
in-plane structure is regular as in an optical grating
then the off-specular can be quite dramatic, see ex-
ample 4.1.

§ 3. The Measurement of Neutron
Reflection

The basic features of a reflection experiment, whether
this uses light, X-rays or neutrons are (i) a radiation
source, (ii) a wavelength selector or chopper(s), (iii) a
system of collimation, (iv) the sample and (v) a detec-
tion system.

The production of neutrons requires either a nu-
clear reactor, where a continuous neutron beam is
produced by nuclear fission, or a synchrotron source,
where a pulsed neutron beam is obtained. In both
cases neutron energies are too high for large-scale
(> 100

◦
A) structural studies and are reduced in a

moderator tank (e.g., D2 at 25 K) where the neutrons
are repeatedly scattered, losing energy at each colli-
sion until thermal equilibrium is reached. Thermal
neutron energies are on the order of kBT, where T is
the temperature of the water moderator and kB the
Boltzmann constant.

The objective of a specular neutron reflection ex-
periment is to measure the reflectivity as a function
of the wave vector perpendicular to the reflecting sur-
face, q. The measurement can be done by varying
either the glancing angle of incidence θ at constant
wavelength or measuring the time-of-flight, hence
wavelength, at constant θ. In most nuclear reactors
measurements are usually made at a fixed value of λ
using long-wavelength neutrons (∼10

◦
A ) and a θ (re-

flection angle) −2θ (detector angle) scan. Wavelength
selection may be achieved by Bragg scattering from a
crystal monochromator or multilayer or by velocity
selection through a mechanical device. The incom-
ing intensity must also be measured either at the same
time with the use of a monitor and then scaled up by
the monitor efficiency or in the separate experiment.
The reflectivity is simply the ratio of these two inten-
sities for each θ, which is converted to q by Bragg’s
law:

q = 4πsin(θ)/λ. (21)

With a sample length on the order of a few centimeters
and a starting θ of a fraction of a degree, the beam
must be finely collimated to ensure the sample is not
overilluminated; i.e., all of the incoming beam strikes
the reflection surface (see Fig. 5). The sample can be
overilluminated for very small samples but the data
must be corrected for the varying flux on the sample
as θ is increased.

As the reflectivity tends to drop quite fast with
increasing q (see (14) where R ∝ 1/q4) in order to
gain intensity (at the price of looser resolution) the
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Figure 5 A typical collimation setup within the reflection plane.
When the sample is underilluminated (minimal background), the
distance between the last slit and the sample should be as short
as possible. In general the divergence out of the plane is defined
only by the source.

collimation slits can be opened, keeping δθ/θ constant
and equal to the fractional wavelength variation. The
final curve in either case must have the resultant q res-
olution, δq, deconvolved from the data. The q reso-
lution is related to θ and λ by the relation

(

δq
q

)2

=
(

δθ
θ

)2

+
(

δλ
λ

)2

. (22)

This method has the advantage that the wavelength
chosen can be that with the highest flux from the neu-
tron source and therefore for a given resolution is the
most efficient method of using the flux available.

The alternative is to use time-of-flight (TOF),
which is used at both spallation and reactor sources.
θ is kept constant and all the available wavelengths in
the beam are used. The wavelength and hence q are
measured by pulsing the incoming beam and measur-
ing the arrival time to the detector. The resolution is
the same as (22) with δλ/λ replaced by δt/t, where
δt is the pulse time width and t is the time-of-flight
of the pulse. The resolution of the time binning at
the detector in principle is also a factor but in prac-
tice this is chosen to be much smaller than δt. The
range of q covered for a given θ depends on the use-
ful wavelength range. Over this range however, the
flux at the minimum and maximum wavelengths com-
pared to the peak flux may be more than two orders of
magnitude smaller. The highest q (and lowest reflec-
tivity) is measured by the shortest wavelength. For the
same resolution the TOF method is less efficient than
the monochromatic technique as it will always require
longer counting times to measure the same q range
to the same statistical accuracy. Nevertheless, kinetic
experiments are best done in the TOF mode. If one
had a sample where the layer structure was changing
as a function of time, only the TOF method can pro-
duce a unique R(q) for a given time range. The θ−2θ
measurement is a sequential set of counts so each
point in q is measured at a different time. In order to
solve the problem of reduced flux in TOF, a chopper
system can continuously vary the time resolution (see
http://www.ill.fr/Yellowbook/D17/main.html) Figure
6 is a schematic representation of a reflectometer.

At high values of q the reflectivity is very small
and most of the beam passes into the substrate (e.g.,
water in a solid/liquid experiment) where it is scat-
tered either incoherently or by multiple diffraction. A
proportion of this scattering enters the detector with
the specular reflection and contributes a background,
which must be subtracted from the profile. This de-
fines a lower limit of reflectivity that can be measured,
which is on the order of 10−7 when water is present
in the sample environment.

With a two-dimensional multidetector a wide
range of 2θ, which will include background and off-
specular diffraction, is captured. Instruments with a
single detector require a special measurement with the
detector in an off-specular position to measure the
background. In both cases care must be taken in de-
ciding the 2θ range for background does not include
diffracted intensity from the sample itself.

Polarised neutron reflection (PNR) experiments are
complicated by the fact that the polarisers and flippers
in the system are not perfect. With no sample and in-
coming beam directly on the analyser we would ex-
pect no flux on the detector in the condition −+ or +−
for a perfect system. A measure of the efficiency of
each flipper and the polarisers is the flipping ratio F
defined as

F1 = I++
/

I−+ and F2 = I++
/

I+−, (23)

where F1 and F2 are the flipping ratios for the first
and second flippers. The intensities are measured
either with the direct beam for a single detector or
with a sample such as graphite in which the scatter-
ing is entirely non-spin-flip in order to measure the
analyser/flipper efficiency over a range of 2θ. The
measured intensities, I, correspond to the states of the
two flippers as in Fig. 3. Acceptable flipping ratios are
on the order of 40. These must be taken into account
when attempting to extract the magnetic and nuclear
components of the reflectivity (Williams, 1989).

Data Analysis

The method of analysis often used for specular re-
flection data involves the construction of a model
of the interface that may be represented by a series
of parallel layers of homogeneous material. Each
layer is characterised by a scattering length density,
ρ, and a thickness, d, which are used to calculate a
model reflectivity profile by means of the optical ma-
trix method. The interfacial roughness between any
two consecutive layers, σ, may also be included in the
model by the Abeles method (Heavens, 1955). The
calculated profile is compared to the measured pro-
file and the quality of the fit is assessed either visu-
ally or by using χ2 in the least-squares method (the
two extremes of the interface are considered as having
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Figure 6 The dual mode instrument D17 at the ILL designed to take advantage of both TOF and monochromatic methods of
measuring reflectivity. (a) A side view of the instrument in TOF mode. The monochromator is removed from the beam and a
double-chopper system defines the time resolution (1–20% δt/t). Between the collimation slits is a vertically focussing guide that
increases the flux at the sample position at the price of increased vertical divergence of the beam. The slits define the beam in the
horizontal direction. (b) A vertical view of the instrument in monochromatic mode. Here the collimation arm is rotated (∼4◦) to allow the
beam reflected from the multilayer monochromator system to pass through to the sample. The choice of monochromators involves
high and low resolution (2–5%) plus polarising.

infinite thickness and have a fixed scattering length
density). At the interface there is either a single uni-
form layer or a more complicated structure. By vari-
ation of ρ and d for each layer, the calculated profile
may be compared with the measured profile until the
optimum fit to the data is found. Although any one
profile may not provide a unique solution, the use of
different isotopic contrasts together with the physi-
cal and chemical constraints of the system can usually
ensure that an unambiguous model of the interface is
obtained. Contrast variation relies on the fact that the
different nuclei scatter neutrons with different ampli-
tude, and sometimes, as in the case of protons and
deuterons, with oppositely signed scattering lengths
(NH2O

b = −0.56×10−6 ◦
A−2; ND2O

b = 6.35×10−6 ◦
A−2).

By using a combination of hydrogenated and deu-
teriated materials the reflectivity profile of a system
can be substantially changed while keeping the same
chemical structure at the interface. It is also pos-
sible, by adjustment of the H/D ratio, to prepare
solvents that are contrast matched to the medium
through which neutrons pass before reaching the in-
terface, that is, the bulk solid in a solid/fluid experi-
ment or air in a liquid/air experiment. The contrast

between the solid (or air) and the solvent is then
zero, giving a reflectivity profile arising only from
the interfacial region. From the value of the scat-
tering length density of the layer, information about
its composition is obtained. The kinematic approxi-
mation (Crowley, 1993) gives a more direct descrip-
tion of the structure of soluble surfactant monolayers
at the air/liquid interface. Very recently, Majkrzak
et al. (2000) have succeeded in applying a new, phase-
sensitive method for revealing compositional depth
profiles. With this method the scattering length den-
sity profile of biomimetic membranes is obtained by
a first principles inversion without the need for fit-
ting or adjustable parameters. Other model-free ap-
proaches use maximum entropy (Silvia et al., 1991)
and B-splines (Berk and Majkrzak, 1991).

§ 4. Examples of Applications

Neutron specular reflection has been applied to sev-
eral systems including magnetic multilayers (Huang
et al., 1991; Schreyrer et al., 1995; Majkrzak, 1996),
polymers (Daillant and Gibaud, 1999, and references
therein), surfactants (Penfold et al., 1997, and refer-
ences therein) and proteins (Lu and Thomas, 1998,
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and references therein) at various interfaces. The liq-
uid/liquid interface deserves a special mention for its
technological importance as well as its fundamental
interest. Interesting work has been done recently from
a phospholipid monolayer at a flat water/oil interface
by using synchrotron radiation (Fradin et al., 1998).
It is more difficult to use neutrons since when the
beam crosses one of the two liquid phases to reach
the interface, absorption lowers considerably the sig-
nal. Nevertheless, the optimisation of sample prepa-
ration and data collection protocols could lead to
useful results in the near future.

Below are three randomly selected examples of re-
sults from various interfaces that give a flavour of
what may be attained by this technique.

Air/Solid Interface: Nickel Gratings

About the specular reflection there can be off-specular
scattering arising from surface roughness or as in the
case described below, low-angle diffraction. The sam-
ple was a diffraction grating consisting of a glass
substrate with thousands of strips of nickel, 900

◦
A

deep separated by 10 µm (Cubbitt, 2000; Ott et al.,
2000). If this grating were placed perpendicular
to the incoming beam, then 10-

◦
A neutrons would

be diffracted only a few thousandths of a degree
(qx = 6×10−5 ◦

A−1), beyond the range of any existing
small-angle instrument. However, if the incoming
beam strikes the grating surface at a glancing angle,
then many diffraction orders can be seen in both the
reflected and transmitted beams at measurable an-
gles of deflection (Fig. 7). In addition to information
on the stripe separation, the depth profile (consistent
with 900

◦
A) is revealed in the ripples of intensity

found running along the specular line and the vari-
ous reflected diffraction orders. The diagonal line of
intensity coming from where the specular line just to-
tally reflects is a Yoneda wing and is a consequence of
the roughness along the surface of the nickel strips.

These devices may have application as monochro-
mators or wavelength analysers.

Air/Liquid Interface: Detailed Structure of a Sur-

factant Monolayer

Amphiphiles are a class of molecules exhibiting a
strong tendency to adsorb at interfaces. They are
characterised by the presence of both polar (hy-
drophilic) and nonpolar (hydrophobic) moieties. Sur-
factants (surface-active agents) are amphiphiles and
typically have a long hydrophobic chain, known as
tail, and a small hydrophilic group, known as head.
At interfaces, the molecule can be oriented in different
ways and in general the hydrophilic head is directed
towards the bulk water and chains will orient in

Figure 7 TOF data showing reflection, refraction and off-
specular diffraction from a nickel grating on a glass substrate
measured on D17. The horizontal axis is x pixels of the detector
(∝2θ) summed over the vertical direction. The vertical axis is TOF
(∝λ).

−−

order to avoid the water. The structure of surfactants
in bulk solution and at interfaces is of great impor-
tance in industrial processes involving, for example,
detergency, paints, food chemistry and oil recovery.
Much successful work has been done to understand
the structure of surfactant aggregates in solution but
at interfaces a systematic study of the effects of the
nature and composition of a surfactant on the prop-
erties of adsorbed layers is still lacking. Neutron re-
flection, combined with H/D isotopic substitution, is
an ideally suited technique for this kind of study as
it makes it possible to determine the position of the
molecules at the interface in relation to the aqueous
subphase and the relative position of the hydrophilic
and hydrophobic groups. In the following example it
is shown how, by suitable use of deuterium-labelled
materials, the three basic pieces of information, sur-
factant thickness, the depth the surfactant penetrates
into water and the surface coverage of a surfactant
monolayer, were derived from specular neutron re-
flection measurements (Lu et al., 1995).

The method has been applied to the surfactant hex-
adecyltrimethylammonium bromide (CTAB), whose
hydrocarbon chain is 16 atoms long. First it was la-
belled with deuterium to give a series of compounds
with 4, 8, 12 and 16 CD2 groups. Specular reflec-
tivity measurements were then taken in null reflecting
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Figure 8 Cartoon of the results from neutron specular reflectiv-
ity experiments from CTAB monolayers at the air/water interface.
By using null reflecting water (∼86% H2O and 14% D2O) and
differently labelled carbons in the surfactant hydrocarbon chains
fine details of the interface are revealed. (a) Filled circles are
deuterated CD2 groups, empty circles are hydrogenated CH2
groups; σ is the layer roughness as obtained from kinematic
approximation data analysis (Crowley, 1993). (b) Scheme of la-
belling that makes it possible to obtain the mean conformation of
the hydrocarbon chain. Adapted from Lu et al . (1995).

water, that is, a mixture of H2O and D2O with the
same scattering length density as air. In this way
the deuterated parts of the interface were highlighted
(see Fig. 8a). The thicknesses of this series of com-
pounds could then be used to show that there is a large
residual roughness of the layer of 14

◦
A . This is ob-

tained by plotting the measured thickness of the layer
against the number of labelled carbons and extrapo-
lating to zero length of the label. By making the same
surfactant with different pairs of deuterium-labelled
butylene groups (four carbon atoms) the mean verti-
cal separation between the labels was determined (see
Fig. 8b). Making the further assumption that each
four-carbon fragment is on average fully extended,
the mean conformation of the carbon chain may be
deduced. This series of measurements showed that
the surfactant layer must be highly disordered, the
roughness being comparable with the projection of
the chain along the surface normal, a result that agrees
with computer simulations.

Solid/Liquid Interface: The Structure of a New

Model for Biological Membranes

Lipid bilayers are the basic building units of biological
membranes. Many biological processes involve trans-
formations between such bilayer structures. Several
model membrane systems have been developed for
studying the properties of pure lipids, lipid mixtures
and lipid–protein mixtures and they can be grouped
as (i) monolayers, (ii) planar bilayers and (iii) lipo-
somes or vesicles. Phospholipid bilayers have been
intensely used as model systems for studying the struc-
ture and interactions of biological membranes. Very
recently a new model system has been produced, con-
sisting of two bilayers, one adsorbed on a flat sur-
face and a second floating at 15 to 30

◦
A above the

first in bulk water. A cartoon of this system is
depicted in Fig. 9b. The floating bilayer at the solid–
liquid interface is a new model for biological mem-
branes with several advantages over classical model
systems (Charitat et al., 1999; Fragneto et al., 2000).
Below, a study of the behaviour of this system when
varying the temperature is briefly discussed.

Phospholipid bilayers exhibit a main phase tran-
sition from a gel phase, where lipid chains are rigid
and well ordered, to a liquid crystalline phase (Lα),
where chains are disordered and fluid-like. Cell mem-
branes are in the fluid state. The two bilayers are
best deposited in the gel phase. After deposition the
temperature of the system may be raised in order
to overcome the gel–fluid phase transition. Neutron
specular reflectivity measurements make it possible
to conclude that the bilayer is stable well above the
main transition temperature (in the biologically rele-
vant fluid phase) and that at the transition both the in-
terbilayer distance and the roughness increase. Figure
9a shows the neutron reflectivity measurements from
hydrogenated di-stearyl phosphatidyl choline (DSPC)
in D2O at 25.4◦C (gel phase), 51.5◦C (around the
main phase transition) and 55.4◦C (fluid phase). It
may be observed already from the reflectivity profiles
that at 51.5◦C the thickness of the system increases
since the position of the first minimum shifts towards
a lower q value. In the fluid phase the profile is very
similar to that in the gel phase, indicating that there
are no major changes in the structure in the direction
normal to the interface.

Data were fitted with a box model and reflectivity
was determined with the optical matrix method (con-
tinuous lines in Fig. 9a). Results are summarised in
the cartoon of Fig. 9b and they indicate that at 51.5◦C
not only does the interbilayer distance increase enor-
mously but so does the floating bilayer roughness.
This might be a direct observation of the balance
between energy minimisation and entropy repulsion,
leading to an estimation of the membrane bending



10 Neutron Reflection: Principles and Examples of Applications

Figure 9 (a) Neutron reflectivity profiles and fitted curves (continuous lines) from DSPC phospholipid bilayers at the silicon/water
interface; data were collected on the diffractometer D16 at the ILL. (b) Cartoon of the model used to fit the data. Adapted from
Fragneto et al . (2000).

modulus in the two lipid phases as well as at the tran-
sition.
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