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POLARIZED NEUTRON REFLECTION:
A TECHNIQUE TO STUDY MAGNETIZATION
PROFILES AT SURFACES AND INTERFACES

R. FELICI

Istituto Struttura della Materia del C.N.R.
Via E. Fermi 38, 00044 Frascati, Rome, Italy

The interaction of a neutron beam at grazing angle of incidence can
be well described by the use of laws of classical optics when a refractive
index is introduced. This follows from the undulatory nature of neutrons
and from their interaction potential with matter. For polarized neutrons a
magnetic material acts as a birefringent material and a magnetization profile
can be inferred from reflectivity measurements. In this paper we will briefly
describe the theory of polarized neutron reflection and some applications of
this technique to study superconductors, thin and granular magnetic films.
PACS numbers: 75.25.+z, 75.30.Pd, 75.60.Ej

1. Introduction

Thermal neutrons are widely used in condensed matter to study the prop-
erties of materials. Their associated wavelengths are comparable with the inter-
atomic distances and their energies are similar to the collective atomic excitations.
Their interaction potential with nuclei is very weak and can be approximated in a
very simple manner making the analysis of the data simple. Neutrons are neutral
particles but they have a spin, then they also interact by dipole interactions with
magnetic atoms. Theory of neutron scattering and its application to the study of
materials can be found elsewhere [1], but the purpose of this paper is to give some
basis on a different technique: polarized neutron reflection. We will show that at
grazing angle of incidence the interaction of a neutron beam with a surface can
be described by the laws of classical optics after the introduction of an opportune
refractive index and will give some examples on how polarized neutron reflection is
able to determine magnetization proflles at surfaces and interfaces with a spatial
resolution which goes from few angstroms up to thousands of angstroms. Examples
will be reported in determining the magnetic penetration depth in superconduc-
tors, in studying the magnetization of very thin films and the difference in blocking
temperature of the surface with respect to the bulk in the case of magnetic granular
films.
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2. Theory

When applied to the propagation of the neutron radiation the terms reflec-
tion and refraction are not used only flguratively. These terms come from the strict
analogy between the equations which describe the propagation of a neutron and its
interaction with matter and those describing the propagation of an electromagnetic
radiation.

Let us consider the diagram of Fig. 1 where a neutron beam impinges onto a
surface with an angle of incidence t9̀  i. In this simple case the interaction potential

Vopt is only a function of z, the distance from the surface. The propagation of
the neutron [2] can be described by the Schrodinger equation for nonrelativistic
particles which in the time independent form is

where E and m are the neutron energy and mass.
The propagation of an electromagnetic wave under similar conditions is de-

scribed by the equation [3]:

where n(z) is the refractive index of the sample and k = ω/c is module of the
wave vector of the radiation. The mathematical analogy between Eqs. (1) and
(2) is evident and as a consequence it results that the propagation of the neutron
de Broglie wave in the potential Vopt (z) is analogous to the propagation of an
electromagnetic radiation in a medium with a refractive index n(z) [4]. By using
the de Broglie relations for the energy and the wave vector module of a neutron:
E = h2/2mλ2 and k = (8π2mE/h2) 1 / 2 and substituting these values in Eqs. (1)
and (2) we define the refractive index of a material for neutrons as
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The potential Vopt used in Eq. (3) is not the interaction potential of a neutron
with a single nucleus but it is obtained by an average of that potential along planes
parallel to the surface. Neutrons do not have charge but they have a magnetic
moment. Then their interaction potential with matter is the sum of two terms, one
describing the nuclear interaction with nuclei and the other due to their magnetic
interaction with the induction magnetic field inside the sample (V(r) = VN(r) +
VM(r)). The nuclear term is well described by a series of the Fermi pseudopotential
each centered in a nucleus position,

where the bi are the scattering lengths and are characteristic quantities for each
nucleus. In the case of a material constituted by different isotopes or nuclei we take
the average scattering length because of the spatial average. The magnetic term
is due to the interaction of the dipole moment of neutrons, p,,, with the induction
magnetic field B inside the sample and it is given by

In all the cases we will consider that the B vector is always parallel to the surface,
perpendicular to the exchanged momentum and the neutron magnetic moment is
along the magnetic field direction. Moreover, the angle of reflection is so small
that effects due to the magnetic form factor [1] are negligible. We can then write
the following relation for the refractive index of polarized neutrons [4]:

where the signs ± refer to the cases where neutron spins are parallel or antiparallel
with respect to the magnetic fleld direction and N(z) is the numerical density as
a function of the distance from the surface. We have to notice that the refractive
index of vacuum is not zero when there is a magnetic field. An immediate conse-
quence of expression (4) is that magnetic materials are birefringent and that their
optical properties strictly depend on the neutron spin state. This is also at the ba-
sis of the development of neutron polarizer mirrors, which offer the advantages of
a wide polychromatic polarized neutron beam and a very high efficiency in terms
of polarization as well as of transmission with respect to standard polarizers based
on the diffraction from single crystals.

For almost all the materials the refractive index for neutrons is slightly
smaller than unity (some parts in 10 -6 ) and a material is optically less dense
than vacuum. Then as a consequence of Snell's law, cos IV cos υt = n, we have to-
tal reflection when the exchanged momentum is smaller than a critical value. This
was flrst used by Fermi and co-workers to determine the scattering lengths of many
nuclei [5]. In Table we report scattering lengths, numerical densities and critical
angles calculated for a neutron wavelength of 1 A for some common materials.



196 	 R. Felici

To calculate the magnetic part of the refractive index we can use two formulas
depending on our own convenience. If the sample is made of magnetic atoms with
a magnetic moment μ, we can use

where (μ) is the component of the magnetic moment along the applied field direc-
tion and c* is a constant equal to 0.2645 x 10' 12 cm/μB.

For a perfect diamagnet as a superconductor in the Meissner regime there is
no magnetic field inside the sample apart from a small region close to the surface
where the magnetic field strength decays almost exponentially with a characteristic
length. In this case we can write [6]:

where B0 is the applied magnetic fleld, z is the distance from the surface, A is the
magnetic penetration depth and c is a constant equal to 2.316 x 10- 10 A 2/Oe.

Knowing the refractive index, we can use all the formalism developed for
classical optics to calculate the reflectivity of a neutron beam as a function of the
exchanged momentum Q = (4π/A) sin υ, where λ is the neutron wavelength and

is the reflection angle [7]. For instance, in the simple case of a sharp interface
between two media as in Fig. 1, the reflectivity can be calculated by the simple
Fresnel law

In Fig. 2 we report the calculated reflectivity from quartz together with the
curves obtained by including an angular beam divergence and surface roughness
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corrections [8]. Real surfaces are in fact not sharp but they have dimensions of
several angstroms. This causes a decrease in the reflected beam intensity far from
the critical edge.

When the system is not so simple but the refractive index is a more com-
plicated expression of z, the reflectivity can always be calculated either using the
matrix method [9] or solving the following set of equations [10]:

with

where the quantities p(z) are the sine of the angle of the neutron beam with respect
to the surface as a function of the distance from the surface, p(0) is for z = O and p"
is sin Oj. All the dependence of the reflectivity on the refractive index is contained
in the term r(0) which is defined by the following integral equation:

where p'(z) is the derivative of p(z) with respect to z.
The analytical solution of this equations is not always feasible and in general

we prefer to calculate the reflectivity using the matrix method. Anyway this ex-
pression allows to understand how the spin dependent reflectivities are influenced
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by the magnetization proflle. lu fact, expanding Eq. (8) for a homogeneous mate-
rial (b(z) = const), far from the critical edge (Q » Qc or λ K Ac or υ »υ c) and
when the magnetic component of the refractive index is much smaller than the
nuclear part, we obtain for the spin dependent reflectivities the approximate form

where 13'(z) is the derivative of the modulus of the magnetic induction field with
respect to the distance from the surface z and the index N refers to all the same
quantities calculated using only the nuclear part of the refractive index. The dif-
ference between the spin dependent neutron reflectivities strictly depends on the
Fourier transform of the derivative of the induction magnetic fleld with respect to
the distance from the surface.

3. Experimental apparatus

The application of neutron reflection to the study of surfaces and interfaces
is rapidly growing and at the moment almost every neutron source has or plans
to have a neutron reflectometer in general dedicated to study surfaces of liquids.
This implies having a titled beam with respect to the horizontal. On the other
hand, there are very few instruments fully dedicated to perform polarized neutron
reflectivity measurements and, as an example, we will describe in this paragraph
the polarized version of the CRISP reflectometer [11] installed at the ISIS neutron
spallation source of the Rutherford Appleton Laboratory, see Fig. 3.

The reflection of neutrons is an elastic process in which the neutron does
not change its energy. At a pulsed neutron source, like ISIS, it is possible to
design a fixed geometry neutron reflectometer using the white incident beam and
discriminating the neutron wavelength by the time-of-flight technique. We remind
that the velocity of a thermal neutron is v [km/s] = 3.955/λ [A]. This fact simplifies
enormously the data collection with respect to steady neutron source where a
monochromatic incident beam is used and the reflectivities are measured as a
function of the reflection angle. In this latter case, in fact, a lot of care must be



Polarized Neutron Reflection: A Technique to Study ... 	 199

used to avoid that the sample would not intercept all the incident beam making
absolute measurements impossible.

In this instrument the incident white spectrum is polarized by a Co—Ti su-
permirror. The useful wavelengths range is 2  6.5 A. The lower limit is defined
by the critical edge of the polarizer, while the upper one by the source—detector
distance (12 m) and the source repetition frequency (50 Hz). In order to measure
both the spin dependent reflectivities a non-adiabatic spin flipper is used to reverse
the neutron spin direction with respect to the magnetic field. In the whole used
range both the polarization and flipper efficiency are better than 98% [12]. In order
to avoid spurious counts coming from very long wavelength neutrons generated by
previous pulses it is necessary to put in the beam a mirror which together with a
50 Hz chopper take out from the beam all the neutrons with a wavelength longer
than 6.5 A.

The sample is situated on a goniomcter between the poles of an electro-
magnet, then the applied magnetic field can be continuously varied from about
0.0005 T to about 0.350 T. The alignment is performed by using a laser beam and
the reproducibility of the reflection angle is better than 0.002°. A special cryostat
has been designed in order to perform measurements down to 5 K having optical
windows for sample alignment.

There are two types of detectors: a 3 He proportional counter or a position
sensitive detector. In general, the 3 He detector has a lower background and its use
is preferred when it is not necessary to measure out of reflection intensity. The
detector can be moved in order to set the reflectivity angle from a minimum value
of 0.25° up to few degrees.

• 4. Results

Polarized neutron reflection has been usefully employed to study surfaces
magnetization profiles in ferromagnets, superconductors, superparamagnetic ma-
terials and magnetic superlattices. In this paragraph we will outline some experi-
mental results. In general, the data are presented as the ratio of the spin dependent
reflectivities which, as shown in Eq. (10), strictly depends on the Fourier transform
of the derivative of the magnetization profile with respect to the distance from the
surface.

Measurements made on ferromagnetic fllms of iron oxide [13] (Fe3O4 and
γ-Fe2O3) which are of important technological interest because they can be em-
ployed as recording media show some of the properties of the polarized neutron
reflection technique. In general, the magnetic properties of y-Fe2O3 are better than

Fe3O4, because it has a higher coercive fleld and a higher residual magnetization.
On the other hand, the films of γ-Fe2 O 3 obtained by oxidizing a Fe3O4 film at
high temperature show very poor recording quality. Conventional magnetization
measurements cannot explain this difference. Measurements of polarized neutron
reflection (see Fig. 4) have shown the presence of a magnetic dead layer 150 A
thick which exists at the surface of the γ-Fe2O3.

A superconductor for applied fleld lower than a critical value shows a per-
fect diamagnetism, the Meissner effect. In this case the magnetic fleld is restricted
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only to a region close to the surface and its strength decays almost exponentially
with respect to the distance from the surface with a characteristic length A —
the magnetic penetration depth. This quantity is strictly related to the density of
superconductors electrons [14] and its direct measurement is of fundamental impor-
tance. Polarized neutron reflection is one of the few techniques able to determine
it in a direct manner. By standard magnetization methods it is only possible to
measure dЛ/dT but there is no way to determine the constant of integration A(0)
and an absolute measurement of A is then impossible. In Fig. 4 we report the spin
reflectivity ratio for a niobium film in the Meissner regime [5]. By the flt of the
data a value of 430 A at 4.6 K was obtained, which extrapolated to O K brings to
the value for A(0) of 410 ± 10 Ǻ or 397 ± 10 Ǻ depending on the theory. These
values are in very good agreement with the values which were calculated by band
theory. Measurements have been performed also on high-Tc superconductors, but
these measurements do not agree with each other. The obtained value for A is in
the range between few hundred A up to two thousand A [15, 16]. •

This technique has also been used in the study of the magnetic properties of
very thin magnetic films. Experiments have been performed on sample constituted
by Fe or Co few monolayers thick on Cu [17]. The samples were always covered
with a layer of about 100 A of Cu. This overlayer is a protection for the thin
layer and it is essential for the neutron measurements. In fact, to amplify the
magnetic signal the Fresnel interference of this overlayer is used. The amplitude
of the fringes strongly depends on the magnetic part of the refractive index of the
thin films and in this way it is possible to determine its magnetization. We have to
remind that this technique is sensitive only to the magnetization along the surface
and not to the perpendicular one.

Recently polarized neutron reflection is also been used in the study of mag-
netic superlattices. With this technique it is possible to determine simultaneously
the thickness, the magnetization and the average interface dimension of each layer.
In general, it is not obvious that the dimensions of the chemical superlattice are
the same as of the magnetic. Moreover, with this technique it is also possible to
discriminate between antiferromagnetiSm inside or among the magnetic layers.

Granular magnetic fllms are composite materials made of small magnetic
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particles dispersed in an amorphous alumina matrix. They are important because
of possible technological applications and from a fundamental point of view for
their similarity to spin glasses. The magnetic properties of these materials have
been carefully studied by AC and DC susceptibility measurements and by the
Móssbauer spectroscopy. The data can be interpreted by introducing a privileged

direction for the grain magnetic moment and an anisotropy energy. Measurements
of polarized neutron reflection were performed on two samples made of iron grains
dispersed in an amorphous alumina matrix. The two samples had a different iron
concentration and different average grain dimension.

From the data we were able to determine absolute magnetization curves with
respect to temperature and applied field, in good agreement with theories and
with previous standard magnetization results. Moreover, we were able to show
that the thickness of the magnetic dead layer existing at the surface increases for
temperature higher than the blocking one, as displayed in Fig. 5.

5. Conclusions

In this paper we have tried to outline the theory of polarized neutron re-
flection. We have shown that the ratio between the two neutron spin dependent
reflectivities is related by an optical transform to the derivative of the induction
magnetic fleld with respect to the surface. This technique which has been only in
the recent years fully developed has many field of application either for a tech-
nological utilization and for fundamental physics studies. In the near future, it
will probably become one of the most powerful tools that scientists have to study
magnetization at surfaces.
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