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The polarized neutron reflectivity (PNR) of cobalt/copper multilayer films has been
measured close to the critical edge for total reflection. Prominent features in the scattered
neutron intensity, such as the superlattice diffraction peaks and the positions of the

critical edge for total reflection, are sensitive to both the magnetic and structural properties
of films, making PNR a useful tool for the characterization of magnetic metallic
superlattices. The films were prepared by sputter deposition and the sample composition was
measured by Rutherford backscattering spectroscopy. It has been found that while the
density of the sputtered copper/cobalt multilayers is approximately 5% less than the bulk
metals, the cobalt magnetic dipole moment per atom is little changed compared to the

bulk. Evidence is also found for oxidation of the top cobalt layers.

. INTRODUCTION

Spin-dependent scattering of neutrons occurs when the
neutron refractive index of a magnetic material contains a
spin-dependent part. Thus one can study the magnetization
profile of a sample normal to its surface by measuring its
neutron reflectivity R for neutrons polarized parallel
(R + ) and antiparallel (R — ) to the magnetization direc-
tion.! In this paper we show how this technique may be
applied to the study of magnetic superlattices and demon-
strate that it can provide valuable information on both the
magnetic and compositional structure of such materials. In
particular, we report the results of a polarized neutron
reflection study of cobalt/copper multilayer films prepared
by vacuum sputter deposition and show that while the den-
sity of the film components is reduced by ~5% compared
to the bulk metals, the cobalt magnetic dipole moment
remains close to its bulk value.

The magnetic properties of metal/metal superlattices
in which one of the components is a magnetic transition
metal are of particular interest. For example, Katayama,
Awano, and Nishihara® observed a strong enhancement of
the polar magneto-optic Kerr rotation angle in cobalt/
copper and iron/copper multilayers as a function of in-
creasing superlattice repeat distance for wavelengths close
to the Cu absorption edge (A =560 nm). A further stim-
ulus to the study of magnetic metal superlattices was the
recent discovery that the resistance of superlattices consist-
ing of alternate layers of iron and chromium could change
significantly in the presence of a magnetic field.>*

Since neutrons are scattered both magnetically and via
the nuclear force, neutron scattering can provide informa-
tion about both the magnetic and compositional structure
of a sample and is therefore ideally suited to the structural
and magnetic characterization of magnetic metal superlat-
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tices. Pioneering work of this kind was carried out by Sato
et al.’ who studied the interface magnetism of Fe/SiO and
Ni/SiO multilayered films, and Felcher ez al.® who studied
the magnetization of a compositionally modulated alloy of
nickel and copper. More recently, polarized neutron dif-
fraction has been used by Majkrzak to investigate magnetic
coupling in single-crystal rare-earth superlattices’ and by
Majkrzak, Axe, and Bdni to investigate the interface mag-
netism of Fe/Ge multilayered films.?

What distinguishes the work presented here is the em-
phasis on measuring the reflectivity close to the critical
edge for total reflection where it is necessary to use a
neutron-optics approach to fit the data. It will be seen that
such measurements can provide information, not only
about the superlattice periodicity, but also about the film/
substrate and film/air interfaces and about the average
composition and magnetization of the film.

Il. SAMPLE PREPARATION

Polycrystalline cobalt/copper multilayers were depos-
ited on single-crystal sapphire substrates using magneti-
cally enhanced direct current triode sputtering guns. The
sputtering rate could be held constant to within +0.1%
and to grow a superlattice in which the thicknesses of the
cobalt layers dc, and the thicknesses of the copper layers
dc, were constant the substrate was exposed to the sources
for each metal in turn for fixed lengths of time. The base
pressure of this diffusion-pumped system is ~1x1077
Torr and it has been shown that such a system is capable of
depositing many metals with purity equivalent to the start-
ing target material.’

After growth Ny, the number of atoms of each species
M per unit area of the film was measured using Rutherford
backscattering spectroscopy (RBS). The RBS values of
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Ny, were accurate to within 3% and could be used to
estimate the total thickness of M present, D, by using

Dy=Ny/pm, (1)

if pas, the number density of M, is assumed equal to its bulk
value, dy could be calculated from D, since the number of
repeat units in the superlattice was known. The polarized
neutron reflection measurements, in which a diffraction
peak corresponding to the superlattice repeat distance is
seen, were used to check this value of d,, and hence
whether or not the assumption that p,;, was equal to its
bulk value was correct.

Initial structural characterization of the multilayer
films was carried out using x-ray diffraction. The multi-
layer periodicity was confirmed by small-angle x-ray-
diffraction patterns which showed a diffraction peak cor-
responding to the superlattice repeat distance as observed
subsequently in the polarized neutron reflection experi-
ments, while x-ray measurements at larger angles gave in-
formation on the structure of the film components. The
films were found to have a strong fcc copper[111]/hep co-
balt[0001] texture.'®

The polycrystalline nature of the sputtered films will
not affect the neutron reflectivity, which is only sensitive to
structure on a scale of tens of A. However, we would ex-
pect the polarized neutron reflectivity to be sensitive to
interfacial roughness which we might expect to be greater
for a sputtered film than an epitaxial film.

Ill. NEUTRON REFLECTIVITY CALCULATIONS

A convenient starting point for the calculation of neu-
tron reflectivity is temporarily to ignore the complications
introduced by factors such as the interfacial roughness.
The assumption of a superlattice with flat and completely
sharp interfaces between successive layers allows the reflec-
tivity to be determined using methods analogous to those
of conventional multilayer optics.!' Each layer of material
M may be described by a characteristic transfer matrix
which relates the neutron wave function W; and its deriv-
ative W{ at the upper boundary to the corresponding values
¥y and Wy, at the lower boundary:

(‘Iﬁ)_(cos amdn — (1/gp)sin quM) (‘l’n)
Y1) \gmsingudy cos gudy Vi)

(2)
In Eq. (2), dy, is the layer thickness and q,, is the perpen-
dicular component of the incident neutron wave vector in
M. q, is given by

Ty =G — 4mpu( b 4 Cmy), (3)

where g, is the perpendicular component of the incident
neutron wave vector in the vacuum, p,, is the number
density of M, and C is a constant ~2.70X 10~ > m. The
term involving the mean nuclear scattering length ( b ) is
due to scattering by the nuclear force while the term con-
taining the average magnetic dipole moment per atom
(myy, measured in Bohr magnetons) arises from the mag-
netic scattering. The sign of Cm,, is positive for neutrons
polarized with their spin parallel to the sample magnetiza-
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tion and negative for neutrons polarized antiparallel to the
sample magnetization.

By multiplying the transfer matrices for the different
layers comprising the superlattice together, it is possible to
calculate T, the transfer matrix describing the complete
multilayer film. From the elements z;; of this matrix and a
knowledge of g, the perpendicular component of the neu-
tron wave vector in the substrate, it is possible to calculate
the polarized neutron refiectivities R + and R — using

s — @igstine — bix — i3lna 2
i« — Qigstine + f1x + igatyn s

The condition for a superlattice diffraction peak to oc-
cur at a particular g, is the familiar Bragg condition, which
may be written as

29colco + 29cudoy=2nm (5)

for the cobalt/copper system. Using Eq. 3, this may be
rewritten as

R+

(4)

2[q5 — 4mpco(beo® Cmey) 1'%dc,o

+ 2(g5 — 4mpcubey) e, =2nm. (6)

When g, becomes very large, gy ~ gc, = g, but close to the
critical edge the distinction between them is important.

Another relationship between dc,, dey, Pcor Mo and
Ppcy may be obtained from the position of the critical edge
g, which is the value of g, at which ¢ in the superlattice
equals zero and the film becomes totally reflecting. To a
good approximation ¢, is given by

qz =47 (pb) mean

(PCo(bCo +Cmcy)de, + PCubCudCu
dCo + dCu

From Eq. (7) it is clear that the critical edge for the film is
different for the spin-parallel and spin-antiparallel cases. In
the case of a multilayer film on a semi-infinite substrate
there is one further complication that arises because the
critical edge for the composite system will be determined
by the medium with the greatest scattering density. If the
scattering density of the substrate is greater than the mean
scattering density of the film then the substrate scattering
density will determine the position of the critical edge. For
the cobalt/copper multilayers in the present work the scat-
tering properties of the multilayer film determined the crit-
ical edge for spin-parallel neutrons while the sapphire sub-
strate determines the critical edge for spin-antiparallel
neutrons.

(7

IV. EXPERIMENTAL RESULTS

The polarized neutron reflection measurements were
made using the polarized neutron mode of the time-of-
flight reflectometer CRISP'? at the Rutherford-Appleton
Laboratory pulsed neutron source ISIS. This instrument is
shown schematically in Fig. 1. A cobalt/titanium super-
mirror which selectively reflects spin-parallel neutrons is
used to polarize the incident neuiron beam with an effi-

Schwarzacher et al. 4041

Downloaded 01 May 2005 to 148.6.178.100. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



FIG. 1. Schematic diagram of CRISP in its polarized neutron mode. The
frame-overlap mirrors are labeled A, B is the cobalt-titanium polarizing
supermirror, C is the Drabkin two-coil non adiabatic spin flipper, D is the
guide field, E is the incident beam monitor, F is the sample position and
G is the main detector.

ciency of ~99.50%, and the beam polarization may be
reversed using a Drabkin two-coil nonadiabatic spin flip-
per.'?

The neutron reflectivity of a material is a function of
go» the component of the incident neutron wave vector
perpendicular to the sample surface. This quantity may be
varied by varying either the incident neutron wavelength A
or the neutron angle of incidence @ since g is given by

go=(27/A)sin 6, (8)

On CRISP we measure the reflectivity as a function of
wavelength at a particular angle of incidence. Spin-parallel
and antiparallel reflectivities were measured for two dif-
ferent gazing angles of incidence, 8=0.45° and 1.0° in order
to extend the g, range covered. Since the scattering density
of sapphire is known and this determines g, for the spin-
antiparallel critical edge, by measuring the wavelength at
which this critical edge occurs, it is possible to use Eq. (8)
to determine @ more precisely.

Two multilayer samples were studied, each consisting
of eight repeat units of copper/cobalt on a single-crystal
sapphire substrate with the copper deposited first and the
cobalt last. Sample C146 had dc, = 146A and dg,
= 72A, while sample C29 had dc, = 29 A and d, = 73 A.
The quoted thicknesses are those obtained by Rutherford
backscattering spectroscopy assuming bulk densities. Mea-
surements were carried out at room temperature and the
multilayer samples were mounted on a goniometer between
the poles of an electromagnet that gave a coercive field of
approximately 3.0 kG in the plane of the film.

Figure 2(a) shows the measured neutron reflectivities
for sample C146 as a function of wavelength for an angle of
incidence of 7.77x 10~ 2 rad ( ~=0.45°%), the solid lines be-
ing the calculated reflectivities assuming the quoted thick-
nesses, bulk densities, and bulk (hcp) cobalt magnetic mo-
ment (1.7 pp). The most prominent features in the
reflectivity profiles are the first-order superlattice diffrac-
tion peak (A) in the spin-antiparallel scattering and the
critical edges (B). Fringes due to the overall thickness of
the film are also evident (C). The superlattice diffraction
peak in the spin-parallel data is very weak because the
spin-parallel neutrons see little contrast between cobalt and
copper.

A comparison of the experimental data points and cal-
culated reflectivities in Fig. 2(a) shows that the calculated
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FIG. 2. (a) The measured neutron reflectivities for the spin-parallel
(crosses) and spin-antiparallel (squares) configurations with sample
C146 (nominally eight repeat units of 146 A copper and 72 A cobalt).
The curves are the calculated reflectivities assuming the quoted thick-
nesses, bulk densities and bulk hep cobalt magnetic dipole moment 1.7 up.
The angle of incidence was ~0.45° and the effective angular resolution
was assumed to be ~2%. Using these parameter the wavelength calcu-
lated for the spin-antiparalle]l superlattice peak A and the spin-parallel
critical edge B are too low. (b) As in (a), expected that the calculated
reflectivities were calculated with thicknesses increased by 4% (to 152 A
copper and 75 A cobalt) while the bulk densities were reduced by 4% (to
8.1 10® and 8.7 X 10?® atoms/m ~ 3, respectively). This choice of param-
eters is much more successful in reproducing the positions of the spin-
antiparallel superlattice peak A and the spin-parallel critical edge B.

positions of the diffraction peak and the spin-parallel crit-
ical edge are incorrect. The fact that the superiattice dif-
fraction peak is found at a greater than predicted wave-
length implies that the true superlattice period is larger
than we assumed, while the fact that the wavelength of the
spin-antiparallel critical edge is greater than predicted im-
plies that the film scattering density is less than we as-
sumed.

An improved fit to the data is obtained if we relax the
assumption that the superlattice components have bulk
densities. For Fig. 2(b), the copper and cobalt densities
( pcy and pc,) and the corresponding layer thicknesses
(dc, and d¢,) have been varied subject to the constraint
that peydey and poodc, are as determined by Rutherford
backscattering measurements. A 4= 1% reduction in den-
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sity of both components reproduces the observed position
of the spin-antiparallel diffraction peak and subsidiary
peaks as well as the position of the spin-parallel critical
edge rather well, providing confirmation of x-ray-
diffraction measurements, which suggest a reduction of
5+3% in the average density of similar films.'® The fact
that such good agreement with the experiment can be ob-
tained at the spin-parallel critical edge using the bulk value
of the cobalt magnetic dipole moment also suggests that
any departure of the film magnetic dipole moment from the
bulk value is small.

So far we have improved the agreement between cal-
culation and experiment by varying magnetic and struc-
tural parameters while assuming an ideal superlattice. Now
we demonstrate how the fit may be refined by taking into
account secondary structural properties such as the inter-
facial roughness that one would expect in a system grown
by sputter deposition. There are two types of rough inter-
face that must be considered: The first occurs between each
copper and cobalt layer, while the second type occurs in
the topmost cobalt layer, which is exposed to air and will
exhibit some degree of roughness as well as some degree of
oxidation. Roughness between the copper and cobalt layers
will reduce the reflectivity at both the spin-antiparallel
first-order diffraction peak [A in Fig. 2(b)] and the fringes
due to the overall film thickness (C) but not the height of
the fringes relative to the first-order diffraction peak. The
relative height of the fringes will, however, be affected by
oxidation at the interface of the topmost cobalt layer with
the atmosphere. Any roughness at the interface between
film and substrate may be neglected as there is little differ-
ence in the scattering density of copper and sapphire.

It is possible to model a rough interface by allowing
the scattering density to vary smoothly from one material
to the next.'* However, the same effect can be obtained
with a much simpler computational procedure that in-
volves a single buffer layer of intermediate scattering den-
sity.!> Introducing a buffer layer of increasing thickness is
equivalent to decreasing the sharpness of the interface.
Thus the basic superlattice unit of one cobalt and one cop-
per layer can be replaced by a unit cell including two buffer
layers, as shown schematically in Fig. 3(a). Once the
thickness of the buffer layer dy,g, is chosen, the thicknesses
of the remaining copper and cobalt layers are determined
by the requirement that the superlattice repeat distance is
unchanged.

In a similar way the topmost cobalt layer also requires
two buffer layers: one between the metallic cobalt and its
oxide and a second between the oxide and air {Fig. 3(b)].
Bogen and Kiippers'® found that when polycrystalline co-
balt was exposed to oxygen at 300 K approximately 10
monolayers of cobalt were oxidized. Lee et al.!’ found that
when Co(0001) was exposed to oxygen at 300 K the oxide
formed was CoO and so the scattering density of bulk CoO
was used for the oxide layer. CoO is antiferromagnetic at
low temperatures and so, unlike pure cobalt, its refractive
index is not spin-dependent.

As a final refinement to the calculated intensity profiles
we have allowed for the possibility of partial depolarization
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of the incident neutron beam. A depolarization of as little
as a few percent could be significant in regions where the
difference between spin-parallel and spin-antiparallel neu-
tron reflectivities is large; for example, it could significantly
affect the measured spin-parallel reflectivity at the super-
lattice diffraction condition [below peak A in Fig. 2(b)].

The fully refined calculations for sample C146, includ-
ing effects due to interfacial roughness and allowing for a
3% depolarization in the incident beam, are shown in Fig.
4(a). The fit to the experimental data in the region be-
tween the critical edge and the spin-antiparallel diffraction
peak is a considerable improvement over that shown in
Fig. 2. It is particularly important to include the effects of
surface oxidation when the scattering density of the oxide
differs significantly from that of the metal, as in the present
system. Although the agreement between data and calcu-
lation is improved by including roughness and oxidation, it
is not possible to make fine distinctions between equally
good fits obtained with different values of the roughness
parameters. In this sense, the thickness of the buffer layers
is not determined as reliably as the basic structural and
magnetic quantities that derive from the position of the
diffraction peaks.

Figure 4(b) shows the reflectivities measured for the
same sample (C146) with a higher angle of incidence
(~1.0%). The curves are calculated with the same model as
in Fig. 4(a) and with no change in the structural param-
eters. The large spin-antiparallel peak is the second-order
diffraction peak corresponding to the superlattice period-
icity. As may be seen from the figure, the calculations still
give a good fit to the experimental data even though the use
of a single buffer layer to represent the interfacial rough-
ness is likely to be less effective in describing the higher-
order diffraction peaks than the lower-order peaks.

A similar model was used to fit the reflectivity profiles
from sample C29, which has a smaller superlattice repeat
distance. Data for this sample are shown in Fig. 5, together
with the calculated intensities. Figure 5(a) gives the data
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FIG. 4. (a) The measured neutron reflectivities for spin-parallel (crosses)
and spin-antiparallel (squares) configurations with sample C146 (nomi-
nally eight repeat units of 146 A copper and 72 A cobalt). The curves are
the reflectivities calculated with a model that includes buffer layers to
represent interfacial roughness and surface oxidation. In addition, 3% of
the spin-antiparallel reflectivity was added to the calculated spin-parallel
reflectivity to compensate for possible beam depolarization. To improve
the fit still further, m was slightly reduced (to 1.6 up) while the effective
angular resolution was slightly increased. The thickness of the cobalt-
copper buffer layers was 42 A, the thickness of the top cobalt layer was 7
A, the thickness of the cobalt/cobalt oxide buﬁ'er layers was 56 A, the
thickriess of the cobalt oxide layer was 55 A, and the thickness of the
cobalt oxide/air buffer layer was 12 A. (b) Measured and calculated
neutron reflectivities for sample C146 at 1.0° angle of incidence. The
calculated intensities used the same structural parameters as in (a).

at an angle of incidence of approximately 0.45° and shows
the critical edge clearly. Figure 5(b) is for a larger angle of
incidence (1.0°) where the first-order diffraction peak from
the superlattice is the most prominent feature. In both
cases the agreement between the calculated reﬁectlvmes
and the experiment is good.

The buffer layer thicknesses used to fit the C29 data
were somewhat smaller than for sample C146, as was the
oxide thickness, but since it was possible to vary these
thicknesses and still obtain quite a good fit to the data, the
error in the buffer-layer/oxide-layer thicknesses could be
as high as 50% for both samples. Interestingly, it was again
necessary to decrease the density of the film ( pc, and p¢,)
relative to the bulk values in order to obtain a good fit to
the data.
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FIG. 5. (a) The measured neutron reflectivities for spin-parallel (crosses)
and spin-antiparaliel (squares) configurations with sample C29 (nomi-
nally eight repeat units of 29 A copper and 73 A cobalt) for ~0.45° angle
of incidence. The solid lines are the reflectivities calculated for cobalt and
copper thicknesses 5% greater than the nominal thicknesses and densities
5% lower than the bulk values. The average magnetic dipole moment per
cobalt atom was 1.7 pg. 3% of the spin-antiparallel reflectivity was added
to the calculated spin-parallel reflectivity to compensate for possible beam
depolarization. The thickness of the cobalt-copper buffer layers was 7 A,
the thickness of the top cobalt layer was 43 A, the thickness of the
cobalt/cobalt oxide buffer layer was 33 A, the thickness of the cobalt
oxide layer was 20 ;\, and no cobalt oxide/air buffer layer was needed.
(b) Measured and calculated neutron reflectivities for sample C29 at 1.0°
angle of incidence. The calculated intensities used the same structural
parameters as in (a).

V. CONCLUSION

This experiment has shown that polarized neutron re-
flection is a useful technique for the characterization of
magnetic multilayers. In particular, the critical edge posi-
tions are sensitive to the average scattering density and
magnetization of the film, while the superlattice diffraction
peaks are sensitive to the repeat distance. Interfacial rough-
ness and surface oxidation affect the fine structure in the
data.

For the two cobalt/copper superlattice samples that
we have measured, the position of both the spin-
antiparallel diffraction peak and the spin-parallel critical
edge lead to the conclusion that, while the density of the
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sputtered films are approximately 5% less than the bulk
material, the cobalt magnetic dipole moment is little
changed compared to the bulk. In addition the reflectivity
data showed significant oxidation of the top cobalt layer
for both samples. :
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