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We report the structural and magnetic properties of a new class of Fe/Pd second-order

superlattices, formed by alternating two bilayers with different repeat periods.

Chemical and

structural characterization were obtained using Rutherford backscattering spectroscopy (RBS) and
several x-ray diffraction techniques, respectively.

spectrum were studied by Brillouin scattering.

Introduction

Metallic superlattices, in which at least one of the
constituents is magnetic or superconducting in the bulk,
have been the objects of increasing interest the past few
years.! However, variations in physical quantities (such
as magnetization, hyperfine field, resistivity,
superconducting transition temperature, or elasticity) as a
function of bilayer thickness, A, in many cases are not

clearly understood. It is therefore of increasing
importance to find new or improved methods of
determining the physical properties of multilayered
structures, as well as of studying new multilayered

structural geometries.

In this communication, we report for the first time
results on the preparation and characterization of a new
class of Fe/Pd metallic multilayers for which we adopt
the name "second-order" superlattice. This second-order
superlattice consists of two alternating periods, A; and
A,. Here, Ay = m;dg, + nidpy, and A, = mydg, +
nydpy, where m;, m,, n;, and n, are integers, and dg,.
and dpy are the atomic spacings in the growth direction
for Fe and Pd respectively. The superlattice wavelength
A is the sum of A and A,. For the samples reported
here, this period was repeated approximately fifty times.

Sample Preparation

The samples were prepared using magnetically
enhanced dc sputtering guns to deposit Fe and Pd. The
sputtering system has been described elsewhere? as has
our technique for simultaneously growing several samples
with different wavelengths.® With all relevant deposition
parameters held constant (Ar pressure, plasma current
and voltage, target current, and substrate table velocity),
deposition rates are constant to better than *0.3%.
Typical deposition pressures are in the range 4 to 6
mTorr during sputtering and on the order of 5x10-* Torr
before and after sputtering. The samples were deposited
on polished, single-crystal sapphire substrates with the c-
axis in the plane.

The chemical composition of the samples was
determined using Rutherford backscattering spectroscopy
(RBS) with a 4.7-MeV “He' ion beam.* The thickness
ratio (Fe/Pd) was determined with a precision better than
*+1%, and the absolute thickness of our samples to within
+5%. The upper limit on the oxygen content inside these
samples was determined to be ~1%.
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The properties of the collective spin wave

X-Ray Characterization

The structural coherence of the fabricated second-
order superlattices was determined by several x-ray
diffraction techniques. X-ray diffraction measurements
in the 6-20 configuration at both high angles and grazing
incidence were used, as was a wide-film Debye-Scherrer
camera. Figure | shows a typical 6-20 spectrum for
Sample A. The probing beam was CuKm” radiation

(O = 1.5418 A).

At grazing incidence, we are able to simulate the
reflectance as a function of the incident angle 6,5° using
the theoretical optical constants for bulk Fe and Pd as
input parameters for the computations. The optical
constants are calculated using the relations”
roA2N
S (o + 1)
k= 2N

=6~ 27
The refractive index is given by
n=1-68+ik,

where N is the number density of atoms, g is the linear
absorption coefficient, ry is the classical electron radius,
f' and f" are the corrections to the atomic scattering
angles, and f; is the atomic scattering factor in the high-
energy limit.” In the case of CuK, radiation, where the
incident beam energy is relatively low and for small
scattering angles (260 ~ 1° to 10, f, = Z, where Z is the
atomic number. We used the tabulated corrections f’
and f” from Ref. 8 to obtain the results summarized in
Table [. These results are used as input parameters for
our calculation of the angular dependence of the x-ray
reflectivity.

5 =

"=M
f it

Our previous studies of Fe/Pd superlattices showed
that interdiffusion is limited to approximately two atomic
layers.? For this reason, we did not include possible
roughness and interdiffusion at the interfaces in our
reflectivity calculations, but we did take into account the
spatial variation of the deposition profile.® Shown in
Table 2 are the values of the calculated and measured
peak positions in the range 20 = 1.5° to 4.2° for two
Fe/Pd samples. The total number of periods for Sample
A is 51, and for Sample B it is 50. In Table 2, n is the
peak order, and 26, and 20_ are the observed and the
calculated peak positions, respectively. Considering the
possible uncertainties in the calculated optical constants
attributable to deviations from bulk densities for Fe and
Pd. as well as the uncertainties in f' and f” noted by
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Fig. 1. 6-20 x-ray diffraction for a second-order Fe/Pd
superlattice (sample A) at high and low angles.
Table L. Input parameters for the calculated certain groups,’® the agreement between the observed and

reflectances. calculated values is very good.

From high-angle 6-26 diffraction data, we are able

F P4 to obtain information on the crystallinity of the samples.

€ We find that Fe/Pd forms a stack of BCC (110) Fe

" planes on top of FCC (111) Pd planes in the growth

f(Xll%e 2%‘813 3;%2 direction. The average crystallite size is ~300 A in the

x : ’ growth direction. We used a wide-film Debye-Scherrer

(Read) camera to determine structural information in and

out of the growth plane. The exposed films show sharp

SAMPLE A arcs of length ~15% which we attribute to the mosaic
spread of the crystallites.

layer thickness in A, (A) 35.5 51.3

layer thickness in A, (A) 1.7 257 Brillouin Scattering
SAMPLE B The Brillouin scattering experiments were done in
i . air at room temperature, using a Sandercock-type
layer th{ckness in Ay (ﬁ) 2336 32.9 (3+3)-pass tandem  Fabry-Perot interferometer in
layer thickness in Ay (A) 5.84 8.24 backscattering geometry. The light source was a single-

mode 514.5-mm Ar?* ion laser with an incident power of

Table 2. Observed and calculated peak positions at low angles.

n 2 3 4 5 6
SAMPLE A

pLR 1.61 2.21 2.85 3.50 4.16

26, 1.62x0.03 2.18+0.03 2.800.03 3.3720.04 4.00£0.04
SAMPLE B

26, 1.53 2.68 3.89 - - - -

26, 1.70£0.05 2.60£0.05 3.700.05 - - - -
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Fig. 2. Typical Brillouin spectrum for Sample B. Also

shown are the calculated spin-wave frequencies for a
sample of 100 bilayers with A, = 35.2 A (top) and
those of second-order superlattices of 50 bilayers with
A=A, + A, = 70.4 A (Sample B) (bottom).

up to 200 mW at the sample. The inelastically scattered
light was depolarized to suppress surface phonon signals.
The applied magnetic field of 1 kG was oriented parallel
to the layer planes and perpendicular to the scattering
plane.

The spin-wave modes of multilayered structures
consist of single-layer modes coupled across the
interleaving non-magnetic spacer layers.}-!® The
coupling is strongest for dipolar-type (Damon-Eshbach)
modes because of their strong stray fields. If the
magnetic layers are of equal thickness, the degeneracy of
the DE modes is lifted and a so-called collective band of
spin-wave excitations is formed.

A typical Brillouin spectrum for these superlattices
is shown in Figure 2. The angle of incidence of the
laser beam was 45° Collective spin waves were
observed in the region between 12 GHz and 23 GHz.
They are identified by their characteristic frequency
dependence on the applied magnetic field, as well as the
pronounced Stokes/anti-Stokes asymmetry. The
asymmetry is smallest for modes at lower frequency
shifts, suggesting that in this region the modes are mostly

bulk-mode-like. The larger asymmetry at higher
frequency shifts shows dominantly surface-mode-like
behavior. This result is in agreement with results

obtained for conventional superlattices.'”"® Of the 100
modes theoretically expected for these samples, only the
highest three modes can be resolved to within the
experimental resolution; the remaining modes form a
continuum of collective modes.

We have calculated the spin-wave frequencies using
a model described elsewhere, which takes interface
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anisotropies fully into account.!®  Although this model
does not treat exchange contributions, this effect should
be small for small bilayer thicknesses.!! We obtained a
very satisfactory agreement between the calculated and
the measured spin-wave spectra using the parameters
from Ref. 19 for the interface anisotropy constant K.,
-0.15 erg/cm? and the Pd polarization thickness, 0.7 K
The saturation magnetization was adjusted to 16.5 kG.

For comparison, we calculated the spin-wave
frequencies expected of a conventional-type superlattice
with 100 bilayers of average modulation wavelength A, .
= 352 A. The Fe and Pd thicknesses in A,,, are the
averaged Fe and Pd thicknesses of Sample B FTable 1).
In the upper left of Figure 2, we show the calculated
frequency positions for these first- and second-order
superlattices. The obtained frequencies are found to be
slightly shifted from each other, demonstrating that the
spin-waves frequencies depend on the detailed nature of
the modulation of the superlattice. Also, it can be seen
that the calculated frequencies for the second-order
superlattice fit the experimental data slightly better. By
varying the parameters of the calculation, no
improvement of the fit could be achieved. The minor
differences between the fit and the experimental data
presumably are attributable to exchange contributions
neglected in the calculations.

Summary

In conclusion, we prepared a new class of metallic

superlattices using a stable and reproducible dc
sputtering machine. X-ray diffraction analysis of our
samples showed reasonable agreement between the

calculated and the observed peak positions at low angles.
We found that Fe and Pd grow (110) and (111) parallel
to the plane of the substrate, respectively. The average
crystallite size was ~300 The x-ray diffraction
spectra obtained for these second-order superlattices are
a unique signature, distinct from first-order
(conventional-type) superlattices with the same period.

The experimentally obtained spin-wave frequencies
are in good agreement with calculations, taking the full
structure of the second-order superlattice into account.
A careful analysis showed that the dependence of the
spin-wave frequencies on the overall modulation
wavelength is stronger than on the ratio of the bilayer
thicknesses.

Using this layering scheme for second-order
superlattices, it becomes possible to combine very small
modulation wavelengths with larger overall modulation
wavelengths. This will allow, for example, the study of
the influence of interface anisotropies on the formation
of perpendicular magnetization in large modulation
wavelength superlattices.
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