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Picosecond ultrasonics and Brillouin light scattering were used to investigate the acoustical properties of
periodicsPy-Al2O3d multilayers constituted of ultrathin polycrystalline layers of permalloy(Py corresponding
to a Ni80Fe20 alloy) separated by a dielectric spacer of amorphous aluminasAl2O3d. Picosecond ultrasonics
gives access to the elastic properties of multilayers both through the travel time of acoustic echoes propagating
in the whole structure and through the frequencies of localized vibrational modes lying within the gaps induced
by the periodicity of the system. These measurements show that the effective longitudinal elastic constant
along the bilayer stacking axis, softens from 7% to 40%, with respect to a reference value obtained in thick
samples, when the period decreases from 14.8 to 5.3 nm. This strong softening is ascribed to interfacial
effects between permalloy and alumina layers. In contrast with the longitudinal elastic constant, the softening
of the in-plane shear elastic constant, derived from Brillouin light scattering measurements, does not exceed
10% for the smallest period sample.
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I. INTRODUCTION

In recent years, nanometer-scaled multilayers and super-
lattices received increasing interest owing to the observation
of novel and unexpected structural and mechanical properties
in these systems.1 For example, results obtained from Bril-
louin light scattering experiments evidenced the softening of
the shear elastic constant with decreasing bilayer period in
metallic superlattices made of nonmiscible constituents cor-
responding to either bcc-fcc, bcc-bcc or fcc-fcc structures,
such as Cr-Au, Nb-Cu, Mo-Ni, Ni-V, Mo-Ta, Ag-Ni,
Co-Cu.2–8 Picosecond ultrasonics experiments gave also evi-
dence of the softening of the longitudinal elastic constant
with decreasing bilayer thickness in Cu-W, Ni-Mo, Ni-Pt,
Ni-Ti, and Fe-Cu multilayers.9–11 Softening with respect to
the expected values deduced from the bulk material proper-
ties (or obtained for large periods as reference values) of
both shear and longitudinal elastic constants up to 25%–30%
have been observed. These elastic anomalies have generally
been ascribed to interfacial effects: interfacial strain originat-
ing from interfacial expansion or interfacial extended
disorder.10–12The picosecond ultrasonics technique has been
also used to characterize the elasticity of a layered structure
with a broad interface, a diffuse interface or a modified in-
terfacial bonding resulting from ion implantation.13–16 Most
studies of interfacial effects have dealt with metallic materi-
als and only very few reports are relative to metal-insulator
composite systems.17,18 One may note also that the first
metal-insulator system investigated18 (NbN-AlN superlat-

tices), showing no elastic anomaly with decreasing bilayer
period, corresponded to a multilayered structure where both
constituents are crystalline. By contrast, in the present study,
we are dealing with a magnetic composite system
(permalloy-alumina) where the ultrathin layers of these two
materials are, respectively, polycrystalline and amorphous.
Such magnetic metal-dielectric multilayers are of great inter-
est for a large range of applications such as high-density
storage media, spintronics, etc. It appears thus important to
investigate in detail their mechanical properties.

In this work, the picosecond ultrasonics and the Brillouin
light scattering techniques are associated to study thick
single layers, respectively, of permalloy(Py: Ni80Fe20) and
of amorphous aluminasAl2O3d as well as a whole series of
sPy-Al2O3d multilayers corresponding to a periodic stacking
of ultrathin layers of these constituents. Our goal was to
determine the elastic parameters of these multilayers corre-
sponding to a composite system known to form sharp inter-
faces (see, for example, Fe-Al2O3 superlattices)19 and to
study their dependence on interfacial effects. Picosecond ul-
trasonics measurements and Brillouin light scattering spectra
are described and compared to numerical simulations result-
ing from analytical models respectively for the reflectivity
changes and for the spectral density related to the phonon
normal displacement amplitude at the free surface. The elas-
tic constants of permalloy and of alumina single layers mea-
sured by the two methods are compared and used to describe
the elastic behavior of the multilayers.
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II. EXPERIMENT

A. Sample preparation and characteristics

The system investigated in this work corresponds to a
metal-insulator composite system where a ferromagnetic me-
tallic material (permalloy) is in contact with a dielectric
sAl2O3d in a layered structure geometry. The permalloy ma-
terial (hereafter abbreviated by Py) corresponds actually to a
NiFe alloy of atomic composition Ni80Fe20. Two categories
of samples have been studied:(i) a set of “single layer”
samples characterized by athick layer of one of the two basic
materials (either Py or Al2O3); (ii ) a set of multilayers
fPy-Al2O3gN, corresponding to the periodic stacking(N peri-
ods) of bilayers Py-Al2O3 where the thickness of each indi-
vidual layer lies in theultrathin (nanometric) range.

The samples studied correspond to films which have been
elaborated by sputtering. A detailed report on the film prepa-
ration and their characterization is given in Ref. 20. In sum-
mary, these films have been deposited by rf sputtering, at
room temperature, on single crystalline Si(001) substrates.
In the sputtering configuration used, the Py target(alloy of
atomic composition Ni80Fe20) was placed on a rf diode elec-
trode whereas the alumina targetsAl2O3d was lying on a rf
magnetron electrode, in order to enhance the deposited rate
of alumina. For all the samples a static mode of sputtering
has been used, where the substrate is continuously facing the
activated target during deposition. For the very thin layers of
Py and Al2O3 considered here(in the multilayers), their in-
dividual thickness is only monitored in the sputtering process
by their time of deposition(measured experimentally). So
the individual layer thickness given in Table I correspond
merely to a conversion of the actual times of deposition in
terms of thickness according to the deposition rates of the
two materials. These deposition rates have been determined
by thickness measurements performed on thick films and
multilayers. They correspond, respectively, to

3.6±0.1 nm/min for Py and 9.3±0.3 nm/min for Al2O3.
The characteristics of the samples are as follows: The

thick single Py layer sample(labeled P1) that we took as a
reference to determine the permalloy bulk properties, corre-
sponds actually to a film having the sandwich structure:
sAl2O3 baseuPyuAl2O3 topd. The Py layer thickness is
323 nm; the Al2O3 base and top are, respectively, 18.4 nm
and 9.7 nm thick. For alumina, four single Al2O3 layer
samples(labeled A1, A2, A3, and A4) have been elaborated.
The alumina thickness is respectively 112 nm(A1); 117 nm
(A2); 273 nm(A3). Sample A4 corresponds to a very thick
film s2450 nmd and has been used as a reliable reference for
determining the elastic properties of the bulk amorphous alu-
mina.

The main characteristics of the multilayer samples(la-
beledM1 to M9) are summarized in Table I. Each film cor-
responds to a multilayerfPy-Al2O3gN sandwiched by alu-
mina with Al2O3 base and top layers having thicknesses
identical to the ones in sample P1, except forM9 which has
no top on it. For all the samples in this series, the Al2O3
spacer thickness isdAl2O3

=3.9 nm(slightly different only for
M9: dAl2O3

=4.2 nm); each sample has a different Py thick-
nessdPy. We indicate in Table I, for each sample, the period
d=dPy+dAl2O3

, the volumic fraction of permalloyfPy (defined
by fPy=dPy/d), the numberN of periods and the total film
thickness. It may be noticed that the periodd, for this set of
samples, spans the ranges5.3—14.8 nmd and that the Py
volumic fraction varies correspondingly in the range
s26.4% —71.6%d.

For an ensemble of films relative to thesPy-Al2O3d com-
posite system, a set of x-ray diffraction measurements has
been performed: experiments at low angles for multilayers,
and at large angles for multilayer and single Py layer
samples. A detailed report on these measurements is given in
Ref. 20. In summary, the essential results obtained are the
following. The permalloy layers are polycrystalline and the
alumina is amorphous. At low angles the multipeak diffrac-
tion spectra observed in the multilayers, which show in the
explored angular range many peaks of monotonic decreasing
intensity, reveal a good periodic structure of these multilay-
ers and suggest further that the interfaces are rather sharp(at
least for the films deposited at room temperature). The re-
sults of the large angle x-ray diffraction measurements indi-
cate that the Py polycrystalline layers(in the 3–11 nm thick-
ness range) have a good(111) texture, single crystallites
being formed through the whole layer thickness. They are
characterized by a weak disorientation(typically 0.4–0.6°)
of the crystallites with respect to the film normal, as deduced
from the midheight width of the rocking curve recorded
around the(111) Bragg peak.

B. Picosecond ultrasonics

The picosecond ultrasonic technique21,22 is based on a
time-resolved pump-probe setup involving sub-picosecond
laser pulses. A first laser pulse, the pump pulse, generates an
elastic disturbance in the sample which is subsequently
probed by a time delay laser pulse, the probe pulse. The
absorption of a pump pulse underneath the illuminated sur-

TABLE I. Main characteristics of the series offPy-Al2O3gN

multilayer samples studied. For each superlattice, the thickness of
the polycrystalline permalloy layerdPy, the periodd (bilayer thick-
ness), the Py volumic fractionfPy, the numberN of periods and the
total film thickness are given. Additional information is given in the
text.

Multilayer characteristics

Sample
name

Py layer
dPy (nm)

Period
d (nm)

fPy (%)
dPy/d

Number
N

Film
thickness

(nm)

M1 1.4 5.3 26.4 30 187.1

M2 1.6 5.5 29.1 50 303.1

M3 2.4 6.3 38.1 50 343.1

M4 2.7 6.6 40.9 30 226.1

M5 2.9 6.8 42.6 30 232.1

M6 4 7.9 50.6 30 265.1

M7 5.7 9.6 59.4 50 508.1

M8 7.9 11.8 66.9 30 382.1

M9 10.6 14.8 71.6 10 166.4
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face sets up a local thermal stress which in turn generates an
acoustic field within the material. For a layer onto a sub-
strate, this field results in an elastic pulse bouncing back and
forth between the interface and the free surface where it pro-
duces acoustic echoes. In superlattices, partial reflections oc-
cur at each interface. If, moreover, the stacking is periodic,
these reflections add constructively, except for well defined
frequency stop bands. Elastic strain pulses with frequencies
lying outside these gaps can still propagate along the stack-
ing axis. In addition, stationary modes showing frequencies
within the gap may also occur.9,23–27 The acoustic field in-
duces changesDrstd in the complex optical reflectivity coef-
ficient r0 of the structure and thus alters the electromagnetic
field of the reflected probe. The amplitude and phase changes
of this field can then be probed by an interferometric detec-
tion set up.27–29

In our apparatus, optical pulses with a duration of 130 fs
and a typical energy of a few nJ are generated by a Ti:
sapphire laser working at 750 nm with a 82 MHz repetition
rate. The pump beam is modulated at a frequency of 1 MHz.
The probe pulses can be delayed with respect to the pump
pulses up to a few nanoseconds by means of a variable op-
tical path and are detected by a lock-in amplifier at the
1 MHz pump modulation frequency.

In the experiments described here, the pump beam was
focused onto a spot having a diameter of roughly 30mm
which is much larger than the optical absorption length of the
multilayer structure(tens of nm). Consequently, a onedimen-
sional model(along the stacking directionz) can be used to
describe both the elastic waves generation and the detection
processes; only longitudinal waves have to be considered.21

The relative change in reflectivity was calculated in a pre-
vious article28 and the main results are recalled here. Let a
structure made ofM layers indexed bym, in between a cap
layersm=1d and the substratesm=M +1d. dm is the thickness
of the layer m. A local coordinatez, defined within each
layer, is running from 0 todm. The electromagnetic field in
the layerm, can be written as the sum of two counter propa-
gating plane waves:

Emszd = ameikmz + bme−ikmz, s1d

wherekm=Î«mk0; «m is the dielectric constant andk0 is the
optical wave vector in vacuum. The reflection coefficientr0
=a0/b0 of the whole structure can be related to the ampli-
tudessam,bmd of the forward and backward electromagnetic
fields. These can be calculated using a transfer-matrix for-
malism. The probe pulse is affected by the acoustic field
propagating within a layer in two respects: on the one hand,
each interface is displaced by the acoustic wave; on the other
hand, the dielectric constant is modified by the elastic strain
h. The relative change of reflectivity is thus the sum of these
two contributions and can be written as

Dr

r0
std =

ik0

n0a0b0
o
m=0

M+1H2«mambmsumstd − um−1stdd

+
1

2

]«m

]h
E

0

dm

dzhmsz,tdfameikmz + bme−ikmzg2J ,

s2d

with dM+1→ +`, ]«0/]h=0, andu−1std=0; ]«m/]h and um

are, respectively, the photoelastic coefficient and the normal
acoustic displacement in the layerm. This relative change of
reflectivity is a complex quantity which can be expressed as
Drstd / r0=Pstd+ iFstd, where, since 10−7øDrstd / r0ø10−3,
Pstd and Fstd , stand for the amplitude relative change and
phase change of the reflected electromagnetic beam respec-
tively. Both the real and the imaginary parts,Pstd andFstd,
can be obtained through the interferometric detection.

To use Eq. (2), the acoustic field, namelyumstd and
hmsz,td, must be determined within each layer. This is a
complex task since each individual layer acts as an acoustic
source as far as the pump beam penetrates in the structure
and the fields generated by these many sources propagate
and superimpose. The problem can be solved in the fre-
quency domain expanding the acoustic field in term of sta-
tionary waves within each layer

umsz,td = Ameiqmz + Bme−iqmz, s3d

where Am and Bm are the complex amplitude of counter
propagating acoustic waves in the layerm andqm=v /vm is
the acoustic wave vector. Using a transfer matrix formalism,
Am andBm can be expressed in terms ofAm−1 andBm−1 and
of the acoustic source in the layerm due to the absorption of
the pump pulse. We performed numerical simulations ac-
cording to this scheme which will be discussed in the follow-
ing section.

The problem of acoustic propagation in multilayers when
the acoustic sources are neglected is much simpler and the
main results are summarized below.23

For a layer with a thicknessd, and an acoustic impedance
Z=rv, we define the transfer matrixt, for the normal com-
ponent of the displacementu and the relevant stress tensor
components, by

SuR

sR
D = t SuL

sL
D = S cossqdd sinsqdd/vZ

− vZ sinsqdd cossqdd
DSuL

sL
D ,

s4d

where the indicesL andR stand, respectively, for the left and
right-hand sides of the layer. In the long wavelength limit,
i.e., dq!1, the transfer matrixt simply reduces to

t = S1 d/C33

0 1
D , s5d

whereC33=rv2.
If, both, continuity ofu ands is assumed at the interface,

the transfer matrixt for a superlattice with the periodd is
then equal to the productt2t1 of the respective transfer ma-
trices of the constitutive layers 1 and 2 of thicknessd1 and
d2. The effective elastic constantC33 of the superlattice is
thus given by the simple relation

d

C33
=

d1

C33
s1d +

d2

C33
s2d , s6d

whered=d1+d2 is the repeat distance. This relation is only
valid in the limit where the acoustic wavelengths are much
longer than the period of the superlatticed.

ELASTIC PROPERTIES OF ULTRATHIN… PHYSICAL REVIEW B 70, 094102(2004)

094102-3



The determinant oft being equal to 1, its eigenvalues can
be written seiqd,e−iqdd; q turns out to be the effective wave
vector of the superlattice. The trace oft gives the dispersion
relation for longitudinal modes propagating along the stack-
ing axis of an infinite multilayer,

cossqdd =
1

2
Trstd = cossq1d1dcossq2d2d

−
1

2
SZ1

Z2
+

Z2

Z1
Dsinsq1d1dsinsq2d2d.

s7d

As long as ucossqddu,1, this dispersion relation defines
propagating modes with an effective sound velocity in the
long wavelength limit. Frequencies that would correspond to
values of ucossqdduù1 in Eq. (7), define band gaps in the
dispersion curves in which no propagating modes are al-
lowed. These band gaps arise at the centersq=0±2np /dd
and at the boundarysq=p /d±2np /dd of the superlattice
Brillouin zone.

For semi-infinite superlattices, localized modes can exist,
with frequencies lying in the acoustic band gaps. They cor-
respond to vibrations confined within the very first periods of
the multilayer. The frequencies of these modes are deter-
mined by the requirement thats u

0
d is an eigenvector of the

transfer matrixt (stress-free limit condition), namely,

t Su

0
D = lSu

0
D , s8d

with ulu,1. One can show23,24 that this condition implies
that the material at the free surface of the superlattice has a
smaller acoustical impedance than the underlying one.

When a cap layer covers the superlattice, the vectortCs u
0

d
should be substituted tos u

0
d in Eq. (8), wheretC is the cap

layer transfer matrix. No simple condition for the existence
of localized modes can be found in that case. When the ef-
fective optical absorption length is longer than the period of
the superlattice, it can be shown29,30 that localized surface
modes in the first zone center band gapsq=2p /dd are pref-
erably excited and more efficiently detected. For larger peri-
ods, localized modes in the first zone-boundary band gap
sq=p /dd can also be observed.

Besides the measurement of the time of flight of an acous-
tic pulse propagating in the whole multilayer, pieces of in-
formation about the acoustic properties of the superlattice
can also be obtained from the experimental determination of
the localized surface modes frequencies. Indeed, whereas the
former measurement allows to characterize the effective me-
dium (effective sound velocity and effective elastic con-
stants), the latter is related to the elastic parameters of each
constitutive layer.

C. Brillouin light scattering

Room temperature Brillouin spectra were recorded using
a Sandercock type tandem 233 pass Fabry-Pérot
interferometer31 with a typical finesse of about 100 and a
contrast ratio higher than 1010. A p-polarized illuminating

beam at 514.5 nm wavelength, emitted by a single mode Ar+

laser, was focused on the surface of the samples. The back-
scattering geometry was chosen for recording the spectra: the
angle of incidenceu could be experimentally monitored, al-
lowing thus to probe various surface wave vectors Qi of the
surface excitations(Qi=2k sinu, wherek denotes the optical
wave vector of the light) in the range of a few 10−2 nm−1

(wavelength typically around 300 nm). The incident power
did not exceed 300 mW, thus limiting the sample heating.
Notice that the magnetic character of permalloy leads to
magnon scattering in addition to the phonon spectra under
the present study: magnon lines are only observed in s po-
larization while the scattered surface phonons appear princi-
pally, but not exclusively, inp polarization. In order to im-
prove the collected intensity, most of the spectra were
performed without analyzing the scattered polarization: an
appropriate magnetic field was applied in order to shift the
magnon scattering out of the frequency range of the studied
phonon surface modes. With the above-described experimen-
tal conditions the time of acquisition was generally of 2 or
3 h per recorded spectrum.

For opaque materials the Brillouin scattering originating
from the surface elastic waves mainly arises from a ripple
mechanism32 which leads top-p (ands-s) polarization selec-
tion rules; consequently, it is not observable using crossp-s
(or s-p) polarizations, in contrast with the magnon scattering.
However, in transparent materials, there is an additional con-
tribution to the phonon scattering related to the photoelastic
coupling.33–35

The analysis of the spectra, based on the elastic con-
tinuum theory of a multilayered structure on a cubic
substrate,36 can be performed using a Green function ap-
proach of the equations of motion with appropriate boundary
conditions; generally, one evaluates the spectral density of
the surface displacements uz=0 at the free surface32 and at
the interfaces, which allows to calculate the shapes of the
Brillouin spectra when neglecting the photoelastic contribu-
tion. For opaque samples these spectra only depend upon the
displacements of the free surface. In transparent structures
the ripple mechanism involves several interfaces: in such
cases, our intensity calculations include these interfering
contributions. Moreover, in principle, for a complete quanti-
tative interpretation, one has to take account of the photo-
elastic coupling; this can also be performed by the Green
function approach37 but is not fully developed in the present
article.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Picosecond ultrasonics results

We describe in this section our picosecond ultrasonics re-
sults and we compare them to the analytical calculation of
the relative reflectivity changesDrstd / r0. We have first mea-
sured the elastic parameters of single layer samples in order
to obtain the reference values for the elastic parameters of
amorphous alumina and polycrystalline permalloy. Indeed,
the elastic properties of sub-micrometric layers can be differ-
ent from the bulk, making essential this preliminary work.
We then report on the measurements of the effective elastic
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parameters of the multilayers and we compare them to the
ones expected from the reference values. Finally, the effect
of modified interfaces on the effective elastic response is
discussed.

1. Single layer samples

The thicknessd of our samples being known with an ex-
cellent accuracy, the longitudinal sound velocities in alumina
and permalloy can be deduced from the measurement of the
time T separating two consecutive acoustic echoes, usingv
=2d/T. The longitudinal elastic constantC33=rv2 can be
calculated in turn from both the sound velocity and the den-
sity. In order to reduce the uncertainty originating from the
finite duration of an elastic echo, we have analyzed in detail
the shape of each echo. For that purpose we have developed
a simulation program38 which allows to calculate both the
real and the imaginary parts of the reflectivity changes re-
sulting from the alteration of optical, thermal and acoustical
properties of an illuminated layered sample. We applied the
procedure to sample A1 to A4 and P1. However, sample P1
being covered with an alumina cap layer, the determination
of the longitudinal elastic constant of Py requires the prior
knowledge of the longitudinal elastic constant of Al2O3.

Amorphous alumina. Alumina being transparent for the
wavelength of our laser, sample A4sdAl2O3

=2450 nmd, the
sample was covered by a thin metallic aluminum cap layer
sdAl =15 nmd acting as an acoustic transducer.22 In Fig. 1 are
displayed the real(a) and the imaginary(b) parts of the re-
flectivity change arising from the first acoustical echo in
sample A4. The thermal background has been subtracted. A

standard nonlinear least squares fitting routine was used to
account for data over the range from 700 to 760 ps. The
agreement between experimental and theoretical results is
excellent. The best fit to the data, using the bulk density
rAl2O3

=3.95±0.1 g/cm3 and the refractive indexnAl2O3
=1.6±0.2 determined by ellipsometry, yields the longitudinal
sound velocityvAl2O3

=6.7±0.2 nm/ps. The corresponding
elastic constant is thenC33

sAl2O3d=rAl2O3
vAl2O3

2 =178±5 GPa
and is reported in Table II. The results obtained with the
three other samples A1–A3 are very similar and are not de-
tailed in this article. However, these samples being not cov-
ered with an aluminum cap layer, the pump pulse is absorbed
by the silicon substrate. As a consequence of the large optical
absorption length in this material the acoustic spectrum ex-
tends to lower frequencies leading to a smaller accuracy.

Polycrystalline permalloy. We have plotted in Fig. 2 the
real (a) and the imaginary(b) parts of the reflectivity change
in sample P1(only the two first echoes are displayed). The
thermal background was subtracted in order to allow com-
parison with numerical simulations. These echoes originate
from the strain pulse created in the Py film and are reflected
at the Al2O3 base/-Si interface; then, they are detected both
in the alumina top and in the Py layer. Again, a standard
nonlinear least squares fitting routine was used to analyze
data over the range from 75 to 275 ps. The reflectivity
change, calculated usingvPy=5.6±0.2 nm/ps andrPy
=8.69±0.1 g/cm3 (deduced from x-ray diffraction measure-
ments), satisfactorily fits our experimental data. The calcula-
tion takes into account alumina base and top in P1. The
elastic constant of permalloy is thenC33

sPyd=rPyvPy
2

=275±5 GPa(see Table II). The refractive index of permal-
loy was also deduced from the fit of the acoustic echoes. We
found nPy=s2.5±0.2d+s4.1±0.2di which is in between the
values of bulk nickel and iron, namely, 2.35+4.24i, and
2.99+3.56i, respectively.39

Knowing the elastic parameters for amorphous alumina
sC33

sAl2O3d=178±5 GPad and for polycrystalline permalloy

FIG. 1. Real(a) and imaginary(b) parts of the relative variation
of the reflectivityDrstd / r0 observed in an amorphous alumina layer
A4 sdAl2O3

=2450 nmd capped with a pure aluminum layerdAl

=15 nm. The thermal background has been subtracted and only the
first acoustic echo is shown. The dots are the experimental results,
and the solid line the theoretical expectations(calculations de-
scribed in the text).

TABLE II. Elastic constants of the amorphous alumina and of
the polycrystalline permalloy single layers derived from the pico-
second ultrasonics and the Brillouin light scattering measurements.
The Voigt and Reuss estimated values(Refs. 46 and 47) of the
elastic constants for a bulkk111l textured polycrystalline permalloy
are also reported for comparison in the last line.

Material rsg cm−3d

Brillouin light scattering
Picosecond
ultrasonics

C11 sGPad C33 C44 C13 C33

Al2O3 3.95±0.1 176±3 C11 53±1 C12 178±5

Py 8.69±0.1 265±10 275a 66±3 140±5 275±5

Voigt
[Reuss]b

306 331 68 93 331

[287] [331] [55] [93] [331]

aValue taken from picosecond ultrasonics measurements.
bReference 46 and 47.
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sC33
sPyd=275±5 GPad films, we are now able to analyze our

results obtained on superlattices.

2. Multilayers

We have studied the set of periodic multilayers
Py-Al2O3 described in Table I and labeledM1–M9. The
period of these multilayers varies from 5.3 to 14.8 nm. The
material at the free surface is amorphous alumina for all the
samples, exceptM9 for which the last stacked layer is per-
malloy. All the recorded signals exhibit, over the first hun-
dreds of picoseconds, several acoustic echoes originating
from a strain pulse which propagates through the whole su-
perlattice, and is reflected between the interface with the sub-
strate and the free surface where it is detected at constant
time intervals(Fig. 3). In addition, some samples(M1, M4,
M6, M7, andM8) show over the first tens of picoseconds
damped oscillations originating from localized surface
modes(Fig. 3).

In order to determine the effective sound velocities we
compared the experimental results with numerical simula-
tions. The effective elastic constant is obtained using the
simple relationC33=rv2, where r is the effective density
defined bydr=d1r1+d2r2. The result is reported in Fig. 4.
For comparison, we have displayed in the same figure the
effective elastic constantC33 derived from Eq.(6), using the
reference elastic parameters of permalloy and alumina(Table
II ). Whatever the Py layer thickness in the superlattice, the
measured elastic constant is smaller than the expected value,
attesting a strong softening of the superlattice. The discrep-
ancy is about 7% for the sample with the largest Py layer

thickness and rises up to 40% for the thinnest Py layer thick-
ness.

Two possible causes can be at the origin of these elastic
anomalies. One is the alteration of the elastic properties due
to variations of the composition and/or densities of both ma-
terials. However, it is not likely to explain such a strong
variation of the effective elastic constant since it would im-
ply density variations up to 40%. Another explanation is the
occurrence of interfacial effects between Py and Al2O3 thin
films. Actually, electronic effects cannot be suspected in this
metal-insulator system, in contrast with the case of metal-
metal multilayers.40 On the other hand, a similar softening of
the longitudinal elastic constant has already been observed in

FIG. 2. Real(a) and imaginary(b) parts of the relative variation
of the reflectivityDrstd / r0 observed in a polycrystalline permalloy
layer P1 sdPy=323 nmd. The thermal background has been sub-
tracted and the two first echoes are shown. The dots are the experi-
mental results, and the solid line the theoretical expectations(cal-
culations described in the text).

FIG. 3. Real part of the relative variation of the reflectivity
Drstd / r0 observed in a multilayer sampleM8 sdPy=7.9 nmd. The
inset, where the thermal background signal has been subtracted,
displays the localized modes250 GHzd observed in the short time
delay range.

FIG. 4. Variation of the effective longitudinal elastic constant
C33 (GPa) of the bilayer permalloy-alumina as a function of the Py
layer thickness in the superlattice. Experimental results(circle dots)
show a strong softening, from 7% up to 40%. The broken line
comes from the perfect interfacial bonding model with the reference
single layers properties. The solid line is the best fit for modified
interfaces models: Py volume inhomogeneity model or weak inter-
facial bonding model.
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the metal-insulator system AlN-ZrN and was interpreted in
terms of a crystalline to amorphous structural transition
when the bilayer thickness decreases.17 However, in agree-
ment with expectation based on electronic arguments, no
such changes were observed in the metal-insulator superlat-
tice AlN-NbN.18 To account for the observed softening of
C33, two phenomenological models are therefore suggested.
The first modified model, hereafter notedMB, assumes a vol-
ume inhomogeneity of permalloy whereas the second one,
MC, is based on the weakness of the bonding between two
adjacent layers.

Model MA: Perfect interfacial bonding:Under such an
assumption, the elastic constant and the density of each ma-
terial are independent of the layer thickness. The bonding at
the interface is supposed to be perfect[Fig. 5(a)], implying
continuity of both the acoustic displacement and the stress.
The effective elastic constantC33 of the Py-Al2O3 bilayer is
simply given by Eq.(6),

d

C33
=

dAl2O3

C33
sAl2O3d +

dPy

C33
sPyd . s9d

Model MB: Permalloy volume inhomogeneity:In this
model, each permalloy layer is divided in three sublayers
[Fig. 5(b)]: two interfacial zones[thicknessdInt and elastic
constantC33

sIntd] embedding a permalloy core, the thickness
and elastic constant of which are, respectively,dcore=dPy

−2dInt and C33
sPyd. We assume that densities of the core and

interfacial zones are identical and equal torPy; C33
sPyd andrPy

are the values deduced from the thick single layer samples.
We further suppose that the thicknessdInt of the interfacial
layer is the same for all the studied samples. Within such a
layered structure, the effective constantC33 of the Py
-Al2O3 bilayer is given by

d

C33
=

dAl2O3

C33
sAl2O3d +

dPy

C33
sPyd + 2dIntS 1

C33
sIntd −

1

C33
sPydD . s10d

Model MC: Weak interfacial bonding:In the framework
of this model, we consider that the two media are connected
by a massless spring characterized by a strength per unit area
«−1 [Fig. 5(c)]. In that case there is no more continuity of the
acoustic displacement at the interface. As a consequence of
this discontinuity one must define a transfer matrixt« to
relate both sides of the interface

SuR

sR
D = t«SuL

sL
D = S1 «

0 1
DSuL

sL
D . s11d

Considering the long wavelength limit of the period transfer
matrix, it is straightforward to show that the effective elastic
constantC33 of the bilayer is

d

C33
=

dAl2O3

C33
sAl2O3d +

dPy

C33
sPyd + 2«. s12d

A similar model was introduced by Taset al.15 to investigate
the modification of the interfacial bonding resulting from ion
implantation.

It is interesting to notice that modelMB is characterized
by two parameters,dInt and C33

sIntd, whereas modelMC in-
volves only one parameter, namely«. Moreover,MB andMC
lead to an identical dependence of the effective constantC33
in terms of the Py layer thicknessdPy,

d

C33
=

dAl2O3

C33
sAl2O3d +

dPy

C33
sPyd + 2V s13d

with

V = « = dintS 1

C33
sIntd −

1

C33
sPydD . s14d

The best fit to the data using Eq.(13) is displayed in Fig.
4; we foundV=6.7±0.2310−3 nm GPa−1.

For model MB, only a relation, Eq.(14), between the
thickness of the extended interfacedInt and the elastic con-
stant C33

sIntd can be deduced. Concerning modelMC, the
strength s1/«=V−1d of the massless spring is
149±5 GPa/nm.

FIG. 5. Schematic diagrams of the interfacial models:(a) MA:
perfect interfacial bonding model,(b) MB: Py volume inhomogene-
ity model, (c) MC: weak interfacial bonding model.
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Additional information can be obtained from the frequen-
cies of the localized surface modes. The frequencies, de-
duced from Fourier transform of the relevant part of the sig-
nal, are summarized in Table III. They range from
250±10 GHz for the largest period(sample M8) up to
980±10 GHz for the smallest one(sampleM1). Vibrations
localized either in the first zone center acoustic band gap
(M1, M4, M6, andM7) or in the first zone boundary acous-
tic band gap(M1 and M8) are observed. The photoelastic
response of sampleM1 is particularly interesting since it
consists of two vibrations localized in the two first band
gaps. No localized mode was observed inM2, M3, andM5
samples.

The frequencies of the localized modes can be calculated
for the three models using three different transfer matrices:

tA = tPytAl2O3
, s15d

tB = tInttPytInttAl2O3
, s16d

and

tC = t«tPyt«tAl2O3
. s17d

Results of the calculations are reported in Table III.
It clearly appears from the comparison between measured

frequencies and values predicted by modelMA, that the as-
sumption of a perfect bonding at each interface does not
hold: some localized modes should not exist in samplesM4,
M6, andM8 where they are actually observed; in samples
M1 andM7 where a localized mode is predicted by model
MA, and effectively observed, there is a large discrepancy
between the theoretical and the measured frequency.

We have studied the dependence of the frequency of the
localized modes as a function of the interface thicknessdint,
in the range 0.1–0.675 nm, in the framework of modelMB.
To this end, we have assumed that for each value ofdint,
C33

sIntd is deduced from Eq. (14) using V=6.7±0.2
310−3 nm GPa−1.

The results for the first zone centre localized mode in the
thinnest period multilayerM1 are displayed in Fig. 6.
Dashed lines(a) and (d) correspond, respectively, to the up-
per and lower edges of the band gap which disappears for
this sample when the thickness of the interfacial layer
reaches 0.7 nm. Full lines(b) and (c) correspond to two lo-
calized modes which coexist within the same gap for an in-
terface thickness up todInt=0.4 nm. Beyond this value and
up to dInt=0.57 nm, a single localized mode at a frequency
close to the experimental one subsists. Vertical dotted lines in
Fig. 6 delimit two intervals: from 0 to line(e) both localized
modes(b) and (c) are allowed, whereas only the upper one
(b) holds between(e) and (g). For this sample, the two val-
ues,dInt=0.34 nm anddInt=0.57 nm define a realistic inter-
val for the thickness of the extended interface.

TABLE III. Frequencies of measured and calculated localized modes. Parameters used in the calculation
are given in the text.

Multilayers
Experiments
s±10 GHzd

Interfacial models

Model MA
a Model MB

b Model MC
c

First zone center band gap localized modes frequencies(GHz)

M1 980 1150 982 834–1050

M4 790 799 810

M6 660 620 624

M7 590 633 572 564

First zone boundary band gap localized modes frequencies(GHz)

M1 480 623 474 473

M8 250 250 252

aModel MA: perfect interfacial bonding.
bModel MB: Py volume inhomogeneity model.
cModel MC: weak interfacial bonding.

FIG. 6. Calculated frequencies of the zone center localized
modes(b) and (c) shown with solid lines, as a function of the
interfacial layer thicknessdInt within the interfacial modelMB (Py
volume inhomogeneity). The dotted line(a) and broken line(d)
correspond to the upper and lower band edges of the first zone
center gap, respectively. Vertical broken lines(e) and(g) define the
thickness intervals0.34–0.57 nmd for which calculated frequencies
are close to the experimental ones980±10 GHzd, and the vertical
broken line(f) stands for the best fits0.52 nm–982 GHzd.
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We did the same study for the other samples exhibiting
oscillations(M4, M6, M7, andM8) with a thickness of the
interfacial layer varying in this intervals0.34 nm–0.57 nmd.
The overall best agreement with the experimental data was
obtained fordInt=0.52 nmsC33

sIntd=60.5 GPad. Line (f) in Fig.
6 corresponds to this value for sampleM1. Frequencies cal-
culated with this value are given in Table III. They differ
from the experimental frequencies by less than 2%, except
for the sampleM6 where the discrepancy is about 5%.

Finally the frequencies of the localized modes have also
been calculated in the framework of the modelMC with the
value «=6.7±0.2310−3 nm GPa−1. For samplesM4, M6,
M7, andM8 the model predicts a single localized mode. The
discrepancy with experimental results is larger than for
model MB. Furthermore, in the thinnest period sampleM1,
two localized modes with respective frequencies 834 and
1050 GHz, far from the experimental value of 980 GHz, are
predicted.

Consequently modelMB is in better agreement with the
experimental results and seems more relevant to explain the
strong elastic constant softening that we observed.

At this stage it appears appropriate, by comparison, to
mention and quote briefly results(and analysis) of magneti-
zation measurements described in detail in Ref. 20. System-
atic magnetization measurements have been performed on
different series of single ultrathin Py layers(sandwiched by
Al2O3). A thickness dependence of the saturation magnetiza-
tion Ms is observed fordPy in the range 2–11 nm. These
results have been reasonably well accounted for in terms of a
volume magnetic inhomogeneity model for the permalloy
layer. In this model one considers that the magnetic layer is
composed of basically two zones of different magnetization:
an interfacial layer(thicknessdInt, assumed constant along a
sample series, and magnetizationMInt) and a “core” layer
(thicknessdcore, magnetizationMcore). One derives from the
analysis thatMcore corresponds well to theMPy bulk value
expected for a Ni80Fe20 alloy (target composition), and actu-
ally measured in thick Py layers. A number of physical rea-
sons may be responsible for the fact thatMInt is different
from Mcore. The main ones would be the following:(i) local
variation of the atomic composition of the NiFe alloy;(ii )
intrinsic variation of the magnetic moment of Ni atoms at the
interface;(iii ) effects induced by roughness and local atomic
disorder.

B. Brillouin light scattering

In the following we describe the results on Al2O3 and Py
single layer samples and on multilayer samples.

1. Single layer samples

The elastic constants of amorphous alumina(isotropic
symmetry) were determined by fitting the surface modes of
the four alumina single layer samples(A1–A4), studied for
various angles of incidence. The Rayleigh evanescent mode
is observed in all the samples while Sezawa and longitudinal
guided modes appear well only in the spectra of the 273 nm
thick layer(A3). A typical spectrum is shown in Fig. 7: it is
compared to the calculated ones, which satisfactorily provide

the experimentally measured frequencies. We do not observe
standing longitudinal resonances, which can only be acti-
vated by the elasto-optic coupling, and which, when they are
detected, extend up to high frequencies with a characteristic
alternate vanishing.41 A refractive index of 1.8, determined
by ellipsometry measurements at a 546 nm wavelength, was
used for the intensity calculations. In Fig. 7, the computed
curve (b) takes into account the ripple scattering from both
the free surface and the film substrate, whereas the curve(c)
includes only the ripple originating from the free surface: the
relative intensities of the expected lines significantly differ,
but, due to the above-mentioned restriction to the ripple
mechanism, the calculations do not reproduce the experi-
mentally observed intensity ratios. To summarize, the elasto-
optic coupling is not strong enough to allow the detection of
modes forbidden in the approximation of ripple scattering,
but it non-negligibly modifies the intensity of the lines al-
lowed through this ripple mechanism. Taking advantage of
the whole experimental data and assuming a density equal to
3.95 g/cm3, we find C11=C33=176 GPa andC44=53 GPa.
Our determination of the longitudinal elastic constant well
agrees with the results of picosecond experiments as dis-
played in Table II.

To determine the effective elastic constants of permalloy,
we have studied the reference Py single layer sample
s323 nmd. In Fig. 8 a typical experimental spectrum is com-
pared to the fitted one: the calculation assumes a ripple
mechanism restricted to the free surface and uses the above-
determined elastic constants of alumina. The Py density
s8.69 g cm−3d was independently deduced from x-ray diffrac-
tion data. A preliminary fit was performed assuming an iso-
tropic behavior, leading toC11=250 GPa andC44=63 GPa.37

A more satisfactory determination takes into account the ap-
propriate hexagonal symmetry resulting from the averaging

FIG. 7. (a) Experimental Brillouin spectrum of the Al2O3 single
layer sample A3s273 nmd compared to the calculated one(b) tak-
ing into account the ripple scattering by the two interfaces air-
Al2O3 and Al2O3-silicon, (c) only the ripple scattering from the free
surface air-Al2O3.
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of the in-plane orientations: it providesC44=66±3 GPa but,
due to the increased number of elastic constants to evaluate,
it actually contains large uncertainties on the remaining stiff-
ness values. To overcome this problem(at least partly) we
used the valueC33=275 GPa derived from picosecond ultra-
sonics determination(and, incidentally, close to our 250 GPa
result using an isotropic model). Furthermore, this procedure
is validated by the good agreement of the fit with the posi-
tions of the hardly but undoubtedly detected longitudinal
guided modes(LG, above the longitudinal threshold LTPy,
see Fig. 8) which strongly depend uponC11. At this stage, it
is important to notice that the autocorrelation function of the
normal displacement shows small maxima in the vicinity of
the frequencies of these LG modes and that, consequently,
the ripple mechanism is able to induce scattering from LG
modes: such a behavior has been observed and related
previously.42–45 The resulting values for the constants deter-
mined by our final fit are collected in Table II. They are
compared with the values calculated from the stiffness con-
stants reported in bulk permalloy46 using Reuss or Voigt
averages47 in order to take account of the random orientation
in the films: the agreement is good for the shear constantC44
[66 GPa to compare to thes55,68d GPa interval generated
by Reuss and Voigt approximations] but it is rather poor for
C11, C33, andC13.

2. Multilayers

The multilayer samples were studied systematically. All
their Brillouin spectra show at least a line related to the Ray-
leigh mode. Its variation from sample to sample allows to
deduce the dependence ofC44 versus the Py volumic fraction
and, eventually, versus the period of the multilayer. The
variation versusdPy is displayed in Fig. 9. This experimen-

tally observed variation is compared to the calculated one
using the effective medium approach of a perfect pseudo
periodic structure,48

C44 =
dPy

d
C44

sPyd + S1 −
dAl2O3

d
DC44

sAl2O3d. s18d

We find that, taking account of the uncertainties of their de-
terminations, the above obtained values ofC44

sPyd andC44
sAl2O3d

provide a satisfactory agreement between the experimental
results and the effective medium approach. In contrast with
the case of the longitudinal constantC33 studied through pi-
cosecond ultrasonics in the preceding section, we do not ob-
serve any significant anomalous softening ofC44. From the
evaluation of the experimental uncertainties we conclude that
the effective medium approach allows calculatingC44 with a
precision of 10%.

IV. CONCLUSIONS

The elastic properties of sputtered deposited single layers
and superlattices of permalloy layers with alumina spacers
were investigated using both picosecond ultrasonics and
Brillouin light scattering techniques. Most of the elastic
properties of single polycrystalline permalloy and amor-
phous alumina have been determined. Very good agreement
was found for the longitudinal elastic constant of alumina
measured by the two techniques(178±5 GPa versus
176±3 GPa).

Pulse echo measurements in the picosecond ultrasonics
experiments gave evidence of a strong softening of the ef-
fective longitudinal elastic constant with decreasing
multilayer period, reaching 40% in the thinnest bilayers. This
elastic anomaly was ascribed to interfacial effects and two
models (permalloy volume inhomogeneity and weakly
bonded interfaces) are suggested. A relation between the
thickness and the softened longitudinal elastic constant of the
interfacial region was deduced from these measurements for

FIG. 8. Comparison between calculated(full line) and measured
(dots) Brillouin spectra for the permalloy single layer sample P1
s323 nmd with an angle of incidence of 65°. The Rayleigh surface
modesRd, four so-called Sezawa modessSid and two longitudinal
guided modes(LG) are present. LTPy and LTSi, are, respectively,
the longitudinal threshold frequency of permalloys19.45 GHzd and
silicon s26.85 GHzd.

FIG. 9. Variation of the shear elastic constantC44 of the
Py-Al2O3 bilayer versus the Py layer thickness in the superlattice.
The circular dots correspond to the experimental determination and
the solid line stands for the calculated value using the effective
medium approach for a perfect stacking multilayer.
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the permalloy volume inhomogeneity model. For the weakly
bonded interface model, a spring stiffness«−1

=149±5 GPa nm−1 was obtained. In addition localized sur-
face modes were also observed in some of the multilayers.
The existence of such modes and the determination of their
frequencies confirmed that perfect interfaces could not be
considered in this system. A realistic interval for the interface
thicknesss0.34 nmødIntø0.57 nmd could be deduced and
our best fit provideddInt=0.52 nm andC33

sIntd=60.5 GPa.
With these values the permalloy volume inhomogeneity
model leads to calculated frequencies closer to experimental
values than using the model of a weakly bonded interface. It
is to be noted that in the present picosecond ultrasonics in-
vestigation both propagating waves and localized acoustic
modes are exploited. One may also highlight the fact that
(for the first time to our knowledge) the effective longitudi-
nal elastic constant of thesPy-Al2O3d multilayers studied is
analyzed in terms of the reference values obtained experi-
mentally separately for the elastic constants of the individual
material components(i.e., Py and Al2O3).

In contrast, Brillouin light scattering results show that, in
the plane of the film, the softening of the shear elastic con-
stant does not exceed 10% for the lowest period.

As quoted above, magnetization measurements20 have
also been performed on these ultrathin Py layers and the
experimental results showed the presence of two distinct
magnetization zones in the permalloy layers, giving evidence
of the existence of modified interfaces with magnetic prop-
erties different from the bulk ones. These observations agree
with the results deduced, in this work, from the elastic prop-
erties.

Our elastic constants determination should be useful for
futher studies of the magnetic anisotropy in this system. In
the ultrathin permalloy layers(sandwiched by alumina) a
thickness dependent magnetic anisotropy has been
found20,37,49and analyzed in terms of a stress-induced aniso-
tropy (associated with the inverse magnetostriction50). So,
for a better insight, stresses have to be determined in these
permalloy films and, in most cases, mechanical properties
have to be known.
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