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Picosecond ultrasonics and Brillouin light scattering were used to investigate the acoustical properties of
periodic (Py-Al,O3) multilayers constituted of ultrathin polycrystalline layers of permatlBy corresponding
to a NiggFeyg alloy) separated by a dielectric spacer of amorphous alurfihgO3). 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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[. INTRODUCTION tices, showing no elastic anomaly with decreasing bilayer
period, corresponded to a multilayered structure where both
In recent years, nanometer-scaled multilayers and supegonstituents are crystalline. By contrast, in the present study,
lattices received increasing interest owing to the observatioge are dealing with a magnetic composite system
of novel and unexpected structural and mechanical pr0pertie(‘ﬁ>ermalloy-aluminawhere the ultrathin layers of these two
in these systemsFor example, results obtained from Bril- materials are, respectively, polycrystalline and amorphous.
louin light scattering experiments evidenced the softening ok,ch magnetic metal-dielectric multilayers are of great inter-

the shear elastic constant with decreasing bilayer period igg; for a large range of applications such as high-density

metallic superlattices made of nonmiscible constituents Corétorage media, spintronics, etc. It appears thus important to

responding to either bcc-fce, bee-bee or fee-fec structures; - - ; ; - -
such as Cr-Au, Nb-Cu, Mo-Ni, Ni-V, Mo-Ta, Ag-Ni, investigate in detail their mechanical properties.

> 8 o . ) . In this work, the picosecond ultrasonics and the Brillouin
Co-Cu#® Picosecond ultrasonics experiments gave also evis . . . :
dence of the softening of the longitudinal elastic constan{'ght scattering techn_|ques are assomat.ed.to study  thick
with decreasing bilayer thickness in Cu-W, Ni-Mo, Ni-Pt, single layers, respe_ctlvely, of permallgyy: NigoFez0) ‘f"”d
Ni-Ti, and Fe-Cu multilayer§:*! Softening with respect to of amorphous a}lummaAI 203) as Well asa th)le. Series f)f
the expected values deduced from the bulk material propef’Y-Al20s) multilayers corresponding to a periodic stacking
ties (or obtained for large periods as reference valusfs of ultrathin layers of these constituents. Our goal was to
both shear and longitudinal elastic constants up to 25%—30%etermine the elastic parameters of these multilayers corre-
have been observed. These elastic anomalies have genera$igonding to a composite system known to form sharp inter-
been ascribed to interfacial effects: interfacial strain originatfaces (see, for example, Fe-5D; superlatticeg® and to
ing from interfacial expansion or interfacial extended study their dependence on interfacial effects. Picosecond ul-
disordert®-2The picosecond ultrasonics technique has beetrasonics measurements and Brillouin light scattering spectra
also used to characterize the elasticity of a layered structurare described and compared to numerical simulations result-
with a broad interface, a diffuse interface or a modified in-ing from analytical models respectively for the reflectivity
terfacial bonding resulting from ion implantatié?l® Most ~ changes and for the spectral density related to the phonon
studies of interfacial effects have dealt with metallic materi-normal displacement amplitude at the free surface. The elas-
als and only very few reports are relative to metal-insulatottic constants of permalloy and of alumina single layers mea-
composite system<:'® One may note also that the first sured by the two methods are compared and used to describe
metal-insulator system investigat€d(NbN-AIN superlat- the elastic behavior of the multilayers.
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TABLE |. Main characteristics of the series ¢Py-Al,O3]y 3.6£0.1 nm/min for Py and 9.3£0.3 nm/min for /5.
multilayer samples studied. For each superlattice, the thickness of The characteristics of the samples are as follows: The
the polycrystalline permalloy layedp, the periodd (bilayer thick-  thick single Py layer sampl@abeled P} that we took as a
nes$, the Py volumic fractiorfp,, the numbeN of periods and the  reference to determine the permalloy bulk properties, corre-
total film thickness are given. Additional information is given in the sponds actually to a film having the sandwich structure:
text. (Al,04 baséPy|Al,O; top). The Py layer thickness is
323 nm; the AJO5 base and top are, respectively, 18.4 nm
and 9.7 nm thick. For alumina, four single ,8l; layer

Multilayer characteristics

Sample Py layer Period fpy (%) Number  Film sampleglabeled A1, A2, A3, and Aphave been elaborated.
name  dpy(nm) d(nm)  dp/d N thickness  The alumina thickness is respectively 112 pid); 117 nm
(nm) (A2); 273 nm(A3). Sample A4 corresponds to a very thick
M1 1.4 5.3 26.4 30 187.1 film (2459 nm and hgs been u;ed as a reliable reference for
M2 16 55 291 50 303.1 ?neig;rmmmg the elastic properties of the bulk amorphous alu-
M3 2.4 6.3 381 50 343.1 The main characteristics of the multilayer samp{és
M4 2.7 6.6 40.9 30 226.1  peledM1 to M9) are summarized in Table I. Each film cor-
M5 2.9 6.8 42.6 30 2321 responds to a multilayefPy-Al,O5]y sandwiched by alu-
M6 4 7.9 50.6 30 265.1 mina with ALO; base and top layers having thicknesses
M7 5.7 9.6 59.4 50 508.1 identical to the ones in sample P1, except¥t® which has
M8 7.9 11.8 66.9 30 382.1 no top on it. For all the samples in this series, theGh|
M9 10.6 14.8 71.6 10 166.4 spacer thickness i*A|203:3.9 nm(Sllghtly different Only for

M9: dA,203:4.2 nn); each sample has a different Py thick-
nessdp,. We indicate in Table I, for each sample, the period
Il. EXPERIMENT d:dpy+dA|203, the volumic fraction of permalloyp, (defined
by fp,=dp,/d), the numbem of periods and the total film

thickness. It may be noticed that the perihdfor this set of

The system investigated in this work corresponds to &amples, spans the range.3—14.8 nm and that the Py
metal-insulator composite system where a ferromagnetic M&;,| mic fraction varies correspondingly in the range
tallic material (permalloy is in contact with a dielectric (26.4% —71.6%.

(Al,0O5) in a layered structure geometry. The permalloy ma-
terial (hereafter abbreviated by Pgorresponds actually to a
NiFe alloy of atomic composition NiFe,,. Two categories
of samples have been studie@) a set of “single layer”
samples characterized bytack layer of one of the two basic
materials (either Py or AjOj); (ii) a set of multilayers
[Py-Al,O3]y, corresponding to the periodic stackifld peri-

A. Sample preparation and characteristics

For an ensemble of films relative to tiiey-Al,O3) 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
ods of bilayers Py-AlO5; where the thickness of each indi- aluminagis amoprphous. X\t |())/W angle? thye r¥1ultipeak diffrac-
vidual layer lies in theultrathin (nanometrig range. tion spectra observed in the multilayers, which show in the

The samples studied correspond to films which have beeg, yred angular range many peaks of monotonic decreasing
elaborated by sputtering. A detailed report on the film prepaj,sensity, reveal a good periodic structure of these multilay-

ration and their characterization is given in Ref. 20. In sum-g ¢ anq suggest further that the interfaces are rather ghiarp

mary, these films have been deposited by rf sputtering, gfqt for the films deposited at room temperatufithe re-
room temperature, on single crystalline (8D1) substrates. gt of the large angle x-ray diffraction measurements indi-

In the sputtering configuration used, the Py tar@doy of 46 that the Py polycrystalline laysia the 3—11 nm thick-
atomic composition NpFe;) was placed on a rf diode elec- ogq rangehave a good(111) texture, single crystallites

trode whereas the alumina tardéd,O5) was lying on arf  peing formed through the whole layer thickness. They are
magnetron electrode, in order to enhance the deposited raf@ 4 acterized by a weak disorientatiggpically 0.4—0.63

of alumina. For all the samples a static mode of sputteringy e crystallites with respect to the film normal, as deduced
has been used, where the substrate is continuously facing the, 1, the midheight width of the rocking curve recorded
activated target during deposition. For the very thin layers ot ,nq the(111) Bragg peak.

Py and ALO; considered herén the multilayers, their in-
dividual thickness is only monitored in the sputtering process
by their time of depositionmeasured experimentallySo

the individual layer thickness given in Table | correspond The picosecond ultrasonic technigli& is based on a
merely to a conversion of the actual times of deposition intime-resolved pump-probe setup involving sub-picosecond
terms of thickness according to the deposition rates of théaser pulses. A first laser pulse, the pump pulse, generates an
two materials. These deposition rates have been determinetdiastic disturbance in the sample which is subsequently
by thickness measurements performed on thick films angrobed by a time delay laser pulse, the probe pulse. The
multilayers. They  correspond, respectively, to absorption of a pump pulse underneath the illuminated sur-

B. Picosecond ultrasonics
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face sets up a local thermal stress which in turn generates ame, respectively, the photoelastic coefficient and the normal
acoustic field within the material. For a layer onto a sub-acoustic displacement in the lay@r This relative change of
strate, this field results in an elastic pulse bouncing back angkflectivity is a complex quantity which can be expressed as
forth between the interface and the free surface where it proar(t)/r,=P(t)+id(t), where, since 10<Ar(t)/ro<1073,
duces acoustic echoes. In superlattices, partial reflections opxt) and ®(t) , stand for the amplitude relative change and

cur at each interface. If, moreover, the stacking is periodichhase change of the reflected electromagnetic beam respec-
these reflections add constructively, except for well define ively. Both the real and the imaginary pari(t) and d(t)

frequency stop bands. Elastic strain pulses with frequencie@an be obtained through the interferometric detection.

lying outside these gaps can still propagate along the stack- N

ing axis. In addition, stationary modes showing frequencies To use Eq.(2), the a_coustlc_ f'_eld’ namely(t) "?‘”0_'

within the gap may also occf?327 The acoustic field in- 7m(z,t), must k_)e determl_nec_i _W|th|n each layer. This is a

duces changear(t) in the complex optical reflectivity coef- complex task since each individual layer acts as an acoustic

ficient ro of the structure and thus alters the electromagnetiource as far as the pump beam penetrates in the structure

field of the reflected probe. The amplitude and phase chang@d the fields generated by these many sources propagate

of this field can then be probed by an interferometric detecand superimpose. The problem can be solved in the fre-

tion set up?’~2° quency domain expanding the acoustic field in term of sta-
In our apparatus, optical pulses with a duration of 130 fgionary waves within each layer

and a typical energy of a few nJ are generated by a Ti: : .2 _iq, 2

sapphire laser working at 750 nm with a 82 MHz repetition Un(Z,t) = Ayim* + Be™, 3

rate. The pump beam is modulated at a frequency of 1 MHz, .. . A, and B, are the complex amplitude of counter

puiSeS Up 1 2 fow nanossconds by means of a variable o CP2galNg acoustic waves in the laysrand gy=a/un i
P P y e acoustic wave vector. Using a transfer matrix formalism,

tical path and are detected by a lock-in amplifier at theAm andB., can be expressed in terms &f._, andB,,_, and

1 MHz pump modulation frequency. ) . .
In the experiments described here, the pump beam wd the acoustic source in the layerdue to the absorption of

focused onto a spot having a diameter of roughly.30 the pump pplse. We performgd numerlcal S|mulat|ons ac-
which is much larger than the optical absorption length of the_cordlng to this scheme which will be discussed in the follow-
multilayer structurgtens of nm. Consequently, a onedimen- Ng section. _ o _

sional modekalong the stacking directior) can be used to The problem of acoustic propagation in multilayers when
describe both the elastic waves generation and the detectiéfieé acoustic sources are neglected is much simpler and the
processes; only longitudinal waves have to be considéred. main results are summarized bel&.

The relative change in reflectivity was calculated in a pre- For a layer with a thickness, and an acoustic impedance
vious articlé® and the main results are recalled here. Let aZ=pv, we define the transfer matrix for the normal com-
structure made oM layers indexed byn, in between a cap ponent of the displacementand the relevant stress tensor
layer(m=1) and the substraten=M +1). d, is the thickness componento, by
of the layerm. A local coordinatez, defined within each .
layer, is running from 0 tal,. The electromagnetic field in Ug\_ (u.)_{( codad)  sin(qd)/wZ)(u.
thellayerm, can be written as the sum of two counter propa- B -0z sin(qd)  cogqd) '
gating plane waves:

En(2) = " + by, 1

OR oL oL

(4)

= ] ) ) ) where the indicet andR stand, respectively, for the left and
wherekp=venky; em is the dielectric constant and is the  yight-hand sides of the layer. In the long wavelength limit
optical wave vector in vacuum. The reflection coefficient ; o dg<1, the transfer matrix- simply reduces to
=a,/by of the whole structure can be related to the ampli- = ’

tudes(ay, by,) of the forward and backward electromagnetic 1 d/Css
fields. These can be calculated using a transfer-matrix for- T= (0 1 )
malism. The probe pulse is affected by the acoustic field

propagating within a layer in two respects: on the one ha“%hereC33=pv2.
each interface is displaced by the acoustic wave; on the other |t poth, continuity ofu ando is assumed at the interface,

hand, the dielectric constant is modified by the elastic straifnhe transfer matrix- for a superlattice with the period is
7. The relative change of reflectivity is thus the sum of thesgpen equal to the produatr, of the respective transfer ma-

©)

two contributions and can be written as trices of the constitutive layers 1 and 2 of thicknessand
Ar ik, M d,. The effective elastic consta@zz of the superlattice is
=)= —2= { 2eAmPrm(Un(t) = Upa(t)) thus given by the simple relation
lo No@obo o
d d, d,
35| ezl bme"k“"z]z}' Css CH " ©
0

) whered=d; +d, is the repeat distance. This relation is only
valid in the limit where the acoustic wavelengths are much
with dy4q— +, deof Ip=0, andu_4(t)=0; de,,/dn andu,,  longer than the period of the superlattide
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The determinant of being equal to 1, its eigenvalues can beam at 514.5 nm wavelength, emitted by a single mode Ar
be written (€99, e79%): q turns out to be the effective wave laser, was focused on the surface of the samples. The back-
vector of the superlattice. The trace ofjives the dispersion scattering geometry was chosen for recording the spectra: the
relation for longitudinal modes propagating along the stackangle of incidenced could be experimentally monitored, al-

ing axis of an infinite multilayer, lowing thus to probe various surface wave vectojthe
1 surface excitationgQ, =2k sin 4, wherek denotes thg opti(ial
- = - wave vector of the lightin the range of a few 160 nm~
codqd) 2 Tr(r) = codgycy)cosa0y) (wavelength typically around 300 nmThe incident power
1/7. 7 did not exceed 300 mW, thus limiting the sample heating.
——(—1+—2)sin(q1d1)sin(q2d2), Notice that the magnetic character of permalloy leads to
2\Z, 7 magnon scattering in addition to the phonon spectra under

(7) the present study: magnon lines are only observed in s po-

| his di . lation defi larization while the scattered surface phonons appear princi-
As long as|cogqd)| <1, this dispersion relation defines ... ht not exclusively, i polarization. In order to im-

propagating modes with an effective sound velocity in they oye the collected intensity, most of the spectra were
long wavelength limit. Frequencies that would correspond tGerformed without analyzing the scattered polarization: an
values of|cosqd)|=1 in Eq.(7), define band gaps in the 355ropriate magnetic field was applied in order to shift the
dispersion curves in which no propagating modes are almagnon scattering out of the frequency range of the studied
lowed. These band gaps arise at the cefdgr0+2nm/d)  phonon surface modes. With the above-described experimen-
and at the boundaryq=m/d+2nm/d) of the superlattice (| conditions the time of acquisition was generally of 2 or
Brillouin zone. 3 h per recorded spectrum.

For semi-infinite superlattices, localized modes can exist, For opaque materials the Brillouin scattering originating
with frequencies lying in the acoustic band gaps. They corfrom the surface elastic waves mainly arises from a ripple
respond to vibrations confined within the very first periods ofmechanisr#? which leads tg-p (ands-s) polarization selec-
the multilayer. The frequencies of these modes are detefion rules; consequently, it is not observable using css
mined by the requirement th) is an eigenvector of the (or s-p) polarizations, in contrast with the magnon scattering.

transfer matrixr (stress-free limit condition namely, However, in transparent materials, there is an additional con-
y u tribution to the phonon scattering related to the photoelastic

r( ):)\( ) (8)  coupling®=> .
0 0 The analysis of the spectra, based on the elastic con-

tinuum theory of a multilayered structure on a cubic
%‘ubstraté,6 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
When a cap layer covers the superlattice, the Vefé@ the surface displacements=D at the free surfaéé and at

is;oelilf ;ﬁ feurbr?:;?rFedN&g) '.?nElg' (E?))ﬁ dv.\f{%enrefgf t'rs];r;e 'C?epncethe interfaces, which allows to calculate the shapes of the
Yer trans IX. simp i XIS frillouin spectra when neglecting the photoelastic contribu-

with [\|<1. One can shot?* that this condition implies
that the material at the free surface of the superlattice has
smaller acoustical impedance than the underlying one.

of localized modes can be found in that case. When the e fon. For opaque samples these spectra only depend upon the

. . . displacements of the free surface. In transparent structures
0
the superlattice, it can be shoWr° that localized surface the ripple mechanism involves several interfaces: in such

modes in the first zone center band dep 2/d) are pref- cases, our intensity calculations include these interfering

erably excjted and more efficie'ntly detected. For larger peric,nyiptions. Moreover, in principle, for a complete quanti-
ods, localized modes in the first zone-boundary band g

afhtive interpretation, one has to take account of the photo-
(q=/d) can also be observed. P ! b

elastic coupling; this can also be performed by the Green

_ Besides the measurement of the time of flight of an acousgnction approacH but is not fully developed in the present
tic pulse propagating in the whole multilayer, pieces of in- g icje.

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- A. Picosecond ultrasonics results
dium (effective sound velocity and effective elastic con-

stantg, the latter is related to the elastic parameters of each We describe in this section our plcosecqnd ultrason!cs re-
S sults and we compare them to the analytical calculation of
constitutive layer.

the relative reflectivity changesr(t)/ro. We have first mea-
sured the elastic parameters of single layer samples in order
to obtain the reference values for the elastic parameters of
Room temperature Brillouin spectra were recorded usingmorphous alumina and polycrystalline permalloy. Indeed,
a Sandercock type tandem XZB pass Fabry-Pérot the elastic properties of sub-micrometric layers can be differ-
interferometet! with a typical finesse of about 100 and a ent from the bulk, making essential this preliminary work.
contrast ratio higher than 10 A p-polarized illuminating We then report on the measurements of the effective elastic

fective optical absorption length is longer than the period o

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

C. Brillouin light scattering
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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 valu@®fs. 46 and 4y of the
elastic constants for a bulld11) textured polycrystalline permalloy
are also reported for comparison in the last line.

Picosecond
Brillouin light scattering ultrasonics

Material p(g Cm_s) Cll (Gpa C33 C44 C13 C33

Ar/r, (arb. units)

AlLO; 3.95+0.1 176+3 C;; 53+1 C;,  178%5
Py  8.69+0.1 265+10 27566+3 140+5 275+5

\oigt
[Reusy
306 331 68 93 331
. | | ‘ , [287) [331 [55] [93]  [331]
690 720 730 aValue taken from picosecond ultrasonics measurements.
Time delay (ps) bReference 46 and 47.

FIG. 1. Real(@ and imaginary(b) parts of the relative variation  gionqarg nonlinear least squares fitting routine was used to

of the reﬂei:tlwtyAr(t)/ro observeq in an amorphogs alumina layer account for data over the range from 700 to 760 ps. The
A4 (dp.0,=2450 nm capped with a pure aluminum layety, . . .
23 haeqreement between experimental and theoretical results is

=15 nm. The thermal background has been subtracted and only t . . -
first acoustic echo is shown. The dots are the experimental resultg,xce”ent' The best fit to the data, using th_e bulk density
3.95+0.1 g/cm and the refractive indexny o,

and the solid line the theoretical expectatiofslculations de- PAi,05=

scribed in the test =1.6+0.2 determined by ellipsometry, yields the longitudinal
sound velocityvA,203:6.7iO.2 nm/ps. The corresponding
: : (Al03) _ 2
parameters of the multilayers and we compare them to thglastic constant is thely;>™'=pp 0,0 ,0,=178+5 GPa

ones expected from the reference values. Finally, the effe@nd is reported in Table Il. The results obtained with the

of modified interfaces on the effective elastic response ighree other samples A1-A3 are very similar and are not de-
discussed. tailed in this article. However, these samples being not cov-

_ ered with an aluminum cap layer, the pump pulse is absorbed
1. Single layer samples by the silicon substrate. As a consequence of the large optical
The thicknessl of our samples being known with an ex- absorption length in this material the acoustic spectrum ex-
cellent accuracy, the longitudinal sound velocities in aluminaends to lower frequencies leading to a smaller accuracy.
and permalloy can be deduced from the measurement of the Polycrystalline permalloyWe have plotted in Fig. 2 the
time T separating two consecutive acoustic echoes, using real(a) and the imaginaryb) parts of the reflectivity change
=2d/T. The longitudinal elastic constai@;=pv? can be in sample PYonly the two first echoes are displayedhe
calculated in turn from both the sound velocity and the denthermal background was subtracted in order to allow com-
sity. In order to reduce the uncertainty originating from theparison with numerical simulations. These echoes originate
finite duration of an elastic echo, we have analyzed in detaifrom the strain pulse created in the Py film and are reflected
the shape of each echo. For that purpose we have developatithe ALO; base/-Si interface; then, they are detected both
a simulation prograff which allows to calculate both the in the alumina top and in the Py layer. Again, a standard
real and the imaginary parts of the reflectivity changes rehnonlinear least squares fitting routine was used to analyze
sulting from the alteration of optical, thermal and acousticaldata over the range from 75 to 275 ps. The reflectivity
properties of an illuminated layered sample. We applied th€hange, calculated usin@p,=5.6+0.2 nm/ps andpp,
procedure to sample Al to A4 and P1. However, sample P£8.69+0.1 g/cr (deduced from x-ray diffraction measure-
being covered with an alumina cap layer, the determinatiorments, satisfactorily fits our experimental data. The calcula-
of the longitudinal elastic constant of Py requires the priortion takes into account alumina base and top in P1. The
knowledge of the longitudinal elastic constant o%L,®4. elastic constant of permalloy is thercgzy)zppw,%y
Amorphous aluminaAlumina being transparent for the =275+5 GPgsee Table Ii. The refractive index of permal-
wavelength of our laser, sample Ad,_o.=2450 nm), the  loy was also deduced from the fit of the acoustic echoes. We
2-3 . . ..
sample was covered by a thin metallic aluminum cap layefound npy=(2.5+0.2+(4.1+0.2i which is in between the
(day=15 nm acting as an acoustic transduéem Fig. 1 are  values of bulk nickel and iron, namely, 2.35+4i.24nd
displayed the reala) and the imaginaryb) parts of the re- 2.99+3.56, respectively®
flectivity change arising from the first acoustical echo in Knowing the elastic parameters for amorphous alumina
sample A4. The thermal background has been subtracted. @Céﬁ'2°3):17815 GPa and for polycrystalline permalloy
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Ar/r, (arb. units)
o
=]
&

Ar/r, (arb. units)

I I I
0 100 200
Time delay (ps)

FIG. 3. Real part of the relative variation of the reflectivity
' ! ' \ ' ' ' | Ar(t)/ro observed in a multilayer sampM8 (dp,=7.9 nm). The

100 150 200 250 inset, where the thermal background signal has been subtracted,
Time delay (ps) displays the localized mod@50 GH2 observed in the short time
delay range.

FIG. 2. Real(a) and imaginaryb) parts of the relative variation

of the reflectivityAr(t)/ry observed in a polycrystalline permalloy ., . . o . —
layer P1(dp,=323 nm. The thermal background has been sub- tnhelglgness and rises up to 40% for the thinnest Py layer thick

tracted and the two first echoes are shown. The dots are the experi- . - .
Two possible causes can be at the origin of these elastic

mental results, and the solid line the theoretical expectaticals ! . . . .
culations described in the text anomghgs. One is the aIter_a.tlon of the elastllc. properties due
to variations of the composition and/or densities of both ma-
Py _ teriglg. However, it ig not Iikgly to explairj suqh a strqng
(C33"=275%5 GPafilms, we are now able to analyze our variation of the effective elastic constant since it would im-

results obtained on superlattices. ply density variations up to 40%. Another explanation is the
occurrence of interfacial effects between Py andQjlthin
2. Multilayers films. Actually, electronic effects cannot be suspected in this

. o , metal-insulator system, in contrast with the case of metal-
We have studied the set of periodic multilayers meta) myltilayers® On the other hand, a similar softening of

Py-AI203 described_in Table I_ and labeled1-M9. The o longitudinal elastic constant has already been observed in
period of these multilayers varies from 5.3 to 14.8 nm. The

material at the free surface is amorphous alumina for all the 240 -]
samples, exceg¥19 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- 2004
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 samplg#11, M4,
M6, M7, andM8) show over the first tens of picoseconds
damped oscillations originating from localized surface
modes(Fig. 3). 1204 @
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 relationCg3=pv?, where p is the effective density

defined bydP:d1p1+d2p2' Th? result IS reported in '_:'g' 4. FIG. 4. Variation of the effective longitudinal elastic constant
For comparison, we have displayed in the same figure thg__ Gpg of the bilayer permalloy-alumina as a function of the Py
effective elastic constartl;; derived from Eq(6), using the  |ayer thickness in the superlattice. Experimental reultsle dotg
reference elastic parameters of permalloy and alurtieble  show a strong softening, from 7% up to 40%. The broken line
I). Whatever the Py layer thickness in the superlattice, th@omes from the perfect interfacial bonding model with the reference
measured elastic constant is smaller than the expected valugngle layers properties. The solid line is the best fit for modified
attesting a strong softening of the superlattice. The discrefinterfaces models: Py volume inhomogeneity model or weak inter-
ancy is about 7% for the sample with the largest Py layefacial bonding model.

160 |

Ellective C,, (GPa)

T I ¥ I T I ] I T I T
0 2 4 6 8 10 12
Py layer thickness (nm)
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%///////////////////// o é:$+% (©)

Model Mg: Permalloy volume inhomogeneityn this

Py dn, model, each permalloy layer is divided in three sublayers
[Fig. 5b)]: two interfacial zonegthicknessd,,; and elastic

constantC(g'gt)] embedding a permalloy core, the thickness

and elastic constant of which are, respectively,=dp,

Jo BT ~ el e s el iy 5

are the values deduced from the thick single layer samples.

Al

S

N

% We further suppose that the thicknegig of the interfacial
S / % B layer is the same for all the studied samples. Within such a
dy layered structure, the effective consta@t; of the Py
-Al,O4 bilayer is given by
Py ecre dp, d dao, d 1 1
= - Py - =
Css ™ e ety T\ ") 40
dIm

7 Model Mc: Weak interfacial bondingin the framework
ALO, %/ / ;- of this model, we consider that the two media are connected
(b) 7 by a massless spring characterized by a strength per unit area
%///%//////%////% gt [Fitg. 55_(:)].I In that ctas;attr?erletis ][10 mcxe continuity of the f
’ i oG 2~ acoustic displacement at the interface. As a consequence o
AL0;, Z%/////////f////////// this discontinuity one must define a transfer matrixto
Titeiface relate both sides of the interface

(o) =nlin)=o 2))
Py dp, OR o 0 1/\o.

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

Al O, 7 / 707 7 411205
...
o _ d_ o, ey 1)

Cos C9 Y
FIG. 5. Schematic diagrams of the interfacial modéds: M x:
perfect interfacial bonding modgh) Mg: Py volume inhomogene-

ity model, (c) M¢c: weak interfacial bonding model.

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

It is interesting to notice that mod®lg is characterized

(Int) i
the metal-insulator system AIN-ZrN and was interpreted inby two parametersdyy, and Cy; -, whereas modeMc in
volves only one parameter, namelyMoreover,Mgz andM¢

terms of a crystalline to amorphous structural transition . . :
when the bilayer thickness decreasésiowever, in agree- lead to an identical dependence of the effective consigat
' in terms of the Py layer thicknesk,,

ment with expectation based on electronic arguments, no

such changes were observed in the metal-insulator superlat- d _ dayo, dpy
tice AIN-NbN.18 To account for the observed softening of Cas CAI09 * cPy +20 (13)

Cs3, two phenomenological models are therefore suggested.
The first modified model, hereafter nothts, assumes a vol- With
ume inhomogeneity of permalloy whereas the second one, 1 1
Mc, is based on the weakness of the bonding between two Q=e= dint(m - W) (14
adjacent layers. 33 33

Model M,: Perfect interfacial bonding:Under such an The best fit to the data using E@.3) is displayed in Fig.
assumption, the elastic constant and the density of each ma: we found(=6.7+0.2< 1073 nm GPa™.
terial are independent of the layer thickness. The bonding at For model Mg, only a relation, Eq.(14), between the
the interface is supposed to be perfféig. 5a)], implying  thickness of the extended interfadg; and the elastic con-
continuity of both the acoustic displacement and the stresstant C(s"s‘t) can be deduced. Concerning modél., the
The effective elastic constafily; of the Py-ALO; bilayer is  strength (1/e=Q71) of the massless spring is
simply given by Eq(6), 149+5 GPa/nm.
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TABLE lll. Frequencies of measured and calculated localized modes. Parameters used in the calculation
are given in the text.

Interfacial models

Experiments

Multilayers (#10 GH2 Model M2 Model MgP Model M©
First zone center band gap localized modes frequeriGéekz)
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 frequeliGielz)
M1 480 623 474 473
M8 250 250 252

8Model M,: perfect interfacial bonding.
PModel Mg: Py volume inhomogeneity model.
‘Model Mc: weak interfacial bonding.

Additional information can be obtained from the frequen-  The results for the first zone centre localized mode in the
cies of the localized surface modes. The frequencies, dehinnest period multilayerM1 are displayed in Fig. 6.
duced from Fourier transform of the relevant part of the sig-Dashed linega) and(d) correspond, respectively, to the up-
nal, are summarized in Table Ill. They range from per and lower edges of the band gap which disappears for
250+10 GHz for the largest periosample M8) up to this sample when the thickness of the interfacial layer
980+10 GHz for the smallest onisampleM1). Vibrations  reaches 0.7 nm. Full line®) and(c) correspond to two lo-
localized either in the first zone center acoustic band gapalized modes which coexist within the same gap for an in-
(M1, M4, M6, andM7) or in the first zone boundary acous- terface thickness up td,,;=0.4 nm. Beyond this value and
tic band gap(M1 and M8) are observed. The photoelastic up tod,,;=0.57 nm, a single localized mode at a frequency
response of sampl&11 is particularly interesting since it close to the experimental one subsists. Vertical dotted lines in
consists of two vibrations localized in the two first band Fig. 6 delimit two intervals: from O to linée) both localized
gaps. No localized mode was observedM@, M3, andM5  modes(b) and(c) are allowed, whereas only the upper one
samples. (b) holds betweerie) and(g). For this sample, the two val-

The frequencies of the localized modes can be calculatedes,d,;=0.34 nm andd,,;,=0.57 nm define a realistic inter-
for the three models using three different transfer matrices:val for the thickness of the extended interface.

TA = TPyTAI 04 (15) @
oo - @! O (9
B = Tint7PyTint TAI 04 (16) —
3 ®) -
5
fe -
= Q -~
TC = TeTpyTeTAILO,- (17) £ o i /’i/i
o
Results of the calculations are reported in Table Ill. 2 (Cl___._;/f/ L
It clearly appears from the comparison between measured g0 _—"
frequencies and values predicted by mohtk|, that the as- (d)
sumption of a perfect bonding at each interface does not | | T |
hold: some localized modes should not exist in samplds 00 02 04 06 0B
M6, andM8 where they are actually observed; in samples Interface thickness (nm)

M1 andM7 where a localized mode is predicted by model
Ma, and effectively observed, there is a large discrepancy, o
between the thec_)ret|cal and the measured frequency. interfacial layer thicknesd,,; within the interfacial modeMg (Py

W_e have studied the dependence _Of the freql_Jency of th@olume inhomogeneily The dotted line(a) and broken line(d)
localized modes as a function of the interface thickriigs  correspond to the upper and lower band edges of the first zone
in the range 0.1-0.675 nm, in the framework of mokfe).  center gap, respectively. Vertical broken lifesand(g) define the
To this end, we have assumed that for each valuei@f  thickness interval0.34—0.57 nmfor which calculated frequencies
ngt) is deduced from Eq.(14) using Q=6.7£0.2 are close to the experimental of@80+10 GHz, and the vertical
X 1073 nm GPa®. broken line(f) stands for the best f{0.52 nm—982 GHg

FIG. 6. Calculated frequencies of the zone center localized
des(b) and (c) shown with solid lines, as a function of the
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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 intervdlD.34 nm—-0.57 nm
The overall best agreement with the experimental data was
obtained ford,,;=0.52 nm(CJ5"=60.5 GPa Line (f) in Fig.

6 corresponds to this value for sampleL. Frequencies cal-
culated with this value are given in Table Ill. 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 modé} with the
value £=6.7+0.2x 103 nm GPa'. For samplesM4, M6,

M7, andM8 the model predicts a single localized mode. The
discrepancy with experimental results is larger than for (©
model Mg. Furthermore, in the thinnest period sampéd,

two localized modes with respective frequencies 834 and
1050 GHz, far from the experimental value of 980 GHz, are I I l ,
predicted. 5 10 15 20 25 30

Consequently modeWig is in better agreement with the Frequency shift (GHz)
experimental results and seems more relevant to explain the

strong elastic constant softening that we observed.
At this stage it appears appropriate, by comparison, t(Bayer sample A3273 nm compared to the calculated ofi®) tak-
ing into account the ripple scattering by the two interfaces air-

mention and quote briefly resuland analysisof magneti- o X .
zation measurements described in detail in Ref. 20. Systen"?ﬁ|203 and ALOg-silicon, (c) only the ripple scattering from the free

. B surface air-AJOs.
atic magnetization measurements have been performed on
different series of single ultrathin Py layefsandwiched by  the experimentally measured frequencies. We do not observe
Al,05). A thickness dependence of the saturation magnetizastanding longitudinal resonances, which can only be acti-
tion Mg is observed fordp, in the range 2—11 nm. These vated by the elasto-optic coupling, and which, when they are
results have been reasonably well accounted for in terms of detected, extend up to high frequencies with a characteristic
volume magnetic inhomogeneity model for the permalloyalternate vanishinff: A refractive index of 1.8, determined
layer. In this model one considers that the magnetic layer iby ellipsometry measurements at a 546 nm wavelength, was
composed of basically two zones of different magnetizationused for the intensity calculations. In Fig. 7, the computed
an interfacial laye(thicknessd,,, assumed constant along a curve (b) takes into account the ripple scattering from both
sample series, and magnetizatibh,,) and a “core” layer the free surface and the film substrate, whereas the ¢uyve
(thicknessd.q;e MagnetizatiorM,,). One derives from the includes only the ripple originating from the free surface: the
analysis thatM, corresponds well to thélp, bulk value relative intensities of the expected lines significantly differ,
expected for a NpFe, alloy (target composition and actu- but, due to the above-mentioned restriction to the ripple
ally measured in thick Py layers. A number of physical rea-mechanism, the calculations do not reproduce the experi-
sons may be responsible for the fact tihaf, is different  mentally observed intensity ratios. To summarize, the elasto-
from Mg, The main ones would be the following) local  optic coupling is not strong enough to allow the detection of
variation of the atomic composition of the NiFe alloyi) modes forbidden in the approximation of ripple scattering,
intrinsic variation of the magnetic moment of Ni atoms at thebut it non-negligibly modifies the intensity of the lines al-
interface;(iii ) effects induced by roughness and local atomiclowed through this ripple mechanism. Taking advantage of
disorder. the whole experimental data and assuming a density equal to
3.95 g/cm, we find C,;=C33=176 GPa andC,,=53 GPa.

B. Brillouin light scattering 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
(323 nm. In Fig. 8 a typical experimental spectrum is com-

The elastic constants of amorphous alumiisotropic  pared to the fitted one: the calculation assumes a ripple
symmetry were determined by fitting the surface modes ofmechanism restricted to the free surface and uses the above-
the four alumina single layer sampléa1-A4), studied for  determined elastic constants of alumina. The Py density
various angles of incidence. The Rayleigh evanescent mod®.69 g cm?®) was independently deduced from x-ray diffrac-
is observed in all the samples while Sezawa and longitudinaion data. A preliminary fit was performed assuming an iso-
guided modes appear well only in the spectra of the 273 nniropic behavior, leading t€,,=250 GPa an,,=63 GP&’
thick layer(A3). A typical spectrum is shown in Fig. 7: itis A more satisfactory determination takes into account the ap-
compared to the calculated ones, which satisfactorily provid@ropriate hexagonal symmetry resulting from the averaging

(b)

Intensity (arb. units)

FIG. 7. (a) Experimental Brillouin spectrum of the /D5 single

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

1. Single layer samples
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Effective C,, (GPa)

Intensity (arb.units)

0 2 4 6 8 10 12
Py layer thickness (nm)

30 20  -10 0 10 20 30 FIG. 9. Variation of the shear elastic constaBj, of the
Frequency shift (GHz) Py-Al,O5 bilayer versus the Py layer thickness in the superlattice.
The circular dots correspond to the experimental determination and
FIG. 8. Comparison between calculaiédll line) and measured the solid line stands for the calculated value using the effective
(dot Brillouin spectra for the permalloy single layer sample P1 medium approach for a perfect stacking multilayer.
(323 nm with an angle of incidence of 65°. The Rayleigh surface

mode (R), four so-called Sezawa modéS) and two longitudinal  ta]ly observed variation is compared to the calculated one

guided modesLG) are present. Lg, and LTg; are, respectively, ysing the effective medium approach of a perfect pseudo
the longitudinal threshold frequency of permall@g.45 GHz and periodic structurd®

silicon (26.85 GHz.
_ Gy p dA'zos AlL,0

of the in-plane orientations: it provides,,=66+3 GPa but, Caa= _dycgﬂry) * (1 T )CEMZ ?. (18)
due to the increased number of elastic constants to evaluate, ) o _
it actually contains large uncertainties on the remaining stiff-We find that, taking account of the uncertainties of tlhe|r de-
ness values. To overcome this probléat least partlywe  terminations, the above obtained valuesC}” and Cj, 2%
used the valu€s3=275 GPa derived from picosecond ultra- Provide a satisfactory agreement between the experimental
sonics determinatiotand, incidentally, close to our 250 GPa results and the effective medium approach. In contrast with
result using an isotropic modeFurthermore, this procedure the case of the longitudinal constad4; studied through pi-
is validated by the good agreement of the fit with the posi-cosecond ultrasonics in the preceding section, we do not ob-
tions of the hardly but undoubtedly detected longitudinalS€rve any significant anomalous softgningCQﬁ. From the
guided modegLG, above the longitudinal threshold k] evaluation of the experimental uncertainties we conclude that
see Fig. 8 which strongly depend upo@, ;. At this stage, it the effective medium approach allows calculatig with a
is important to notice that the autocorrelation function of thePrecision of 10%.
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 The elastic properties of sputtered deposited single layers
previously*>=#>The resulting values for the constants deter-and superlattices of permalloy layers with alumina spacers
mined by our final fit are collected in Table Il. They are were investigated using both picosecond ultrasonics and
compared with the values calculated from the stiffness conBrillouin light scattering techniques. Most of the elastic
stants reported in bulk permallfyusing Reuss or Voigt properties of single polycrystalline permalloy and amor-
average¥ in order to take account of the random orientationphous alumina have been determined. Very good agreement
in the films: the agreement is good for the shear con€ant was found for the longitudinal elastic constant of alumina
[66 GPa to compare to th&5,68 GPa interval generated measured by the two techniquedl78+5 GPa versus
by Reuss and \Voigt approximatignisut it is rather poor for 176+3 GPa
Ci1, C33 andCya. Pulse echo measurements in the picosecond ultrasonics
experiments gave evidence of a strong softening of the ef-
fective longitudinal elastic constant with decreasing

The multilayer samples were studied systematically. Allmultilayer period, reaching 40% in the thinnest bilayers. This
their Brillouin spectra show at least a line related to the Ray<lastic anomaly was ascribed to interfacial effects and two
leigh mode. Its variation from sample to sample allows tomodels (permalloy volume inhomogeneity and weakly
deduce the dependence®f, versus the Py volumic fraction bonded interfacgsare suggested. A relation between the
and, eventually, versus the period of the multilayer. Thethickness and the softened longitudinal elastic constant of the
variation versusglp, is displayed in Fig. 9. This experimen- interfacial region was deduced from these measurements for

IV. CONCLUSIONS

2. Multilayers
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the permalloy volume inhomogeneity model. For the weakly In contrast, Brillouin light scattering results show that, in
bonded interface model, a spring stiffnesg™! the plane of the film, the softening of the shear elastic con-
=149+5 GPanimt was obtained. In addition localized sur- stant does not exceed 10% for the lowest period.

face modes were also observed in some of the multilayers. As quoted above, magnetization measurenténtsve
The existence of such modes and the determination of theilso been performed on these ultrathin Py layers and the
frequencies confirmed that perfect interfaces could not bexperimental results showed the presence of two distinct
considered in this system. A realistic interval for the interfacemagnetization zones in the permalloy layers, giving evidence
thickness(0.34 nms=d,,,<0.57 nm could be deduced and of the existence of modified interfaces with magnetic prop-
our best fit providedd,,;=0.52 nm andcggt):GO.S GPa. erties different from the bulk ones. These observations agree
With these values the permalloy volume inhomogeneitywith the results deduced, in this work, from the elastic prop-
model leads to calculated frequencies closer to experimentalties.

values than using the model of a weakly bonded interface. It Our elastic constants determination should be useful for
is to be noted that in the present picosecond ultrasonics irfuther studies of the magnetic anisotropy in this system. In
vestigation both propagating waves and localized acoustithe ultrathin permalloy layergsandwiched by aluminaa
modes are exploited. One may also highlight the fact thathickness dependent magnetic anisotropy has been
(for the first time to our knowledgehe effective longitudi-  found?®374%and analyzed in terms of a stress-induced aniso-
nal elastic constant of th€®y-Al,O3) multilayers studied is tropy (associated with the inverse magnetostrictanSo,
analyzed in terms of the reference values obtained experfor a better insight, stresses have to be determined in these
mentally separately for the elastic constants of the individuapermalloy films and, in most cases, mechanical properties
material componentg.e., Py and AJO;). have to be known.
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