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We propose theoretical and experimental model to extract the interface elastic stiffness in super-
lattice thin films using picosecond ultrasound spectroscopy. Ultrafast light pulses excite and detect
thickness phonon vibrational modes in a five-layered multilayer film, consisting of three matrix lay-
ers and two ultrathin interlayers. The thickness of the interlayer is varied between 2 and 10 Å. We
define the interface elasticity parameter as the ratio of the resonance frequencies of the two phonon
modes, which are sensitive and insensitive to the interface elastic constants, and inversely evaluated
the elastic stiffness of the interlayer. Using Pt as the matrix and Co, Fe, and Pd as the interlayer
materials, we evaluate their interface stiffness, which is considerably lower than the bulk value.

PACS numbers: 62.20.Dc, 68.35.Iv, 78.47.+p, 61.72.-y

The evaluation of the interfacial elastic stiffness has
been of capital importance for understanding mechan-
ics superlattice thin films. Clemens and Eesley [5] mea-
sured the out-of-plane longitudinal-wave modulus in mul-
tilayer thin films using picosecond-ultrasound pulse-echo
method. They observed significantly lowered macro-
scopic stiffness when the bilayer thickness of the multi-
layer is smaller than ∼50 Å and attributed this phenom-
ena to the elongation of the lattice near the interfaces, re-
ferring to the relationship between the surface energy and
the lattice elongation [6]. Nakamura et al. [7] measured
the anisotropic elastic constants of Co-Pt multilayer films
using resonance ultrasound spectroscopy and suggested
the elastic anisotropy caused by the elastic strain. They
also showed correlation of the out-of-plane modulus with
PMA in the Co-Pt binary system, and indicated that de-
fects dominated both the macroscopic stiffness and PMA
[4]. However, all the previous works measured the macro-
scopic elastic stiffness, to which the interfacial stiffness
poorly contributes because of the small volume fraction.
The macroscopic stiffness is easily affected by the stiff-
ness of the individual layers, the defects inside the layer,
noncrystalline regions, and so on. Therefore, it has never
been straightforward to correctly evaluate the interface
stiffness.

Here, we propose a model to extract the interface stiff-
ness in a superlattice thin film using different standing-
wave phonon modes. When the acoustic impedance of
the substrate is smaller than that of the bottom layer
of the superlattice film, standing waves with nearly free
boundaries occur within the multilayer thin film. We fo-
cus two modes which are sensitive and insensitive to the
interface stiffness. The ratio of their resonance frequen-
cies reflects the interface stiffness, while it is basically
independent of the other factors (stiffness, density, and
thickness of individual layers, defects and noncrystalline
phases inside layers, and the boundary adhesion with the

substrate). We define the interface elasticity parameter
(IEP) as the ratio of the resonance frequencies.

The interface structures have been evaluated in de-
tail by the reflection high-energy electron diffraction
(RHEED) method during the deposition procedure [8].
In the case of superlattice films with immiscible atomic
layers, many misfit dislocations are introduced, causing
incoherent interfaces, and they will deteriorate the bond
strength at the interface. In multilayer films with mis-
cible atomic layers, however, coherent interfaces can be
made, and the atomic layers near the interfaces are highly
strained. For example, in the systems of Co-Pt and Au-
Cu multilayer films, the in-plane strains in the thin lay-
ers (Co and Au layers, respectively) are relaxed by about
10 atomic layers (or ∼20 Å) from the interface [9, 10].
Therefore, an ultrathin layer thinner than ∼10 Å in mul-
tilayer films reflects essential properties of the interface.
We thus use the five layered multilayer film with two ul-
trathin atomic layers between three thicker matrix layers.
As the matrix material, we use Pt. As the interlayer, we
select Co, Fe, and Pd.

We calculate the phonon vibrational modes for the lon-
gitudinal wave in a multilayer system consisting of n lay-
ers (n=1 shows the top layer). Taking the z axis per-
pendicularly to the surface from the top surface of the
film toward the substrate, the partial plane waves in the
individual layers are expressed by u

(±)
i = A

(±)
i e∓jkiz,

where ki = ω
√

ρ/Ci. Here, we omit showing the term
ejωt considering the harmonic vibration. ui and Ai de-
note the displacement and the complex amplitude in the
ith layer, respectively. The superscripts (+) and (-) rep-
resent quantities for the partial plane waves propagat-
ing toward the positive and negative directions of the
z axis, respectively. ki is the wavenumber at the ith
layer. Ci and ρi are the out-of-plane longitudinal-wave
elastic modulus and the mass density at the ith layer,
respectively. Considering free boundaries at both sur-
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faces, the boundary conditions for continuity of the dis-
placement and the stress yield an eigenvalue problem
ΓA=0 with a matrix Γ of (2n)×(2n) [? ]. The vector
A= (A(+)

1 , A
(+)
2 , ..., A

(+)
n , A

(−)
1 , A

(−)
2 , ..., A

(−)
n ) consists of

the complex amplitudes, representing the amplitude and
phase of displacement. Thus, resonance frequencies of
the n-layered multilayer film are obtained from the eigen-
values of the matrix Γ by solving det[Γ]=0.

We focus on two vibrational modes in a five-layered
system which is symmetric about the middle plane; it
consists of the three thicker matrix layers of Pt and two
ultrathin interlayers. For example, Figure 1 shows stress
(σ33) and displacement distributions of fundamental and
second thickness-resonance modes for a superlattice film
of Pt(70 Å)/Co(10 Å)/Pt(140 Å)/Co(10 Å)/Pt(70 Å).
The absolute value of the normal stress of the second
mode takes the maxima at the interlayers, which is larger
than the stress at the interlayers of the fundamental mode
by a factor 3 when the displacement amplitude is the
same. Therefore, the elastic constant near the interface
region affects the second-mode resonance frequency f2

more efficiently than the fundamental-mode one f1. We
here propose the interface elasticity parameter (IEP) de-
fined by

IEP =
f2

2f1
. (1)

IEP becomes larger as the interface stiffness increases,
and it equals 1 for a uniform monolayer.

We use Pt for the matrix layers because of two reasons.
First, Pt thin films show smooth surfaces (Ra <∼5 Å)
and dense structures, and their elastic constants are close
to the bulk value [11], making the analysis easier. Second,
Pt produces coherent interfaces with Co [4, 9], making
a good model to compare the elastic stiffness of tightly
bonded interface (Pt-Co) with other interfaces. As the
interlayer materials, we select Co for making coherent
interfaces, and Fe and Pd as well.

We deposited superlattice thin films on (001)
Si substrates by the magnetron-sputtering method.
The substrates were cleaned in the piranha solution
(98%H2SO4:33%H2O2=4:1) before deposition. The film
thickness was determined from the sputtering rates of in-
dividual target materials: We performed the x-ray total
reflectivity measurement [12] individually for the target
materials to calibrate the sputtering rate in advance. For
evaluating the structure, we performed the high-angle
x-ray diffraction (XRD) measurement. The total thick-
nesses of the multilayer films were about 290 Å; the mid-
dle Pt layer was 140 Å thick, and the top and bottom Pt
layers were 70 Å thick. The thickness of two interlayers
between them was between 2 and 10 Å.

The picosecond ultrasound method was established by
Thomsen et al. [14, 15] for the first time. The thin film
specimen is illuminated by an ultrafast pump light pulse
to excite subterahertz phonons. The time-delayed probe

light pulse then enters the film to detect the phonon vi-
brations from the change in its reflectivity. When the film
is thinner (<∼300 Å), non-propagating phonon modes (Γ
point vibrations) occur [? ], providing oscillations in the
reflectivity change, from which the elasticity of ultrathin
films were evaluated [11, 20]. These previous works, how-
ever, focused only on the fundamental resonance mode,
neglecting the importance of the second mode. In this
study, we actively use the second mode for the interface
elasticity. Details of our optics appear elsewhere [11, 13].

Figure 2 shows typical time-resolved reflectivity
changes of the probe light and the corresponding Fourier
spectra for a Pt monolayer and multilayer thin films. We
clearly observe oscillations from all multilayer thin films,
and three peaks in their Fourier spectra at ∼70, ∼140,
and ∼230 GHz. The last peak (∼230 GHz) corresponds
to Brillouin oscillation from the Si substrate, which is
caused by diffraction of the probe light pulse in the Si
substrate by the acoustic phonon pulse propagating in
Si [21, 22]. (This peak overlaps the third thickness res-
onance peak, deteriorating the peak shape.) The first
two peaks indicate the Γ point phonon vibrations within
the thin films. In Fig. 2(b), the resonance frequency of
the second mode is lowered in the multilayer thin films
involving the 2-Å-thick Fe interlayers, indicating lowered
interface stiffness.

We obtained the IEP values for various multilayer
thin films and inversely determined the elastic stiffness
of the ultrathin interfaces as followed. First, we cal-
culated the IEP values by solving the eigenvalue prob-
lem of the Γ matrix using the elastic constants of corre-
sponding bulk materials. Because the XRD spectra (not
shown) showed strong (111) texture of Pt, we consid-
ered the complete (111) texture for the Pt matrix lay-
ers, and (0001), (110), and (111) texture for Co, bcc-Fe,
and Pd layers, respectively, assuming that their closed-
packed planes are parallel to the film surface. Pt, Co,
and Pd layers are transversely isotropic in the film plane,
and their out-of-plane longitudinal-wave moduli C are
obtained from the monocrystal elastic constants Cij as
C = (C11 + 2C12 + 4C44)/3=384.7, C = C33=335, and
C = (C11 + 2C12 + 4C44)/3=288.7 GPa for Pt, Co,
and Pd layers, respectively. Because a [110]-oriented Fe
grain shows tetragonal elastic symmetry, we averaged the
elastic constants in the plane about the [110] direction
to deduce the transversely isotropic elastic constants of
the (110)-texture bcc-Fe layer (in-plane Hill averaging
method [24]). This procedure yields C=290.6 GPa for the
Fe layer. Second, we determined the interlayer stiffness
inversely by fitting the theoretical IEP value to the mea-
sured one. IEP depends on stiffnesses, mass densities,
and thicknesses of Pt layer and interlayer. Therefore, we
inversely determined the stiffness of the interlayer using
bulk values for the Pt stiffness, and mass densities and
thicknesses of Pt and interlayer material. The simplex
method was adopted to perform this calculation. The
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results for independent measurements for different spec-
imens are shown in Fig. 3(a), where the horizontal axis
is the interlayer elastic constant normalized by the cor-
responding bulk value. Thus, the interfacial stiffness is
highly lowered in the multilayer films.

We show higher sensitivity of the interface stiffness to
the IEP value than the other parameters. The difference
between the measured and predicted IEP values is as
large as ∼6%. Possible factors affecting IEP are not only
the interlayer stiffness, but also the matrix-layer stiff-
ness, and mass densities and thicknesses of the matrix
layer and interlayer. For evaluating their contributions,
we calculated sensitivities of those parameters to IEP
numerically, which are shown in Table I. Among the pa-
rameters investigated, the interlayer stiffness is the pri-
mary cause for the large decrement of the IEP value.
A 10% fluctuation in the thickness of the interlayer or
the matrix layer, for example, would cause only ∼0.2%
change in the IEP value, which is much smaller than the
observed IEP change. Because the film thickness was
carefully controlled based on the x-ray reflectivity mea-
surement, the film thickness error is expected to be less
than 5%. Also, an increase in the Pt-layer stiffness can
cause a decrease in the IEP value. Our previous study
actually revealed that the ultrathin Pt film was stiffened
when the thickness was smaller than ∼100 Å, but the in-
crement is ∼10% at most [11], which would decrease the
IEP value by <∼0.4%. The sensitivity of IEP to the mass
density is lower, and it is unrealistic that the change of
the mass density decreased the IEP value so significantly.
The change in IEP from the theoretical value is therefore
principally caused by the change in the interlayer stiff-
ness.

Figure 4(b) shows the interlayer elastic constant as well
as the elastic constant of the 280-Å-thick Pt monolayer.
The elastic constant of the Pt monolayer is lower than
the bulk value by about 6%, which is attributed to the
non-perfect (111) texture of Pt. The reproducibility of
the measurement of IEP for a single specimen was good
enough (<∼1%), but it was poor among different speci-
mens deposited even with an identical condition. We at-
tribute this discrepancy to the different interlayer struc-
ture, not to the measurement ambiguity: The interlayer
structure will be easily affected by the surface condition
of the substrate and slight transition of the sputtering
condition. Nevertheless, Figure 3(b) shows that the inter-
layer stiffness in the multilayer film is significantly lower
than the bulk value, and this trend is enhanced in thin-
ner interlayers. For example, the stiffness of 2-Å-thick Fe
layer is only 20% of the bulk value. Such an extraction
of the interfacial stiffness has not been made possible so
far.

Elastic softening in multilayer films has been at-
tributed to the interfacial strain [5, 25]. We then estimate
the in-plane strain in the interlayer from the continuum
mechanics, assuming an in-plane stress field and coherent

interfaces. The in-plane strain stored in a 10-Å-thick in-
terlayer is calculated to be 0.10, 0.072, 0.0083, and -0.031
for Co, fcc-Fe, Pd, and bcc-Fe, respectively, when the to-
tal thickness of the Pt layer is 280 Å. (We used lattice
misfit strains at the closed-packed planes of 0.11, 0.076,
0.0085, and -0.032, respectively.) From this calculation,
we consider that the softening of interface is principally
caused by defects such as interfacial dislocations, rather
than the strain, because the Co interlayers show higher
stiffness than Fe and Pd layers despite that they should
be highly strained: It is known that Co and Pt layers bind
coherently each other, and the large lattice-misfit strain
should be involved in the Co interlayer. Coherence of
their interfaces was confirmed directly by RHEED mea-
surement [8, 9] and indirectly by the PMA measurement
[4]. (The interfacial strain is needed for achieving high
PMA.)

Based on picosecond ultrasound spectroscopy, we
presented a parameter, interfacial elasticity parameter
(IEP), for evaluating interfacial stiffness of a superlat-
tice film. In the case of the 5-layered multilayer model,
the second resonance mode shows the maximum sensitiv-
ity at the ultrathin interlayers, providing the enhanced
stiffness information there, while the elastic properties in
the matrix layer can be made negligible by taking the
ratio between the fundamental and the second modes’
resonance frequencies. The IEP value was significantly
smaller than the predicted value in multilayer thin films
with Co, Fe, and Pd interlayers in the Pt matrix lay-
ers. We inversely calculated the interface stiffness, which
showed highly softened interlayers. This trend is remark-
able for the thinner interlayers. The 2-Å-thick Fe inter-
layer, for example, shows the stiffness of only 20% of
the bulk value. Considering that the interface with Co
interlayer showed higher stiffness than other interlayers,
the softened interlayer is attributed to the interfacial de-
fects, not the interfacial strain, because Co layers should
be most strained.
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TABLE I: Influences of elastic constants, thicknesses, and
mass densities of the matrix Pt layers and the interlayers
on the interfacial elasticity parameter IEP of multilayer films
consisting of 70, 140, and 70 Å thick Pt layers and 5 Å in-
terlayers. Values of a

`
∂IEP

∂a

´× 100 are shown, where a is the
longitudinal-wave stiffness C, thickness d, or mass density ρ.

matrix layer interlayer
interlayer material C d ρ C d ρ

Co -3.63 2.26 -1.39 3.65 -2.25 1.39
Fe -4.08 2.87 -1.23 4.10 -2.85 1.22
Pd -4.14 2.30 -1.87 4.16 -2.29 1.85
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Figure Caption

Fig. 1 Distributions of the normal stress (σ33) (solid
line) and the displacement (broken line) at (a) fun-
damental and (b) second modes in the five lay-
ered multilayer film, consisting of Pt(70 Å)/Co(10
Å)/Pt(140 Å)/Co(10 Å)/Pt(70 Å). The vertical
broken lines indicate the interfaces between Pt and
Co layers.

Fig. 2 XRD spectra (CoKα) of the multilayer films con-
sisting of the three thicker Pt layers and the two
ultrathin interlayers (Co, Fe, or Pd).

Fig. 3 (a)Time resolved reflectivity changes of the probe
light from the monolayer Pt and the multilayer
films involving Co and Fe layers. The slowly de-
creasing backgrounds are subtracted using low-
order polynomial functions. (b) The correspond-
ing Fourier spectra of the waveforms of (a). BO
denotes the Brillouin-oscillation peak. In this fig-
ure, the frequency of the multilayer films is ad-
justed by multiplying a constant so as to match
the fundamental resonance frequency with that of
the Pt monolayer for emphasizing the changes in
the second-mode resonance frequencies of the mul-
tilayer films. (Note that f1 varies depending on the
total thickness.)

Fig. 4 (a)Measured (plots) and calculated (lines) IEP
values for the multilayer films consisting of the five
layers. Solid circles, darkened triangles, and open
cubes are measurements for multilayer films with
Co, Fe, and Pd ultrathin films. Open triangles are
measurements of the multilayer film with Fe layers
post-annealed at 773 K. (b)Inversely determined in-
terlayer stiffness of various specimens. Each plot
represents individual measurement, and the solid
lines are theoretical curves. Cbulk denotes the out-
of-plane longitudinal-wave modulus of the bulk for
the corresponding interlayers.

Fig. 5 Changes in the low-angle x-ray reflectivity spec-
trum and IEP values caused by the post-annealing
procedure. Solid lines are measurements, and bro-
ken lines are fitted theoretical curves. For the as-
deposited specimen and the specimen annealed at
573 K, the five-layered model was fitted. For the
specimen annealed at 773 K, the monolayer mode
was used to fit the theory.

Fig. 6 Interlayer stiffness for various multilayer thin
films as well as the stiffness of 280-Å-thick Pt mono-
layer.
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