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In this study, strong strain dependence of the elastic stiffness is found in polycrystalline Pt films.
Epitaxial and polycrystalline Pt films thinner than 100 nm were deposited on monocrystal MgO
substrates and resonance frequency of longitudinal standing wave in the film thickness direction was
measured by picosecond ultrasound. In epitaxial Pt film, the resonance frequency was comparable
to or smaller than the value expected from the elastic stiffness of bulk Pt, indicating softening of
epitaxial Pt films, where nanoscale defects were observed: the softening was attributed to the
defects. However, in polycrystalline Pt films, resonance frequency increased as the film thickness
decreased and when the film thickness was smaller than 20 nm, the value exceeded the predicted
value from the bulk stiffness, indicating the stiffening of the Pt film. Furthermore, resonance
frequency showed good correlation with the strain. This trend is expected considering the higher
elasticity. However, the slope between the resonance frequency and the strain is ten times as large
as the value deduced from third-order elastic constant. © 2010 American Institute of Physics.
�doi:10.1063/1.3460799�

I. INTRODUCTION

Thin films often include nanoscale defects and residual
stress, for which the elastic stiffness is different from that of
bulk materials. The nanoscale defects include voids and
weak bonds at grain boundaries, causing the softening.1,2 In a
highly strained condition, the elastic stiffness changes be-
cause of lattice anharmonicity, so called acoustoelasticity.3,4

Surface effect is also a possible factor affecting the elastic
stiffness. It stands for the lower symmetry at the surface5,6

and it is considered that the surface tension and change in the
electron density at the surface contribute the stiffening and
softening of the films. Thus, there are several factors, but
quantitative evaluation of their effects on the elastic stiffness
has been never straightforward, being a long running prob-
lem. Elastic stiffness of thin film is a key parameter for de-
signing band pass filters such as surface acoustic wave filters
and film-bulk acoustic resonator; their center frequency de-
pends on the elastic stiffness of construction materials such
as piezoelectric films, oxide films, and metallic electrodes.
Therefore, quantitative evaluation of elastic property of thin
film is an important research topic both in scientific and
practical fields.

For studying the elastic property of thin films, microten-
sile testing,7,8 cantilever-bending-resonance method,9

nanoindentation,10 Rayleigh-wave velocity measurement,11

and Brillouin scattering12 have been used. These methods
have contributed to investigate the isotropic or in-plane elas-
tic stiffness of thin films. However, they are insensitive to the
out-of-plane elastic stiffness and there are ambiguities in the
relationship between the microstructure and elastic property
in the out-of-plane direction. In this paper, for studying the
elastic stiffness of metallic thin films, resonance frequency of
longitudinal standing waves in the thickness direction is

measured. The resonance frequency is closely related with
the out-of-plane longitudinal-wave elastic stiffness and
change in the resonance frequencies reflects the change in
the elastic stiffness. For measuring the resonance frequen-
cies, we apply the picosecond ultrasound. This method gen-
erates the longitudinal-wave phonons by the irradiation of
the film with the femtosecond light pulse and they are pref-
erentially detected by the probing pulse, which allows evalu-
ating the elasticity of metallic thin films. Comparing with the
other methods, this method is superior in term of noncontact-
ing technique and being applicable to the ultrathin films,
typically thinner than 100 nm thick.

In this study, we pay attention to epitaxial and polycrys-
talline Pt films deposited on MgO substrates. Pt thin film is a
candidate for seed layers as well as electrodes,13 on which
magnetic films or single-crystal ceramic films are deposited.
When Pt films are deposited on heated MgO substrates, Pt
grows epitaxially and the orientation of the substrate deter-
mines the crystallographic orientation of the films. We sys-
tematically study the relationship between the microstructure
and elastic stiffness for a variety of Pt films fabricated by
varying the substrate temperature and substrate orientation.

II. EXPERIMENTS

We deposited Pt films on �001�, �110�, and �111� planes
of single-crystal MgO substrates by rf-magnetron sputtering.
Background pressure was less than 7.0�10−6 Pa, and dur-
ing the deposition, Ar pressure was 0.8 Pa. Deposition rate
was 1.8 Å/s. Epitaxial Pt films were deposited on the sub-
strates heated up to 500 °C. After the deposition, tempera-
ture was kept at 500 °C for 15 min. It was then cooled down
at the rate of 4 °C /min; at 200 °C, it was switched to the
natural cooling in the vacuum chamber. Polycrystalline Pt
films were fabricated by depositing Pt on �001�, �110�, and
�111� planes of single-crystal MgO substrates at room tem-a�Electronic mail: nobutomo@me.es.osaka-u.ac.jp.
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perature with the same pressure and deposition rate as epi-
taxial Pt films. Film thickness ranged from 8 to 97 nm, which
was measured by the low-angle x-ray reflectivity
measurements.14,15

In Fig. 1, it was confirmed that when Pt films were de-
posited at 500 °C, Pt�001�, Pt�110�, and Pt�111� epitaxial
films were grown on MgO�001�, MgO�110�, and MgO�111�
planes, respectively. In-plane x-ray diffraction measurements
also confirmed the epitaxial growth. When Pt films were de-
posited at room temperature, �111�-textured polycrystalline
Pt films were grown on MgO�001�, MgO�110�, and
MgO�111� planes. Significant film thickness dependence was
not observed in the texture.

Figure 2 shows typical atomic force microscopy �AFM�
images of the sputtered Pt films and the corresponding sur-
face roughness, Ra. The AFM observations revealed that ep-
itaxial Pt films showed grain structure and the shape of the
grains depended on the orientation of MgO substrates:
square grains grew on MgO�001� and ellipsoid grains on
MgO�110�. As the film thickness increased, the grain size
increased; the grains came in contact with each other and

coalescence occurred, making larger grains. In contrast, sig-
nificant grain structure was not observed in polycrystalline Pt
films, and they showed the dense structure.

Resonance frequency of longitudinal standing waves, f�,
was measured by the picosecond ultrasound.16,17 When a film
is relatively thin, irradiation of the film with the femtosecond
light pulse excites the phonons with various wave numbers
simultaneously, and longitudinal standing modes with fre-
quency f� remains. According to the continuum dynamics,
f� depends on the longitudinal elastic stiffness in the thick-
ness direction, C�, film thickness, d, and mass density, �,

f� =
n

2d
�C�

�
, �1�

where n denotes the mode index number, and the fundamen-
tal mode, n=1, was measured in this study. Because f� is
proportional to the square root of C�, C� is evaluated by
measuring f�. f� is determined from the reflectivity change
in the probing light pulse reflected at the film surface. Details
of our measurement setup appear elsewhere.18,19

III. RESULTS

Figure 3�a� shows the typical time-resolved reflectivity
changes from PtEpi�001� /MgO�001� films. When the film
thickness was smaller than 35 nm, a standing wave was
clearly detected, and f� was determined from the corre-
sponding Fourier spectrum �Fig. 3�b��. For the thicker films,
the reflectivity change showed a train of echo signals, which
indicated that coherent longitudinal-wave phonon pulses
were generated near the film surface, propagated in the thick-
ness direction with velocity, v�, and reflected at the interface
between the film and substrate. For these films, we estimated
f� from v� as f�=v� / �2d�. v� was determined from the
round-trip time, �t, of acoustic pulse in the Pt film and d
through v�=2d /�t. Measured f� and v� reflects the phase
velocity and group velocity, respectively. Therefore, for the
thicker films, the calculated f� based on v� could be differ-
ent from the actual value of f� because of the dispersion
relation. However, we here ignore the effect of the disper-
sion, because the wave number is much smaller than the
Brillouin zone boundary.

f� and normal strain in the thickness direction, S�, of
the Pt films are shown in Fig. 4. f� is normalized by the
corresponding bulk value which is calculated by the Eq. �1�
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FIG. 1. X-ray diffraction spectra of �a� PtEpi�001� /MgO�001� of 29.2 nm
thick, �b� PtEpi�110� /MgO�110� of 30.2 nm thick, �c� PtEpi�111� /MgO�111�
of 28.0 nm thick, and �d� PtPoly�111� /MgO�110� film of 14.0 nm thick
�CoK ��. Vertical axis is logarithmic scale.
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FIG. 2. AFM images and surface roughness, Ra, of �a� PtPoly�111� /MgO
film of 8.5 nm thick, �b� PtEpi�001� /MgO�001� of 18.0 nm thick, and �c�
PtEpi�110� /MgO�110� of 18.9 nm thick.
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FIG. 3. �a� Time-resolved reflectivity change in the probe beam for
PtEpi�001� /MgO�001� films: arrows indicate the pulse-echo signals. �b� Fou-
rier spectrum of the reflectivity change in PtEpi�001� /MgO�001� of 17.7 nm
thick.
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using the bulk values of C� �Ref. 20� and �. For
PtEpi�111� /MgO�111� and PtPoly�111� /MgO, longitudinal
elastic stiffness in �111� direction of bulk Pt was used as C�:
CBulk

�111�= �C11+2C12+4C44� /3=384.7 GPa. For
PtEpi�001� /MgO�001� and PtEpi�110� /MgO�110� films, the
corresponding longitudinal elastic stiffness, CBulk

�001�=C11

=346.7 GPa and CBulk
�110�= �C11+C12+2C44� /2=375.2 GPa

were used, respectively. S� was determined from the inter-
planar spacing of the films and the bulk Pt measured by the
x-ray diffraction measurements. In polycrystalline Pt films,
�111� direction of grains are preferentially oriented in the
film thickness direction and deformation of the �111�-
oriented grains governs the macroscopic deformation. There-
fore, S� was deduced from the change in the �111� diffrac-
tion angle. Ra of typical Pt films around 18 nm thick is
shown in Fig. 4�a�.

IV. DISCUSSION

In epitaxial films, f� of PtEpi�001� /MgO�001� was inde-
pendent of the film thickness and was comparable to the
corresponding bulk value. However, f� of
PtEpi�110� /MgO�110� and PtEpi�111� /MgO�111� decreased
as the film thickness decreased. In epitaxial films, S� is in-
dependent of the film thickness. Then, contribution of acous-
toelasticity to the thickness dependence of f� must be neg-
ligibly small. Therefore, nanoscale defects should be a
dominant factor which governs the elastic property. In AFM
observations, PtEpi�110� /MgO�110� and
PtEpi�111� /MgO�111� were defective comparing with the
PtEpi�001� /MgO�001�. Larger Ra also supports this view.
When the grains contact with each other, nanodefects �inco-
hesive bonding regions and nanoscale voids� are formed at
the grain boundaries. Such defects decrease the macroscopic
elastic stiffness of films.21,22 Volume fraction of grain-
boundary regions is larger when the grain size is smaller.
Therefore, smaller f� in PtEpi�110� /MgO�110� and
PtEpi�111� /MgO�111� is attributed to larger volume fraction

of nanoscale defects. Comparing them,
PtEpi�001� /MgO�001� was less defective and f� was compa-
rable to the corresponding bulk value.

In PtPoly�111� /MgO, noteworthy elastic property was ob-
served: f� increased as the film thickness decreased and
when the film thickness was smaller than 20 nm, f� ex-
ceeded the corresponding bulk value. S� also showed the
dependence on the film thickness; S� decreased as the film
thickness decreased. These results were independent of the
orientation of the MgO substrates. Defects can never explain
the increment of f�. If the Pt films include a number of
defects and the mass density decreases, the larger f� is ex-
plained through Eq. �1�. However, as seen in f� of epitaxial
Pt films, f� of defective films is usually smaller than the
corresponding bulk value, because elastic stiffness is much
sensitive to the defects. For this reason, change in the mass
density is not a dominant factor for the larger f�. In poly-
crystalline films, change in the crystallographic orientation
affects the macroscopic elastic stiffness. In Fig. 4, f� of
PtPoly�111� /MgO is normalized by f� calculated using the
longitudinal elastic stiffness in the �111� direction. In typical
fcc materials, elastic stiffness becomes a maximum in the
�111� direction, and the calculated f�

Bulk is the maximum pos-
sible value in Pt. Therefore, change in the orientation cannot
explain the enhancement of f�. In Fig. 5, f� obviously
shows the relationship with the S�, and this indicates that the
acoustoelasticity is a possible reason of the enhanced f�.

We here evaluate the strain dependence of the elastic
stiffness using third-order elastic constants. When residual
strain exists in a material, elastic stiffness is different from
that in unstrained materials; compressive strain increases the
corresponding stiffness and tensile strain decreases. We de-
duced the strain dependence of C� by calculating
��C� /�S�� /C� following previous studies.3,19 In this calcu-
lation, we assumed that the thin films were extended biaxi-
ally along the in-plane directions, and they shrink in the film
thickness direction because of Poisson’s effect. Because of
the �111� texture in polycrystalline Pt films, we calculated
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FIG. 4. �Color� Film thickness dependence of �a� resonance frequency of the
longitudinal standing waves, f�, and �b� normal strain in the thickness di-
rection, S�: open circles, squares, and triangles indicate that Pt films are
deposited on �001�, �110�, and �111� planes of MgO, respectively.

-0.5 0

1

1.1

1.2

S⊥ (%)

f ⊥
fi
lm

/
f ⊥

b
u
lk

FIG. 5. Relationship between the resonance frequency, f�, and the strain,
S� in polycrystalline Pt films on MgO. A solid line shows the approximation
curve and a dashed line the predicted strain dependence which is calculated
from the third-order elasticity. Open circles, squares, and triangles indicate
that Pt films are deposited on �001�, �110�, and �111� planes of MgO,
respectively.
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elastic stiffness in �111� direction by applying the stress in

�11̄0� and �112̄� directions. This calculation confirmed that
the strain dependence, ��C

�

�111� /�S
�

�111�� /C
�

�111�, becomes
�5.7. In this calculation, we used the reported second-order
and third-order elastic constants of bulk Pt.23 From the cal-
culated ��C

�

�111� /�S
�

�111�� /C
�

�111�, strain dependence of f� is
calculated, and it is shown by a dashed line in Fig. 5. Slope
of the dashed line, �f�

film / f�
bulk� /S�=−2.4, is smaller than that

of the observed relationship �a solid line in Fig. 5�,
�f�

film / f�
bulk� /S�=−21.9, and acoustoelasticity of the bulk Pt

fails to explain the observation quantitatively. If the third-
order elastic constants were ten times as large as the reported
values, the observation would be consistently explained.

One of the possible reasons that cause the mismatch be-
tween the measured and calculated strain dependences of f�

is the errors in the reported third-order elastic constants.
Third-order elastic constants of the bulk materials are usually
measured with applying the static strain to the materials. Al-
though the measurement accuracy is improved as the applied
stress increases, the applied strain is typically less than
0.01% to prevent the dislocation movements,4 which is nec-
essarily large enough to determine them accurately. Actually,
the third-order elastic constants of bulk Pt have not been
measured and we used the calculated values in the above
discussion. Therefore, the actual third-order elastic constants
of Pt could be larger than the reported values.

V. CONCLUSIONS

Whether elastic stiffness of nanoscale composites is
stiffer or softer is a long running problem. In this study, we
found that polycrystalline Pt films on MgO are stiffened and
the resonance frequency highly depends on the S�. There are
several factors that affect the macroscopic elastic stiffness of

nanoscale components. However, they failed to explain the
strain-dependent elastic stiffness quantitatively. This result
proposes a challenging topic on theoretical study.
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