
between LL and LR, A represents the cross-sectional 
area, and ρ is the density of the specimen. The 
dissipated energy Ed is the decrease in the active 
vibration energy along the z axis, and is given as 

 2 ,d in outE P P


           (3) 

where ω denotes the angular frequency; Pin and Pout 
represent the active vibration powers across the 
cross-sections LL and LR, respectively. In 
longitudinal vibration, the active vibration power 
P(z) across a certain cross-section is calculated 
from the normal force along the z axis F(z) and the 
vibration velocity of the outer surface of the 
cylindrical specimen v(z): 

*1( ) Re ( ) ( ) .
2

P z F z v z          (4) 

where Re represents the real part. The Pin and Pout 
can be respectively expressed as 
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where E denotes the elastic modulus. In theory, the 
Q factor of a small portion of the bar can be 
estimated from the vibration velocities of three 
points. The strain at a certain point ε(z) is expressed 
as 

 ( )1( ) .
d v z

z
j dz




          (7) 

Thus, the strain dependence of Q factor can be 
obtained.  
3. Q factors under different annealing conditions  

Using the developed method, we 
experimentally evaluate the influence of thermal 

annealing on the Q factor. The 10-mm-diameter 
PPS samples were heated in a thermostatic chamber. 
The annealing was performed at 100°C for 6, 12, 
and 24 hours. After annealing, the samples were 
quenched in air at 24°C for 1 hour. Note that the 
piezoelectric transducers, which were employed to 
excite vibration on the sample during measurement, 
were not heated. Fig. 2 demonstrates the strain 
dependences of Q factor of the PPS samples 
annealed under different temperatures and periods. 

Fig. 2(a) shows the results measured at 17 kHz. 
After heating for 6 hours, the Q factors had almost 
no variation comparing to the results without 
annealing. However, the Q factors of the PPS bar at 
0.01% increased to 380 and 520, after it was heated 
for 12 and 24 hours, respectively. Fig. 2(b) shows 
the results measured at 48 kHz. Observably, the 
Q-factor increase was lower at 48 kHz than that at 
17 kHz.  
4. Conclusions 

(1) A method for measuring the Q factors of 
materials in longitudinal vibrations is proposed.  

(2) The Q factors of PPS can be enhanced 
through thermal annealing.    
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Fig. 1 The structure of (a) α-W and (b) β-W. 
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1. Introduction 

Tungsten thin films are widely used for many 
applications such as transition edge sensors,[1] 
diffusion barriers and adhesion layers in 
semiconductor fabrication,[2] masks for X-ray 
lithography,[3] soft X-ray mirrors,[4] and so on. 
Especially, due to high mechanical strength and 
heat resistance, tungsten is also used as mechanical 
tools and nuclear fusion reactors. For these 
applications, structure of tungsten is important. 
Tungsten naturally shows thermally stable body 
centered cubic structure (α-W) as shown in Fig. 
1(a). However, thin-film tungsten often shows 
meta-stable A15 structure (β-W) as shown in Fig. 
1(b), which plays important roles in the properties 
and functions of tungsten films. For example, 
superconductive transition temperature of β-W is 
about 3 K[6] while that of α-W is lower than 70 
mK.[1] β-W also exhibits large spin Hall angle 
which reaches 0.5[7] whereas that of α-W is less 
than 0.07.[8]  

Although the relationship among the 
deposition conditions, structures, and some electric 
properties have been investigated, their mechanical 
properties remain unclear. Previous studies suggest 
that β-W films often include oxygen.[9-14] For 
nuclear fusion reactors and other mechanical tools, 
the surface properties of tungsten are the most 
important. Therefore, in this study, we measure the 
elastic constant of tungsten thin films deposited 
under various conditions, and measure their elastic 
constants by picosecond ultrasonics. Moreover, we 
calculate the elastic constants of alpha and beta 
tungsten by using the density functional theory. 

2. Sample deposition and film structures 

We deposited tungsten thin films by DC 
sputtering methods on Si (111) substrates. We 
changed the Ar pressure PAr between 0.2 and 
2.7 Pa to control the structure. Sputtering 
power is 150 or 30 W. 

We measure the film structures by the 
X-ray reflection (XRR) and X-ray diffraction 
(XRD) methods using a Co target. By 
comparing the calculated and measured 
reflectivity in a low incident angle region, we 
can determine the film thickness d, roughness 
and mass density ρ from the oscillation period, 
oscillation amplitude, and critical angle, 
respectively. The tungsten structure is estimated 
from the XRD spectra. Figure 2 shows typical 
XRR and XRD spectra for an α-W film 
deposited under PAr = 0.2 Pa. The calculated 
reflectivity agrees well with the measurement 
result, resulting in the film thickness d = 46.0 
nm and the same mass density as the reported 
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Fig. 2 (a) XRR and (b) XRD spectra for an α-W 
film. 
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bulk value. We observed all of the diffraction 
peaks from α-W in Fig. 2(b), which suggests 
that the film is isotropic pure α-W including no 
β-W. We also synthesized pure β-W thin films. 

 

2. Elastic constants 

We measured elastic constants of thin 
films by using the picosecond ultrasonics,[15,16] 
which excites and detects sub-THz ultrasound by fs 
pulse light. Figure 3 shows typical observed 
acoustic resonances of the through-thickness modes 
for a thin film and pulse echoes for a thick film. 
From the film thickness and resonance frequencies 
or the travel time of the echoes, we determined 
longitudinal sound velocity v and corresponding 
elastic constants C=ρv

2. 
The elastic constants of pure α-W and β-W 

are 5–10% lower than a reported bulk value for 
α-W.[17] Thin films often exhibit lower stiffness due 
to many defects or large strain.[18] Since the elastic 
constants of β-W have not been reported, we 
calculate those of α-W and β-W by using the 
density functional theory with the Vienna Ab initio 
simulation packages (VASP). The calculated lattice 
parameter and elastic constants of α-W agree well 
with reported values[17,19] within 0.3 and 7% 
deviation, respectively. The lattice parameter of 
β-W agrees with reported value within 0.5% 
deviation, too. Our measured and calculated elastic 
constants of β-W agree within 10% deviation, 
therefore, we succeeded in determining the elastic 
constants of β-W.  
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