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Featured Application: The use of an amorphous CoB alloy for the transducer layer to measure 
the acoustic and thermal properties of the soft layer. 

Abstract: Acoustic oscillation provides useful information regarding the interfacial coupling be-
tween metal transducer layers and substrate materials. The interfacial coupling can be significantly 
reduced by a mechanically soft layer between the transducer and substrate. However, preserving a 
thin, soft layer at the interface during fabrication is often challenging. In this study, we demonstrate 
that an amorphous CoB alloy on top of a sapphire substrate can substantially amplify acoustic os-
cillations. By analyzing the attenuation of acoustic oscillations, we show that a thin, soft layer with 
a thickness of >2 ± 1 Å exists at the interface. The intermediate layer at the interface is further verified 
by investigating heat transport. By analyzing the slow decrease of the temperature of the transducer 
layer, we determine a thermal conductance of 35 ± 5 MW m−2 K−1 at the transducer/substrate inter-
face. This low value supports the existence of a thin, soft layer at the interface. Our results demon-
strate that an amorphous metal with B alloying effectively preserves the soft nature at the interface 
and detects the acoustic propagation and heat transport across it. 
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1. Introduction 
An acoustic wave is the propagation of strain in a condensed matter, and its propa-

gation speed is determined by the group velocity of low-energy phonons; that is, the 
speed of sound. Time-resolved measurements of acoustic waves based on short-pulsed 
lasers, a time-resolved measurement of acoustic waves, often called “picosecond acous-
tics” or “picosecond ultrasonics”, have been employed to investigate thickness infor-
mation [1–5], elastic properties [6–10], phonon properties [11–15], and interfacial quality 
[16–19]. For example, a time delay between acoustic echoes can be used to accurately de-
termine the thickness of a metal layer on top of an insulating substrate [1–5]. In addition, 
the interfacial quality between two layers has been investigated from the perspectives of 
the amplitude and attenuation of acoustic waves [16–19]. To obtain a strong acoustic sig-
nal, a large acoustic mismatch is required. However, many condensed solid phases have 
a similar acoustic impedance, and acoustic oscillations are often suppressed. Inserting a 
mechanically soft layer with a small acoustic impedance between two layers can enhance 
acoustic oscillations, but a soft layer with a thickness of a few nanometers is prone to 
fabrication damage. 

A thin, soft layer at the interface affects not only acoustic propagation but also heat 
transport. A relatively well-studied system is the strongly coupled interface between two 
hard materials, such as metals and oxides; thermal conductances at interfaces have been 
explained by phonon scattering at interfaces and the phonon spectrum of constituent ma-
terials [20–23]. A weakly coupled interface has been achieved by inserting a thin polymer 
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or two-dimensional material at the interface [19,24]. It has been reported that the thermal 
conductance of the weakly coupled interface strongly depends on the stiffness of interfa-
cial bonds [24,25]. However, the intrinsic nature of interfacial bonds may depend on the 
preparation method for the insertion layer [26] and the deposition process for the trans-
ducer layer. 

In this work, we use the Co50B50 (atomic %) alloy as a transducer to detect the propa-
gation of acoustic waves and thermal energy across an interface. Boron (B) is a glass-form-
ing element, and alloying it with a ferromagnetic metal, such as Co, Fe, and Ni, results in 
an amorphous structure. The amorphous ferromagnet shows improved magnetic proper-
ties, such as higher magnetic susceptibility, smaller coercivity, and a smaller eddy current 
[27]. In addition, amorphous metals can have improved mechanical properties, such as 
high tensile yield strengths, high elastic strain limits, and a smooth interface with an un-
derlying oxide [28,29]. In this work, we demonstrate that the Co50B50 transducer can dras-
tically enhance acoustic waves compared to the single element of Co. The strong acoustic 
oscillation results from a soft intermediate layer between Co50B50 and the substrate. By 
analyzing the frequency and damping of acoustic oscillations using acoustic modeling, 
we determine the thickness of the intermediate layer to be >2 ± 1 Å. We expect that the 
soft intermediate layer is preserved by low kinetic damage during the Co50B50 deposition. 

We also investigate the heat transport at the interface by measuring the temperature 
response of the Co50B50 transducer. Owing to its magnetic property, we were able to collect 
the temperature response of the transducer without contamination by any signal from the 
substrate. By analyzing the temperature response using thermal modeling, we determine 
the interfacial thermal conductance of 35 ± 5 MW m−2 K−1, which is one order of magnitude 
smaller than that of the strongly coupled interface. This low thermal conductance sup-
ports the existence of the thin, soft layer at the interface. Our results show that the amor-
phous Co50B50 alloy is an ideal choice for a transducer layer to investigate acoustic propa-
gation and heat transport across a thin, soft layer. 

2. Materials and Methods 
We fabricated the sap/Co (10 nm)/Pt (2 nm) and sap/Co50B50/(5~15 nm)/Pt (4 nm) 

structure using a magnetron sputter with a base pressure of <2 × 10−7 Torr. The sap layer 
was a sapphire substrate with an orientation of (0001). The Co or Co50B50 layer acted as a 
transducer for acoustic waves. The Pt layer acted as a layer that protected Co or Co50B50 
from oxidation. All metal layers were deposited with an Ar pressure of 3 mTorr, a target-
to-substrate distance of 100 mm, and a typical deposition rate of 0.02 nm s−1. The deposi-
tion rate of each layer was predetermined with a single, thick layer, whose thickness was 
determined by X-ray reflectivity measurements; then, the thickness of each layer was con-
trolled by deposition time. We used a pure element target for the deposition of the Co and 
Pt layers and a CoB alloy target with an equiatomic composition for deposition of the 
Co50B50 layer. All layers were deposited at room temperature. The lateral sizes of all sam-
ples were around 10 mm. 

We did not use a special treatment, such as chemical cleaning or pre-annealing, for 
the substrate. Therefore, a thin, soft layer, such as a polymer, naturally formed on top of 
the substrate. However, such a thin, soft layer is usually destroyed during the sputtering 
process because of the high kinetic energy of the sputtered elements, and thus a strong 
coupling between the deposited layer and substrate is usually achieved. The kinetic en-
ergy of the sputtered elements depends critically on the surface binding energy, as fol-
lows: 𝑓 𝐸 ∝ 𝐸𝐸 + 𝐸 , (1)

where f(E) is the number fraction of sputtered elements, E is the kinetic energy of the sput-
tered elements, and Esb is the surface binding energy of the target material with a typical 
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magnitude of a few electronvolts [30]. The schematics for the sputtering process and en-
ergy distribution of sputtered elements are shown in Figure 1. 

 
Figure 1. (a) Schematics for the sputtering process. An Ar+ ion bombards the CoB alloy target. Target 
elements are ejected from the target surface and deposited on the substrate. (b) The number distri-
bution (f) of the sputtered elements from the target surface is a function of the kinetic energy (E). 
The maximum f occurs at E with around half the surface binding energy (Esb) of the target material. 

To investigate the propagation of acoustic waves at the interface, we measured the 
change of reflectivity (ΔR) from the transducer layer as a function of time [1–19]. When a 
pump pulse thermally excites the metal transducer, a strain pulse is introduced in the 
transducer. A probe pulse has a time delay from the pump pulse, measured as ∆R, caused 
by the changes of temperature (∆T) and strain (∆ε) of the transducer layer. ∆R arising from 
∆ε is easily distinguished from that arising from ∆T because ∆ε oscillates rapidly, whereas 
∆T changes slowly. ∆R arising from ∆T can be employed to investigate the heat transport 
from the transducer layer to substrate [31]. However, when the transducer is thinner than 
the penetration depth of the probe light, ∆T corresponding to both the transducer layer 
and substrate affects ∆R; thus, the thermal analysis becomes extremely complicated.  

To investigate the heat transport at the interface, we measured the magneto-optic 
Kerr effect (MOKE) from the transducer layer as a function of time [32,33]. When the trans-
ducer layer is a ferromagnet, the polarization of the reflected probe light rotates, and the 
rotation angle (∆θ) is proportional to the change in magnetization (∆M). When ∆M is 
caused by heating and the resulting ∆T is small enough, a linear relationship between ∆θ 
and ∆T is achieved [32,33]. Because the sapphire substrate was not a ferromagnet, only 
the transducer layer contributed to ∆θ regardless of the transducer thickness.  

For the pump and probe pulses, we used a Ti:sapphire laser oscillator that produced 
0.1 ps laser pulses with a repetition rate of 80 MHz and a wavelength of 785 nm. The 
generated laser was immediately divided into pump and probe beams using a polarized 
beam splitter. A mechanical delay stage controlled the time delay between the pump and 
probe pulses. To increase the signal-to-noise ratio of detection, we modulated the 
pump/probe at 1 MHz/200 Hz with an electro-optic modulator (EOM)/optical chopper. 
Due to the group velocity dispersion of the EOM, the pulse width of the pump pulse was 
increased to 1.2 ps. We irradiated the pump and probe beams on the transducer surface 
at a spot size of 6 μm with incident fluences of 6 and 0.6 J m−2, respectively, for pump and 
probe. After reflection from the transducer layer, ∆R and ∆θ values of the probe were 
collected by a normal and balanced photodetector, respectively. The raw signal from the 
balanced detector showed a small contribution from ∆R. To collect the pure MOKE signal, 
we measured ∆θ with magnetic fields of + and−0.5 T, and then collected the difference 
between them. When we changed the direction of magnetization with magnetic fields, ∆θ 
changed its sign, whereas ∆R did not. The schematic of the measurement setup is shown 
in Figure 2. 
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Figure 2. The pump-probe experimental set-up. A pulsed laser was split to the pump (thick red line) 
and probe (thin red line) via a polarizing beam splitter (PBS). The pump and probe were modulated 
via an electro-optic modulator (EOM) and optical chopper, respectively. The time delay between 
the pump and probe was controlled by a delay stage. The pump and probe were focused on the 
transducer surface by a lens. The reflection from the probe, after the non-polarizing beam splitter 
(BS), was collected by a normal detector (ND) for ∆R measurement and by a balanced detector (BD) 
for ∆θ measurement. For ∆θ measurement, a halfwave plate (HWP) and Wollaston prism (WP) were 
used to control the polarization of the probe beam. 

3. Results 
3.1. Acoustic Propagation at Interface 

We compared the ∆R responses of the Co and Co50B50 transducers (Figure 3a). In the 
case of the Co transducer, ∆R showed a typical temperature response (∆R arising from ∆T) 
without any acoustic oscillations (∆R arising from ∆ε): a rapid increase in ∆T at zero time 
delay by the pump pulse, followed by a gradual decrease because of slow heat dissipation 
to the substrate (Figure 3b). In contrast, the Co50B50 transducer showed a strong acoustic 
oscillation in addition to the slow temperature response (Figure 3c). The magnitude of 
acoustic oscillation was similar to that of the temperature signal.  

 
Figure 3. ∆R comparison of the Co and Co50B50 transducers. (a) Schematics for detection of ∆R, which 
was caused by changes in the strain (ε). The blue/orange/gray layers represent the transducer/inter-
face/substrate, respectively. ∆R results of the (b) sap/Co (10 nm)/Pt (2 nm) and (c) sap/Co50B50 
(10nm)/Pt (4nm) sample. The black squares are experimental data. The black line in (b) represents 
the background temperature signal. 

By subtracting the temperature signal from the raw data, we were able to extract 
acoustic oscillations. Then, we compared the acoustic oscillations obtained with different 
Co50B50 thicknesses (Figure 4). The oscillations were fitted with a damped cosine function, 𝐴 cos 2𝜋𝑓𝑡 exp −𝑡/𝜏 , where A is the oscillation amplitude, f is the oscillation frequency, 
t is the time delay between the pump and probe, and τ is the exponential decay time. A 
smaller Co50B50 thickness resulted in a larger f and smaller τ. Such a strong oscillation of 
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acoustic waves indicated that acoustic waves were reflected from the sap/Co50B50 interface 
with a high reflection coefficient (r). The reflection of acoustic waves was determined by 
acoustic impedance, 𝑍 = 𝜌𝑣 , where ρ is the density of the material. When two materials 
with Z of Z1 and Z2 have infinite thicknesses, r is expressed as [34,35] 𝑟 = 𝑍 − 𝑍𝑍 + 𝑍 . (2)

Because the sapphire and Co50B50 had a similar Z value of ≈4 × 107 kg m−2 s−1, direct contact 
between them was not able to produce a strong acoustic oscillation. In the following, we 
show that a high reflection of acoustic waves was achieved due to the presence of a soft 
intermediate layer between Co50B50 and sapphire (we did not expect any soft layer at the 
CoB/Pt interface, because Pt was deposited immediately, in a few seconds, after the CoB 
deposition inside a vacuum chamber). 
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Figure 4. Acoustic oscillation. The extracted acoustic oscillation of the (a) sap/Co50B50 (5 nm)/Pt (4 
nm), (b) sap/Co50B50 (10 nm)/Pt (4 nm), and (c) sap/Co50B50 (15 nm)/Pt (4 nm) samples. The black 
circles are data, and the red lines are fittings with a damped cosine function of 𝐴 cos 2𝜋𝑓𝑡 exp −𝑡/𝜏 . The fitted f and τ: (a) f = 270 GHz, τ = 15 ps; (b) f = 174 GHz, τ = 40 ps; (c) f = 129 GHz, τ = 45 ps. 

We extracted the thickness of the soft intermediate layer by analyzing acoustic oscil-
lations. The frequency dependence on the transducer thickness is well understood by the 
speed of sound of the metal transducer (Figure 5a). Using the relationship 𝑓 = , where 
dtot is the thickness of Co50B50+Pt and vs is the effective speed of sound of Co50B50+Pt, we 
determined vs to be 4900 m s−1. Then, by combining f and τ, we obtained a damping pa-
rameter of 𝛼 = 1/2𝜋𝑓𝜏 (Figure 5b). α describes the amplitude attenuation during one pe-
riod of oscillation; it ranges from zero for no attenuation to 1/2𝜋 for full attenuation after 
one period. The attenuation of acoustic waves in a medium is caused by the wave trans-
mission at interfaces and bulk attenuation inside the medium. Considering the energy 
conservation during the wave propagation at interfaces, the wave transmission is related 
to the wave reflection. Then, α can be expressed as 2𝜋𝛼 = 1 − |𝑟 | + 1 − |𝑟 | + 1 − exp −2𝛽 𝑑 , (3)

where rint1 is the reflection coefficient at the bottom interface between the substrate and 
transducer, rint2 is the reflection coefficient at the top interface between the transducer and 
air, and βbulk is the bulk attenuation factor in the transducer layer (we note that r can be 
negative when Z1 < Z2 in Equation (2), so that the reflected wave can change its sign. Since 
α describes the attenuation of the absolute magnitude of the acoustic wave, α should be 
related to |r| but not r). rint2 was found to be close to one, considering the large mismatch 
in the Z values of the transducer and air. The βbulk value of metals depends on the fre-
quency [36,37], and there are no experimental reports regarding ferromagnetic metals at 
a high frequency of 200 GHz. When βbulk is negligible and α is dominated by rint1, an α of 
0.034 ± 0.011 leads to an |rint1| of 0.79 ± 0.07 at the Co50B50/sap interface. When βbulk is as 
high as ≈107 m−1 [38], the bulk attenuation can explain most of α, and |rint1| will be close to 
one. Such a large |rint1|of >0.79 cannot be explained by the Z of the transducer and sub-
strate alone; thus, a soft layer should exist at the interface. Then, rint1 is expressed with the 
acoustic properties of the soft layer [1]: 
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𝑟 = 𝑍 𝑍 − 𝑍 + 𝑍 − 𝑍 𝑍 − 𝑍  sin 𝜙𝑍 𝑍 + 𝑍 + 𝑍 − 𝑍 𝑍 − 𝑍  sin 𝜙, (4)

where 𝜙 = 2𝜋𝑓𝑑 /𝑣 ; here, d3 is the thickness of the soft layer and v3 is the speed of sound 
of the soft layer. Assuming the same Z of 4 × 107 kg m−2 s−1 for CoB and sapphire, and a 
typical Z3 of 1.7 ± 0.5 × 106 kg m−2 s−1 and v3 of 1.5 ± 0.2 km s−1 for soft materials [34,35], an 
|rint1| of >0.79 ± 0.07 leads to a d3 of >2 ± 1 Å at an f of 200 GHz.  
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Figure 5. Frequency and damping of acoustic oscillation. (a) The frequency of the acoustic oscillation 
of the sap/Co50B50 (5, 7, 10, and 15 nm)/Pt (4 nm) samples. The dtot represents the total thickness of 
Co50B50 and Pt. The red line is the fitting with 𝑓 = , where vs is 4900 m s−1. (b) The damping (α) 
of acoustic oscillations of the sap/Co50B50 (5, 7, 10, and 15 nm)/Pt (4 nm) samples. The red dotted line 
indicates an α of 0.034. 

3.2. Heat Transport at Interface 
Next, we investigated the heat transport at the interface. A thin, soft layer at the in-

terface has a critical role in heat flow from the metal transducer to sapphire substrate. We 
measured the ∆θ of the sap/Co (10 nm)/Pt (2 nm) and sap/Co50B50 (10 nm)/Pt (4 nm) sam-
ples up to 2000 ps. Then, we obtained the ratio |∆𝜃 ∆𝜃⁄ |, where ∆𝜃  is the signal that 
is in-phase with the pump modulation and ∆𝜃  is the signal that is 90 ° out-of-phase 
with the pump modulation. This ratio makes the MOKE data more robust to errors caused 
by the defocusing of the pump beam and misalignment between the pump and probe 
beams [31–33]. The motion of the delay stage caused a slight spatial defocusing and mis-
alignment in the pump spot on the sample, especially at long timescales of nanoseconds. 
The aforementioned ratio suppressed the errors associated with these issues because both ∆𝜃  and ∆𝜃  had the same dependencies on defocusing and overlap.  

∆θ is caused by ∆M, and there are two contributions: Δ𝜃 ∝ ∆|𝑀| + |𝑀|∆ sin𝜙, (5)

where |𝑀| is the magnitude of magnetization and ϕ is the angle of magnetization (Figure 
6a). When the magnetic field is not large enough to fully align the magnetization, a pump 
pulse can trigger an oscillation of ϕ. In the case of the Co transducer, the measured |∆𝜃 ∆𝜃⁄ | exhibited a large oscillation and a slow decrease (Figure 6b). With the Co50B50 
transducer, a magnetic field of 0.5 T was sufficient to fully align the magnetization; there 
was no magnetization oscillation. The required magnetic field for the full alignment of 
magnetization was approximately μ0MS, where μ0 is the vacuum permeability and MS is 
the saturation magnetization. With an MS of 1.4 × 106 A m−1 of Co, μ0MS was 1.8 T. MS 
decreased significantly with B alloying, and the μ0MS of Co50B50 was smaller than 0.5 T 
[39]. For the thermal analysis of the Co sample, we focused on the ∆|𝑀| signal, which 
was proportional to ∆T of Co, when the oscillation signal decayed completely after 500 ps. 
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Figure 6. Analysis of heat transport. (a) Schematics for the detection of ∆θ, which is caused by 
changes of magnetization (M). A magnetic field (B-field) was applied to align M to the normal for 
the sample plane. The blue/orange/gray layers represent the transducer/interface/substrate, respec-
tively. (b) The ratio of |∆𝜃 ∆𝜃⁄ | represents the temperature response of the magnetic trans-
ducer. The black squares and red circles are experimental data of the sap/Co (10 nm)/Pt (2 nm) and 
sap/Co50B50 (10 nm)/Pt (4 nm) samples, respectively. The black and red lines are simulation results 
from thermal modeling with an interfacial thermal conductance of 300 and 35 MW m−2 K−1, respec-
tively. (c) The sensitivity plot for the thermal modeling to a thermodynamic parameter (γ). The 
black, red, and blue colors are calculation results when γ is the thermal conductivity of the trans-
ducer (Λtran), thermal conductance at the interface (G), and thermal conductivity of the substrate 
(Λsub), respectively. The solid and dashed lines are calculation results with the Co and CoB trans-
ducer, respectively. 

We analyzed the slow decrease in |∆𝜃 ∆𝜃⁄ | using the time-domain solution of 
the temperature response of the top surface in the substrate/transducer structure [31]. We 
treated the Co50B50 and Pt layers as a single layer considering the high thermal conduct-
ance at the metallic interfaces [40]. To estimate the sensitivity of thermal modeling to a 
thermodynamic parameter (γ), we defined the sensitivity parameter as the logarithmic 
derivative of |∆𝜃 ∆𝜃⁄ | to changes in γ of the thermal model (Figure 6c): 𝑆 = 𝜕 ln |∆𝜃 ∆𝜃⁄ | 𝜕 ln 𝛾 , (6)

where γ could be the thermal conductivity (Λ) of each layer or thermal conductance (G) at 
the interface. The Λ of the metal transducer did not affect thermal modeling, after a few 
tens of ps, because of its thin thickness. The G at the interface and Λ of the substrate dom-
inated the temperature dynamics. Because the Λ of the sapphire substrate, 30 W m−1 K−1, 
was the same for the Co and Co50B50 samples, only G was responsible for the difference in 
the thermal response. When G is as high as 300 MW m−2 K−1, a typical value for a strongly 
coupled interface between a metallic transducer and insulating substrate [23], ∆T of the 
transducer should decrease quickly at approximately 100 ps. By contrast, when G is as 
low as 35 MW m−2 K−1, which is close to that of the metal/graphene/substrate interface 
[24,26], a significant decrease in ∆T of the transducer occurs at a much longer timescale of 
1000 ps. Such a low G value at the Co50B50/substrate interface supports the presence of a 
thin, soft layer. The thermodynamic parameters for thermal modeling are summarized in 
Table 1. 

Table 1. Thermodynamic properties for thermal analysis in Figure 6. The film structure is a sapphire 
substrate/metal (Co or CoB) transducer, which is presented with the thickness (d), heat capacity (C), 
and thermal conductivity (Λ) of each layer, and the thermal conductance (G) at the interface. 

Layer d  
(nm) 

C 
(106 J m−3 K−1) 

Λ  
(W m−1 K−1) 

G  
(MW m−2 K−1) 

Co transducer 12 1 3.8 4 100 6 300 ± 50 8 
CoB transducer 14 2 4.1 5 20 6 35 ± 5 8 

Substrate 500,000 3 3.1 4 30 7  
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1 For the Co(10 nm)/Pt(2 nm) structure. 2 For the Co50B50(10 nm)/Pt(4 nm) structure. 3 When it is 
thicker than the heat penetration depth, the thickness of the substrate does not affect the thermal 
analysis. 4 [41]. 5 [42]. 6 [43]. The Λ of the transducer did not affect the thermal analysis, after a few 
tens of ps, because of its thin thickness. 7 [44]. 8 Fitting results. 

4. Discussion 
Previously, strong acoustic oscillations and low thermal conductances were achieved 

by inserting a two-dimensional van der Waals material, such as graphene, between the 
metal transducer and insulating substrate [24,26]. Graphene can withstand fabrication 
damage during the deposition process owing to its high mechanical stability. However, 
preserving a thin, soft layer with weak mechanical stability at the interface is challenging. 
We expect that the amorphous Co50B50 transducer can reduce the fabrication damage on 
the soft interface owing to its low surface binding energy (Esb). Although the Esb of the 
Co50B50 alloy has not been reported, we expect that amorphization by B alloying would 
have a significant effect on Esb. When Esb was reduced, the kinetic energy during the dep-
osition of the metal transducer decreased (see Equation (1)). 

5. Conclusions 
In this study, we demonstrate that a Co50B50 transducer on top of a sapphire substrate 

significantly amplifies the oscillation of acoustic waves. We interpreted the strong acous-
tic oscillation as the existence of a thin, soft layer between the Co50B50 transducer and sap-
phire substrate. By analyzing the frequency and damping of acoustic oscillations, we de-
termined the thickness of the soft layer to be >2 ± 1 Å. In addition, owing to its magneti-
zation, we were able to obtain the temperature information of the Co50B50 transducer. By 
analyzing the slow decrease in the temperature, we determined the thermal conductance 
at the Co50B50/substrate interface to be 35 ± 5 MW m−2 K−1. Such a low thermal conductance 
supports the presence of the thin, soft layer at the interface. Because a strong acoustic os-
cillation and a weak thermal conductance were not observed with the Co transducer, we 
inferred that the Co50B50 transducer had a critical role in reducing fabrication damage. 
Amorphous metals with B alloying could be used with various soft materials to investi-
gate acoustic propagation and thermal transport. 
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