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In metallic multilayers, elastic stiffness is often reported to decrease with increasing number of interfaces.

This phenomenon is generally attributed to softening at interfaces, and a decrease of 50% or more in

interface stiffness is expected. This interpretation of elastic stiffness of metallic multilayers is commonly

accepted; however, we propose that the decrease of the interface stiffness is doubtful because it is difficult

to explain the large decrease using existing models. In the present study, to confirm the validity of the

decrease of the interface stiffness, longitudinal-wave elastic stiffness in the stacking direction is measured

using picosecond ultrasonics. The elastic stiffness of Cr/Fe, Cu/Co, and Nb/Cu multilayers with several

thickness ratios is measured, and the decrease in multilayer stiffness is experimentally demonstrated to

arise from the decrease in the stiffness of each layer, not from a decrease in interface stiffness.
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1. Introduction

Elastic stiffness of layered structures is generally derived from elastic stiffness and thickness

of constituting layers using a simple rule of mixture. However, in metallic multilayer films

like superlattice, thickness of each layer becomes of the order of 10−9 m and the number of

interfaces increases. In the films, it is supposed that elastic stiffness cannot be derived simply

from the stiffness and thickness of constituting layers and stiffness at interfaces has to be

taken into account. The interface stiffness has attracted attentions and it has been investigated

by several researchers.

In previous studies on elastic stiffness of multilayer films, Rayleigh-wave velocity and the

relevant elastic stiffness,1–6) Young’s modulus,7) the longitudinal-wave elastic stiffness in the

out-of-plane direction,8–12)and components of the elastic stiffness tensor13–17)were measured,

and interface stiffness was often deduced from relationship between the number of interface

(bilayer thickness) and the measured stiffness. In the studies, elastic stiffness often decreased

with decreasing bilayer thickness (increasing the number of interfaces). This indicates that

interfaces are softer than the constituting materials; for example, in Nb/Cu multilayers, the

stiffness decreased by 35% with the increasing number of interfaces.1) After these studies,

it has been accepted that elastic stiffness at interface is different from those of constituting

materials. However, if a decrease in interface stiffness was the cause, a reduction greater than

50% in interface stiffness would be required to explain the observed 35% decrease. Such

a decrease in interfacial stiffness is unrealistic. The grain-boundary superlattice model18) is

often considered as a possible cause of the interface softening. This model explains the inter-

face softening using strain dependence of elastic stiffness. Using strain dependence of mono-

layer film stiffness deduced from strain dependence of bulk stiffness,19) the 50%-stiffness

change in the thickness direction is performed when the films are biaxially stretched in the

plane direction by 8% and 20% for Ag and Cu films, respectively. It is doubtful whether

the large elastic strain exists at interfaces in metallic multilayers. In addition, this aforemen-

tioned phenomenon has not been observed in all of the related studies. For example, in Cu/Co

multilayers both softening5) and nonsoftening20) have been observed with decreasing bilayer

thickness. For these reasons, we consider that elastic stiffness at interfaces is not understood

completely although it has been investigated by several researchers.

The purpose of the present study is to identify whether the interface softening exists or not

in metallic multilayers using picosecond ultrasonics.21) The Brillouin scattering is a typical

method for measuring elastic stiffness of thin films. This can measure elastic stiffness without
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touching a specimen, but substrate stiffness is required to extract the multilayer stiffness, and

some components of the elastic stiffness tensor can be determined by using the dispersion

relationship.13–17) In contrast, to simplify the analysis, the elastic character of a substrate is

sometimes assumed to be isotropic even if it is anisotropic.14) Such assumptions lead to an

uncertainty in the measured stiffness. By using free-standing multilayers removed from sub-

strate,17) elastic stiffness can be determined without using the substrate stiffness. However,

multilayers consisting of more than a thousand layers are needed for the measurement. In the

multilayers, coherency at the interface may be disturbed. In this study, we use picosecond

ultrasonics. The round-trip time of acoustic waves propagating in the thickness direction of

a thin film is measured using the pump-probe technique, and the longitudinal-wave elastic

stiffness in the thickness direction is determined from it. Only mass density and film thick-

ness are the needed parameters, which is an advantage over other methods. In addition, the

longitudinal-wave elastic stiffness directly reflects the binding force at interfaces, and it is sen-

sitive to interface stiffness (see Appendix). Furthermore, this method can measure the elastic

stiffness of multilayers thinner than 100 nm. For these reasons, this method has been applied

to several metallic films19,22–24)and multilayers,8–12,25–27)and it is recognized as a powerful

tool for studying the elastic stiffness of thin films. Regarding metallic multilayers, soften-

ing behavior at interfaces is reported8–10) as observed in the Brillouin scattering. However,

in multilayers showing substantial softening, long-range crystalline order was not observed

and disordered structure within the elemental layer was observed by the X-ray diffraction,8)

which implies that the interface softening may not be the dominant cause.

In multilayers, lattice misfit at interfaces causes a strain filed, and it varies depending on

thickness ratio of layers. If the softening originates from the strain effect at interfaces, degree

of the softening will vary depending on the thickness ratio. In previous studies, thickness

ratio was usually fixed and bilayer thickness was varied. Therefore, we consider that further

investigation on multilayer systems with various thickness ratios is needed to conclude that

softening happens at interfaces. For these reasons, we prepare Cr/Fe, Cu/Co, and Nb/Cu mul-

tilayers comprehensively with various thickness ratios, and their elastic stiffness is measured.

Structure of all multilayers is evaluated using the X-ray reflectivity and X-ray diffraction

measurements. Finally, we demonstrate that the elastic stiffness of multilayers is lowered by

the softening of each layer, not by the softening at interfaces.
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2. Experimental

Multilayers were deposited onto single-crystal Si substrates by radio frequency magnetron

sputtering. The thickness of each layer was controlled by changing the deposition time. In

Cr/Fe multilayers, the thickness of Fe (dFe) was 1 or 5 nm and that of Cr (dCr) was varied

from 0.6 to 9.3 nm. The number of bilayersn was varied so that the total thicknessd was

approximately 60 nm. In Cu/Co multilayers, the thickness of Co layer (dCo) was 1 nm and

that of Cu (dCu) was varied from 0.5 to 2.1 nm. The total thickness was approximately 40,

60, or 90 nm. In Nb/Cu multilayers, the thickness of Nb (dNb) was 1, 3, or 5 nm anddCu

was varied from 0.6 to 10 nm. A series of specimens withdNb/dCu = 1 was also prepared, in

whichdNb+dCu is in the range of 1 to 22 nm. The total thickness of the Nb/Cu multilayers was

approximately 60 nm. The total thickness of the multilayers (d) was determined using X-ray

reflectivity measurements, and the multilayer structure was confirmed using X-ray diffraction

analysis.

We define a Cartesian coordinate system in which thex3-axis is parallel to the stacking

direction and thex1- and x2-axes are parallel to the substrate surface. In picosecond ultra-

sonics, we excite an acoustic pulse by irradiating the multilayer surface with a pulse laser

whose wavelength is 800 nm. The acoustic pulse propagates in thex3 direction and partially

reflects at the interface between the multilayer and the substrate. The reflected pulse arrives

at the multilayer surface, and it changes the light reflectivity. We irradiate the multilayer sur-

face with another time-delayed pulse laser whose wavelength is 400 nm, and measure the

reflectivity change on the surface. By measuring the reflectivity change with different delay

times, the multiple reflection of the longitudinal acoustic pulse within the multilayer film is

detected. From the round-trip time∆t, the elastic stiffnessC⊥(= C33) of the multilayer is de-

termined,C⊥ = ρ(2d/∆t)2, whereρ is the averaged mass density of the multilayer calculated

from the reported mass densities of bulk materials of individual layers.28–31) In the following,

the elastic stiffness of the multilayer is described as macroscopic elastic stiffness to distin-

guish it from elastic stiffness of each layer. For comparison, monolayer Cu, Nb, Fe, and Cr

films with d ≈ 60 nm were prepared and their elastic stiffness was measured.

3. Results

Figure 1 shows typical X-ray reflectivity spectra. In the spectra of all of the multilayers, os-

cillation patterns with small period are observed. The patterns originate from interferences

between X-rays reflected at the top surface of the multilayer and the interface with the sub-

strate, and their periodicity depends on the total thicknessd of the multilayer. By fitting a
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theoretical curve32) to the patterns, the total thickness was determined. In the spectra, broad

peaks are also observed. The peaks originate from interferences between X-rays reflected at

the interfaces between layers in the multilayer, and its appearance confirms the periodic mul-

tilayer structure. Figure 2 shows typical X-ray diffraction patterns. In the Cr/Fe multilayers, a

diffraction peak is observed. Its diffraction angle is close to those from Cr(110) and Fe(110)

planes, and it indicates that Cr(110) and Fe(110) planes are predominantly aligned parallel

to the film surface. A similar behavior is observed in the patterns of the Cu/Co multilayers,

where Cu(111) and Co(111) planes are aligned parallel to the multilayer surface. Regarding

Co layers, its crystallographic structure, hcp or fcc, is not identified from the X-ray diffraction

spectra, because diffraction angles of hcp-Co (002) and fcc-Co(111) are close to each other.

In a previous study, it is reported that Co film shows fcc structure when it is very thin.33)

Referring to the study, we assume that structure of Co layers is fcc. This assumption hardly

affects the following discussion. In the patterns of the Nb/Cu multilayers, diffraction peaks

including satellite peaks are observed atdCu ≥ 1.0 nm, and Nb(110) and Cu(111) planes

are aligned parallel to the multilayer surface. Below this thickness, peaks broaden with de-

creasingdCu, which indicates that the crystallographic structure is disordered. Thus, in the

multilayers close-packed planes of constituting materials are predominantly aligned parallel

to the multilayer surface. In the case of monolayer films, we observed that the close-packed

planes were predominantly stacked in the thickness direction, showing the similar crystallo-

graphic orientations to the multilayers. From these results, we assume that the close-packed

planes are aligned completely parallel to the film surface in multilayer and monolayer films

in following discussion.

Figure 3 shows typical pulse-echo signals obtained by picosecond ultrasonics. Multiple

echoes originating from a longitudinal acoustic pulse propagating in the thickness direction

are observed. At least three echoes are identified, and∆t was determined from their time

intervals. High-frequency oscillations originating from the localized vibrations in multilay-

ers26,34) were not observed in the present study. It is attributed to small differences in the

acoustic impedances of composing metals. The pulse-echo measurement was performed at a

few different points for each multilayer, and the measurement error in the elastic stiffness was

calculated from its standard deviation.

4. Discussion

Here, we compare the measured stiffness of the multilayers to the macroscopic elastic stiff-

ness calculated from the bulk stiffness and the film stiffness of elemental materials. Table I
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Fig. 1. Representative X-ray reflectivity spectra. CoKα radiation was used for Cr/Fe and Nb/Cu

multilayers, whereas CuKα radiation was used for Cu/Co multilayers.
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Fig. 2. Representative X-ray diffraction patterns. CoKα radiation was used for Cr/Fe and Nb/Cu

multilayers, whereas CuKα radiation was used for Cu/Co multilayers. The peaks at 73.2◦ denote the

Si(004)-CoKβ.

summarizes the bulk stiffness and the film stiffness. Regarding bulk stiffness, the stiffness was

calculated from the elastic stiffness of single crystals28,30,35–37)assuming that the [111] axis

of Cu and Co and [110] axis of Fe, Cr, and Nb are aligned normal to the film plane, and fol-

lowing equations were used;C[111] = (C′11+2C′12+4C′44)/3 andC[110] = (C′11+C′12+2C′44)/2,

whereC′i j is elastic stiffness of single crystals. Regarding film stiffness, the elastic stiffness
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Fig. 3. Representative pulse-echo signals obtained by picosecond ultrasonics. The horizontal axis of the

data is shifted such that the first echo appears at 0 ps.

Table I. Elastic stiffness (GPa) of bulk materials and monolayer films.

Bulk Film

Cu 235.8a 200.4

Co 366.8b 279.2c

Fe 299.5d 265.6

Cr 309.7e 310.6

Nb 211.1f 216.9

a Calculated from single crystal stiffness in Ref.28)

b Ref.35)

c Average of film stiffness reported in Ref.38) Film thickness is in the rage of 20 to 63 nm.

d Calculated from single crystal stiffness in Ref.36)

e Calculated from single crystal stiffness in Ref.37)

f Calculated from single crystal stiffness in Ref.30)

values measured by picosecond ultrasonics in the present study are listed; our previous exper-

imental result regarding a Co film38) is also shown. The measured film stiffness is smaller than

the corresponding bulk stiffness in Cu, Co, and Fe, and it is approximately the same as the

bulk stiffness in Cr and Nb. Given that disordered structures and excess defects (dislocations

and voids) can be formed during deposition, smaller or comparable stiffness is reasonable;

we observed similar results in our previous studies on other monolayer films.38–40) Using the

simple rule of mixture, the macroscopic stiffness of a multilayer comprising layers A and B is

expressed as̄C⊥ = (dA + dB)/(dA/CA + dB/CB), wheredi andCi are the thickness and elastic

stiffness of layeri, respectively.
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Fig. 4. Elastic stiffness of Cr/Fe multilayers. The dashed curve denotes the elastic stiffness calculated from

the bulk stiffness. The solid curve denotes the elastic stiffness calculated from the monolayer-film stiffness.

Figure 4 shows the elastic stiffness of Cr/Fe multilayers. The measured stiffness decreases

with decreasing thickness ratiodCr/dFe, whose behavior is similar to that of the stiffness

calculated from the bulk stiffness. However, the measured stiffness is smaller than the stiffness

calculated from the bulk stiffness, and is similar to the stiffness calculated from the film

stiffness. These behaviors are observed independently ofdFe.

Figure 5 shows the elastic stiffness of Cu/Co multilayers. As observed in Cr/Fe, the mea-

sured stiffness is smaller than the stiffness calculated from the bulk stiffness, and it agrees

with the stiffness calculated from the film stiffness. These behaviors are observed for all of

the multilayers with different total thicknesses; no notable decrease in elastic stiffness is ob-

served.

Figure 6 shows the elastic stiffness of Nb/Cu multilayers. The measured elastic stiffness is

smaller than the stiffness calculated from the bulk stiffness, and is similar to the stiffness cal-

culated from the film stiffness. This behavior is independent ofdNb, and a series of multilayers

with dCu/dNb = 1 shows a similar behavior.

In all of the multilayers, the elastic stiffness is smaller than the values calculated from the

bulk stiffness, and the measured stiffness agrees with the calculations based on the monolayer-

film stiffness. If each layer is softer than its bulk material, the observed softening is consis-

tently explained without considering the softening at interfaces. To evaluate the effect of the

stiffness at the interface, we plotted the relationship between the elastic stiffness and the

bilayer thickness in Nb/Cu multilayers; the result is shown in Fig. 7, where the measured
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Fig. 5. Elastic stiffness of Cu/Co multilayers. The dashed curve denotes the elastic stiffness calculated from

the bulk stiffness. The solid curve denotes the elastic stiffness calculated from the monolayer-film stiffness.

Thickness of Co layer is 1 nm.
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Fig. 6. Elastic stiffness of Nb/Cu multilayers. The dashed curve denotes the elastic stiffness calculated from

the bulk stiffness. The solid curve denotes the elastic stiffness calculated from the monolayer-film stiffness.

stiffness is normalized by the stiffness calculated from the monolayer-film stiffnessC̄Film
⊥ . In

previous studies,1,2) as bilayer thickness was decreased, the elastic stiffness decreased by ap-

proximately 35%. In the present results, the elastic stiffness decreases slightly with decreasing

bilayer thickness. As observed in the X-ray diffraction analysis, the structure becomes disor-

dered belowdCu + dNb = 2 nm. When the specimens whose bilayer thickness is larger than

2 nm are considered, the elastic stiffness decreases by approximately 6.5% with decreasing
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Fig. 7. Elastic stiffness of Nb/Cu multilayers. The elastic stiffness is normalized by the stiffness calculated

from the monolayer-film stiffness. The solid curve is a guide for the eyes.

bilayer thickness. This softening is substantially smaller than that previously reported. In pre-

vious studies, softening was observed in a multilayer system atdCu/dNb = 1, whereas our

results for the same system show that the stiffness is almost independent of the bilayer thick-

ness. The elastic stiffness of the multilayers is, thus, smaller than their bulk stiffness because

of the softening of each layer.

In the present study, thickness of each layer in multilayers (∼ 1 nm) is significantly smaller

than that of monolayer films we measured (∼ 60 nm). One may consider that elastic stiffness

of the monolayer films should not be used to estimate the elastic stiffness of multilayers,

because the thickness is quite different each other and the stiffness of monolayer films may

depends on the film thickness. However, measurement of film stiffness at around 1 nm is quite

difficult. For example, regarding picosecond ultrasonics, when the film thickness is smaller

than about 40 nm, resonant vibration is observed, instead of the propagation of the acoustic

pulse in the thickness direction, and elastic stiffness can be determined from resonance fre-

quency.19) However, detection of the resonant vibration becomes difficult below 10 nm; the

measurable minimum thickness depends on material. Therefore, the thickness dependence

and interface effects are often evaluated indirectly by measuring elastic stiffness of multilay-

ers with various configurations. Under the circumstance, we observed that the macroscopic

stiffness of multilayers with different thickness ratios can be reproduced by using the elastic

stiffness of thicker monolayer films. This result indicates that elastic stiffness of thin films is

insensitive to the thickness even at around 1 nm thickness.
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In previous studies using the Brillouin scattering,1,2) multilayers consisting of more than

a few hundred layers were prepared. During the deposition of the large number of the layers,

coherency at the interface might be disturbed, possibly resulting in a defective structure and

in less interface stiffness. In the present study, the multilayers comprised 80 or fewer layers.

The difference in the number of layers is a possible cause of the nonsoftening at interfaces, in

addition to the uncertainty in measurement. In the study using the picosecond ultrasonis, no-

table softening is observed in the multilayers with less ordered structures as described above.

Therefore, we speculate that the effect of interface stiffness on macroscopic stiffness is es-

sentially small and that softening in each layer is a dominant factor. Under this interpretation,

we can estimate macroscopic stiffness by measuring the elastic stiffness of monolayers of the

constituting materials without measuring the macroscopic elastic stiffness of multilayers.

5. Conclusions

In this study, the elastic stiffness of Cu/Co, Cr/Fe, and Nb/Cu multilayers was measured us-

ing picosecond ultrasonics. The measured elastic stiffness was smaller than the macroscopic

stiffness calculated from the bulk stiffness, and it was similar to those calculated from the

film stiffness. Compared with the previously reported experimental results, the dependence

of elastic stiffness on the number of interfaces was minor in Nb/Cu multilayers. In addition,

the results experimentally revealed that macroscopic stiffness is insensitive to the number of

interfaces (bilayer thickness) and that the softening of each layer is the dominant cause of the

lesser macroscopic stiffness.
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Fig. A ·1. Elastic stiffness of a composite composing an isotropic matrix and isotropic penny shape

inclusions calculated using the micromechanics. (a) The considered composite model. Elastic stiffness of the

matrix isC11 = 200 GPa andC44 = 50 GPa. Elastic stiffness of the inclusions isC11 = 20 GPa andC44 = 5

GPa in (b), and isC11 = 0.0001 GPa andC44 = 0 GPa in (c). Aspect ratioa of the inclusions is 0.01. Curves of

C33 andC44 are almost overlapped in (b).

Appendix: Sensitivity of the longitudinal-wave elastic stiffness to the interface

stiffness

Sensitivity of the longitudinal-wave elastic stiffness to the interface stiffness is discussed here.

For this discussion, we propose a composite material. The composite composes an isotropic

matrix and isotropic penny-shape (a1 = a2 >> a3) inclusions (Fig. A·1(a)). This composite

is a model of a multilayer that contains soft interfaces. Two sets of elastic stiffness were as-

sumed for the inclusions. Elastic stiffness of the first set is one tenth of that of the matrix.

Elastic stiffness of the second set is significantly smaller than that of the matrix, reproducing

thin voids at interfaces. Elastic stiffness of the composite was calculated using micromechan-

ics, and the results are shown in Fig. A·1. Detail of the calculation procedure is described

elsewhere.41) The calculation results indicate that the sensitivity ofC33 to the interface soft-

ening is comparable to or larger than that ofC44; the Rayleigh-wave velocity highly depends

onC44. Thus, softening at interfaces is detectable by measuringC33.
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