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In this study, efforts are made to establish the correlation between electron
work function (EWF) and acoustical properties of metals such as Rayleigh
velocity and acoustic impedance. As shown, the generalized Rayleigh velocity
increases linearly with increasing EWF. This observed behaviour, which is
due to the electronic structures, is also extended and computed for acoustic
impedance; exponential dependences are deduced. These dependences are
quantified by semi-empirical equations. The obtained results help to better
estimate the interdependence between electronic properties of metals and
their acoustic parameters.
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V¥ npomy mocriaKeHHi 3po6JIeHO cIIpo0y BCTAHOBUTH KOPEJIAIIiI0 MisK (DYHKITI€IO
pob6otu Buxony enekrpoHa (EWF) i akycTuuHMME BIaCTUBOCTAMU METAJiB, Ta-
KMMU AK IBUAKicTh Penes Ta akyctuunuii imnenanc. IlokaszaHo, 1Mo ysarajb-
HeHa MBUIAKicTh Pesnes ainiiino spocrae 3i 36inbmiennam EWF. Taka moBexmin-
Ka, o0yMOBJIeHAa eJIeKTPOHHOKI0 CTPYKTYPOIO, TaKOXK IIOIIMpeHa i oOpaxoBaHa
IJI aKYCTUYHOIO iMIIefaHcy — OYyJIO Oep KaHO eKCIIOHeHI[iaJIbHI 3a1eKHOCTi.
IIi saneskHOCTI KiTbKiCHO OTTMCaHO HaiBeMIipuYHUMY PiBHAHHAMEU. Ogeprxani
pesyJbTaTu IOIOMATAalOTh Kpallle OI[IHUTH B3a€MO3aJIEKHICTh MijK eJIeKTPOH-
HUMHU BJIACTUBOCTSIMU METAJIB Ta IX aKyCTUYHNMU HapaMeTPaMu.
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1.INTRODUCTION

The great use of materials in different fields of technology requires in-
depth study of their properties and can lead to deducing relationships
between them. For example, the thermodynamic behaviour that gov-
erns the interfacial adhesion strength is essentially determined by
their elastic [1, 2] and electronic [3] behaviours. Recently, the elastic
proprieties are predicted and evaluated by the behaviour of metals
electronic work function (EWF). It has been found that Young’s modu-
lus of pure metals presents good dependence with their EWFs [4, 5].
The EWF is one of the most important and fundamental parameters of
metals, as bulk materials and/or thin films that determine many phys-
ical properties of crystal surface [6—10]. It is defined as the energy
necessary to extract an electron from a metal Fermi level to infinity or
to the vacuum level without kinetic energy. This fundamental proprie-
ty plays a major role in various applications involving electron emis-
sion from metals, as in photoelectric devices [6]. Various non-
destructive techniques are established to characterize the materials
properties. Scanning acoustic microscopy (SAM) is one of the im-
portant methods for non-destructive determination of elastic proper-
ties of metals [11]. This approach, based on the emission and reception
of surface acoustic waves (SAWs), is used for the quantitative studies
of elastic properties of thin films as well as bulk materials [12]. In this
context, a new study has been proposed to determine relationships be-
tween work function and acoustic parameters; it shows that these pa-
rameters are determined simultaneously via acoustic impedances ac-
cording to the semi-empirical formulas.

2. METHODOLOGY AND METALS
2.1. Calculation Procedure

In this paper, two approaches are adopted: the first one is the scanning
acoustic microscope (SAM) approach [13, 14] and the second one is one
parameter (OP) approach [15].

SAM approach consists of theoretical determination of these velocities
from the so-called acoustic materials signatures. This analogue signal
received by a transducer and focused by the position of the acoustic lens
at the sample against the distance z, under an incidence angle with the
reflected ones [13, 14]; V(2) is the result of the several interferences of all
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the leaky wave modes, such as leaky surface acoustic wave, SAW, leaky
pseudo-SAW, leaky surface-skimming compressional wave, leaky Lamb
wave, and harmonic waves. However, only the velocity of leaky SAW’s
has been extracted from the V(z) curves in microanalysis mode proposed
by Sheppard and Wilson [16] who derived the following expression

V(z)= IZWP2 (0)R(B)[exp(2jk,zcos0)]sinbcosOdO. (1)

Here P(0) is the pupil function, &, = 2n/A is the wave number in the
coupling liquid, j = /-1, 0 is the half-opening angle of the lens and
R(0) is the reflection coefficient that is given by

(Zsol - Zliq )

R(®) = ,
(Zsol + Zliq )

(2)

where Z, and Z,;, are solid and liquid acoustic impedances, respective-
ly; they satisfy the following relationships:

Z,, =cos’20, +sin®20,, (3)
V.

Z. =p, — 4

lig phq COSO ( )

lig

where Z;,, and Z_,, are respectively acoustic impedances of coupling liq-
uid and solid, V};, is the propagation velocity of the waves in the cou-
pling liquid which has a density py;,, 0r is the critical angle correspond
the excitation of transverse mode. Z, and Z, are respectively the longi-
tudinal and transverse acoustic impedances of solid expressed by

Z — psole , (5)
L
cos O,

Z :psolVT . (6)
T
cos0,

Here V; and V; are respectively the longitudinal and transverse veloci-
ties of solid which has a density p,, and 0, is the critical angle corre-
spond the excitation of longitudinal mode.

The steps of the SAM approach, consist of determining SAW veloci-
ties of different modes, calculating acoustic signatures and deducing
SAW velocities via fast Fourier transform, FFT, treatment of periodic
V(2). The details of these steps can be found elsewhere [17, 18].

One parameter approach consists of using the simplified familiar
relations of elastic constants into simple relations. Hence, E is ex-
pressed in terms of the velocity of just one single mode (V;, V;, V3), as
recently reported [15].
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E=2.99pV2=0.575pV7= 2.586pV?. (7

The application of these equations removes several limitations re-
lated to SAM operational conditions.

2.2. Investigated Metals

In this quantification, several isotropic metals are considered with dif-
ferent structural lattices: centred cubic (b.c.c.), face-centred cubic
(f.c.c.), and hexagonal compact (h.c.p.). All of them are investigated
simultaneously. Different structural characteristics of these metals as
well as: the electronic work function, ¢, are taken from [19], Young’s
modulus values, E, are obtained from [20] except (Ag, Au, Pd, Sn)
from [21] and densities, p, are cited from [20]. These characteristics
are listed in Table 1. It should be noted that these metals representa-
tive of a wide ranges of EWF—2.1 eV < ¢ < 5.3 eV as well as Young’s
modulus—2 GPa < E < 530 GPa also a wide ranges of densities—1500
kg/m® < p < 22500 kg/m?® and SAW velocities propagation—800 m/s <
<VE5<3100m/s.

2.3. Simulation Conditions

The simulation conditions are those usually used experimentally in the
case of a reflexion scanning acoustic microscope, SAM [17, 18]: a half
opening angle of the lens of 50°, an operating frequency, f = 150 MHz
and Freon as a coupling liquid whose wave velocity, V};, equal to 716
m/s and density, py, equal to 1570 kg/m?. The choice of this coupling
liquid is imposed by the fact that the majority of studied metals are
characterized by slow or medium SAW velocities [21].

3. RESULTS AND DISCUSSIONS
3.1. Acoustic Signatures Treatment

In OP approach, simplified relations Eq. (6) and some published data of
Young’s modulus and densities [19, 20] are used to determine SAW
velocities; the results are grouped in Table 1. The obtained data of V
and V, are then utilized in the SAM approach, i.e., they are used in re-
lations Eq. (1) and Eq. (2) to deduce the V(z) curves of all investigated
metals. Typical V(2) results are illustrated in Fig. 1 for some bulk met-
als: Zr (a), Y (b), Ce (c¢), and Rb (d); it should be noted that similar
curves were obtained for all other investigated metals.

It is clear that both curves exhibit oscillatory behaviour due to con-
structive and destructive interferences between axial beams and the
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reflected leaky waves, in the reflection SAM configuration.
The spacing between two successive maxima or successive minima,
known as Az, differs from different bulk metal.

TABLE 1. Characteristics of investigated bulk metals: electronic work func-
tion, @, Young’s modulus, E, density, p, calculated velocities: longitudinal,
V., transversal, V;, and Rayleigh, V.

OP approach SAM method
Metal | ¥ E, P v, V. Vv Vv
eV GPa kg/m L» T> Rs R/SAM>

m/s m/s m/s m/s

Ag 4.26 83 10490 5840 2806 2617 2658
Au 5.10 78 19300 5448 2569 2389 2436
Pd 5.12 117 12023 6182 2915 2711 2789
Sn  4.42 50 6697 4332 2148 2012 2100
Rb 2.16 2.35 1533 1861 877 816 827
Ba 2.70 12.8 3512 2518 1187 1104 1124
V. 430 124 5960 5874 2770 2576 2567
Cr 4.50 248 7203 6159 2904 2701 2693
Fe 4.52 208 7900 6191 2919 2715 2704
Nb 4.30 103 8570 5306 2502 2327 2345
Mo 4.60 329 10220 6565 3096 2879 2881
Ta 4.25 186 16600 5129 2418 2249 2245
Ge 5.00 89.6 5350 5696 2686 2498 2503
Ca 2.87 19.6 1540 3847 1814 1687 1690
Ni 5.15 207 8900 6273 2958 2751 2735
Cu 4.65 128 8920 5612 2646 2461 2454
Rh 4.98 380 12440 6994 3298 3067 3054
Ir 5.27 527 22420 6394 3015 2804 2813
Ce 2.90 33.6 6670 2960 1396 1298 1293
Ti 4.40 116 4540 5423 2557 2378 2383
Zn 4.33 108 7190 4935 2327 2164 2176
La 3.60 37 6150 3710 1749 1627 1618
Hf 3.90 78 13312 4340 2046 1903 1994
Mg 3.66 44 1745 4593 2166 2014 2004
Sec 3.50 744 2989 4814 2270 2111 2116
Co 5.03 211 8710 6330 2985 2776 2785
Y 3.10 63.5 4469 4308 2031 1889 1880
Zr 4.05 99.3 6440 5094 2402 2234 2222
Re 4.96 460 20530 6200 2924 2719 2707
Nd 3.20 41.4 7000 3207 1512 1406 1404
Gd 3.10 54.8 7890 3476 1639 1524 1536
Tb 3.00 55.7 8270 3548 1673 1556 1565

Lu 3.30 68.6 9840 3601 1698 1579 1587
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3.2. FFT Spectra Analysis

The oscillatory behaviour Az is treated via fast Fourier transform,
FFT, analysis. The obtained spectra are displayed in Fig. 1. It is well
established that under normal operating conditions of the SAM, the
most dominating mode is the Rayleigh one. Hence, the principal peak
obtained in FFT spectra (Fig. 1) represents such a mode from which the
Rayleigh velocity, V3, is deduced according the following formula [13]:

_ I/.'liq 8

- . (8)
J1 [V /(27 82)]

The obtained results for Rayleigh velocities of investigated metals

are grouped in Table 1. These values are close to those obtained via the
one parameter approach.

VR

4. EFFECTS OF ELECTRONIC WORK FUNCTION
4.1. Effects on the Rayleigh Velocity

A theoretical Vj_, curve (000) is plotted in Fig. 2, collected experi-
mental data of EWF and determined Rayleigh velocities of all investi-
gated metals: (alkali earth metals, transition metals, and rare earth
metals). It can clearly be seen that the experimental data of EWF in-
creases with Rayleigh velocity increasing. As shown, these values are

Output voltage, a.u.

0 200 400 600 300 500
Z, um Rays nbr

Fig. 1. Acoustic signatures and their corresponding FFT spectra for bulk met-
als: Zr (a), Y (b), Ce (c¢), and Rb (d).
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satisfactorily consistent the theoretical curve and thus validate the
derived a linear relationship between Vand ¢.

To valorise the validity of obtained results (coo) in Fig. 2, we plot in
the same figure some reported data used one parameter approach for
the determination of Rayleigh velocity (¥ V¥V ¥) for bulk metals; it is
clear that the agreement is quite good.

4.2. Quantification of the Results

To quantify the effects of the electron work function on Rayleigh veloci-
ty, an optimization method is used to fit all data in Fig. 2. Thus, it is pos-
sible to find a linear correlation between V;and ¢ for all types of metals:

Ve=629¢ - 382. 9)

The importance of the deuced relation (9) lies in its applicability to all
investigated metals. It could be extended, through familiar relations, to
other elastic parameters. Similar results for longitudinal and transverse

velocities were obtained. Moreover, preliminary results for elastic con-
stants (Young’s modulus and shear modulus) are very satisfying.

4.3. Effects on the Acoustic Impedances

The acoustic impedance, Z_, is an intensive property of a bulk metal.

Rh
3000 1 Mo ® -
Fe© G ®Ir
Vo ®CrRe %1
%
@ oM Zé%@ﬁcu ©
g a
g 2000 Caé ® Zy e LD
Sl\: @TQ/@
é%%uLa
~ g Ce Nd
1000 // E?a
<~ @
Rb
2 3 4 5
o, eV

Fig. 2. Variations of Rayleigh velocity as a function of the electron work func-
tion. Results from SAM method (V¥ ¥ V), from one parameter approach; the
line is the best fit.
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It characterizes the resistance which opposes the metal to acoustic
wave propagation. During this operation, the particles undergo a si-
nusoidal vibratory displacement around their rest positions. Conse-
quently, their density varies by making regions appear denser and oth-
ers less dense than when they are at rest. The ratio of these deletions
and depressions by the acoustic velocity defines the notion of acoustic
impedance [13].

In this context, experimentally obtained values of EWF, yield
acoustic impedances of investigated solid metals are determinate by
SAM technique to verify the above established Z,, ~ ¢ relationship.
Figure 3 illustrates the relation between the yielding acoustic imped-
ances and EWF. As shown, the exponential curve reflects the trend of
Z ~ ¢ for the solid metal.

It can be observe that the electronic work function increase leads to a
non-linear increase of the acoustic impedance. The strongest increase
is initially obtained at high values of EWF (¢ > 4 V). However, for
small EWF, the values of Z_, tend towards a pseudo-saturation. To
quantify the effects of electronic work function on acoustic impedance
an optimization method is used to fit all data presented in Fig. 3. Thus,
it is possible to find an exponential correlation between Z,, and ¢ for
all types of metals:

Z .1 = 2:10%exp(). (10)

An important point that can be interpreted from the relation (10) is

50
Ir
Y
40 Rh
v
— Re v
a /
g2 30 - VA
5 g N
= Fe A
o ¥ V- Co
S 204 1\21(17'(: Cu
3 HE 7V
N La - v
10 4 Nd ¥ Tal¥
R S Ti
B;f,,;x ‘Luv Sc
R 5 O
2 3 4 5

¢, eV

Fig. 3. Variations of acoustic impedances as a function of the electronic work
function.
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the possibility of determining the unknown acoustic impedance of any
metal as function of its electronic work function. So, the established
relationships help to better understand acoustical properties of metals
at an electronic level.

5. CONCLUSION

Based on the SAM method and the one parameter approach for deter-
mination of acoustic parameters, we have correlated the Rayleigh ve-
locity and acoustic impedance of metals with their EWFs. The depend-
ence of V; on EWF is quantitatively described by a semi-empirical rela-
tion the following linear expression: V, = 629¢ — 382 for all types of
metals. Therefore, it can be concluded that the elasticity or rigidity
degree of a metal is very depends on its electronic properties. Moreo-
ver, we studied the correlation between Z.; and EWFs of several inves-
tigated metals, an exponential behaviour was found and described by
Z., = 2-10°exp(¢). These results are of great importance in the predic-
tions of acoustic and/or elastic behaviour of metals depending on their
electronic parameters.
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