Elastic constant of langasite-type crystals determined by acoustic mode dispersion
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We have determined the elastic constants of langasite-type crystals (LasGasSiOaa,
LasGas.5 Nbo.5014, LazGas.5Tap.5014) from measurements of the sound velocity of acoustic waves.
Starting with the elastic tensor determined from bulk acoustic waves we optimized the data set
by investigating the influence of the elastic tensor components on the angular dispersion of surface
guided waves. This procedure is particularly useful for accurate determination of the non-diagonal
elements of the elastic tensor. Phase velocity calculations based on the new set of constants show
an increased agreement with experimental data compared to the data set derived from bulk waves

and previously published material data.

Single crystals of compounds with CasGaxGesO14
(CGG)-type structure, have recently been intensively dis-
cussed as promising new materials for surface acoustic
wave (SAW) devices. The family of the CGG-type crys-
tals covers more than 60 members. Since these crystals
belong to the same trigonal crystal class 32 as quartz,
similar acoustic properties are expected. In particular,
temperature compensated crystal cuts were predicted
where the phase velocity of the SAW is almost inde-
pendent of temperature variation. Three additional ad-
vantages of these new materials have been discussed so
far: (i) The piezoelectric moduli are about three times
larger than for quartz. Hence, a moderately high elec-
tromechanical coupling coefficient is expected, which in-
creases bandwidth and decreases insertion loss of SAW
filters. (ii) The SAW phase velocity is lower than for
quartz. Since the finger width of interdigital transduc-
ers (IDTs) for SAW generation depends on the acoustic
wavelength, SAW devices on CGG-type substrates poten-
tially have smaller sizes. (iii) In contrast to quartz, where
the temperature range of application is limited due to a
structural phase transition, CGG-type crystals can show
structural stability up to the melting point. This offers
the opportunity of SAW application at elevated temper-
atures, especially in sensing devices.

Here we report on the determination the elas-
tic constants of LGS (langasite, LazGasSi014), LGN
(langanite, LasGas5Nbo5014), and LGT (langataite,
LasGas sTags014) from the measurement of the phase
velocity of surface guided acoustic waves by The ther-
moelastic method.

The elastic properties of single crystalline materials are
determined by the elastic stiffness tensor c¢;;. For sym-
metry reasons, six independent elastic components exist
for the crystal class 32, i.e. c11, c12, €13, C14, C33, and
cq44- The total stiffness tensor consists of 18 non-vanishing
components and can be written in a symmetrical 6 x 6
matrix form with cg¢ = (c11 — ¢12)/2. The most common
method for the extraction of the elastic constants is based
on the phase velocity measurement of ultrasonic waves.
In principle, the elastic constants can be determined by
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FIG. 1: Experimental setup for the measurement of the ve-
locity of surface guided acoustic waves using thermoelasticity.

interactively solving the direct problem, i.e. calculating
the phase velocity for a given set of elastic parameters,
and finding the minimum of the deviation with respect
to the measured velocity data. Since this is a multi-
parameter non-linear procedure, the uncertainties of the
input parameters, in particular the errors of the phase
velocity measurement, can have a significant impact on
the results. Hence, it is essential to operate with high
accuracy velocity data.

Surface guided acoustic modes were generated by a 0.5
ns laser pulse (0.5 mJ pulse energy) from a Nitrogen laser
(wavelength 337 nm) which is focused into a line shape
on the sample surface. The sketch of the experimental
equipment is shown in Fig. 1. The energy is absorbed
as heat into a small volume at the sample surface. This
causes a rapid expansion and contraction of the source
which gives rise to acoustic wave packets propagating
through the sample. Most of the energy goes into sur-
face guided acoustic waves. These broadband SAW wave
packets (typically 20-100 MHz frequency range) propa-
gate across the sample surface and are detected by a
PVDF foil with steel-wedge transducer. The out-of-plane
mechanical vibrations are converted to a voltage, ampli-
fied and stored by a digitizing oscilloscope. The sample
is scanned relative to the laser beam and the SAWs are
detected after different propagation distances (typically
at 1 mm intervals over up to 10 mm propagation dis-
tance). The time delay between two wave packets is ob-
tained from the peak of a cross-correlation of the signals.
Knowing the difference in the propagation distance then
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yields the velocity. Each wave packet is cross-correlated
with all the other wave packets and an overall velocity is
obtained from a weighted mean of all the velocities ob-
tained. The average measurement error is of about +1
m/s. The angular dependence of the velocity was ob-
tained by mounting the sample on a computer controlled
rotation stage. Measurements were carried out on pol-
ished Z- and X-cut disks with a diameter of 15-20 mm
and a thickness of 0.5-1 mm. Since LGS, LGN, and LGT
are almost transparent at a laser wavelength of 337 nm,
the samples were coated with a 50 nm Al layer to increase
the UV absorption efficiency.
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FIG. 2: Measurement of angular dispersion of leaky SAW on
Z-LGS (diamonds), LGN (crosses), and LGT (triangles).

Fig. 2 shows the angular phase velocity dispersion of
LGS (diamonds), LGN (crosses), and LGT (triangles) for
the Z-cut. Due to the hexagonal symmetry a periodic-
ity of 60 degrees is observed. The measured wave was a
leaky SAW. However, for 0 degree and 30 degree propa-
gation the damping is small and also the beam steering,
i.e. deviation of group and phase velocity, can be ne-
glected. When the propagation direction changes, the
damping increases and the directions of the group veloc-
ity and phase velocity increasingly diverge. Consequently
the signal to noise ratio reduces. Especially for the veloc-
ity minima, the beam steering rapidly increases when the
propagation direction slightly changes. Hence, the signal
at the detector reduces drastically entailing a reduced ac-
curacy of the velocity measurement. This is the reason
why for the angular range from 28 to 32 degrees only
few velocity data where found and the deviation with
respect to the calculated values is higher than for other
angular ranges. For optimization of the elastic constants
by means of the SAW data we first analyzed the velocity
change, when one particular constant is changed inde-
pendently. Since the influence of the stiffness variation
is quite different for different crystal cuts and propaga-
tion angles, the optimization procedure will change the
constants predominantly for a particular angle. For the

mean square fit estimation of the calculated and mea-
sured phase velocity data we have solved the system of
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FIG. 3: Angular dispersion measurement of SAW on X-cut
LGS (diamonds). The dashed and solid line represent the
calculation based on the elastic constants derived from bulk
wave measurements and optimized regarding SAW data, re-
spectively. Open and full diamonds represent equivalent ex-
perimental data from different angular ranges. The dotted
line shows the calculations based on material data reported
elsewhere.

equations ppnlAn — Ym = 0; m = 1..9, n = 1..6, con-
sidering velocity data of four SAWs, two leaky SAWs,
one degenerated shear wave and two longitudinal BAWs
propagating along the X- and Z-axes, respectively. The
coefficients p,,, represent the numerical values of the ve-
locity sensitivity (Av/v)/(Ac;;/c;i;) at selected surface
wave propagation directions and pri, pss, and pgg are
the equivalent bulk wave sensitivities. These directions
coincide with maxima and minima in the angular depen-
dence of velocity (arrows in Fig.3). The relative changes
of elastic stiffness are: Ay = Acyi/c11, Da = Acia/cia,
Az = AC13/013, Ay = A014/014, As = A033/033, Ag =
AC44/C44, A7 = Al, Ag = A5, Ag = AG, and Ym is the
correction value of the velocity. Then the minimum of
the error function is calculated by iterative variation of
the A,,. The new elastic constants [GPa] are for LGS:
611:189.8, 612:105.8, 013:102.2, 014:14.4, 633:263.5,
044:54.16, LGN: 611:189.3, 612:108.9, 613:99.31,
014:13.4, 633:259.74, C44:49.76, and LGT: 611:188.9,
612:108.6, 613:104.4, 614:13.74, 633:264.5, 644:51.29.
The solid lines in Figs. 3 display the calculated angular
dispersions of SAW on X-cut LGS based on the opti-
mized constants. A significant increase of the agreement
of the experimental and calculation values was found.
The accuracy is also higher then the calculations based
on the sets of material constants reported elsewhere.
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