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ABSTRACT

Temperature-dependent acoustic loss Q−1 is studied in partially disordered langasite (LGS, La3Ga5SiO14) and ordered catangasite (CTGS,
Ca3TaGa3Si2O14) crystals and compared with previously reported CTGS and langatate (LGT, La3Ga5.5Ta0.5O14) data. Two independent tech-
niques, a contactless tone-burst excitation technique and contacting resonant piezoelectric spectroscopy, are used in this study.
Contributions to the measured Q−1(T) are determined through fitting to physics-based functions, and the extracted fit parameters, including
the activation energies of the processes, are discussed. It is shown that losses in LGS and CTGS are caused by a superposition of several
mechanisms, including intrinsic phonon–phonon loss, point-defect relaxations, and conductivity-related relaxations.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0058751

I. INTRODUCTION

Piezoelectric resonant sensors that can be operated at high tem-
peratures and in harsh environments are needed in the aerospace,
automotive, and energy industries. Anticipated applications of such
sensors include structural health monitoring and measurements of
mass adsorption or deposition, temperature, pressure, and gas
constituents.1–3 The sensing principles of piezoelectric resonators are
based on frequency shifts that arise from variations in externally
determined factors, such as temperature, mass load4,5 or viscoelastic
effects of films6,7 or, in general, of the surrounding medium.8 It is
advantageous to operate these sensors in a thickness-shear mode
(TSM), since such modes do not lose vibrational energy through the
generation of compressive waves in a surrounding medium. To
provide enhanced specificity and sensitivity in chemical sensing,
films that selectivity bond to specific molecules can be deposited
onto a resonator surface. This can enable, for example, the sensing of
specified gas constituents in the ppm range.9,10

However, the application of piezoelectric materials at high
temperatures faces many challenges and limitations. Polycrystalline
ceramics like PZT [Pb(Zr1−xTix)O3] cannot be used above ∼300 °C
due to their low Curie temperature, high electrical conductivity,
and strong damping associated with grain boundaries.11,12

Quartz (SiO2) undergoes a structural phase transformation from
α- to β-quartz at 573 °C.13,14 It belongs to the point group 32 in the
α-phase and to the point group 622 in the β-phase. Quartz is
reported to show piezoelectric response above the α- to β- phase
transformation temperature;14 however, due to the higher crystal
symmetry, Y-cut resonators operated in TSM cannot be used in the
β-phase, and rotated cuts must be used, instead.14 Ferroelectrics,
such as congruent lithium niobate (LiNbO3) and lithium tantalate
(LiTaO3), either decompose above ∼300 °C,13,15 which prevents
their long-term application, or exhibit a ferroelectric-paraelectric
phase transformation at ∼630 °C, respectively.16 Stoichiometric
LiNbO3 has been excited piezoelectrically up to at least 900 °C;17

however, a strong decrease in the resonator quality factor Q occurs
above 600 °C, which is associated with lithium loss and, therefore,
irreversible material degradation.

Aluminum nitride (AlN) is reported to be characterized at
temperatures above 1000 °C.18 However, its poor oxidation resist-
ance above 700 °C limits its use in air or oxidizing atmospheres.18,19

In addition, mass production of AlN bulk crystals remains chal-
lenging, due to the extremely high melting temperature (∼2200 °C)
and difficulties in obtaining sufficiently large bulk crystal boules
with high structural perfection.20

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 085102 (2021); doi: 10.1063/5.0058751 130, 085102-1

© Author(s) 2021

https://doi.org/10.1063/5.0058751
https://doi.org/10.1063/5.0058751
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0058751
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0058751&domain=pdf&date_stamp=2021-08-23
http://orcid.org/0000-0002-8201-6297
mailto:yuriy.suhak@tu-clausthal.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0058751
https://aip.scitation.org/journal/jap


Gallium orthophosphate (GaPO4) is an excellent material that
possesses a relatively high electromechanical coupling and low
dielectric loss with a crystallographic phase transformation at about
970 °C. This material has been successfully operated at tempera-
tures up to at least 900 °C.21 However, similarly to AlN, the avail-
ability of GaPO4 is limited because of the difficult and expensive
growth process.22 Other examples of promising piezoelectric mate-
rials for high-temperature applications are calcium oxyborate single
crystals (ReCa4O(BO3)3, where “Re” denotes a rare earth element.
These materials show no phase transformation up to their melting
point at about 1500 °C and possess exceptionally low electrical con-
ductivity and stable piezoelectric properties. They are, however,
pyroelectric, which could be problematic when induced charge has
to be measured.23 The reported range of operating temperatures for
ReCa4O(BO3)3 extends to at least 1000 °C.24

Piezoelectric crystals from the so-called “langasite family”
have attracted much attention over the past three decades. These
compounds possess piezoelectric coefficients that are two to three
times greater than those of quartz, have no phase transition up to
their melting points (1300–1500 °C), are non-pyroelectric, and
can be grown in the form of large high-quality crystals by the
Czochralski technique.25–27 These crystals belong to the trigonal
space group P321 (point group 32) with the general formula
A3BC3D2O14 and are generally classified into two types, partially
disordered and ordered, depending on the ionic distribution. In
partially disordered crystals, the same element can enter different
cationic sites, while in ordered crystals, each cationic site is occu-
pied by a specific element.28,29 Generally, ordered crystals show
improved electromechanical properties, including lower electrical
conductivity.30,31 Two structurally disordered compounds, langasite
(La3Ga5SiO14, LGS) and langatate (La3Ga5.5Ta0.5O14, LGT), as well
as structurally ordered catangasite (Ca3TaGa3Si2O14, CTGS) are
subjects of this study.

The use of bulk acoustic wave (BAW) resonators as high-
temperature sensors1,2,32 requires maximization of the acoustic
quality factor Q, since a lower Q results in uncertainty in resonant
frequency determination and, therefore, limits the resolution in
sensing applications. Previously reported investigations of loss, Q−1,
in LGS and LGT revealed that the dominant contribution to the
loss switches between several physical mechanisms as a function
of temperature.33–38 However, the nature of these mechanisms
remains a subject of research. In Refs. 34 and 37, temperature-
dependent loss peaks in LGS between room temperature and
500 °C are attributed to anelastic point defect relaxations superim-
posed on a loss contribution with a very broad temperature depen-
dence. The latter is hypothesized as arising from a dislocation kink
migration mechanism. Similarly to LGS, two peaks in an LGT
crystal between 20 and 500 °C are attributed to point defect relaxa-
tions.37 No evidence for a broadly temperature-dependent loss con-
tribution was found in this LGT crystal, and, since the crystal had a
relatively low dislocation density, the data on this sample support
the hypothesis of a dislocation source for the broadly temperature-
dependent background in LGS.37 Fritze et al.35,36 provided evidence
that the high-temperature loss in LGS (i.e., above 600 °C) is domi-
nated in the low megahertz range by piezoelectric/carrier relaxa-
tion. Hirschle and Schreuer38 attributed the high-temperature loss
at frequencies below 700 kHz in LGS and LGT to either a

combination of two different point defect relaxations or a combina-
tion of piezoelectric/carrier and point-defect relaxation and noted
that the relative magnitude of these potential contributions could
not be determined in the absence of information extending beyond
their data, which exclusively included acoustic loss.

Fewer high-temperature studies of Q−1(T) in CTGS crystals
have been published. In our previous reports,39–41 loss peaks below
700 °C were attributed to point defect relaxations, and in Ref. 42,
losses above 700 °C were attributed primarily to the piezoelectric/
carrier relaxation.

In this article, Q−1(T), electrical conductivity, and dielectric
constants of structurally ordered CTGS and partially disordered
LGS are presented. The data for Q−1(T) are fit to functions with
terms representing several physical mechanisms.37 A combined
analysis of the loss and conductivity data leads to a clear identifica-
tion of piezoelectric/carrier loss as the dominant contribution to
Q−1 in the studied specimens in the highest measured temperature
range (above approximately 700 °C in CTGS and 800 °C in LGS).
In addition, the analysis provides a new understanding of the loss
in LGS involving a superposition of two piezoelectric/carrier relax-
ations associated with electronic and ionic conduction. At interme-
diate temperatures, point-defect relaxations substantially contribute
to the loss in all of the specimens. Similarities in some of the acti-
vation energies of these relaxations indicate the presence of point
defects with similar symmetry in CTGS and LGS, as well as previ-
ously studied langatate LGT.

II. SPECIMENS

Nominally undoped LGS and CTGS resonators used in this
study were prepared as Y-cut plano-plano disks from crystals
grown by the Czochralski technique. One LGS resonator, desig-
nated LGS-01, with a fundamental frequency near 850 kHz and
10 mm diameter was manufactured from a crystal grown by
FOMOS-Materials (Moscow, Russia) (The identification of com-
mercial products is provided for technical completeness and does
not reflect an endorsement by NIST.). Another LGS resonator with
a fundamental frequency near 5.4 MHz and 10 mm diameter was
received from the Leibnitz-Institute for Crystal Growth (Berlin,
Germany). This resonator is designated LGS-02.

CTGS resonators were fabricated by FOMOS-Materials
(Moscow, Russia). One CTGS plate, designated CTGS-01, has a
thickness of 0.3 mm and was used for electrical conductivity mea-
surements. Another resonator, designated CTGS-02, has a TSM
fundamental frequency near 6MHz and was used for the study of
acoustic losses. The third CTGS resonator, designated CTGS-03,
with a diameter of 10 mm and fundamental frequency near 5MHz,
was used for both electrical and acoustic studies.

One Y-cut LGT resonator, designated LGT, was manufactured
at the Advanced Materials Processing and Analysis Center of the
University of Central Florida and is used in this study to provide a
comparison of temperature-dependent losses with those of CTGS
and LGS. This resonator is a plano-convex disk with a diameter of
14 mm and fundamental frequency of 2MHz. The spherical
surface has a radius of 265 mm (2 diopter). The CTGS-01,
CTGS-02, and LGS-02 specimens are colorless, while LGS-01 and
CTGS-03 have a light orange tint.
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For conductivity measurements and resonant piezoelectric
spectroscopy (RPS) performed at the Clausthal University of
Technology (TUC), the specimens were coated with keyhole-
shaped platinum electrodes. For the LGS-02 specimen, pulsed laser
deposition (PLD)43 was used, resulting in electrodes with ∼300 nm
thickness. For the LGS-01, CTGS-01, and CTGS-03 specimens, more
high-temperature stable Pt electrodes with a thickness of ∼3 μm were
deposited by screen printing (print ink: Ferro Corporation, No. 6412
0410). After screen printing, the resonators were annealed at 1000 °C
for ∼30 min. The specimen labels, orientations, dimensions, and
fundamental frequencies are summarized in Table I along with the
types of measurements that were employed.

Additionally, a rectangular CTGS plate, designated CTGS-04,
with dimensions of 8 × 8 × 0.5mm3 was prepared for dielectric cons-
tant measurements from the crystal grown by Fomos-Materials.
These measurements were performed at the Leibniz Institute for
Solid State and Material Research (Dresden, Germany). The mea-
surements of LGS dielectric constant were performed on an LGS
plate with a diameter of 10mm and a thickness of 0.3 mm. This
sample, designated LGS-03, was manufactured from a crystal grown
by the Leibnitz Institute for Crystal Growth.

III. MEASUREMENT AND ANALYSIS TECHNIQUES

A. Electrical conductivity and dielectric constants

Investigation of bulk properties was performed by AC
impedance spectroscopy in a frequency range of 1 Hz to 1 MHz
using an impedance/gain-phase analyzer (Solartron 1260). An
electrical equivalent-circuit model consisting of a constant phase
element connected in parallel with a bulk resistance RB was fitted
to the measured data. The bulk conductivity σ was calculated
from the relation σ = t(A × RB)

−1, where t and A are the thick-
nesses of the sample and electrode area, respectively. The lead

resistance, arising from cables/mounting, did not exceed 10Ω, which
corresponds to approximately 0.02% of the resistance of CTGS at
1000 °C. Therefore, it was ignored in the fitting procedure.

The dielectric constants ε11 for LGS and CTGS were deter-
mined using the same impedance/gain-phase analyzer at a frequency
of 10 kHz, which was far below the mechanical resonance frequency
of the samples.

B. Electromechanical losses

Electromechanical losses of the specimens were determined at
the Clausthal University of Technology (TUC) and the National
Institute of Standards and Technology (NIST) using two different
experimental setups.

The measurements at the TUC were performed by means of
RPS, which employed stepped-frequency direct piezoelectric excita-
tion of Pt-electroded samples mounted on an aluminum oxide
sample holder. In this system, platinum foils provide electrical
contact to the electrodes on each side of the sample. With the aim
of minimizing damping from mechanical contact, only small areas
near the edges of the resonator are electrically contacted and
mechanically clamped. The sample holder and resonator are placed
in a tube furnace that enables heating up to 1500 °C. The measure-
ments are performed in air at atmospheric pressure while heating
at a rate of 1 K/min from ambient temperature.

The resonance spectra of TSM resonators are acquired in the
vicinity of the resonance frequency through the use of a high-speed
network analyzer Agilent E5100A. The measured real and imagi-
nary parts of the impedance are transformed into the admittance.
Subsequently, a Lorentz function is fitted to the real part of the
admittance (conductance, G) as a function of frequency f,

G(f ) ¼ 2A
π

Δf /S
4(f -fS)

2 þ Δf /2S
, (1)

where fs is the series resonant frequency, Δfs0 is the full width of the
peak at half maximum (FWHM) of the Lorentzian, and A is a
fitting parameter. The quality factor of the resonator is then calcu-
lated from the relation Q = fs/Δfs,

44 where Δfs corresponds to the
FWHM of the squared conductance G2 and is approximated as
Δfs≈ 0.64Δfs0.

2

The described approach is valid for materials with low losses
at the measurement temperature, where the conductance G of the
resonator is negligible except at frequencies in the vicinity of the
resonance frequency. With increasing temperature, the background
G also increases, and, consequently, the frequency dependence of G
is not accurately given by Eq. (1). Therefore, the method of analysis
must be modified to evaluate losses at high temperatures. Following
Ref. 2, the Q-factor is given by

Q ¼ fS
ΔfS

Gmax-GS

Gmax
, (2)

where Gmax is the maximum of the conductance in the resonance
and Gs is a static conductance.2 Equation (2) was used to evaluate
the Q-factor of all the specimens measured with the RPS technique.

TABLE I. Sample labels, dimensions, fundamental frequencies, and study methods.

Sample
label Cut

Diameter of

Frequency
or thickness Study

resonator
(nm)

electrode
(nm)

LGS-01 Y 10 5 850 kHz Conductivity/
loss

LGS-02 Y 10 5 5.43MHz Conductivity/
loss

LGS-03 Y 10 5 0.3 mm Dielectric
constant

CTGS-01 Y 14 6 0.3 mm Conductivity
CTGS-02 Y 14 n/a 6 MHz Loss
CTGS-03 Y 10 5 5MHz Conductivity/

loss
CTGS-04 Y n/aa n/aa 0.5 mm Dielectric

constant
LGT Y 14 n/a 2 MHz Loss

aCTGS-04 was a rectangular plate with dimensions of 8 × 8 × 0.5 mm3.
The dimensions of the electrodes were 8 × 8 mm2.
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Acoustic-resonance measurements at the NIST were per-
formed on bare crystals (without electrodes) that were supported at
three points near their edges by sapphire spheres, as described else-
where.40 Piezoelectric excitation and detection were accomplished
with noncontacting copper electrodes spaced approximately 1 mm
apart. The electrodes were driven by a gated sine wave (tone burst)
and provided passive detection of vibrations during resonant ring-
down after the tone burst through the inverse piezoelectric effect.
The duration of the tone bursts was 3 ms, with the exception of
1 ms bursts in measurements of the fundamental mode of
CTGS-02. A phase sensitive receiver was employed to extract the
components of the signal that were in phase and out of phase with
the reference gated sinusoid during ringdown. The logarithmic dec-
rement at each measurement temperature was determined from an
exponential fit of signal amplitude vs ringdown time and then
translated to the corresponding Q−1. The resonant frequency was
determined in real time from a linear fit of the phase (relative to the
reference) vs ringdown time.45 After each frequency measurement
during temperature ramps, the reference frequency was adjusted to
approximately match the anticipated resonant frequency of the next
measurement based on the current measured rate of change of reso-
nant frequency with temperature. Measurements were obtained
during cooling at a rate of (1.0 ± 0.2) K/min above approximately
280 °C in high vacuum (< 3 × 10−4 Pa) and at a lower rate below this
temperature due to a lower passive thermal exchange. Helium was
introduced below 100 °C to expedite cooling. Pressures below these
temperatures were less than 150 Pa.

C. Analysis of loss contributions

Based on our previous studies of CTGS,39–42 as well as other
studies of acoustic loss in LGS and LGT,33–38 the following dissipa-
tion mechanisms that can contribute to the overall loss in TSM res-
onator were initially considered:

(1) intrinsic phonon–phonon interactions,
(2) point defect relaxations,
(3) piezoelectric/carrier relaxation (conductivity-related losses),

and
(4) non-material contribution (cables, mounting, etc.).

1. Phonon–phonon loss

Phonon–phonon scattering can be the dominant loss mecha-
nism at near room temperature (and below) for high-quality piezo-
electric crystals with efficient vibrational trapping or minimal
mechanical contact to the crystal.46,47 Propagating or standing
acoustic waves in a solid lead to a dynamic distortion in thermal-
phonon energy levels, and the resultant redistribution of the system
toward momentary local thermal equilibrium occurs through a
relaxation of the phonon population from the perturbed state to
the equilibrium state via phonon–phonon collisions. The entropy
produced by this relaxation dissipates the energy of the sound
wave. Depending on the relaxation time of the phonons, this scat-
tering process can be divided into two regimes: the Landau–Rumer
regime, for which the acoustic-wave period is shorter than the
phonon relaxation time (τph), and the Akhiezer regime, for which
the wave period is longer than τph.

48,49 For resonators operated in

the megahertz range, as in this work, the Akhiezer regime is appro-
priate.46,47,50 This contribution to acoustic loss is approximately
proportional to the resonant frequency and exhibits only weak tem-
perature dependence above room temperature.46 The maximum of
Qf, limited by Akhiezer damping, has been found to be on the
order of 1013 Hz for quartz, LGS, and LGT resonators.37,46,50

2. Point defect relaxations

Anelastic relaxation can arise from point defects, which
produce local anisotropic distortions in the crystal lattice. The
application of acoustic stress leads to time-delayed thermally acti-
vated reorientation of these defects—anelastic defect relaxation.
This process is dependent on frequency and temperature and is
described, for each defect species, by a Debye function,

Q-1(ω, T) ¼ Δ

T
ωτ

1þ ω2τ2
, (3)

where Δ is a temperature-independent constant proportional to the
concentration of the defect species, T is the absolute temperature, ω
is the angular acoustic frequency (equal to 2πf ), and τ is the reor-
ientation relaxation time of the defect. Since the reorientation of
defects occurs by thermally activated jumps over potential barriers,
the relaxation time has an Arrhenius dependence on temperature,

τ ¼ γ exp
EA
kT

� �
, (4)

where γ is a time constant, EA is an activation energy, and k is the
Boltzmann constant. The theory of anelastic relaxations in crystal-
line solids is summarized in Ref. 51.

3. Piezoelectric/carrier relaxation

At sufficiently elevated temperatures, the piezoelectric/
carrier relaxation mechanism contributes significantly to the
overall loss, becoming, in some cases, the dominant contribu-
tion.52,36 These conductivity-related losses are caused by the
motion of charge carriers in an oscillating piezoelectric field.
According to Hutson and White,52 this contribution can be
described by the following equation:

Q-1c (ω, T) ¼ K2 ωc/ω

1þ 2(ωc/ωD)þ (ω/ωD)
2 þ (ωc/ω)

2

¼ K2 ω/ωc

1þ (ω/ωc)
2 þ 2ζ þ ζ2

, (5)

with ζ = ω2/(ωcωD). In this equation, K2 is the electromechanical
coupling coefficient, ωc = 2πfc is the dielectric relaxation fre-
quency, and ωD is the diffusion frequency.

The electromechanical coefficient K2 is defined as the ratio of
time-averaged stored elastic energy to time-averaged input electrical
energy. In this study, only Y-cut resonators operated in the
thickness-shear mode are investigated, and no other vibrational
modes are considered. Consequently, for the thickness-shear mode
of Y-cut trigonal crystals, K2 is equal to e211/(C66ε11) in
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reduced-index notation, where e11 is a piezoelectric coefficient, C66

is an elastic stiffness, and ε11 is a dielectric permittivity.
The dielectric relaxation frequency is given by

ωc ¼ σ

ε11
, (6)

where σ is the electrical conductivity. The diffusion frequency is
given by ωD ¼ (qC66)/(kTpμρ),

52 where q is the elementary charge,
μ is the carrier mobility, ρ is the density, and p is the fraction of the
acoustically produced space charge that is mobile.

The maximum of the parameter ζ was estimated for LGS in
Ref. 37. At 14MHz and 470 °C, it was found to be on the order of
10−9, so that ζ << 1. Therefore, in that case, terms involving ζ in
Eq. (5) could be ignored. A similar estimate of the upper bound
for ζ for CTGS can employ values determined here for ε11
(see Sec. IV A) as well as C66 and ρ and from our previous report,53

but data on μ are not available for CTGS. In the absence of carrier
mobility data, an estimate is performed using the values of μ
obtained from donor-doped LGS54 at temperatures where its con-
ductivity is, as in CTGS, predominantly electronic (see Sec. IV A).
Following the procedure in Ref. 37, this leads to an estimate of
0.002⋅p (with p < 1) for ζ at 900 °C and 5MHz. Since donor-doped
langasite shows approximately two orders of magnitude greater
conductivity than CTGS at elevated temperatures, it is reasonable
to assume that the carrier mobility in LGS is not lower than that in
CTGS. Therefore, since ζ is proportional to μ, one can expect its
value for CTGS at 900 °C and 5MHz to be equal or smaller than
the estimate of 0.002⋅p, and the dependence of Q−1 on carrier dif-
fusion can be ignored. Under this approximation, Eq. (5) assumes
a simple Debye form,

Q-1c (ω, T) � K2 ω/ωc

1þ (ω/ωc)
2 ¼ K2 ωτc

1þ ω2τ2c
, (7)

where the dielectric relaxation time τc is equal to 1/ωc. This piezo-
electric/carrier relaxation contribution has a maximum at the tem-
perature where the dielectric relaxation frequency ωc is equal to the
acoustic frequency.

The temperature dependence of ωc is primarily determined by
that of σ. As reported in Ref. 36, σ in LGS below 700 °C is governed
by the electronic conduction mechanism and can be written as

σ ¼ σ0 exp � Ec
kT

� �
, (8)

where Ec is an activation energy and σ0 is a pre-exponential constant.
Above 700 °C, the oxygen ion conduction mechanism becomes dom-
inant and the conductivity is assumed to have the form

σ ¼ σ0

T
exp � Ec

kT

� �
: (9)

Therefore, according to theory developed in Ref. 52, two dif-
ferent conduction mechanisms are expected to contribute to the
overall acoustic loss in LGS.

From Eqs. (6), (8), and (9), the dielectric relaxation time can
be written for ionic and electronic conduction mechanisms as

τc(electronic) ¼ ε11
σ0

exp
Ec
kT

� �
¼ γc exp

Ec
kT

� �
, (10)

τc(ionic) ¼ ε11T
σ0

exp
Ec
kT

� �
¼ γcT exp

Ec
kT

� �
: (11)

In a previous report,42 it was shown that, even at the highest
measured temperatures (∼1300 °C), the contribution of oxygen
ions to the overall conductivity of CTGS does not exceed 0.1%.
This leads to the conclusion that electronic conduction is domi-
nant, assuming that the contribution of protons and cations is
small. The latter assumption is proven for LGS.36 Therefore, the
conductivity for CTGS is understood to have the form given by
Eqs. (8).36,42

4. Non-material contribution

Finally, a non-material-related contribution, which arises
from acoustic energy loss to electrical lines and mounting, is
assumed to be temperature and frequency independent and, there-
fore, described by a constant C0.

5. Total loss

Considering the above-described physical mechanisms, the
following general expression was employed to fit the measured Q−1

of resonators in this study:

Q-1(ω, T) ¼
Xn
i¼1

Δi

T
ωτ i

1þ ω2τ2i
þ
X2
j¼1

K2 ωτc
1þ ω2τ2c

þ Bωþ C0: (12)

The first term in this equation represents the contributions of
anelastic point defect relaxations from n defect species. The second
term represents piezoelectric/carrier relaxation associated with elec-
tronic ( j = 1) and if applicable, ionic ( j = 2), conduction mecha-
nisms. The term Bω approximates the intrinsic phonon–phonon
loss. The term C0 describes an approximately constant contribution
that arises from acoustic energy loss that is not within the material.
As described below, the specific number of point-defect relaxations
(n) and number of piezoelectric/carrier relaxations included in the
fits of Q−1 varied between samples, based on the number of
observed peaks and, in the case of CTGS, evidence for an insignifi-
cant contribution from ionic conduction. The general approach
seeks to optimize the robustness of fitting algorithms by including
only a minimal number of terms that provide a close match to the
data. Consistent with this approach, Eq. (12) does not include a
broad temperature-dependent background of the types previously
employed in some analyses of temperature-dependent loss of LGS
and CTGS.37–39 The magnitudes of such temperature-dependent
backgrounds have previously been found to be correlated with a
difference in dislocation density,37 and, therefore, it would not be
surprising to find that they can be ignored, relative to other contri-
butions, in the specific samples included in this study.
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IV. MEASUREMENTS AND ANALYSIS

A. Dielectric constants and electrical conductivity

The temperature dependences of the relative dielectric con-
stants ε11/ε0 of both LGS and CTGS are shown in Fig. 1. Here, ε0
denotes the dielectric constant of free space. As seen from Fig. 1,
the ε11 of LGS increases approximately linearly with temperature,
reaching a value of (26.1 ± 1.3) at the highest measured temperature
(1000 °C), while the ε11 of CTGS decreases, overall, with increasing
temperature. At 850 °C, the relative dielectric constant of CTGS is
(17.1 ± 0.8).

The electrical conductivities σ of LGS-01 and LGS-02 are
shown in Fig. 2. For the sake of clarity, only every tenth data point
is shown for LGS-01. As seen from the Arrhenius plot, these
samples from different manufacturers exhibit slightly different con-
ductivities (differing by a factor of ∼2 at 900 °C), which cannot be
solely attributed to the uncertainties in conductivity determination
(about 6% at 900 °C). Different defect concentrations in the
samples are expected to contribute to this difference.

The data for these samples are approximately linear as a func-
tion of 1/T in this semi-log presentation below about 500 °C, indi-
cating that a single thermally activated process determines the
conductivity in this temperature range. The appearance of a linear
function is supported by an approximately constant slope Eσ = -kB
∂ln(σ)/∂(1/T) below 500 °C, as indicated by the solid black line for
sample LGS-01 in Fig. 3. Here, the derivative ∂ln(σ)/∂(1/T) is calcu-
lated without smoothing (slope from one point to the next) and
plotted as gray open squares in Fig. 3. As reported in Ref. 36, elec-
tronic conduction governs the conductivity in LGS up to 700 °C
[Eq. (8)]. Above about 500 °C, the slope starts to change, which
implies that a different process increasingly contributes with
increasing temperature. In order to separate this high-temperature
contribution, the low-temperature conductivity is extrapolated to
the upper end of the measured range and subtracted from the mea-
sured data. The approach is illustrated in Fig. 4, where the solid

FIG. 1. Relative dielectric constants ε11/ε0 of LGS-03 and CTGS-04 as a
function of temperature. The solid line for LGS specimen represents the linear
fit of measured data.

FIG. 2. Conductivities of different LGS and CTGS samples as a function of
temperature.

FIG. 3. Slopes Eσ and EσT of the electrical conductivity of LGS-01 (squares)
and related ranges of approximately constant derivatives (lines).

FIG. 4. Electrical conductivity of LGS-01 as measured (squares) with fit and
extrapolation of Eq. (8) (gray line) and high-temperature contribution (crosses)
and related fit (blue line).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 085102 (2021); doi: 10.1063/5.0058751 130, 085102-6

© Author(s) 2021

https://aip.scitation.org/journal/jap


gray line represents a fit of Eq. (8) to the data in the range of
250–500 °C and its extrapolation to 1150 °C. The blue open squares
in Fig. 4 show the high-temperature contribution, which is the dif-
ference between the measured data and the extrapolated low-
temperature contribution.

With increasing temperature, ionic conduction becomes domi-
nant,36 and the corresponding Arrhenius expression has a pre-
exponential factor that is inversely proportional to T [Eq. (9)].
Consequently, the related slope EσT is equal to −kB ∂ln(σT)/∂(1/T).
The calculation of EσT followed from the difference of measured
data and the extrapolated low-temperature data. This difference
(Fig. 4) shows a relatively large scatter and was, therefore, smoothed
using an FFT algorithm prior to the slope calculation. The result
of this calculation is plotted as blue open squares in Fig. 3 from
700 °C to the highest measured temperature and is seen to have no
overall temperature dependence. Finally, the activation energy is
determined by the fitting of Eq. (9) to the high-temperature contri-
bution. The result is shown as the blue solid line in Fig. 4. The
same procedure is applied to the conductivity data from sample
LGS-02 (not shown).

The activation energies obtained from separate least-square
fits, using the above-described approach are (0.82 ± 0.05) and
(1.57 ± 0.07) eV for the LGS-01 specimen for the electronic and
ionic conduction mechanisms, respectively. For the LGS-02 sample,
the corresponding activation energies are (0.78 ± 0.05) and
(1.49 ± 0.07) eV.

The conductivities of samples CTGS-01 and CTGS-03 are also
shown in Fig. 2, For both CTGS specimens, only every fifth data point
is plotted. As seen from the figure, the conductivity values of CTGS
are more than two orders of magnitude lower than those of LGS at
900 °C and about three orders of magnitude lower at 570 °C. Similarly
to LGS, the two CTGS samples show slightly different conductivities.
Note that variations in conductivity were observed previously even for
CTGS samples manufactured from the same boule.31

The conductivities of both CTGS specimens increase approxi-
mately linearly in the Arrhenius presentation, indicating that they
are governed by a single thermally activated process over the entire
measured temperature range. Least-squares fitting of the CTGS
conductivity data to Eq. (8) yields activation energies
EA = (1.15 ± 0.07) and (1.24 ± 0.07) eV for the CTGS-01 and
CTGS-03 specimens, respectively.

The parameters from the fit for the measured LGS and CTGS
samples are listed in Table II.

B. Loss measurements

1. Langasite

The measured Q−1 of the LGS-01 sample is presented in Fig. 5
as a function of inverse temperature. These measurements were
performed on the electroded specimen by RPS. The frequency is
the first harmonic of the TSM resonator, equal to about 850 kHz at
room temperature and decreasing monotonically with heating to
810MHz at 1100 °C. Reliable measurements were obtained for the
temperatures above 350 °C. Below this temperature, a substantial
number of sharp peaks that appeared in the raw data for this
sample were observed, making correct evaluation of data impossi-
ble. Such spikes vs temperature are understood as originating from
the “activity dip” phenomenon, which is caused by signal interfer-
ence and energy loss to “spurious” modes with in-plane phase var-
iation and correspondingly greater components of displacement
that are not through-thickness shear.55

As shown in Fig. 5, a broad temperature-dependent peak is
observed in Q−1(T) between about 400 and 1100 °C. Based on
previous studies,2,36,38 this attenuation is attributed to anelastic
point defect relaxation, superimposed by piezoelectric/carrier
relaxation, as derived from conductivity data presented in Sec. IV A.
As already mentioned in Sec. III C, two different conduction
mechanisms govern the conductivity in LGS. Specifically, ionic
and electronic relaxations are expected to contribute to Q−1(T) at
elevated temperatures. From the dielectric-constant and conductiv-
ity data plotted in Figs. 1 and 2, the dielectric relaxation frequencies
fc = ωc/(2π), which determine the maxima of conductivity-related
contributions, can be calculated using Eq. (6). These calculations
predict that fc is equal to 810 kHz at 741 °C for the electronic
conduction mechanism and 809 °C for the ionic conduction
mechanism. These predicted temperatures at which each dielec-
tric relaxation frequency matches the resonant frequency

TABLE II. Parameters obtained from the fits of conductivity of the CTGS and LGS
samples.

Sample
Activation
energy (eV) Pre-exponential factor

Temperature
range (°C)

LGS-01, LT 0.82 ± 0.05 13.6 S/m 400–700
LGS-01, HT 1.57 ± 0.08 2.58 × 107 SK/m 700–1100
LGS-02, LT 0.78 ± 0.05 4.46 S/m 400–700
LGS-02, HT 1.49 ± 0.07 6.34 × 106 SK/m 700–1050
CTGS-01 1.15 ± 0.07 2.1 S/m 570–900
CTGS-03 1.24 ± 0.07 19.0 S/m 400–1100

FIG. 5. Measured Q−1 of LGS-01 with resonance frequency at 850 kHz as a
function of temperature (black symbols), corresponding least-squares fit to
Eq. (12) (solid red line), and separate contributions to Q−1(dashed and dotted
lines).
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correlate well with the measured maximum of the broad peak in
Q−1 between 700 and 800 °C (Fig. 5).

Equation (12) for Q−1(T) with one anelastic point defect relax-
ation term (n = 1) and two piezoelectric/carrier relaxation terms is
fitted to the measured LGS-01 data. Here, the Akhiezer term (Bω)
is ignored because it is expected to be insignificant relative to other
contributions in this specimen, as discussed in detail in Sec. V B,
and it cannot be separated from the constant term C0 in an analysis
of the measurements of a single harmonic. The results of this fit
are presented in Fig. 5. Here, σLT and σHT correspond to the elec-
tronic and ionic piezoelectric/carrier relaxations, respectively.
In this analysis, the data points were weighted equally on a loga-
rithmic scale and the measured temperature dependence of the
frequency was included. The parameters extracted from this fit are
summarized in Table III and discussed in detail in Sec. V. It should
be noted that the maxima of the electronic and ionic piezoelectric/
carrier relaxations, extracted from the fit, are found at about 720 and
770 °C, respectively. These values are close to the corresponding tem-
peratures predicted from the dielectric relaxation frequencies calcu-
lated from the fit parameters of the conductivity data, above.

The measured Q−1(T) of the LGS-02 sample is presented in
Fig. 6. Similarly to LGS-01, this specimen with electrodes was
studied by RPS. The fundamental frequency of this TSM resonator
is 5.43 and 5.18MHz at room temperature and 1050 °C,
respectively.

As seen in Fig. 6, two peaks with maxima near 250 and
650 °C are present in this sample. These peaks do not match the
piezoelectric/carrier relaxations expected from conductivity data
presented in Refs. 2 and 36. Previously, they were attributed to
anelastic point defect relaxations.34,36,37 At higher temperatures,
the maximum of another peak near 990 °C is observed. This
peak has been attributed to piezoelectric/carrier relaxation.2,36

Using the parameters from the fits to the conductivity data of
LGS-02, the calculation of dielectric relaxation frequencies yields
fc = 5.2 MHz at 1019 °C for the ionic conduction mechanism.
This prediction is close to the measured peak temperature, and
the difference is attributed to uncertainties in measurement, as
discussed in Sec. V A.

For the electronic conduction mechanism, it follows that
fc = 5.2 MHz at 1157 °C, which is above the highest measured tem-
perature. Nevertheless, the influence of both contributions in the
observed maximum is strong.

Expression (12) for Q−1(T) with two point-defect relaxation
terms, two piezoelectric/carrier relaxation terms, and a constant
background is fitted to the measured LGS-02 data. Similarly, to the
fitting of the loss of LGS-01, the phonon–phonon term (Bω) is
ignored here, and the temperature dependence of the resonance fre-
quency is considered. The results of the fit are plotted in Fig. 6 and
the parameters extracted from this fit are listed in Table III.

2. Catangasite

Measurements of the temperature-dependent Q−1 of sample
CTGS-02 are presented in Fig. 7. These measurements were

TABLE III. Fit parameters obtained from the fits of Q−1(T) of the LGS-01 and
LGS-02 samples.

LGS-01 LGS-02

Δ1 n/a 0.24
γ1 n/a 2.23 × 10−11 s
E1 n/a 0.333 eV
Δ2 4.44 5.38
γ2 3.71 × 10−12 s 3.10 × 10−12 s
E2 0.801 eV 0.804 eV
K2 1.45 × 10−2 7.02 × 10−3

γc (electronic) 1.27 × 10−11 s 5.46 × 10−11 s
Ec (electronic) 0.821 eV 0.762 eV
γc (ionic) 7.94 × 10−18 s/K 3.35 × 10−17 s/K
Ec (ionic) 1.532 eV 1.454 eV
C0 1.20 × 10−4 1.00 × 10−4

FIG. 6. Measured Q−1 of LGS-02 with resonance frequency at 5.4 MHz as a
function of temperature (black symbols), corresponding least-squares fit to
Eq. (12) (red line), and separate contributions to Q−1.

FIG. 7. Measured Q−1 of sample CTGS-02 as a function of temperature (black
symbols) and multi-frequency fit (red lines) at 6 and 18 MHz.
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performed on the sample with non-contacting electrodes and tone-
burst excitation, as described in Sec. III B. The frequencies indi-
cated in the figure correspond approximately to the first and third
harmonics of the thickness-shear resonator at room temperature.
A substantial number of sharp peaks that appeared in the raw data
for this sample have been deleted in the presentation in Fig. 7.
As with LGS-01, these peaks are associated with the “activity dip”
phenomenon. The time-domain technique for determining Q−1

fails when beats from nearby modes are present in the signal with a
period close to the time constant of exponential decay. Sustained
interference from multiple modes between 575 and 821 °C at
6MHz led to an inability to measure Q−1 in this range, and, simi-
larly, effective measurements could not be performed over several
lower-temperature ranges at 6 and 18MHz, as indicated in Fig. 7.

A broad peak with a maximum near 490 °C at the third har-
monic (18MHz) is attributed to an anelastic point-defect relaxation
because of the general form of its dependence on frequency and
temperature. On the low-temperature shoulder of this peak, a
smaller peak with maximum near 250 °C is visible. Q−1 at the
highest measured temperatures (above approximately 750 °C at
18MHz) increases monotonically with increasing temperature.
This increase is interpreted as originating from the piezoelectric/
carrier relaxation mechanism. The first harmonic shows similar
features in the temperature dependence of Q−1, with the peak
maxima and highest-temperature monotonic increase shifted to
lower temperatures.

As stated in Sec. IV A, the conductivity in CTGS is governed
by a single thermally activated process over the entire measured
temperature range. Hence, in contrast to LGS, only one piezoelec-
tric/carrier relaxation mechanism is expected to contribute to
Q−1(T). The temperature at which the maximum of this relaxation
would occur in CTGS resonators with frequencies in the megahertz
range can only be estimated, since it is above the melting tempera-
ture of CTGS.

The function in Eq. (12), with two point defect relaxations,
a single piezoelectric/carrier relaxation, Akhiezer loss, and a
temperature-independent background, was fitted to the measured
Q−1 of CTGS-02. In this analysis, the data from both harmonics
were fitted simultaneously with the temperature dependence of the
frequencies included. Since the maximum of the piezoelectric/carrier
relaxation lies far above the measurement range (and above the
melting point), ωτc in the piezoelectric/carrier contribution of Q−1

[Eq. (7)] is much greater than 1 in the measured temperature range,
and the loss is closely approximated as Q−1 =K2(ωτc)

−1 =K2

(ωγ0)
−1exp(−Ec/(kT)). Since only the ratios of K2 and γ0 appear in

this expression, these two parameters cannot be separately optimized
in the fitting of the data. Therefore, the electromechanical coupling
factor K2 was fixed at the value listed in Table IV (0.031), which is
calculated using published values for e11, c66

53 and the average mea-
sured ε11 above 700 °C, 17.14 ε0 (Fig. 1). The curves for the two har-
monics determined from this fit are plotted in Fig. 7, and the
corresponding fit parameters are listed in Table IV.

The fit parameter B for CTGS-02, associated with phonon–
phonon interactions, was found to be zero. This value is not
included in Table IV. We note that, based on previous studies of
LGS and LGT37,56 and the expectation that ordered crystals in the
langasite family will not have higher phonon–phonon loss than

partially disordered crystals, the parameter Bω is expected to be
smaller than the determined value of C0. The minor role of
phonon–phonon loss over the entire measurement range appar-
ently leads to an inability to extract a realistic value for B.

The contributions to the Q−1 of sample CTGS-02 at 18 MHz
obtained from the fit to Eq. (12) are shown separately in Fig. 8. As
seen in this figure, the loss is dominated by the non-material con-
tribution (C0, associated with mounting) in the temperature range
up to ∼208 °C. Above this temperature, point-defect relaxations
(two peaks with maxima at ∼270 and ∼500 °C) become the domi-
nant mechanisms up to ∼695 °C where the contributions from the
higher-temperature point-defect relaxation and the piezoelectric/
carrier relaxation are equal. At higher temperatures, the piezoelec-
tric/carrier contribution is dominant. Specifically, in the range
104/T < 9, the contribution of the second point-defect relaxation is
less than 6% of the piezoelectric/carrier contribution.

The temperature-dependent Q−1 of the CTGS-03 sample is
shown in Fig. 9 as an Arrhenius plot. Similarly to LGS specimens,

FIG. 8. Separate contributions to Q−1 of sample CTGS-02 at 18 MHz.

TABLE IV. Fit parameters obtained for the Q−1(T) dependences of the CTGS-02
and CTGS-03 specimens.

CTGS-02 CTGS-03

Δ1 2.21 × 10−3 n/a
γ1 9.55 × 10−14 s n/a
E1 0.525 eV n/a
Δ2 0.14 0.25
γ2 4.74 × 10−14 s 4.05 × 10−14 s
E2 0.810 eV 0.821 eV
Δ3 n/a 5.42 × 10−2

γ3 n/a 2.02 × 10−12 s
E3 n/a 0.945 eV
K2 0.031 (fixed) 0.031 (fixed)
γc 1.46 × 10−10 s 4.85 × 10−11 s
Ec 0.998 eV 1.240 eV
C0 1.16 × 10−6 2.24 × 10−5

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 085102 (2021); doi: 10.1063/5.0058751 130, 085102-9

© Author(s) 2021

https://aip.scitation.org/journal/jap


these measurements were performed on the sample with electrodes
by RPS. The fundamental frequency of this TSM resonator is
5.00MHz at RT, monotonically decreasing to 4.78 MHz at 1100 °C.
The results in Fig. 9 show a broad peak in Q−1(T) with a
maximum at about 420 °C, similarly to the loss in CTGS-02
(Fig. 7). Since the measurements were performed above 225 °C, the
maximum of the lowest-temperature peak that is observed in
CTGS-02 (Figs. 7 and 8) is not observed for CTGS-03. However,
the positive deviation of the data relative to the fit in the range of
225–250 °C is interpreted as the shoulder of that peak. Above
750 °C, a rapid increase in Q−1 is observed, similarly to CTGS-02.

Initially, the function in Eq. (12) with one point-defect relaxa-
tion and one piezoelectric/carrier relaxation was fitted to the mea-
sured Q−1 of CTGS-03 (results not given). However, this fit did not
closely match the data or provide credible parameters for the piezo-
electric/carrier relaxation, considering the associated parameters
independently determined from conductivity measurements
(Table II; Fig. 2). Since the problems with this fitting function are
most pronounced at temperatures above the peak of the point-
defect relaxation, a second fit was performed with an assumption
that an additional point defect relaxation contributes to the loss
above 750 °C. The results of this fit are plotted in Fig. 9 and the fit
parameters are summarized in Table IV and discussed in detail in
the next section. Note that, similarly to LGS, the Akhiezer term
(Bω) is ignored in this fit, since its contribution is expected to be
insignificant, relative to other contributions above 200 °C.
Furthermore, similarly to CTGS-02, the electromechanical coupling
factor K2 was approximated as a constant for the fit procedure with
K2 = 0.031.

3. Comparison of CTGS, LGS, and LGT

In Fig. 10, the measured Q−1(T) of the LGS and CTGS resona-
tors are compared with those of LGT, obtained and analyzed previ-
ously.37 In this figure, the constant fit term C0 was subtracted from
the data to enable an effective comparison of the material

contributions. As seen in this figure, the material loss in LGS at
5 MHz (LGS-02) is substantially higher than that in CTGS and
LGT at similar frequencies over the entire measured temperature
range. In particular, the difference between measured losses in the
LGS-02 and CTGS-02 resonators at 200 °C is almost two orders of
magnitude. The LGT specimen shows the lowest loss among the
studied resonators in the range of about 150–500 °C, which may be
attributed to the fact that the LGT resonator has a plano-convex,
rather than a plano-plano, surface and, therefore, has more effective
trapping of vibrations away from the points of mechanical support.

V. DISCUSSION

A. Conductivity-related loss

The existence of an attenuation peak governed by the
conductivity-related mechanism was predicted in Ref. 37 for LGS
and LGT, following the general theory of Hutson and White.52

However, the measurements in that study did not extend to a tem-
perature range where this mechanism contributed significantly to
the loss. Considering the measured temperature-dependent electri-
cal conductivity (Fig. 2) and the studies of LGS performed in
Refs. 2, 36, 54, and 57, two independent piezoelectric/carrier relax-
ations, determined as electronic and ionic, must contribute to
Q−1(T). Both piezoelectric/carrier relaxations should have the same
relaxation strength, according to the theory of Hutson and White.52

Using the measured temperature-dependent dielectric constant
(Fig. 1) and conductivity (Fig. 2) for the 850 kHz LGS-01 resonator,
the temperatures of the Q−1(T) peak maxima are predicted to be
741 and 809 °C [Eq. (6)], consistent with the maxima of these con-
tributions near 720 and 770 °C determined from the fit of Q−1(T).
The differences in these temperatures can be already explained by a
combination of the measurement uncertainty for the temperature
(1%) and the dielectric constant (10%), without including other
uncertainties. The activation energies for the ionic and electronic
conductivity-related relaxation mechanisms are found from the fit

FIG. 9. Measured Q−1 of sample CTGS-03 as a function of temperature (black
symbols), corresponding least-squares fit to Eq. (12) (red line), and separate
contributions to Q−1.

FIG. 10. Measured Q−1 of the LGS-01 (850 kHz), LGS-02 (5 MHz), CTGS-02
(6 MHz), CTGS-03 (5 MHz), and LGT (6 MHz) samples as a function of temper-
ature, with constant C0 from the fit of the measurements of each specimen
subtracted.
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of Q−1(T) to be ∼1.53 and 0.82 eV, which is consistent with the
activation energy determined from the bulk conductivity (Table II).

The electromechanical coupling coefficient K2 for the LGS-01
specimen was determined from the fit of Q−1(T) to be about
0.0145 (Table III). A calculation of K2 using the values for e11 and
of C66 from Ref. 58 and the measured value of ε11 (Fig. 1) yields a
value of 0.0177, which is about 1.2 times greater. This 20% differ-
ence between predicted and fit values can be attributed to differ-
ences in the conductivities of the studied samples and/or
uncertainty in the determination of the piezoelectric coefficient at
elevated temperatures. The same applies to the values of γc
extracted from the fits of conductivity and Q−1 of LGS-01 [Table II;
Table III; Eqs. (10) and (11)].

Because of the frequency dependence of piezoelectric/carrier
relaxations [Eq. (7)], their peak maxima at 5MHz in LGS-02 is
shifted to higher temperatures, relative to LGS-01. As in LGS-01,
both the ionic and the electronic conduction mechanisms are
expected to contribute to Q−1(T) in LGS-02. Inserting the values of
dielectric constant and conductivity into Eq. (6), the temperatures
of the loss maxima of the piezo/carrier contributions are predicted
to be 1019 and 1157 °C at 5.2 MHz (the resonant frequency near
1000 °C) for the ionic and electronic relaxations, respectively. The
maxima of these contributions determined from the fit of measured
Q−1(T) are 970 and 1125 °C, respectively, consistent with the con-
ductivity measurements, within the uncertainties associated with
temperature and the piezoelectric constant. Note that the measure-
ments of LGS-02 are performed only up to 1050 °C; therefore, the
predicted maximum of the electronic piezoelectric/carrier loss lies
beyond the measured range.

As with LGS-01, the values of Ec and γc determined from Q−1

and predicted by the measured conductivity and published values
of the piezoelectric and elastic constants are consistent within the
stated uncertainties [Table II; Table III; Eqs. (10) and (11)].
However, the value of K2 determined from the fit of Q−1 is 0.007,
which is 2.5 times smaller than the expected value of 0.0177. This
difference may primarily arise from an inaccuracy of the assumed
piezoelectric constant e11. Since K

2 is proportional to the square of
e11, it is especially sensitive to specimen-dependent variations in
this material property.

Overall, despite the discrepancy in the estimated and fit K2 of
LGS-02, the close agreement of all fit piezoelectric/carrier relaxa-
tion parameters of LGS-01 and γc and Ec of LGS-02 with estimates
of these parameters based on the measured conductivities and pub-
lished values of e11 provides compelling evidence that the loss con-
tributions associated with both electronic and ionic conduction
have been correctly identified in both these specimens. These con-
tributions are shown to dominate the loss at the highest measured
temperatures in both specimens.

An additional striking feature of the conductivity and loss of
the LGS specimens is the similarity of the activation energies deter-
mined for peak 2 (Table III) and the electronic piezoelectric/carrier
relaxation (Table II; Table III). Hirschle and Scheuer38 suggested
that identical activation energies might arise from piezoelectric/
carrier and point-defect relaxations involving the same atomic
jump mechanism. Although this may be possible for the ionic con-
duction mechanism, we find the similarity of activation energies in
LGS to be associated with the electronic conduction. Therefore, we

interpret the similarity of the values of activation energy of peak 2
and the electronic conductivity to be a coincidence.

Hirschle and Schreuer38 observed high loss between 330 and
950 °C in LGS at frequencies between 168 and 524 kHz and sug-
gested that this loss arises from either a combination of two differ-
ent point defect relaxations or a combination of a point defect
relaxation and a piezoelectric/carrier relaxation. The temperature
range of high loss at these frequencies is consistent with the param-
eters extracted here for peak 2 and both piezoelectric/carrier relaxa-
tions in LGS-01 and LGS-02 (Table III). For example, the fit
parameters for Q−1 of LGS-02 predict that if this crystal had been
fabricated as a 343 kHz resonator, peak 2 would appear at 510 °C,
and the electronic and ionic piezoelectric/carrier peaks would
appear at 704 and 755 °C, respectively. The fit parameters obtained
by Hirschle and Schreuer, under the assumption of two peaks in
this temperature range, correspond to peaks at 569 and 731 °C at
343 kHz. Based on our results from LGS-01 and LGS-02, we expect
that there are actually three relaxations involved in the loss that
Hirschle and Schreuer observe in LGS above 300 °C. Specifically,
the fact that the maximum of their highest-temperature peak at
343 kHz is between the peak temperatures predicted for the elec-
tronic and ionic relaxations from the LGS-02 fit parameters sup-
ports an hypothesis that this peak observed by Hirchle and
Schreuer is a superposition of the two piezo/carrier peaks and the
second-highest-temperature peak in their measurements corre-
sponds to point-defect peak 2 in our measurements. This corre-
spondence of peak 2 is discussed further in Sec. V B 2.

To further explore the temperature and frequency dependence
of the piezoelectric/carrier relaxations, the temperature-dependent
dielectric relaxation frequencies fc of the LGS and CTGS samples
are calculated with Eq. (6) and compared in Fig. 11. In this figure,
the thin nearly horizontal lines represent the resonant frequencies
fs of the samples and the more strongly temperature-dependent

FIG. 11. Dielectric relaxation frequencies fc, calculated for specimens LGS-01
(red lines), LGS-02 (blue lines), and CTGS-03 (black line) and comparison with
peak positions for an LGS specimen given in Ref. 38 (black points). The solid
and dashed lines for LGS-01 and LGS-02 represent electronic and ionic con-
duction mechanisms, respectively. The thin gray horizontal lines are the mea-
sured resonant frequencies fs of the indicated specimens. The green line
represents frequency fD calculated from the fit parameters given in Ref. 38
(see text).
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curves are the dielectric relaxation frequencies calculated from the
measured conductivities and dielectric constants (Figs. 1 and 2)
along with the published values of piezoelectric constants.53,58 The
intersections of the curves for fc and fs are marked by circles and
triangles for LGS and CTGS, respectively. Electronic contributions
of the samples LGS-01 and LGS-02 are shown as solid red and blue
lines, respectively, and ionic contributions are shown as dashed red
and blue lines, respectively.

The curves for the electronic fc of LGS-01 and LGS-02 in
Fig. 11 have a similar shape, with the horizontal shift of the curves
arising primarily from the difference in the prefactor σ0 of the con-
ductivity. The shapes of the curves for the ionic fc of these two
samples are also similar to each other, with slopes that are greater
than those of the curves for the electronic fc. The greater slopes are
a reflection of the greater activation energies (Table II). Because of
the difference in slopes, the curves for the electronic fc and ionic fc
cross. The dielectric frequency where this crossing occurs is equal
to the operating frequency at which the maxima of the two peaks
occur at the same temperature, making them, therefore, very diffi-
cult to analyze. Separation of the peaks can be achieved by choos-
ing the operating frequency lower or higher than the value of fc at
the crossover temperature. For LGS-01, the value of fc at the cross-
over is close to 3MHz. Therefore, if the resonant frequency is
lower than 3MHz, the peak of the electronic relaxation will occur
below that of the ionic relaxation, and, if it is higher than 3MHz,
the temperature ordering of the peaks will be reversed. Regardless
of the resonant frequency, the loss from the electronic and ionic
contributions will be equal (although not generally maximal) at the
temperature where the two fc curves cross, because the relaxation
strengths of the two contributions are the same (Sec. III C 3). For
both LGS-01 and LGS-02 at any resonant frequency, the electronic
contribution is greater than the ionic contribution below a certain
temperature because of a lower activation energy.

Furthermore, the dielectric relaxation frequencies are com-
pared with the data of Hirschle and Schreuer for LGS.38 In particu-
lar, three loss peaks at a resonance frequency of about 343 kHz are
considered [see Fig. 4(a) in].38 These peaks are found at positions
marked as P1, P2, and P3 in Fig. 11 from the Debye-function fit
parameters given in Table II in Ref. 38. As mentioned above, the
positions of peaks P1 and P2 are consistent with point-defect relax-
ations and are discussed in Sec. V B. For P3, the frequency fD at
which the loss is maximal at a given temperature is calculated from
the fit parameters of Hirschle and Schreuer and plotted in Fig. 11
as a green line. The overall slope of this curve is between that of the
electronic and ionic curves of LGS-02 in Fig. 11, which supports
the hypothesis, presented above, that this peak is a superposition of
the two piezoelectric/carrier relaxations.

As indicated in Fig. 11, the maximum of the (electronic) pie-
zoelectric/carrier loss for 5MHz CTGS resonators is expected to be
above 1400 °C (greater than the melting temperature), since the
conductivity of CTGS is at least two orders of magnitude lower
than that of LGS (Fig. 2). Nevertheless, as with LGS, piezoelectric/
carrier relaxation is found to be the dominant loss mechanism in
both CTGS-02 and CTGS-03 at the highest measurement tempera-
tures (above ∼695 °C in CTGS-02 and above ∼850 °C in
CTGS-03). The fit of Q−1(T) of CTGS-02, with K2 fixed at a value
predicted from the independently measured dielectric constant of

CTGS-01 (Fig. 1) and piezoelectric constants previously measured
with a specimen from a different manufacturer53, has provided
values for the piezoelectric/carrier activation energy and pre-
exponential time constant (Table IV) that are, respectively, within
0.15 eV and a factor of two of values determined from the fit of the
measured conductivity (Table II). These values from the two fits
are in reasonable agreement, especially considering the likely differ-
ences in conductivity between specimens. For CTGS-03, the fit was
performed with the assumption that the increase in loss above
750 °C is a superposition of a piezoelectric/carrier relaxation and
an additional point-defect relaxation. The activation energy for the
piezoelectric carrier relaxation extracted from this fit is 1.24 eV,
matching the value determined from the conductivity measure-
ments. The relaxation time γc determined from Q−1 is, however,
about 6 times greater than that predicted from the measurements
of conductivity and ε11. We assume that this difference arises pri-
marily from uncertainties in conductivity associated with inhomo-
geneity of the crystal boule from which the specimens were cut.31

B. Point defect relaxations

1. Peak 1

The existence of a loss peak in LGS with a maximum in the
range of 250–280 °C at 5MHz was shown in previous studies of
Y-cut resonators.34–37 Johnson et al.34,37 determined an activation
energy of 0.538 eV and pre-exponential time constant of
3.72 × 10−13 s from a simultaneous fitting of Q−1(T) of four har-
monics of an LGS resonator under the assumption of a Debye
function for the dependence on temperature and frequency. In that
study, the peak was attributed to anelastic relaxation of point
defects on the basis of the compatibility of the measured Q−1(T)
with the Debye form and the magnitudes of the activation energy
and pre-exponential factor of the relaxation time. From the fit
parameters reported in that study, the peak temperature is pre-
dicted to be 199 and 272 °C at 850 kHz and 5MHz, respectively.
We note that the measurements of the LGS-01 specimen performed
here begin at about 350 °C; therefore, the low-temperature anelastic
peak is not visible. The maximum of the lowest-temperature peak
in the 5MHz resonator LGS-02, determined here for LGS-02 from
the fit parameters in Table III, is ∼259 °C, close to the prediction of
272 °C. However, the values for E1 and γ1, 0.33 eV and
2.23 × 10−11 s, respectively, (Table III) are not in close agreement
with the values reported in Ref. 37. We note that the parameters
extracted here from data at one harmonic of the LGS-02 specimen
may have greater uncertainty than those obtained from measure-
ments at multiple harmonics in Ref. 37. However, as discussed
below, different defects may be responsible for the peaks observed
between 250 and 280 °C in these two studies of LGS. Note that the
values of E1 and γ1 obtained here for peak 1 in LGS-02 (Table III)
are close to values previously reported for the lowest-temperature
peak in LGT (6MHz data plotted in Fig. 7): 0.292 eV and
1.89 × 10−11 s.37

In resonant ultrasound spectroscopy (RUS) measurements of
LGS parallelepipeds at lower frequencies, Hirschle and Schreuer38

observed a small peak during cooling (that may correspond to peak
1 in this study) and speculated that this peak involves point-defect
relaxations at the tetrahedrally coordinated position of silicon in
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the lattice. They reported an activation energy of 0.4(3) eV and a
pre-exponential factor of 2(21) × 10−11 (where numbers in paren-
theses are uncertainties in the last digit). This pair of values lies
between those listed in Table III for LGS-02 and in Ref. 37 and are
consistent with both sets of results, considering the stated uncer-
tainties. They correspond to a peak maximum near 189 °C for the
measured RUS mode at 343 kHz. From the parameters in Table III,
a peak at this frequency is expected to occur near 1116 °C at
343 kHz, and, from the parameters reported in Ref. 37, it is
expected to occur near 172 °C.

Fritze et al.35 found that peak 1 in LGS is essentially elimi-
nated by doping with strontium at a concentration equal to 0.25
at. % of the stoichiometric lanthanum concentration in LGS. These
authors proposed that strontium (Sr2+) replaces lanthanum (La3+)
at the A-site, thereby acting as an acceptor, and charge compensa-
tion can then occur through a loss of oxygen from the crystal and
the associated generation of doubly charged oxygen vacancies. Note
that, following this physical model, peak 1 can be attributed to
neither doubly charged oxygen vacancies nor any defect involving
Sr, since the peak height is found to decrease with increasing con-
centrations of both of these types of defects. One potential explana-
tion of the dependence on Sr doping is that peak 1 arises from a
defect that undergoes a change in symmetry and the associated
relaxation strength with the introduction of Sr because of a change
in the charge state of the defect. The dependence of defect symme-
try on charge state can arise from the Jahn–Teller effect, which
links electronic orbital degeneracy of a defect to vibronic-state ori-
entational degeneracy.51 We find few published reports of indirect
dependence of peaks on doping and associated changes in defect
charge and symmetry. However, dopant dependence of the relaxa-
tion strength of a peak in bismuth germanium oxide, Bi12Ge020
(BGO), has been attributed to charge-related changes in symmetry
of an unidentified anelastic defect.59 Zn doping of the high-
temperature superconductor YBa2Cu3O6+δ (YBCO) is reported to
reduce the height of a relaxation peak, and this effect is attributed
to a change in the charge distribution and the associated Jahn–
Teller distortion of oxygen localized near Zn (which substitutes for
Cu in the lattice), even though Zn does not act as a global acceptor
or donor.60,61

The measurements of CTGS-03 indicate the possible presence
of a relaxation with a maximum below the temperature range of
the measurements (with a lower limit of 225 °C), as described in
Sec. IV B 2. In CTGS-02, a peak near 215 °C is observed at 6MHz
(Fig. 7). The temperature of this peak maximum is substantially
different than the value of 83 °C (at 6MHz) previously reported for
a CTGS crystal from a different source,39 and the activation energy
of (0.515 ± 0.005) eV found here for CTGS-02 is also different than
the value of (0.315 ± 0.005) eV reported in that previous study.
Note that the measurements of Q−1(T) of these two specimens
were performed with the same experimental system. The differ-
ences in these results indicate that two distinct point-defect species
can contribute to acoustic loss in the low megahertz range in nomi-
nally undoped CTGS below 300 °C.

The difference in activation energies from these two sets of
data from CTGS crystals is strikingly similar to that obtained for
peak 2 in LGS crystals in this study and Ref. 37 (described above),
although the difference in the temperatures of the LGS peak

maxima is not as great as that in the two sets of CTGS data. This
leads us to suggest that two defect species can also contribute to
acoustic loss in nominally undoped LGS below 300 °C. A similar
situation seems likely to exist in LGT, especially considering how
closely the reported activation energy of 0.292 eV of a peak in
LGT37 matches the activation energies obtained here for LGS and
previously reported for CTGS.39

2. Peak 2

Anelastic peaks similar to peak 2 in LGS-01 (with a maximum
near 575 °C, Fig. 5) have previously been reported in LGS, LGT,
and CTGS.33–38 Johnson et al.,37 reported a point defect relaxation
in LGS with an activation energy of 0.87 eV and time constant of
1.8 × 10−13 s, close to the values found here for peak 2 in LGS-01
and LGS-02 (Table III), even though the temperature range of that
study did not include the peak maximum. That previous study also
reported values of 0.849 eV and 1.31 × 10−13 s for a relaxation in
LGT, and the similarity of these values to those found here for both
LGS samples (Table III) supports the hypothesis that a similar
defect is responsible for this relaxation in LGT.

As already mentioned in Sec. V A, Hirschle and Schreuer38

found a peak in LGS with a maximum at 569 °C at 343 kHz, under
the assumption that two peaks are superimposed above 300 °C.
This peak temperature is not greatly different from temperatures of
519 and 510 °C at 343 kHz predicted from the fit parameters for
LGS-01 and LGS-02, respectively (Table III). The activation energy
obtained by Hirschle and Schreuer for this relaxation is
(0.75 ± 0.02) eV.

The activation energies and relaxation times for peak 2, deter-
mined from the separate fits of LGS-01 and LGS-02, are found to be
very close. In order to confirm the same origin of peak 2, we have
calculated the peak temperatures for the frequencies of LGS-01,
using the fit parameters of LGS-02 and compared them with the
peak position of LGS-01. The latter correspond to the measured
values (see Fig. 5). An example of this calculation is shown in
Fig. 12. The frequency corresponds to the fundamental frequency of
LGS-01 (∼850 kHz) and the temperature shift of the resonance fre-
quency is considered. As seen from Fig. 12, the positions of the
maximum are very close to the same (575 °C for LGS-01 and 567 °C
for LGS-02), which indicates that the same physical mechanism is
responsible for peak 2 in both LGS specimens.

Following Johnson et al.,34,37 we interpret this peak as a point
defect relaxation. The relaxation strength is in the typical range of
point defect relaxations with defect concentrations on the order
of 10 ppm.46,62 Because of the closeness of the activation energies
of this point-defect relaxation and the conductivity below 700 °C,
one might suppose that this relaxation and the conductivity involve
the same type of atomic jumps. However, this hypothesis is not
viable, because the dominant conduction mechanism below 700 °C
has been shown to be electronic, rather than ionic.36

For both CTGS-02 and CTGS-03, the values determined here
for the activation energy (0.81 and 0.82 eV, respectively) and the
pre-exponential factor (4.74 × 10−14 and 4.05 × 10−14 s) of peak 2
(Table IV) are close to values reported by Suhak et al.39,42 for a
CTGS crystal from a different source (Institute for Crystal Growth,
Berlin, Germany). This peak is the dominant contribution to the
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loss in both studied CTGS specimens between 280 and 710 °C
(Figs. 7–9). Similar peaks were also previously reported by Johnson
et al.40,41 for Y-cut and singly rotated CTGS resonators and they
were attributed to point-defect relaxations.

Note that the activation energies determined for peak 2 in
CTGS-02 and CTGS-03 (Table IV) are very close to those for peak
2 in LGS (Table III). However, the pre-exponential factors differ by
more than one order of magnitude. Therefore, despite the qualita-
tive similarity of the peaks in these two materials, a hypothesis
that they arise from the same types of defects is not supported
by these data.

Similarly to LGS specimens, we have performed the calcula-
tions of the peak 2 temperatures with the fit parameters of
CTGS-02 and CTGS-03 at a frequency of CTGS-03 (Fig. 13). As
with LGS, the obtained results clearly indicate that the attenuation
at about 430 °C at 6 MHz originates from the same physical

mechanism. Here, the temperature shift is even smaller and equals
about 2 K.

3. Peak 3

The existence of another point defect relaxation that contrib-
utes significantly to the overall loss above 750 °C in CTGS-03 is
suggested as a possible explanation for the inconsistency in param-
eters for piezoelectric/carrier relaxation determined from an initial
fit of Q−1(T) and associated parameters determined from conduc-
tivity measurements (Table II). Similar inconsistencies were
observed in our previous studies of acoustic loss in CTGS39,42 and
LGS.34,37 In these works, expressions for the temperature-
dependent background that increases monotonically with the tem-
perature34,37,39,42 or a superposition of relaxations with a broad
distribution of activation energies34,37 were introduced to improve
fits at the highest temperatures. The physical mechanisms of such a
temperature-dependent background remain unclear. However, it
was suggested for LGS in Ref. 37 that it could be associated with a
dislocation kink migration mechanism. In the current study, the
third peak in CTGS-03 plays a similar role, and its origin (point
defects) is clearer with respect to the physical interpretation.
Although the uncertainty in the fit parameters for this peak is rela-
tively large, these parameters are consistent with the typical values
reported for relaxations of point defects.51

If this hypothesis of the presence of a third point-defect relaxa-
tion is correct, the fit provides evidence that the relaxation has a
maximum near 847 °C, and has the most pronounced contribution
to the overall Q−1 in CTGS-03, operated near 5MHz, in a very
narrow temperature range between 800 and 840 °C. The contribution
in this range is nearly equal to those from the piezoelectric/carrier
relaxation and temperature-independent background (Fig. 9).

The operating frequencies of CTGS-02 are higher and the
maximum of peak 3 is expected to be at 868 and 1010 °C for 6 and
18MHz, respectively, assuming the same activation energy and pre-
exponential factor as determined from the fit of CTGS-03. Since
the measurements of CTGS-02 extended only to 860 °C and the
data for the temperatures between 580 and 820 °C were missing for
6 MHz, this could potentially explain why no clear evidence of this
relaxation was found for the CTGS-02 specimen. However, espe-
cially considering that the extracted piezoelectric/carrier activation
energy of 0.998 eV for CTGS-02 (Table IV) was lower than that
expected from the conductivity data of both CTGS-01 and
CTGS-03 (Table II) and lower than that determined from the fit of
Q−1 of CTGS-03 (Table IV), the loss at the highest temperatures in
CTGS-02 could be a superposition of the piezoelectric/carrier
relaxation and a third point-defect peak with a lower activation
energy similar to that found for peak 3 in CTGS-03.

C. Akhiezer damping and contact loss

Intrinsic Akhiezer (phonon–phonon) loss often serves as the
limiting factor for Q in high-quality piezoelectric crystals with
effective vibrational trapping at temperatures below ∼100 °C and
frequencies in the low megahertz range. Since this loss is approxi-
mately proportional to frequency in this range, it is convenient,
when compared with resonators, to consider the Qf product, which

FIG. 13. Calculated peak maxima at 6 MHz using the fit parameters for
CTGS-02 and CTGS-03 (see text for details).

FIG. 12. Calculated peak maxima at 850 kHz using the fit parameters for
LGS-01 and LGS-02 (see text for details).
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is approximately constant for a given crystal at megahertz frequen-
cies, if Akhiezer loss is dominant.

Smythe et al.56 found the highest Qf product of a set of
unplated plano-convex LGS resonators to be approximately
1.3 × 1013 Hz, corresponding to a value of 3.8 × 10−7 for the intrin-
sic Akhiezer Q−1 at 5 MHz. Since this value of Q−1 is almost three
orders of magnitude smaller than the lowest values of Q−1 in
LGS-01 and LGS-02 (Figs. 5 and 6), Akhiezer loss has not been
included in the fitting of these data. Similarly, the minimal mea-
sured loss in CTGS-03 is approximately two orders of magnitude
greater than the expected range of Akhiezer loss63 and, therefore, is
not considered in the fit. The only specimen in this study for which
the measured loss approaches the expected range of Akhiezer loss is
CTGS-02. However, with this loss term included in the fit of the loss
of this specimen, the optimized output sets B to zero. This result is
qualitatively similar to that obtained by Johnson et al.37 from a fit of
the loss of an LGS specimen where the extracted Akhiezer factor B
was not zero but still unrealistically small. These authors pointed out
that an accurate determination of B will be confounded in the pres-
ence of substantial contact loss, because contact loss is not actually
frequency independent (as approximated by the constant term C0).
As reflected, for example, in the frequency dependence of Qf prod-
ucts for plano-convex LGS, LGN, and LGT measured by Smythe
et al.,56 contact loss is generally higher at lower frequencies, due to
less efficient vibrational trapping. Therefore, the assumption of fre-
quency independence of C0 will lead to a reduction in the magnitude
of the Akhiezer term extracted from a fit of Q−1. This explanation
for the unrealistic value of zero determined for B in the fit of the
CTGS-02 loss is supported by the signs of the deviations of the fit
from the data at the two harmonics shown in Fig. 7: the data are
above the fit at 6MHz and below the fit at 18MHz, consistent with
a higher contact loss at a lower frequency. Specifically, the average
ratio of the Q−1 at 6MHz to that at 18MHz at temperatures below
80 °C is 1.15, consistent with a frequency dependence of approxi-
mately 1/f−0.12.

The situation with CTGS-02 is different than that found for
the LGT sample,37 which was measured with the same experimen-
tal system at the NIST but found to have a contact loss that was an
order of magnitude smaller than the Akhiezer loss at 10 MHz.
The substantial difference in these results may be attributed to the
fact that the LGT resonator has a plano-convex, rather than a
plano-plano, surface and, therefore, has more effective trapping of
vibrations away from the points of mechanical support. In both the
CTGS-02 and the LGT samples, the losses associated with mechan-
ical contact and phonon–phonon interactions play minor roles at
elevated temperatures, where the relaxations of point defects and/or
piezoelectric/carrier relaxation are dominant.46,47,49

D. Overall losses of different samples

Reported acoustic loss of LGS resonators at ambient and ele-
vated temperatures is generally higher than that of other crystals of
the langasite family.37,40,56 The measured Q−1(T) of LGS-02 speci-
men in this study is, however, almost an order of magnitude
greater in the range of 200–500 °C than in the data reported in
Refs. 33 and 37, which were acquired with noncontacting electrodes
and relatively little mechanical contact. The differences in measured

losses could be associated with greater mechanical contact and/or
platinum electrodes that were used for measuring this LGS speci-
men in the current study. The constant terms extracted from the fit
of the LGS-01 loss is two orders of magnitude greater than that
obtained for the CTGS-02 crystal, which were measured with non-
contacting electrodes.

The LGS-01 shows the highest losses among all the studied
samples. We note, however, that the influence of piezoelectric/
carrier relaxations, superimposed with the point defect relaxation,
is significant in the measured temperature range of LGS-01, as dis-
cussed above. Furthermore, the electrodes on platinum LGS-01 and
the mechanical contact are also expected to contribute to the
overall loss, similarly to LGS-02.

Further, a temperature analysis of Q−1 in LGS-02 reveals
relatively high defect-related loss contributions in the range of
200–450 °C, compared with other samples in this study, as reflected
in the much greater relaxation strength, Δ1 of LGS-02 in Table III.
However, note that this will not necessarily be the case for all LGS
samples, since, as shown in Ref. 35, peak 1 can be eliminated by Sr
doping.

The overall loss of both CTGS specimens has a temperature
dependence similar to that reported in previous studies.31,39–42,64

The conductivity-related loss is much less than that in LGS, and
the primary point-defect relaxation below 800 °C has a maximum
between the temperatures of the point-defect peaks in LGS and
LGT.

The LGT resonator has the lowest Q−1(T) of the samples in
this study in the range of 160–485 °C and the lowest value of the fit
parameter C0. The lower value of C0 is consistent with the plano-
convex contour of this resonator effectively reducing the vibrational
amplitude at the contact points near the edge.

VI. CONCLUSIONS

The temperature-dependent Q−1 was studied in structurally
ordered catangasite and partially disordered langasite and com-
pared with our results previously reported for langatate and data
on langasite reported by other researchers.

The measurements and analysis of data from the langasite
specimen LGS-01 with fundamental frequency near 850 kHz
revealed a broadly temperature-dependent loss between 400 and
1100 °C, which is attributed primarily to a superposition of a point-
defect relaxation and two independent piezoelectric/carrier relaxa-
tions that arise from ionic and electronic conduction mechanisms.
These peaks are superimposed on a contribution associated with
mechanical contact and electrodes, approximated in the analysis as
independent of temperature and frequency. The maxima of
conductivity-related losses at about 720 and 770 °C are also
expected from independent measurements of the conductivity and
dielectric constant. The activation energies and the pre-exponential
relaxation times of the piezoelectric/carrier relaxations and conduc-
tivity are found to be close to the same, and the piezoelectric/
carrier relaxation strength is also found to be consistent with an
estimate based on the measured dielectric constant and previously
reported piezoelectric and elastic constants.

As in LGS-01, a point defect relaxation peak and two
piezoelectric/carrier relaxation peaks are observed in the Q−1(T) of
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LGS-02. Since the fundamental frequency of this specimen is
5.4 MHz (at room temperature), all three peaks are shifted toward
higher temperatures. For the point-defect relaxation, the activation
energy, pre-exponential constant, and relaxation strength are found
to be close to those determined for LGS-01, indicating similar den-
sities of the defect species responsible for this relaxation. For the
piezoelectric/carrier relaxations, the fit activation energies, relaxa-
tion times, and corresponding temperatures of the peak maxima
are close to those predicted from conductivity measurements. The
fit relaxation strength of piezoelectric/carrier relaxations is,
however, found to be 2.5 times lower than that predicted from
dielectric, piezoelectric, and elastic constants. This difference is
attributed primarily to uncertainty in the piezoelectric coefficient.

In both studied CTGS specimens, a peak in Q−1(T) with a
maximum between 400 and 500 °C is observed at frequencies
between 5 and 18MHz. In CTGS-02, a much smaller peak with a
maximum near 250 °C is also present. This lower-temperature peak
is not apparent in CTGS-03, since the measurements of this speci-
men were performed only above 225 °C. The general form of peaks
and their dependence on frequency and temperature leads to the
conclusion that the source of these peaks is defect-related relaxations.
The rapid increase in loss above 650 °C for both CTGS specimens is
interpreted as originating primarily from piezoelectric/carrier relaxa-
tion. The maximum of this contribution, calculated from the con-
ductivity measurements, is expected to lie above the melting point of
CTGS. For CTGS-03, the inclusion of an additional point-defect
relaxation with a fit maximum at about 847 °C led to more credible
extracted parameters for the piezoelectric/carrier contribution to
Q−1(T). For CTGS-02, the maximum of this third peak is expected
to occur just above the measured temperature range, so that extrac-
tion of parameters for this potential peak separately from those of
the piezoelectric/carrier relaxation parameters is impractical.

The constant contributions to the fits of Q−1 are found to be
much smaller for measurements of CTGS-02 with noncontacting
electrodes than for measurements of CTGS-03, LGS-01, and
LGS-02 with deposited platinum electrodes. The greater contribu-
tions of this type in measurements with contacting electrodes is
interpreted here as arising primarily from the radiation of acoustic
energy into the electrical leads and supporting structure. However,
anelastic loss in the platinum may also be significant.

With the constant fit term subtracted from the data from each
specimen, the loss in the CTGS specimens measured at both the
NIST and the Clausthal University of Technology is found to be
much less than that in both LGS specimens at all measured temper-
atures, except for a small temperature range near the maximum of
the largest point-defect peak in CTGS (near 430 °C). The greater
loss in LGS at higher temperatures is due to a combination of a
higher conductivity and the presence of a point-defect peak with a
relaxation strength more than an order of magnitude greater than
the largest point-defect peak observed in CTGS. Similarly, high loss
in LGS-02 below 400 °C is attributed to a point-defect peak with a
relaxation strength that is two orders of magnitude greater than
that of a point-defect peak in CTGS-02 in this temperature range.
While one might be tempted to conclude from these results that
the greater loss in LGS, relative to CTGS, is generally associated
with the partially disordered crystal structure of LGS, this broad
conclusion is not supported by a comparison of the CTGS loss

with that of LGT, which is also a disordered crystal. The measured
loss of the LGT specimen at intermediate temperatures (from 160
to 485 °C) is lower than that of the CTGS-02 measurements with
the constant term subtracted and, also, lower than those of all pre-
viously reported losses in other crystals in the langasite family. The
material loss in this temperature range is found to be dominated by
point defect relaxations, the presence of which is apparently not
determined by the fundamental order or disorder of the crystal. On
the other hand, the lower conductivity and associated loss of CTGS
at the highest measured temperatures, relative to LGS, is largely
attributable to the order of the crystal.

The minimization of the influence of point defects and
conductivity-related relaxations at a given anticipated application
temperature could be achieved by an appropriate choice of operat-
ing frequencies either by tailoring the fundamental mode frequency
or by the use of higher harmonics.

It is still to be determined what type of point defects are
responsible for relaxation peaks observed in CTGS, LGS, and LGT.
Full impurity analyses will need to be performed on specimens to
identify correlations of defect concentrations with Q−1. Such research
will need to consider that point-defect concentrations even at ppm
levels can introduce significant contributions to the loss and conduc-
tivity, and the symmetry and associated anelastic contributions of
defects can change when charge states of defects change.
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