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Structural disorder and loss of piezoelectric properties in a-quartz
at high temperature
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The piezoelectric properties ef-quartz-based resonators, characterized by the mechanical quality
factor, Q, are found to degrade beginning above 300 °C. This is well below the transition at 573 °C
to the 8 phase, which in principle limits the piezoelectric response of this material. This gradual loss
of piezoelectric response can be linked to the increase in structural disordeguartz found in

total neutron scattering measurements. Analysis of these data by reverse Monte Carlo modeling
indicates that between 200 and 400 °C, the local disorder in the instantaneous struetupeantz
becomes comparable to that gfquartz. © 2002 American Institute of Physics.
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a-Quartz is the most commonly used piezoelectric ma- k= 7/2[(f,—f,)/f,]*2 2
terial at the present time. Its performances are limited at high

temperature, which has important repercussions for applicgyhereL is the self-inductance aridis the resistance of the
tions as components in microbalances, high-temperaturgsonator and, andf, are the frequencies of resonance and
pressure sensors, and field-test viscometers. Piezoelecttgti-resonance. The mechanical quality factor is very sensi-
properties are limited by the-g8 phase transition at 573°C, tjye to structural disorder and defects in the material and
at which the piezoelectric constadt; vanishes andl;4 re-  characterizes the purity of the spectral signal.
mains as the only piezoelectric constant gfquartz’ The piezoelectric response of ATathermal, i.e.,
Structure-property relationships have been developed for3g 15° y-rotated cut cut, a-quartz resonator¢C-MAC
a-quartz homeotypes at ambient temperafufeThe piezo-  Frequency Productsvas measured with a Hewlett—Packard
electric response was found to be a function of the structurag7s53a network analyzer using the third harmonic signals at
distortion of a material with respect to tifequartz structure  jpse to 10 MHz. High-temperature experiments were per-
type. This distortion im-quartz can be described in terms of f5rmed in a controlled temperature furndce0.5 °C) and the
the intertetrahedral SIO-Sibridging angled and the SiQ  temperature measured with a thermocouple. Electrical con-
tetrahedral tilt angles, which is the order parameter for the tacts with the electrodes on the resonator and its base were
a-B phase transitiorinoté’ that for a-quartz at room tem- made using a high-temperature, silver containing, conducting
perature,6=143.6°, 6=16.4° and forp-quartz at 848 K, nolyimide resin(Epotecny P20D The Q andk values were
6=153.3°, 6=0°). Up to thepresent, no detailed studies gptained from the average of data from three high-
have been performed, which correlate the piezoelectric propemperature runs on two different resonators. Reproducible
erties ofa-quartz at high temperature to its crystal structure,,51yes were obtained both on heating and cooling runs.
in spite of the importance of such results for understanding  The distribution functions of the order parameigrand
the or_igin of the observed high-temperature behavior of thighe intertetrahedraD—O—0Oangles at each temperature were
material. _ _ _ obtained by reverse Monte Car[@MC) modeling of total
The piezoelectric properties of anquartz resonator can neytron scattering daf#. Total scattering contains both the
be characterized in terms of two quantities, the mechanica,j;ragg and diffuse scattering signal from the sample and is
quality factor,Q, which is a measure of the quality of the sensitive to the average structupéa interpretation of the
resonator with respect to, for example, acoustic attenuationy|astic Bragg signaland instantaneous structural correla-
and the electromechanical coupling coefficienThese two  tjons (via Fourier transformation of the so-called “total scat-

properties are defined as follows: tering structure factorl®). Here, total neutron scattering
data, corrected in the usual wHywere obtained from quartz
Q=27Lf,/R, (1) powder using the LAD diffractometer at ISIS at a number of

temperatures between 20 and 1073 K. Three-dimensional
aAuthor to whom correspondence should be addressed; electronic maistructural models. were refined using RMC modefifg.
jhaines@Ipmc.univ-montp2.fr These models, which are ¥A.0X 10 supercells of the quartz
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FIG. 2. Distribution functions of the tilt anglé in quartz as a function of
temperature. Note that at temperatures of 590 and 700 °C, the material is in
the B-quartz form.

FIG. 1. Quality factorQ(®) and piezoelectric coupling constakt1) of
AT-cut a-quartz resonators as a function of temperature.

unit cell, are essentially a “snapshot” of the disordered struc-
ture, and are consistent with the Rietveld refined averagg&lowly up to 400 °C, while the full width at half maximum of
structure, the measured pair correlation functions, and ththe distribution increases by 50% between 20 and 400 °C.
local network topology. The distributions éfand the inter- The effect of thermally induced disorder is particularly
tetrahedral O—O—0 angles were extracted directly from marked in the distributions of the intertetrahed@-O-O
these models. The former were obtained by projecting eachngles(Fig. 3), which represent the relative orientations of
SiO, tetrahedron onto tha-b plane and calculating the an- interconnected tetrahedra at any instant in time. Whereas the
gular deviation from the ideab=0 projection. The latter distribution of 5 angles at each temperature reflects the varia-
were obtained by calculating the angle defined by each set é¢fon of individual tetrahedra with respect to the crystallo-
three oxygen atoms that had two O—O distances less than tiggaphic axes, the intertetrahed@-O—Oangle distribution
first minimum in the O—O partial radial distribution func- shows how neighboring tetrahedra are arranged, implicitly
tions. containing the distribution of SiO-Sibridging angles and
Piezoelectric measurements were performed between 28trahedral torsional angles. Th®—-O-O distribution is
and 450 °C. The piezoelectric coupling constlamétained a

constant value of close to 8% over this temperature range. I T T T

The high-quality resonators studied h&dvalues of over T(°C

150 000. A decrease in th@ value was found to begin above G

300 °C(Fig. 1) and theQ values obtained above 400 °C are M

characteristic of a poor resonator. It has been known for

many decadéghat thed,; piezoelectric constant af-quartz 00

begins to decrease gradually at temperatures above 200 °C. % 590

The known, time-averaged struct(iref a-quartz does not 8 )
. . . . S 570

provide an explanation for this behavior, as the order param- s

eter § only decreases gradually from 16.4° to 13.2°, for ex- 2 520

ample, between 25 and 424 °C. a 400
The origin of the deterioration of the piezoelectric re- &

sponse ine-quartz might be expected, in contrast, to arise 200

from local instantaneous structural disorder, which can be

characterized by bond length, bond angle, tilt arglig. 2)

and intertetrahedraD—O—Oangle(Fig. 3 distributions ob-

tained from total neutron scattering measurements. This is 1 ) ] ] ]

supported by the fact that th@ factor, which is very sensi- 80 100 120 140 160 180

tive to structural disorder and defects, decreases rapidly Intertetrahedral O-0-O angle (°)

above 300 °C, whereds which has been correlated to the
static average valée® of 8, remains constant. An explana- FIG. 3. Distribution functions of the intertetrahedr@-0-O angle in

: : ; i otri_ Quartz as a function of temperature and thosg ofistobalite(C) and silica
tion for the latter can be obtained from the tilt angle distri glass(G). Note that temperatures of 590 and 700 “C corresponglquartz

butions, in which the average value &fs found to decrease ,pqintratetrahedralo—O—Oangles form a peak centered @& 60° (not

ver shown).
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therefore a very good measure of the degree of instantaneotransition can be related to increased structural disorder as
local disorder. At lower temperatures, the instantaneousharacterized by total neutron scattering.

structure ofae-quartz is characterized by distributions about a ,

few well-defined intertetrahedral angles. A major change oc- 1 he authors would like to thank C-MAC Frequency
curs in the interval between 200° and 400°, at which point>roducts for providing the AT-cuz-quartz resonators and
the distribution becomes very broad. In addition, it is rela-2F E- Philippot(LPMC, Montpelliej for his comments on
tively insensitive to further increases in temperature. No sig{N€ manuscript.
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