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It is one of the most common minerals in the Earth’s crust, 
and SiO2 is the major oxide component of Earth’s interior. 
Quartz is widely used in technical applications as an oscil-
lator and piezoelectric material (Ballato 2008). Quartz and 
its many polymorphs exhibit a rich and complex response 
to compression (Hemley et al. 1994). The elastic properties 
of quartz at high pressure are important for understanding 
its sound velocities, mechanical behavior, and phase transi-
tion mechanism.

α-Quartz is the stable polymorph of SiO2 at ambient 
conditions and has trigonal symmetry (space group P3121 
or P3221). The structure of quartz can be described as 
a framework of SiO4 tetrahedra forming a pair of spiral 
chains running along the c-axis. At ambient conditions, the 
bulk modulus of quartz is ~37 GPa, so the structure is more 
compressible than many other silicates. It is also aniso-
tropic as the a axis is ~50 % more compressible than c-axis 
(Hazen et al. 1989; Angel et al. 1997). The high-pressure 
behavior of quartz has been studied previously in a num-
ber of single-crystal X-ray diffraction studies (Levien et al. 
1980; Hazen et al. 1989; Glinnemann et al. 1992; Angel 
et al. 1997). Compression is primarily taken up by changes 
in Si–O–Si angles and inter-tetrahedral O–O distances. The 
SiO4 tetrahedra are largely incompressible, but distortion of 
the tetrahedra increases with pressure. By 15 GPa, the oxy-
gen ions approach a close-packed configuration, and the 
c-axis channels are nearly closed (Hazen et al. 1989).

Under high pressure–temperature conditions, quartz 
transforms to coesite at ~2.5 GPa and 900 K (Mirwald  
and Massonne 1980). When compressed at room tempera-
ture, quartz persists metastably to above 20 GPa. X-ray 
diffraction experiments originally reported that α-quartz 
undergoes pressure-driven amorphization at 15–35 GPa and 
300 K (Hemley et al. 1988; Kingma et al. 1993b; Williams 
et al. 1993). Later an angle-dispersive X-ray diffraction 
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experiment found that α-quartz transformed to a new phase 
(quartz II) with an unknown structure at 21 GPa and subse-
quently became amorphous above 30 GPa (Kingma et al. 
1993a). At 40 GPa, a new monoclinic structure built up of 
zigzag chains of SiO6 octahedra was synthesized (Haines 
et al. 2001). The response of quartz to compression appears 
to be sensitive to experimental conditions (e.g., amount of 
shear stress, rate of compression), and the resultant phases 
are difficult to study as they may be poorly crystalline and/
or heterogeneous. Theoretical calculations indicate that 
quartz exhibits elastic softening and phonon instabilities 
which may be driving forces for amorphization and phase 
transitions (Binggeli and Chelikowsky 1992; Binggeli et al. 
1994).

While numerous studies of the elastic constants of quartz 
have been performed at ambient pressure (McSkimin et al. 
1965; Every and McCurdy 1992; Holm and Ahuja 1999; 
Heyliger et al. 2003; Lakshtanov et al. 2006; Ohno et al. 
2006; Ogi et al. 2006; Tarumi et al. 2007), the high-pres-
sure elasticity of quartz is poorly constrained (McSkimin 
et al. 1965; Wang et al. 1992; Gregoryanz et al. 2000; 
Choudhury and Chaplot 2006; Kimizuka et al. 2007; Cal-
deron et al. 2007). High-pressure experimental studies by 
Brillouin scattering (Gregoryanz et al. 2000) and ultrasonic 
techniques (McSkimin et al. 1965; Wang et al. 1992; Calde-
ron et al. 2007) show large inconsistencies with each other 
and with the results of theoretical studies using density 
functional theory (DFT) (Choudhury and Chaplot 2006; 
Kimizuka et al. 2007). Here, we report the single-crystal 
elasticity of α-quartz up to 10 GPa under hydrostatic com-
pression by Brillouin spectroscopy to resolve discrepancies 
in previous studies and to better understand the mechanical 
response of quartz to compression.

Experimental details

Experiments were performed using optical-grade single 
crystals of synthetic untwined quartz (MTI Corporation). 
Two orientations were used: x-cut (110) and z-cut (001). 
The samples were characterized by Raman spectroscopy 
and X-ray diffraction to confirm the quality of the crystals. 
The unit cell parameters of the sample at ambient condi-
tions are as follows: a = 4.914 Å and c = 5.405 Å with 
density 2.648 g/cm3.

Crystal platelets of ~100-µm diameter were double-side-
polished to ~35-µm thickness. The platelets were loaded 
into wide-angle diamond anvil cells (DAC) with 500-µm 
diameter culets. A 16:3:1 methanol–ethanol–water (MEW) 
mixture was used to provide a hydrostatic medium for 
experiments up to 10 GPa (Angel et al. 2007). Four rubies 
were distributed around the sample as pressure markers 
using the ruby fluorescence technique (Mao et al. 1986). At 

each pressure step, the diamond cells were adjusted until 
pressures were the same for each platelet to within about 
0.1 GPa. The ruby peaks remained sharp at all pressures 
with peak widths only slightly broadened relative to ambi-
ent values. Pressures from four different ruby positions 
around the sample are in agreement to within 0.3 % or bet-
ter up to highest pressure measured. In order to allow for 
pressure stabilization, at least 6 h elapsed after each pres-
sure change before beginning the Brillouin measurements.

For each platelet, Brillouin spectra were collected at 
room temperature in four pressure steps up to 10.2 GPa. All 
spectra were measured in a symmetric forward scattering 
geometry with an angle of 35° between the incident and 
scattered beam. A 150-mW solid-state laser (532.15 nm 
wavelength) was used to excite Brillouin spectra. The 
scattered radiation was collected using a six-pass tandem 
Fabry–Perot interferometer. Spectra were typically col-
lected at 10° intervals over a 180° range at each pressure 
step. The average exposure time for each measurement was 
5–10 min. In the forward symmetric scattering geometry, 
the acoustic velocity, V, can be determined independent of 
the refractive index of the sample at high pressure (Whit-
field et al. 1976). The measured Brillouin frequency shift, 
Δν, is related to acoustic velocity V through the relation: 
V = Δνλ0/2sinθ, where λ0 is incident laser wavelength and 
θ is the scattering angle. Figure 1a shows a representative 
Brillouin spectrum collected at 4.4 GPa. There are peaks 
corresponding to a quasi-longitudinal mode (VP), the pres-
sure medium (MEW) and a quasi-transverse mode (VS1). 
We estimate there is ±0.5–1 % uncertainty in the measured 
velocities based on measurements of calibrated standards. 
Further details regarding the Brillouin scattering system 
can be found elsewhere (Speziale and Duffy 2002).

Results and discussion

At all pressures, we detected two modes (one quasi-longitu-
dinal and one quasi-shear) in the (110) platelet (x-cut) and 
either two or three modes (two quasi-shear and one quasi-
longitudinal) in the (001) platelet (z-cut). The absence of 
one of the two shear modes in some directions may result 
from weak elasto-optic coupling. Overlap of shear modes 
with peaks of the pressure medium also occurred in cer-
tain directions for pressures below 7 GPa. In addition, 
the refractive indices of quartz and the pressure medium 
become nearly identical around 8 GPa restricting measure-
ments in this range due to inability to visualize the sample.

Quartz has six independent elastic constants: C11, C33, 
C12, C13, C14 and C44. At each pressure, the elastic tensor 
was determined through the nonlinear least-squares inver-
sion of the Christoffel equation (Every 1980). The inver-
sion process was iterative. Initially, the Cijs of quartz were 
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estimated from linear extrapolation of lower pressure val-
ues, and the orientations of the planes were fixed during 
initial inversion. The resulting Cij values were then further 
refined by allowing the orientation of the x-cut plane to 
vary slightly (~1°–2°) while either holding the Cijs fixed or 
allowing them to vary simultaneously as well. The lack of 
anisotropy normal to [001] precluded including the orienta-
tion of the z-cut plane in the inversion.

An iterative procedure was also adopted to refine the ini-
tial density model, and the individual and aggregate moduli. 
The elastic moduli of quartz at ambient conditions have 
been measured in many studies and are well constrained. We 
used the average of twelve previous measurements reported 
in the Landolt–Börnstein Tables (Every and McCurdy 
1992) which are also consistent with more recent measure-
ments (Heyliger et al. 2003; Ogi et al. 2006; Ohno et al. 

2006; Lakshtanov et al. 2006; Tarumi et al. 2007). Voigt 
and Reuss bounds on the aggregate bulk and shear moduli 
and Voigt-Reuss-Hill averages (Hill 1963) were computed 
from the individual moduli at ambient and high pressure. 
We then fit a third-order finite-strain equation (Birch 1978) 
to the Reuss bound of the bulk modulus in order to obtain 
the ambient-pressure adiabatic (Reuss) bulk modulus, K0S, 
and its pressure derivative, Kʹ0S = (∂K0S/∂P)T. These val-
ues were then corrected to corresponding isothermal values 
K0T and Kʹ0T using known thermodynamic parameters for 
quartz (Table 1). The expressions used for this calculation 
are given elsewhere (Speziale and Duffy 2002; Zouboulis 
et al. 2014). The resulting Reuss bound on the isothermal 
bulk modulus together with its pressure derivative was used 
to calculate densities at high pressure using the Birch-Mur-
naghan equation:

These new density values were then used to compute a 
refined set of Cijs, and the procedure was iterated until con-
vergence. The difference between initial and final densities 
was less than 0.3 % at all pressures. The final sets of elastic 
constants and density values are listed in Table 2. Figure 1b 
shows the measured velocities at a representative pressure 
compared with calculated values from the best-fitting elas-
tic constants. The quality of the fit is good as demonstrated 
by the low root-mean-square (RMS) difference between the 
observed and calculated velocities (Table 2).

α-Quartz is a piezoelectric material. For such a material, 
an applied stress creates an electric field as well as a strain 
field in the crystal. Incorporation of the piezoelectric effect 
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Fig. 1  a Brillouin spectrum for x-cut quartz at 4.4 GPa. VS1, quasi-
transverse acoustic mode; VP, quasi-longitudinal acoustic mode; 
MEW methanol–ethanol–water mixture. The measured Brillouin 
frequency shift has been converted to acoustic velocity. b Measured 
velocity data for quartz at 4.4 GPa as a function of crystal direction. 
Symbols experimental data; solid line best-fitting velocity curves. 
Azimuthal angles are measured relative to an arbitrary initial value. 
VP: Quasi-longitudinal acoustic mode; VS1 and VS2: Quasi-transverse 
or transverse acoustic modes

Table 1  Thermoelastic parameters of quartz

Grüneisen parameter is calculated using γ = αKS0/(ρ0CP), where ρ0 is 
density at ambient conditions

KT0: isothermal bulk modulus at ambient pressure

KT0′: pressure derivative of the isothermal bulk modulus at ambient 
pressure

Parameter Value Reference

Thermal expansivity, α 4.31 (4) × 10−5 K−1 Ackerman and  
Sorrell (1974)

Specific heat, CP 746.3 (1) J kg−1 K−1 Hemingway (1987)

Grüneisen parameter, γ 0.84 (7) Calculated

(∂KT/∂T)P0 −0.014 GPa K−1 Ohno (1995)

KT0 37.12 (9) GPa Angel et al. (1997)

KT0′ 5.99 (4) Angel et al. (1997)

KT0 37.4 (6) GPa This study

KT0′ 6.2 (2) This study
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requires consideration of piezoelectric stress–strain equa-
tions, which depend on the piezoelectric stress constants 
and the dielectric tensor. Quartz has two independent pie-
zoelectric and two independent dielectric constants. Studies 
at ambient pressure have shown that elastic constants dif-
fer by at most 0.5 % due to incorporation of piezoelectric-
ity in the Christoffel equation (Ohno 1990). As a result, we 
have ignored the effects of piezoelectricity in this study as 
was also done in previous high-pressure elasticity studies 
(Gregoryanz et al. 2000).

The elastic constants of quartz at high pressure are 
shown in Fig. 2. C11, C33, C12, and C13 all increase strongly 
with pressure, whereas C44 shows only a weak increase. C14 
and C66 [defined as 1/2(C11 − C12)] decrease with compres-
sion. The (one sigma) uncertainties for individual Cijs at 
each pressure are given in Table 2. Our measurements pro-
vide the tightest constraints on the longitudinal moduli, C11 
and C33, and the shear modulus, C44, and their uncertainties 
are within 2 %. The uncertainties are larger and more vari-
able for the off-diagonal moduli. At 1.5 GPa, the uncertain-
ties in the Cijs are larger because velocities in some direc-
tions could not be measured due to overlap between the 
slow shear wave and pressure medium peaks for the z-cut 
platelet. This results in covariance among the fitted elastic 
constants, and as a result, C12 is poorly constrained at this 
pressure.

The individual Cijs were fit to third-order finite-strain 
equations (red curves in Fig. 2) using (Birch 1978):

where f = (1/2)
[

(V0/V)2/3
− 1

]

. C0
ijlk and C′

ijlk are the 
ambient-pressure elastic constants and their pressure 

(1.2)Cijkl(f ) = (1 + 2f )7/2
[C0

ijkl + b1f ] − P∆ijkl,

(1.3)b1 = 3K0(C
′

ijkl + ∆ijkl) − 7C0
ijkl,

(1.4)∆ijkl = −δijδkl − δikδjl − δilδjk ,

derivatives. δij is the Kronecker delta. The relationship 
between the 4-subscript and 2-subscript notations for elas-
tic constants is described in Nye (1984).

The resulting values for the pressure derivatives of the 
Cijs are compared with results from previous ultrasonic and 
Brillouin data in Table 3. Ultrasonic studies (McSkimin 
et al. 1965; Wang et al. 1992; Calderon et al. 2007) show 
wide variability in reported pressure derivative values. 
Considering just the elastic constants that can be deter-
mined by direct ultrasonic measurements in a single direc-
tion (C11, C33, C44, and C66), these studies show variations 
of 16–42 % for pressure derivatives of the longitudinal 
moduli and 47–269 % for pressure derivatives of the shear 
moduli. In contrast, the corresponding ambient-pressure 
moduli show only ~1 % differences among these studies. 
It has been shown previously that the accuracy of pressure 
derivatives of Cijs from ultrasonic studies at modest pres-
sure (~0.2 GPa or less) is often not reliable (Duffy et al. 
1995), likely due to the limited pressure range of the meas-
urements which cannot accurately capture the pressure 
dependence. Using a piston-cylinder device, Calderon et al. 
(2007) extended ultrasonic measurements to 1 GPa and 
these exhibit agreement with our pressure derivatives for 
some moduli (C12, C44), but significant disagreement with 
others (C33) (Table 3). Thus, it appears that low-pressure 
(1 GPa or less) ultrasonic measurements cannot be used to 
obtain reliable pressure derivatives of the elastic moduli for 
extrapolation to higher pressure. More recently, Wang et al. 
(2011) used a broadband spectroscopy method in a multi-
anvil press to measure two elastic moduli, C33 and C44, of 
quartz up to 4.7 GPa. Our C33 and C44 values at a similar 
pressure (4.4 GPa) are 1.7 and 1.3 % higher, respectively, 
than those reported in Wang et al. (2011). Our measure-
ments of individual Cijs at high pressure are compared in 
Fig. 2 to a previous high-pressure Brillouin study (Grego-
ryanz et al. 2000) and DFT calculations (Choudhury and 
Chaplot 2006; Kimizuka et al. 2007). Our results are quite 
different from (Gregoryanz et al. 2000) especially for C33, 

Table 2  Elastic constants of α-quartz

For Cijs, numbers in parentheses represent one standard deviation uncertainties in the last digit(s)

Ambient values are an average of 12 previous studies compiled in Every and McCurdy (1992)

K0S and G0 refer to Voigt-Reuss-Hill averages of the individual elastic moduli

ANSI/IEEE Standard 176-1988 is used to assign the sign of C14

RMS root-mean-square deviation between measured and best-fit velocities

P (GPa) ρ (g/cm3) C11 (GPa) C33 (GPa) C12 (GPa) C13 (GPa) C14 (GPa) C44 (GPa) K0S(GPa) G0 (GPa) RMS (km/s)

10−4 2.648 86.6 (3) 106.4 (12) 6.74 (9) 12.4 (16) 17.8 (3) 58.0 (7) 37.8 44.4

1.5 2.742 90.3 (8) 122.3 (15) 15.4 (100) 23.7 (21) 10.7 (10) 62.4 (10) 48.3 46.8 0.087

4.4 2.897 103.4 (3) 160.1 (10) 35.6 (6) 38.9 (10) 3.8 (7) 63.6 (4) 64.2 47.4 0.040

6.9 3.004 115.7 (20) 190.6 (19) 47.1 (20) 50.6 (14) 0.3 (1) 65.4 (5) 77.0 49.4 0.058

10.2 3.120 127.5 (5) 217.0 (10) 61.3 (7) 62.0 (12) −1.9 (8) 65.9 (3) 89.6 49.2 0.054
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Fig. 2  a–d Elastic constants of α-quartz as a function of pressure. 
Filled red symbols are from this study, and red lines are third-order 
finite-strain equation fits (solid) extrapolated to 20 GPa (dashed). 
Data at ambient conditions (open red symbols) are from an average of 
previous studies reported in (Every and McCurdy 1992). Black lines 

show result from previous Brillouin measurements (Gregoryanz et al. 
2000). Green (Choudhury and Chaplot 2006) and blue (Kimizuka 
et al. 2007) lines are from theoretical DFT calculations. In (d), the 
elastic modulus C66 is given by 1/2(C11 −C12)

Table 3  Pressure derivatives of elastic moduli of α-quartz at ambient conditions

Ultrasonic = ultrasonic pulse echo overlap technique

DFT Density functional theory, Pmax maximum pressure

The ∂Cij/∂P of previous Brillouin and ultrasonic experiments are taken from those reported in Calderon et al. (2007), whereas values from DFT 
studies were calculated by fitting the calculated elastic constants to third-order finite-strain equations

Pressure 
derivative

This study 
(Brillouin)

Gregoryanz et al. 
(2000)  
(Brillouin)

Calderon et al. 
(2007)  
(ultrasonic)

Choudhury and 
Chaplot (2006) 
(DFT)

Kimizuka et al. 
(2007)  
(DFT)

Wang et al. 
(1992)  
(ultrasonic)

McSkimin et al. 
(1965)  
(ultrasonic)

∂C11/∂P 5.3 (2) 5.24 3.8 6.4 5.7 3.81 3.28

∂C33/∂P 12.9 (4) 17.2 7.6 11.7 11.0 9.51 10.84

∂C12/∂P 5.7 (3) 0.14 5.7 3.8 3.7 9.80 8.66

∂C13/∂P 5.2 (3) 9.21 4.0 3.8 4.4 3.34 5.97

∂C14/∂P −1.7 (3) −0.73 −1.2 −1.8 −1.7 −3.96 −1.93

∂C44/∂P 1.5 (1) −1.62 1.8 0.7 1.1 1.84 2.66

∂KS/∂P 6.2 (2) 6.5 4.7 5.9 4.9 5.6 6.3

∂G/∂P 0.9 (1) 0.78 0.88 1.2 1.1 1.77 0.49

PMax (GPa) 10 20 1 30 20 0.2 0.2
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C12, and C13. In particular, we obtain a value of C33 that is 
25 % lower than the previous experiments at ~10 GPa. The 
results of Gregoryanz et al. (2000) may be compromised 
by error in crystal orientation or insufficient sampling of 
crystallographic directions to overcome trade-offs in elastic 
constants.

Our data are in better agreement with theoretical cal-
culations (Choudhury and Chaplot 2006; Kimizuka et al. 
2007), as both the experiments and calculations show simi-
lar pressure trends of the Cijs. Nevertheless, there are also 
still differences in the magnitudes of some elastic constants 
between our results and theoretical studies. At 10 GPa, dif-
ferences in the longitudinal elastic constants (C11, C33) are 
2–8 %, in the shear elastic constants (C44, C66) are 2–14 % 
and in the off-diagonal constants (C12, C13) are 12–27 %. 
This is similar to the level of agreement between the the-
oretical values and mean experimental values (Every and 
McCurdy 1992) at ambient pressure which, with the excep-
tion of C11 and C33, differ by >10 %. This is consistent with 
previous estimates that DFT can, in general, provide elastic 
constants accurate to ~15 % (Oganov et al. 2013). In sum-
mary, our results support the previous DFT results rather 
than earlier Brillouin results in describing the general trend 
of the pressure dependence of the Cijs in quartz, but the 
approximations inherent in DFT limit the accuracy of the 
Cij values obtained from DFT.

C14 is a measure of the anisotropy in the basal plane nor-
mal to the threefold symmetry axis for a trigonal crystal. A 
decrease in the magnitude of C14 with pressure indicates that 
the basal plane anisotropy decreases with compression in 
quartz, eventually reaching zero near 9 GPa (at which point 
the elasticity is pseudo-hexagonal), and then increasing 
with an opposite orientation at higher pressures. The sign 
of C14 in trigonal crystals depends on the choice of one of 
two options for the Cartesian coordinate system, and either 
a positive or negative C14 is physically reasonable. The 
axes defined in the 1988 IEEE standard on piezoelectricity 
(ANSI/IEEE standard 176-1988) yield a positive value for 
C14 (at ambient conditions), and we have adopted this con-
vention. The sign of C14 in studies that used the opposite 
convention has been reversed when necessary to facilitate 
comparison with our work. The sign of C14 does not affect 
the value of any of the aggregate properties of quartz.

The aggregate bulk and shear moduli (Voigt-Reuss-Hill 
(VRH) average) were computed from the individual elastic 
constants (Fig. 3; Table 3). Fitting our data to finite-strain 
equations yields values for the pressure derivative of the 
adiabatic bulk modulus, K0Sʹ, of 6.2(2), and the pressure 
derivative of the shear modulus, G0ʹ, of 0.9(1). In contrast 
to the individual Cijs, our aggregate bulk and shear mod-
uli are in much better agreement with previous Brillouin 
results. At 10 GPa, the difference of aggregate bulk mod-
uli between new data and previous Brillouin experiments 

(Gregoryanz et al. 2000) is less than 1 %. The differences 
in the aggregate properties are likely reduced due to aver-
aging of the individual elastic constants. This indicates 
that the difference between previous experimental data and 
this study may be due to the trade-offs among individual 
elastic constants in the fitting as a result of only a single-
crystal plane being measured in the earlier Brillouin study 
(Gregoryanz et al. 2000). Previous work has shown that 
such trade-offs in individual Cijs tend to average out in cal-
culating aggregate properties (Zha et al. 1998). However, it 
should be noted that our agreement with previous Brillouin 
results is restricted only to the Voigt-Reuss-Hill average, 
and there is considerable disagreement in the Voigt and 
Reuss bounds.

Our aggregate results are also in reasonable agreement 
with DFT studies (Choudhury and Chaplot 2006; Kimi-
zuka et al. 2007) with differences in the Hill average of the 
bulk and shear moduli of ~4–5 % at 10 GPa. Our aggregate 
moduli extrapolated up to 20 GPa display similar trends as 
the earlier Brillouin and DFT studies (Fig. 3). However, 
the pressure derivative of the bulk modulus reported in the 
DFT study of Kimizuka et al. (2007) (K0Tʹ = 4.9) is much 
lower than found in this study or previous high-pressure 
X-ray diffraction experiments (Levien et al. 1980; Angel 
et al. 1997) (Table 1). The pressure derivatives of KS and G 
measured here are also generally quite different from those 
found in the low-pressure ultrasonic studies (Table 3) fur-
ther indicating that ultrasonic data should be extrapolated 
with caution.

Figure 4 compares the relative volume compression val-
ues of α-quartz calculated from our Brillouin measurements 
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Kimizuka et al. 2007)
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of this study compared with previous X-ray diffraction 
measurements (Levien et al. 1980; Angel et al. 1997). Here, 
we have used the Reuss bound of the isothermal bulk mod-
ulus to compute high-pressure densities (volumes) for com-
parison with X-ray diffraction data. The third-order Birch-
Murnaghan fit from our Brillouin data is in agreement 
within uncertainty with X-ray diffraction data. The pressure 
derivative of the isothermal Reuss modulus obtained here 
(KT0′ = 6.2(2)) is consistent with values from X-ray dif-
fraction studies (KT0′ = 6.0–6.2) (Levien et al. 1980; Angel 
et al. 1997).

The axial compressibilities of quartz as a function pres-
sure can be determined from the relations:

and

where

The compressibility along a decreases by approxi-
mately a factor of 2 from 9.8 × 10−3 GPa−1 at 1 bar to 
4.7 × 10−3 GPa−1 at 10.2 GPa, while the c-axis compress-
ibility declines by nearly a factor of 4 from 7.1 × 10−3 to 

(1.5)βa = −d ln a/dP =
C33 − C13

Ω
,

(1.6)βc = −d ln c/dP =
C11 − C12 − 2C13

Ω
,

(1.7)Ω = (C11 + C12) C33 − 2C2
13.

1.9 × 10−3 GPa−1 over the same pressure range. These 
results are in good agreement with those from theoretical 
calculations (Kimizuka et al. 2007). X-ray diffraction stud-
ies show a strong increase in the c/a ratio with compression 
and yield axial compressibilities in good agreement with 
the experimental and theoretical elastic constants (Levien 
et al. 1980; Angel et al. 1997; Kimizuka et al. 2007). The 
underlying cause of this change in c/a has been attributed 
to the bending of Si–O–Si angles resulting in strong short-
ening of long O–O distances along the a direction (Levien 
et al. 1980; Hazen et al. 1989).

The elastic properties of quartz at ambient pressure are 
unusual in that the shear modulus (G0 = 44.4 GPa) is larger 
than the bulk modulus (K0S = 37.8 GPa). This results in a 
low value of the aggregate Poisson’s ratio (σ0 = 0.08) as in 
the ratio of compressional to shear velocity (VP/VS = 1.5). 
These have been used as diagnostics for the seismic iden-
tification of quartz-rich regions in the Earth (Christensen 
1996). Upon compression, the bulk modulus of quartz 
increases rapidly while the shear modulus increases slowly, 
flattening out at higher pressures. As a result, Poisson’s 
ratio increases rapidly to a value of σ = 0.27 while the 
VP/VS ratio increases to 1.79 at 10.2 GPa, both of these are 
more typical values of these quantities in silicate minerals.

When single-crystal quartz is compressed metastably 
at room temperature, it can undergo amorphization and/
or transform to a new crystalline phase at high pressure 
depending on hydrostaticity and crystalline state (Machon 
et al. 2014). Amorphization of quartz is observed in differ-
ent environments including static and dynamic laboratory 
experiments, meteorite impact sites, and even reportedly 
in ultra-high-pressure metamorphic rocks (Palmeri et al. 
2009). The mechanism of formation of amorphous quartz 
at high pressure is not well understood. Theoretical stud-
ies have suggested that amorphization of quartz may be 
triggered by an elastic instability (Choudhury and Chap-
lot 2006). The mechanical stability of single-crystal quartz 
can be examined in the context of the Born stability criteria 
(Born and Huang 1954), which provide the necessary con-
ditions for a crystal to be mechanically stable. For trigo-
nal crystals, these criteria translate into the condition that 
the following combinations of elastic constant are positive 
(Carpenter and Salje 1998; Calderon et al. 2007):

There is some confusion in the literature regarding the des-
ignations for these criteria (K1 is often referred to as ‘B2’ and 
K2 is referred to as ‘B3’) [see (Gregoryanz et al. 2000)]. We 
have adopted the notation of Machon et al. (2014) here. The 
first criterion, K1, expresses that the condition that sample 
volume cannot collapse upon compression. K2 is associated 

(1.8)K1 − (C11 + C12) C33 − 2C2
13 > 0,

(1.9)K2 − (C11 + C12) C44 − 2C2
14 > 0,

1.00
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0

1086420
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 This study
 Angel et al., 1997
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Fig. 4  Variation of relative unit cell volume with pressure. Red 
squares are from this study, and red solid line is from a fit to the 
third-order Birch-Murnaghan equation with K0T = 37.4(6) GPa, and 
Kʹ0T = 6.2(2). Also shown are results from high-pressure X-ray dif-
fraction experiments (Levien et al. 1980; Angel et al. 1997). Black 
dashed lines are a fit to previous diffraction data. (Angel et al. 1997) 
using reported values of K0T = 37.12(9) GPa, Kʹ0T = 5.99(4). The 
error bars are calculated from propagation of the uncertainties in the 
Reuss bound of the bulk modulus and its pressure derivative
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with eigenvalues corresponding to two different acoustic 
modes. A negative value of K2 under compression denotes the 
existence of a mechanical instability correlated with the pres-
ence of a soft acoustic shear mode in the phonon spectrum at 
the Г point of the Brillouin zone (Calderon et al. 2007).

Some previous studies have suggested an instability in 
K1 may be responsible for pressure-induced amorphiza-
tion in quartz (Tse and Klug 1991; Calderon et al. 2007), 
but this is not supported by our results which show that the 
K1 stability criterion is always satisfied (Fig. 5a). K2 for 
quartz initially increases, reaching a maximum and then 
decreases. Extrapolation of this trend (using the finite-
strain extrapolation of the individual elastic moduli) sug-
gests the K2 stability criterion will be violated at higher 
pressure. Figure 5b shows how the K2 stability criterion 
evolves with pressure from different reported sets of high-
pressure elastic constants. Our data indicate that K2 reaches 
its maximum at around 10 GPa and then decreases, reach-
ing zero at ~26 GPa, which is intermediate to the pressures 
of the quartz I-II transition and the observed amorphization 

pressure. Previous Brillouin data (Gregoryanz et al. 2000) 
indicate that K2 vanishes at higher pressure (~49 GPa). 
DFT calculations (Choudhury and Chaplot 2006; Kimi-
zuka et al. 2007) of the pressure at which K2 vanishes yield 
values of ~30 GPa. Overall, the DFT studies and our high-
pressure measurements provide a broadly consistent picture 
of the behavior of the stability criterion K2 which is in gen-
eral accord with the observed amorphization pressure.

Conclusion

Measurement of the single-crystal elastic moduli of 
α-quartz was undertaken to resolve discrepancies among 
previous experimental and theoretical studies. Our new 
results for the individual Cijs agree qualitatively with DFT 
calculations but not with previous high-pressure Brillouin 
data. However, the Voigt-Reuss-Hill average of the aggre-
gate bulk and shear moduli are in better agreement with 
both previous experimental and theoretical studies than 
the individual elastic moduli. Pressure derivatives obtained 
from ultrasonic elasticity studies at less than or equal to 
1 GPa are not consistent with each other but results from 
more recent study by Calderon et al. (2007) are close to our 
new measurements for four of the six individual moduli. 
Densities inferred from our Brillouin data at high pressure 
match previous X-ray diffraction data within uncertain-
ties. The high-pressure elastic constants of quartz provide 
insights into the connection between Born stability crite-
ria, and elastic instabilities in α-quartz related to pressure-
induced amorphization.
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Correction 
In this publication, the values of the Voigt-Reuss-Hill averages for the adiabatic bulk moduli 
(KS) and the shear moduli (G) were listed incorrectly.  The corrected values are listed below. 
 
 
Table 2. Elastic constants of α-quartz. 

P  
(GPa) 

ρ  
(g/cm3) 

C11 

(GPa) 
C33  

(GPa) 
C12 

(GPa) 
C13 

(GPa) 
C14 

(GPa) 
C44 

(GPa) 
KS 

(GPa) 
G 

(GPa) 
RMS 
(km/s) 

10-4 2.648 
86.6 
(3)  

106.4 
(12)  

6.74 
(9) 

12.4 
(16)  

17.8 
(3)  

58.0 
(7)  

37.8 
 

44.4 
 

 

1.5 2.742 
90.3  
(8) 

122.3 
(15) 

15.4  
(100) 

23.7 
(21) 

10.7 
(10) 

62.4 
(10) 

46.9 
 

46.1  
 

0.087 
 

4.4 2.897 
103.4 

(3) 
160.1 
(10) 

35.6 
(6) 

38.9 
(10) 

3.8 
(7) 

63.6 
(4) 

64.6  
 

47.0  
 

0.040 
 

6.9 3.004 
115.7 
(20) 

190.6 
(19) 

47.1 
(20) 

50.6 
(14) 

0.3 
(1) 

65.4 
(5) 

77.8 
 

48.9  
 

0.058 
 

10.2 3.120 
127.5 

(5) 
217.0 
(10) 

61.3 
(7) 

62.0 
(12) 

-1.9 
(8) 

65.9 
(3) 

91.2 
 

49.2  
 

0.054 
 

For Cijs, numbers in parentheses represent one standard deviation uncertainties in the last digit. 
Ambient values are an average of 12 previous studies compiled in Every and McCurdy (1992). 
KS and G refer to Voigt-Reuss-Hill averages of the individual elastic moduli. 
ANSI/IEEE Standard 176-1988 is used to assign the sign of C14. 
RMS: root mean square deviation between measured and best-fit velocities. 
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