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Abstract Physical properties including the equation of
state, elasticity, and shear strength of pyrite have been
measured by a series of X-ray diffraction in diamond-
anvil cells at pressures up to 50 GPa. A Birch-Murna-
ghan equation of state fit to the quasihydrostatic
pressure—volume data obtained from laboratory X-ray
source/film techniques yields a quasihydrostatic bulk
modulus Ko7y = 133.5 (£5.2) GPa and bulk modulus
first pressure derivative Kjj; = 5.73 (£0.58). The appar-
ent equation of state is found to be strongly dependent
on the stress conditions in the sample. The stress
dependency of the high-pressure properties is examined
with anisotropic elasticity theory from subsequent
measurements of energy-dispersive radial diffraction
experiments in the diamond-anvil cell. The calculated
values of Ky7 depend largely upon the angle y between
the diffracting plane normal and the maximum stress
axis. The uniaxial stress component in the sample,
t = g3 — 01, varies with pressure as t = —3.11 + 0.43P
between 10 and 30 GPa. The pressure derivatives of the
elastic moduli dCy,/dP = 5.76 (+0.15), dC,/dP = 1.41
(£0.11) and dCsy/dP = 1.92 (£0.06) are obtained from
the diffraction data assuming previously reported zero-
pressure ultrasonic data (Cy; = 382 GPa, Cj; = 31 GPa,
and Cy4 = 109 GPa).
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Introduction

Pyrite crystallizes in the cubic symmetry [space group
T?(Pa3)] and appears to have a wide stability field. X-ray
diffraction experiments, performed up to pressures of
40 GPa, show no evidence of phase transition (Bridgman
1949; Drickamer et al. 1966; Chattopadhyay and Sch-
nering 1985; Jephcoat 1985; Fujii et al. 1986). Moreover,
shock compression data demonstrate that pyrite does not
undergo any phase transition up to a pressure of at least
320 GPa (Ahrens and Jeanloz 1987). However, the bulk
moduli deduced from these experiments show large dif-
ferences and the results do not agree. Moreover, equation
of state (EOS) measurements under nonhydrostatic
conditions at high pressure and ambient temperature
using X-ray diffraction and the diamond-anvil cell up to
pressures of 40 GPa yielded some unusual results: the
EOS was found to be very dependent on the experimental
stress conditions, with a bulk modulus varying from 130
to 250 GPa with different pressure-transmitting media
used in the experiments (Jephcoat 1985). Such variations
between the different measurements in the diamond-anvil
cell can be explained by the presence of anisotropic stress
conditions that differ between experiments. This has been
one of the major sources of errors and inconsistencies in
the determination of high-pressure properties of materi-
als with diamond-anvil cell experiments. Thus, there is
a need to investigate both the high-pressure properties of
materials and the stress conditions under which the
experimental measurements are performed.

The purpose of this study was to examine the high-
pressure properties of pyrite and the conditions under
which they are measured in detail using new experi-
mental and theoretical techniques. In particular, we used
methods developed to analyze quantitatively lattice
strains under nonhydrostatic stress conditions in the
diamond-anvil cell (Singh 1993b; Singh et al. 1998a, b).
The powdered sample is confined in a diamond cell
without a pressure medium to enhance the effects of
nonhydrostaticity, and diffraction patterns are measured
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through the gasket with several orientations of the X-ray
beam. Analyzing the effects of orientation on the mea-
sured interplanar d spacings can yield information on
shear strength, quasihydrostatic compression curves,
elastic moduli, as well as elastic anisotropy. This tech-
nique has been applied to iron (Mao et al. 1998; Singh
et al. 1998b), gold and rhenium (Duffy et al. 1999a), and
molybdenum (Duffy et al. 1999b).

The first section of this paper summarizes previously
unpublished X-ray diffraction results on the EOS of
pyrite (Jephcoat 1985). Two experiments were performed
without a pressure medium, thus under nonhydrostatic
stress conditions, and a third experiment hydrostatically
with neon as a pressure medium. The EOS were found to
be very dependent on the degree of nonhydrostatic stress
in the sample. We then describe the theory behind the
radial diffraction experiments and how it can be used to
deduce physical properties of the sample. Finally, we
present results of the radial diffraction experiments and
analysis for obtaining hydrostatic compression curve,
elasticity, shear strength, and elastic anisotropy of pyrite.

Conventional diffraction experiments
Description of the experiments

Three sets of EOS experiments were performed in a di-
amond-anvil cell using a sealed MoKa (1 = 71.073 pm)
source at the Geophysical Laboratory. The collimated
X-ray beam was directed through the diamond anvils,
and diffraction patterns were collected with a film
camera in Debye—Scherrer geometry (Fig. 1). An
extended silver standard was used to calibrate the film to
sample distance (Jephcoat et al. 1987). Two runs (NH1
and NH2) were performed nonhydrostatically up to
pressures of about 25 and 30 GPa, respectively. A hy-
drostatic run (NE1) was also performed with solid neon
as a pressure medium up to 40 GPa. For all experiments,
large single crystals of pure, natural pyrite (Elba, Italy)
were ground to a powder in a suspension of ethanol.
For the first experiment (NH1), diamonds with a 550-
um diameter culet were chosen and a 160-pm diameter
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Fig. 1 Experimental setup for conventional diffraction experiments
NEI, NHI, and NH2. A collimated X-ray beam MoKuo
(4 =71.073 pm) passes along the diamond cell load axis and exposes
the film held in a camera at fixed radius

hole drilled in a T301 steel gasket was used as a sample
chamber. The hole was filled with the pyrite powder and
covered with a layer of ruby chips before assembling the
cell. An asymmetric pressure gradient developed across
the diamond face, as opposed to the maximum expected
at the culet center. The X-ray photographs showed
spotty diffraction rings, suggesting that the sample grain
size was too large, and the experiment was stopped at
25 GPa.

For run NEI, the same diamonds were used. The
sample was ground for a longer period than in the pre-
vious experiment and pressed into a platelet between the
piston diamond and a glass microscope slide. A disk was
cut from this platelet to a diameter slightly smaller than
the hole. Finally, ground ruby was distributed
throughout the sample, and pressed lightly into it. Pure
neon was then loaded at 0.2 GPa (Jephcoat et al. 1987).
Pressures were measured at several points across the
sample for averaging at each increment in pressure.

As a result of the large discrepancy between the first
two runs (see results in Fig. 2), a second nonhydrostatic
compression experiment (NH2) was carried out to check
the accuracy of the first (NH1). Larger-culet diamonds
(950 um diameter) were used and a 200-um hole was
drilled in the gasket. The same powdered sample was
reground and loaded into the gasket and repeatedly
pressed until fully compacted and ground ruby powder
was deposited on the surface. Up to nine reflections from
the following set of indices were identified manually on
the X-ray film: (111), (200), (210), (211),(220),
(311), 222), (230), and (321). A zero-pressure
lattice constant of 5.417(5) was used.

Results

Compression data for experiments NE1, NH1, and NH2
are presented in Tables 1, 2, and 3, respectively. Com-
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Fig. 2 Compression curves of pyrite: NE1 (open circles) with neon as
pressure medium, NH1 (closed circles), and NH2 (closed squares) with
no pressure medium. Solid lines are third-order Birch-Murnaghan fits
to the data and dotted lines are extrapolated compression curves from
zero-pressure ultrasonic measurements of elastic moduli. (Simmons
and Birch 1963)



pression curves derived from these experiments are
shown in Fig. 2. The results from compression with
neon medium are in reasonably close agreement with
expectation on the basis of zero-pressure elastic constant
measurements (Simmons and Birch 1963).

Pyrite appears significantly less compressible in the
two nonhydrostatic experiments (NH1 and NH2). Al-
though the effect of nonhydrostatic stress in NHI1 was
reproduced in NH2, its magnitude was not. Possible
explanations for the difference in magnitude are (1) that
the larger diamond culet surface of run NH2 reduced the
pressure gradients and the degree of nonhydrostaticity;
and (2) that the sample grain size was smaller for run
NH2 (<10 pm). Other factors that distinguished run
NHI1 and NH2 were a lower concentration of ruby in the

surface layer, and a larger sample thickness.

Table 1 Compression data for FeS, at 293 K with a neon pressure
medium (experiment NE1)

P (GPa)

a (A)

V (cm?® mol™)

ViVo

6.30 (£0.01)
10.65 (£0.06)
15.84 (+0.15)
2091 (£0.27)
26.57 (+0.24)
32.12 (+£0.34)
36.99 (+0.42)
41.44 (£0.42)

5.344 (£0.001)
5.294 (+£0.002)
5.257 (£0.001)
5.222 (£0.001)
5.173 (£0.002)
5.146 (£0.002)
5.119 (£0.003)
5.094 (£0.005)

22.979 (£0.019)
22.332 (£0.022)
21.866 (+0.012)
21.433 (£0.017)
20.837 (+£0.027)
20.520 (+£0.018)
20.199 (+0.037)
19.894 (+0.062)

0.960 (£0.001)
0.933 (£0.001)
0.914 (£0.001)
0.896 (£0.001)
0.871 (£0.001)
0.858 (£0.001)
0.844 (£0.002)
0.831 (£0.003)

Table 2 Nonhydrostatic compression data for
(experiment NH1)

FeS, at 293 K

P (GPa)

a(A)

V (em® mol™")

Vive

5.89 (£1.2)

9.01 (£1.2)
14.46 (+1.6)
19.54 (£1.7)
25.20 (+2.4)

5.372 (£0.004)
5360 (£0.001)
5306 (+0.005)
5.284 (+£0.002)
5.243 (+£0.003)

23.333 (£0.054)
23.188 (+0.014)
22.492 (+0.060)
22.216 (+0.030)
21.695 (+0.034)

0.975 (£0.002)
0.969 (£0.001)
0.940 (£0.003)
0.928 (£0.001)
0.907 (£0.002)

Table 3 Nonhydrostatic compression data for
(experiment NH2)

FeS, at 293 K

P (GPa)

aA)

V (cm?® mol™)

ViVe

3.68 (£0.18)

10.10 (£0.28) 5.3171 (£0.004)

14.83 (£0.21)
18.55 (+0.50)
22.80 (+0.89)
28.55 (+1.00)
32.29 (+1.00)
25.81 (+1.07)
15.48 (+0.87)

12.12 (+£0.81) 5.2957 (£0.004)

8.94 (+£0.67)
6.06 (+0.16)
2.02 (£0.17)
5.84 (+£0.70)

12.29 (£0.14)

10.44 (+0.30)

17.61 (£0.60)

29.59 (+0.69)

5.376 (£0.001)

5.273 (£0.002)
5.250 (£0.002)
5.223 (£0.002)
5.187 (+£0.001)
5.166 (£0.002)
5.205 (£0.001)
5.269 (£0.002)

5317 (£0.001)
5.348 (+0.001)
5.388 (£0.001)
5.360 (£0.002)
5.295 (£0.001)
5307 (£0.001)
5.255 (£0.001)
5.182 (£0.002)

23.394 (£0.012)
22.632 (£0.005)
22.072 (£0.024)
21.786 (£0.019)
21.455 (£0.020)
21.013 (£0.015)
20.752 (£0.019)
21.233 (£0.018)
22.023 (£0.019)
22.359 (£0.005)
22.624 (£0.010)
23.028 (£0.016)
23.549 (£0.014)
23.183 (£0.025)
23.344 (£0.015)
22.506 (£0.015)
21.842 (£0.009)
20.946 (+0.020)

0.978 (£0.001)
0.946 (+0.001)
0.922 (+0.001)
0.910 (+0.001)
0.897 (+0.001)
0.878 (+0.001)
0.867 (+0.001)
0.887 (+0.001)
0.920 (+0.001)
0.934 (+0.001)
0.945 (+0.001)
0.962 (+0.001)
0.984 (+0.001)
0.969 (+0.001)
0.934 (+0.001)
0.941 (+0.001)
0.913 (£0.001)
0.875 (+0.001)
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For nonhydrostatic experiment NH2, data were col-
lected by cycling the cell up and down in pressure several
times (Table 3). There appear to be no systematic effects
attributable to increasing or decreasing pressure cycles
within the scatter of the data.

Discussion

Earlier ultrasonic measurements of zero-pressure elastic
moduli by (Simmons and Birch 1963) provide values of
Kys ranging from 142.7 to 147.9 GPa, depending on the
sample used. Analysis of shock-compression data be-
tween 0 and 320 GPa yields Kypg = 162 (£9) GPa and
K\s = 4.7 (£0.3) (Ahrens and Jeanloz 1987).

The adiabatic and isothermal bulk moduli can be

related using
’K
—KT<1 +2 SVF) : (1)
Cr

where o is the volume thermal expansivity, y the
thermodynamic Griineisen parameter, Cp the constant
pressure heat capacity, ¥ the unit cell volume, and T
the absolute  temperature. With o = 2.6 x 10 3 K L

—159.04 A’ (Ahrens 1995), Cp =62.17 J - mol ™!
(Roble etal. 1979), and 7 =300K, we calculate
Kr/Ks =~ 0.988. Thus K and K7 at ambient temperature
differ by about 1%, which is within experimental error.
Reported measurements of Kyr for pyrite using X-ray
diffraction include 149.3 and 147.1 GPa (Bridgman 1949)
with data up to 0.3 GPa, Koy = 148 GPa, and K{j; = 5.5
by Drickamer et al. (1966) with data up to 30 GPa,
Kor = 157 GPa by Fujii et al. (1986) with data up to
4.2 GPa, Kor = 215 GPa and K|, = 5.5 by Chattopad-
hyay and Schnering (1985) with data up to 34 GPa.

A third-order Birch-Murnaghan EOS was fitted to
the data for each experiment with Kj, free and
K\ =4.0 (Table 4). Assuming K, =4.0, the bulk
modulus obtained from the neon medium experiment
(NE1), Kor = 143 (£4) GPa, is compatible with the
zero-pressure ultrasonic measurements of elastic moduli
that lead to Kos = 145 (+3) GPa (Simmons and Birch
1963). Shock-compression data assuming Kjg = 4.7
(£0.3) estimate Kog = 162 (£9), which is approxi-
mately 20% larger and well outside the limits of esti-

KS :KT(I + OC))T)

Table 4 Birch-Murnaghan EOS parameters for FeS, at 293 K for
experiment with neon as a pressure medium NEI, and nonhydro-
static compressions NH1 and NH2. For each experiment V, was
fixed to its zero-pressure value and parameters of the third-order
Birch-Murnaghan EOS were adjusted with K, free and K, = 4.0

Dataset Kor (GPa) Kir

NEI 133.5 (£5.2) 5.73 (£0.58)
NEI 142.8 (£0.2) 4.00

NHI 255.0 (£27.0) 0.5 (+£2.7)
NHI 224.0 (£13.1) 4.00

NH2 140.8 (£3.2) 7.02 (£7.4)
NH2 157.3 (£1.0) 4.00
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mated errors. Thermal correction to the Hugoniot data
is less than 20% and does not explain this discrepancy.
It could be explained by a small volume increase across
a shock-induced transition that could not be induced
by pressure alone or by the occurrence of partial fusion
during the shock experiment (Ahrens and Jeanloz
1987). In any case, the tradeoffs between K and K for
different EOS formalisms do not warrant a detailed
comparison.

Large differences in the equation-of-state parameters
arise when varying the nonhydrostatic stress in experi-
ments NH1 and NH2 and the other experiments obtain
results within the wide range of those obtained here
(Table 4). It is, therefore, apparent that effects of experi-
mental conditions and nonhydrostatic stress on the
compression curve are extremely large in pyrite. Further
investigation of the underlying causes of these variations
requires knowledge of the elastic properties and the shear
strength of the material as well as their pressure depen-
dence. The elastic moduli of pyrite have been studied ex-
perimentally at zero pressure (Simmons and Birch 1963),
but no study has been conducted to higher pressures. We
used newly developed, high-pressure radial diffraction
measurements to understand the nature of elasticity and
shear strength in pyrite under these conditions.

Theory of radial diffraction

The theory of lattice strains under nonhydrostatic
pressure conditions in the diamond-anvil cell has been
described elsewhere (Singh 1993 b; Singh et al. 1998a, b).
We present a short summary of the main features. The
sample is submitted to uniaxial stress conditions in the
diamond cell; the geometry for radial diffraction exper-
iments is shown in Fig. 3. The stress tensor in the sample
can be expressed as

Fig. 3 Experimental setup for radial diffraction. The powdered
sample is confined under nonhydrostatic stress between the two
diamond anvils without any pressure medium. 34 is the axial stress
imposed by the diamonds and ¢y, the radial stress imposed by the
gasket. A layer of pressure calibrant (gold in this case) is added on the
top of the sample. The cell is rotated about the axis R between = 0°
and Y = 90° with 15° intervals

or 0 O
c=10 o O
0 0 o3
[6p 0 O —t/3 0 0
=10 op 0|+ 0 —t/3 0 , (2)
|0 0 op 0 0 2t/3

where o) and o3 are the radial and axial stress compo-
nents, respectively. gp is the normal mean stress or
equivalent hydrostatic pressure. The uniaxial stress
component ¢ = (g3 — g1) is the deviatoric stress com-
ponent.

The d spacing for a given set of lattice planes mea-
sured by X-ray diffraction is a function of the angle
between the principal stress axis of the diamond cell and
the diffracting plane normal (see Fig. 4) and can be
expressed as:

d(hkl) = dp(hkI)[1 + (1 — 3 cos® ) O(hkl)] (3)

where d, (hkl) is the measured d spacing and dp(hkl) the
d spacing under the hydrostatic pressure op. Q(hkl) is
given by

t o 1 -«
Okl =3 [ZGR(hkl) * 2GV] “
Gr(hkl) and Gy (hkl) are the shear moduli of the aggre-
gate under the Reuss (iso-stress) and Voigt (iso-strain)
approximations, respectively, and are not orientation-
dependent. The factor o, which lies between 0 and 1,
determines the relative weight of iso-stress (Reuss) and
iso-strain (Voigt) conditions. It specifies the degree of
stress and strain continuity across grains in the sample.
For a cubic system, we have

_ S S11 — S12)S.
(2Gy)™" = 5[3(gli‘_ SIS) 5] (5)
and
(2Gg)™" = Si1 — 815 — 3ST(hkl) | (6)
where
S =811 — 81— Su/2 (7)
and

o ‘.‘. Debye ring
Diamond anvil !
Gold layer
a
ad
v !
Be gasket
Id —=
R
o — L, Diffracted

x-ray beam
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The S;; are the single-crystal elastic compliances; S is a
measure of elastic anisotropy.

According to Eq. (3), d,(hkl) should vary linearly
with (1 —3cos>y). The intercept (Y = 54.7°) yields
dp(hkl), the d spacing due to the hydrostatic component
of the stress, and the slope the product dp(hkl)Q(hkl).

Equations (4-6) imply a linear relationship between
Q(hkl) and 3T (hkl) with intercept mg and slope m; given
by

[ (hkl) = (8)

t 5 (S11— S12)Sua
=—|a(S) — S 1 —o)= 9
=3 [“( n=Se)+ (=) e el
ot

mp :—g[Sll_SIZ—SM/Z] . (10)

The bulk modulus X is defined by
op 1
Kr=—V|l=) ==0———— 11
g <6V>T 3[Sy1 + 28)2] (1)

Estimating the nonhydrostatic stress in the sample ¢
using the relation (Singh 1993a; Singh et al. 1998a)

t = 6G(O(hkl)) (12)
we have enough information to deduce the three elastic
compliances S}, S12, and S44 of a cubic material that can

be inverted to the three independent elastic stiffnesses
Ci1, Ci2, and Cag.

Radial diffraction experiment
Experimental technique

Sample preparation was similar to previous experiments
NEI and NH2. The sample consisted of a fine-grained
pyrite powder with a thin layer of gold powder on one
face contained in a 50-pm diameter hole drilled in a
beryllium gasket. The absence of pressure transmitting
medium enhances the effects of nonhydrostaticity.
Diamonds with a 300-pm diameter culet were used.

The experiment was conducted using energy-disper-
sive synchrotron X-ray diffraction at the NSLS Syn-
chrotron National Source, beam line X-17C, and data
were collected using a germanium solid-state detector set
at a fixed angle with respect to the incident beam.
Compression was performed using a diamond-anvil cell
mounted on a rotating stage. The angle  between the
diffraction plane normal and the diamond-anvil cell
stress axis varied between 0° and 90° with 15° intervals
(Fig. 3). We performed measurements for six pressure
points at 5.6, 13.2, 20.5, 29.0, 36.5, and 47.8 GPa.
Hydrostatic pressures were determined from the
deduced lattice parameter at \y = 54.7° and the EOS of
gold (Heinz and Jeanloz 1984).

The analysis on gold was based on the (1 1 1), (2 0 0),
and (2 2 0) diffraction lines. For pyrite, we used the
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positions of the reflections (1 1 1),(2 0 0),(220),(2 1 1),
(2 30), and (2 2 2). Diffraction lines were fitted to Voig-
tian peaks with varying height and width. As in the pre-
vious experiments, a diffraction line was rejected if there
was unusually large error as a result of low intensity or
overlap problems between gold, beryllium, or pyrite lines.

Radial diffraction equation of state

Figure 5 shows a typical set of diffraction patterns. A
shift of the diffraction lines toward lower energies with
increasing Y angle can be observed. For y = 90°, the
diffracting planes are aligned with the minimum stress
axis, resulting in maximum d spacings. At yy = 0°, the
diffracting planes are orthogonal to the maximum stress
axis, resulting in minimum d spacings (Figs. 4 and 6).
The variations of the peak positions with the i angle
for pyrite are shown in Fig. 6 for the (1 1 1) and (2 0 0)

Diffracted
X-ray beam

e r
dpm (hK1):

Incident white
X-ray beam

Fig. 4 For a given y angle between the diffracting plane normal # and
the maximum stress axis S, we measure a d spacing d,, (hkl) function
of the Miller indices 4, k, and /, but also the angle i/ because of the
nonhydrostatic compression. When y = 0°, the diffracting plane is
orthogonal with the maximum stress axis S, thus d,,(#kl) is minimum.
When y = 90°, the diffracting plane is aligned with the maximum
stress axis S, thus d, (hkl) is maximum

s, 57 _ & =
~ 8 Q -= ® =
jﬁ | 55 & m i
= <
=~ L]
m
mw\\/\m,_,.& *
75°
=
2
3 60°
£
45°
S N N | 300
U N N 15"
0 h d h 0°
25 30 35 40 45 50 55 60
Energy (keV)

Fig. 5 X-ray diffraction patterns as a function of  angle for
P = 20.5 GPa. Diffraction lines from pyrite, gold, and beryllium are
labeled. The shift of the peak positions with the i angle can be
observed; for example, pyrite (1 1 1)
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reflections for different pressures. As predicted from
Eq. (3), a linear dependence is observed between d,, (hkl)
and (1 — 3cos?y). The lattice parameters under equi-
valent hydrostatic pressures can be deduced from the
d spacings at the “magic angle” (y = 54.7°). The pyrite
unit-cell volumes deduced from these measurements are
presented in Table 5 and Fig. 7.

Compression curves are presented in Fig. 7, calcu-
lated for  =0°, = 54.7°, and  =90°. For each
pressure, we observe very large variation of the unit-cell
volume with the y angle (Table 5). This is in agreement
with the results from experiments NE1, NH1, and NH2,
which showed that EOS measurement was very depen-
dent on the stress conditions in the sample. Third-order,
Birch—Murnaghan EOS fit parameters for the data in
Fig. 7 are presented in Table 6. The difference between
the bulk moduli calculated at  =0° and = 90° is
about 45%, showing the very large effect of the nonhy-
drostatic stress on the EOS of pyrite. Assuming that
K\r = 4.0, Kor ranges from 121 GPa for  =0° to
193 GPa for y = 90°. These values are consistent with
results from experiments NH2 (Table 4). Results from
experiment NH1 are quite different, but could be
explained by the scatter in the data and effects due to the
larger grain size. Our deduced hydrostatic curve
(¥ = 54.7°) is in good agreement with previous hydro-
static measurements from experiment NE1. Assuming
K\ =4.0, we obtain Ky =156 GPa, compared to

T T
270 | FeS, (111) : 1
- ¢y > ——e—®9 56GPa
g :
S 265 | ) » 13.2GPa
= ‘L"—"/“_’—:’-FIH
g ) » 20.5GPa
> 260 .M , 39.0GPa
<
G : » 36.5GPa
§ M
T 2554 ; 2 47.8GPa
[ 4
[ ] 1
DY J D
-2 -1 0 1
- 5.6 GPa
E 13.2 GPa
£ 20.5 GPa
g 39.0 GPa
o 36.5 GPa
=4
5 47.8 GPa
Q
w
N

Fig. 6 Dependence of the d spacing on y for selected pyrite diffraction
lines and different pressures. Solid lines are least-squares fits to the
data. Dashed lines indicate the angle y where the measured d spacing
corresponds to the d spacing under equivalent hydrostatic pressure

Kor = 143 GPa for NEI. It is therefore possible to
measure a hydrostatic EOS under these very non-
hydrostatic conditions by choosing the right orientation
of the diffraction vector.

Yield strength of pyrite

From the least-squares lines in Fig. 6, using Eq. (3) we
can calculate Q(hkl) for each observed reflection and
pressure. For each pressure Q(hkl) should vary linearly

Table 5 Unit-cell volume of pyrite as a function of pressure de-
duced from the radial diffraction experiment at 293 K. We indicate
results from measurements at different iy angle. The volume under
equivalent hydrostatic stress is calculated for y = 54.7°

P (GPa) V/Vyaty = 0°

VIVoaty = 90°

V/V() at lp = 54.7°

5.6 0.9659 (£0.007) 0.9676 (£0.013) 0.9676 (£0.003)
132 0.9184 (£0.046) 0.9384 (£0.016) 0.9303 (0.005)
20.5 0.8734 (£0.037) 0.9169 (£0.045) 0.8984 (+0.002)
29.0  0.8265(£0.063) 0.8908 (£0.038) 0.8684 (+0.007)
36.5  0.8064 (£0.035) 0.8657 (£0.019) 0.8441 (+0.031)
4738 0.7891 (£0.039) 0.8420 (£0.025) 0.8166 (£0.005)

1.00 T T T T
\:\\\ FeS,
095 | N\. compression
NN
e S
N e
. 0.90 \\\\\ \\::\Q\\ N
g SN
0.85 - \\\ s \\\\Q:
oy =90 d .
0.80 | *w=547 ® :
oy = 0° \\\*\
0.75 L 1 L 1
0 10 20 30 40 50

Pressure (GPa)

Fig. 7 EOS of pyrite measured at = 0°, y = 54.7° and = 90°.
Pressure is calibrated according to the hydrostatic EOS of gold (Heinz
and Jeanloz 1984). Dashed lines are Birch-Murnaghan fits to the data.
Solid line corresponds to the previous hydrostatic EOS measured in a
neon medium from experiment NEI. Large differences appear
between the EOS at different y angles, resulting from large non-
hydrostatic stress in pyrite

Table 6 Birch—-Murnagham EOS parameters for FeS, at 293 K for
the radial diffraction experiment. Results are given for different
angles, including = 54.7°, where the volume measured is the
volume under an equivalent hydrostatic stress. For each case 1}
was fixed to its zero-pressure value and parameters of the third-
order Birch-Murnaghan EOS were adjusted with Kj free and
Ky=4.0

v Kor (GPa) Ky
0° 116.7 (£ 1.1) 4.30 (£0.08)
0° 120.8 (£0.2) 4.00
54.7° 160.8 (+5.2) 3.50 (£0.48)
54.7° 155.9 (£ 1.6) 4.00
90° 186.6 (£ 1.4) 4.43 (£0.09)
90° 193.4 (£0.3) 4.00




with I'(hkl) (Eqs. 4-8) (Singh 1993b). Figure 8 shows an
example of the patterns we observed for three different
pressures, 5.6, 13.2, and 20.5 GPa. The experimental
data confirm the linear relationship between Q(hkl) and
I'(hkl) predicted by theory.

The uniaxial stress component ¢ was calculated using
Eq. (12) and least-squares fits shown in Fig. 8 from the
relation
t = 6G(Q(hkl)) = 6G<mo + %) , (13)
where my and m; are the intercept and slope from the
least-squares fits. The shear modulus of pyrite and
its variation with pressure were estimated using
Gy = 126 GPa (Simmons and Birch 1963) and assuming
a constant K /G ratio as has been done previously (Singh
et al. 1998a, b). This approximation is valid over mod-
erate compression (and at temperatures well below
melting) for a variety of materials where the pressure
dependence of K and G have been measured separately.
Nevertheless, the approximation is likely to be the
largest source of error in the determination of the high-
pressure elastic moduli. K was evaluated along the
compression curve from the EOS. Alternatively, an
extrapolation of the shear modulus G based on finite
strain theory may be used (Davies and Dziewonski
1975). However, this requires knowledge of pressure
derivatives of the shear modulus, which have not been
measured for pyrite. The calculated variation of ¢ as a
function of P is presented in Fig. 9.

At P = 5.6 GPa, the nonhydrostatic stress ¢ is very
close to zero. We cannot ensure that the stress conditions
are really purely uniaxial, as considered in the theory,
thus, the theory to deduce the elastic moduli will not be
usable because of inappropriate experimental condi-
tions. For higher loads, the observed uniaxial stress
component ¢ is larger than previous measurements on
gold, molybdenum, and rhenium (Duffy et al. 1999a, b).
A linear fit through the data in Fig. 9 between 10 and
30 GPa (where the variation of ¢ is linear with pressure)

0.009 ¢ : : ; . .

0.007 -

0.005

(200)
0003 - p-132GPa

0.001 P =56 GPa 1
T e

_0'001 L ] 1 1 i 1
0 0.2 0.4 0.6 0.8 1

3[ (hkI)

Q (hkl)

Fig. 8 O(hkl) vs. 3T (hkl) for pyrite at P = 5.6, 13.2, and 20.5 GPa.
The solid lines are least-squares fits to the data. Errors on Q(hkl) are
estimated with the scatter of the d(hkl) vs. Y relation. Error bars
represent 20(Q)

7

leads to the relation r= —3.11 + 0.43P, where P is
the pressure in GPa, compared to ¢t = 0.06 + 0.015P for
gold (Dufty et al. 1999b), t = 0.46 + 0.13P for molyb-
denum (Duffy et al. 1999b), and ¢ = 2.5+ 0.09P for
rhenium (Duffy et al. 1999a). At P > 30 GPa, we
observe a saturation. This can be explained by the elastic
deformations of the diamond anvils that start at this
pressure for this geometry (300-pm tip diameter), as
investigated by X-ray diffraction and finite-element
modeling (Hemley et al. 1997; Merkel et al. 1999, 2000b).

The maximum uniaxial stress ¢ supported by a
material is determined by its yield strength; that is
t <oy, where o, is the material yield strength. The
uniaxial stress ¢ varies with sample environment, and
there is equality only if the sample deforms plastically
under pressure. Therefore, we conclude that for pyrite

G, > —3.11 + 0.43P (14)

between 10 and 30 GPa, where P and g, are in GPa.
This value for the uniaxial stress in pyrite is larger than
observations on gold, rhenium, molybdenum (Duffy
et al. 1999a), iron, FeO (Singh et al. 1998b), and tung-
sten (Hemley et al. 1997).

Elasticity

Using Egs. (9-11) we can calculate the single-crystal
elastic moduli of the sample. Results for the iso-stress
hypothesis (« =1) and for o« =0.5 are presented in
Tables 7 and 8, respectively. The elastic stiffnesses
calculated for o« = 0.5 do not match the zero-pressure
ultrasonic measurements Cy; = 381.8 GPa, Cj, = 31.0
GPa and Cy = 109.4 GPa (Simmons and Birch 1963).
On the other hand, the results for o = 1 (the iso-stress
hypothesis, Table 7) seem to be in good agreement:
Fig. 10 shows the elastic stiffnesses calculated for o = 1
and the zero-pressure ultrasonic data. We performed a
linear fit through the X-ray data to evaluate the first
pressure derivative of the Cjs. We find

Uniaxial stress

component

0 10 20 30 40 50
Pressure (GPa)

Fig. 9 Uniaxial stress component ¢ = g3 —g; in the sample vs.
pressure. Solid line is a cubic spline through the data. The saturation
above 30 GPa can be explained by the bending of the diamond anvils
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dCy
St =576 (£0.15) (15)
dcy, B
=141 (20.11) (16)
dCy
S = 1,92 (+0.06) . (17)

Anisotropy and influence of the a parameter

The elastic anisotropy of a cubic crystal can be charac-
terized by the Zener ratio 4, which is the ratio of the
shear moduli in the (1 0 0) and (1 1 0) planes in the
[1 0 0] direction:

2Cy4 2811 — Sz
A= = 18
Cnh—Ci2 Sa4 (18)
Assuming o = 1 in Eq. (9), we have
1
A (19)

:l+m|/m0

Using the results from our measurements, we find 4
varying between 0.58 and 0.73 between P = 13 GPa and
P = 48 GPa with 4 = 0.66 as average value. This is of the
same order as the value at P = 0, 49 = 0.624. These re-
sults differ strongly from the results on gold from Duffy
et al. (1999a), where the apparent 4 was observed to drop
from 2.9 at P = 0 to 1.8 at higher pressures when o« = 1.

Finally, we can study in more detail the influence of the
o parameter, which specifies the degree of stress and strain
continuity within the sample (Eq. 4), on the elastic
moduli. To match the zero-pressure ultrasonic measure-
ments of the elastic moduli, we had to assume o = 1.0 (iso-
stress hypothesis). The influence of o on the elastic moduli
we calculate is presented in Fig. 11 for P = 20.5 GPa. All
elastic moduli vary quite drastically when « is varied from
0to I: C} is found to decrease with increasing o, while Cj

Table 7 Elastic moduli of pyrite at different pressures calculated
for o = 1 (iso-stress hypothesis)

P o(P) Cp a(Cn) Ciz 0(C12) Cus 0(Cas)
(GPa) (GPa) (GPa) (GPa)

13.2 0.2 492 158 45 79 130 36
20.5 1.0 519 77 59 38 147 21
29.0 0.4 544 36 78 18 168 12
36.5 0.4 586 22 86 11 182 7
47.8 0.2 678 46 79 23 193 13

Table 8 Elastic moduli of pyrite at different pressures calculated
for « = 0.5

P o(P) Cy a(Cn) Ciz 0(C12) Cus 0(Cas)
(GPa) (GPa) (GPa) (GPa)

13.2 0.2 588 474 -3 237 102 36
20.5 1.0 602 218 18 109 120 23
29.0 0.4 608 92 47 46 145 15
36.5 0.4 652 56 53 28 158 10
47.8 0.2 785 131 26 65 159 14

800 . : ; ,
oa=1 %y
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S c
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=
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e ]
CM 4}&"4’
— 4
o B %
N S —t—* .
0 10 20 30 40 50
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Fig. 10 Elastic moduli of pyrite and their variations with pressure
calculated with o = 1.0 (iso-stress condition). Circles, squares, and
diamonds are Cyy, Cyp, and Cyy, respectively. Solid symbols are zero-
pressure ultrasonic measurements (Simmons and Birch 1963), and
open symbols are deduced from the present experiment. Lines are least-
squares fits of the first pressure derivatives of the elastic moduli to the
data
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Fig. 11 Elastic moduli of pyrite at P = 20.5 GPa and their variations
when calculated with different oo parameter

and Cy4 increase. Again, this variation is opposite to the
behavior observed in gold (Duffy et al. 1999a).

Discussion and conclusions

We find the apparent compression curve of pyrite to be
very dependent upon the conditions under which the
experiment is performed, i.e., shock compression, con-
ventional X-ray diffraction using the diamond-anvil cell
and different pressure-transmitting media, or radial
X-ray diffraction studies. Application of the technique
of radial diffraction made possible an analysis of the
nature of these discrepancies. The EOS measured at
extreme 1/ angles 0° and 90° provide values for the bulk
modulus [Kor(0°) = 121 GPa and Ky7(90°) = 193 GPa,
assuming K{; =4.0] between which extremes most
previously published experimental results lie.

The hydrostatic EOS measured in the conventional
diffraction (along the load axis) experiment (NE1) and



that deduced from the radial diffraction experiment at
the magic angle are within error. In the experiment with
pyrite and ruby confined in solid neon, which is known
to be a good hydrostatic medium, the stress condition in
the sample chamber can be considered as homogeneous
and the pressure deduced from the ruby shift equal to
the pressure in the sample. In the radial diffraction
experiment, we used the pressure in the gold layer as
reference, but there could be differences between the
pressure in the gold layer and the sample for two rea-
sons: (1) nonhydrostatic stress is different in gold and
pyrite, and (2) the Reuss (iso-stress) conditions between
different materials are not completely verified in these
kinds of experiments (Duffy et al. 1999b). Thus, small
deviations are expected between the deduced pressure
and the actual pressure present in the sample. In general,
hydrostatic compression is less prone to error; therefore,
we conclude that the third-order Birch—-Murnaghan EOS
parameters for pyrite are Kor = 133.5 (£5.2) GPa and
K{r = 5.73 (£0.58).

Further analysis on the results of the radial diffrac-
tion experiments indicates the presence of very large
uniaxial stress in the sample, implying a very large shear
strength for pyrite under high pressure. Thus, differences
between EOS measured under different stress conditions
are expected since the dependence of the compression
curve on nonhydrostatic stress increases with increasing
sample shear strength. This can be related to the cases
where the compression curve was found to vary between
different experiments, making it quite difficult to deduce
the bulk modulus and its first pressure derivative. This
was observed, for instance, in MgCOs by (Fiquet and
Reynard 1999).

Finally, we have constrained the elastic moduli of
pyrite up to 50 GPa and find them to depend linearly on
pressure. This study confirms the accuracy of the radial
diffraction method to study elastic moduli and strength
of material of cubic symmetry under very high pressure.
Extension to lower symmetry materials requires further
theoretical developments (Merkel et al. 2000a; Wenk
et al. 2000).
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