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Elasticity, shear strength, and equation of state of molybdenum and gold
from x-ray diffraction under nonhydrostatic compression to 24 GPa
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Lattice strains were measured as a function of the anglec between the diffracting plane normal and
the stress axis of a diamond anvil cell in a layered sample of molybdenum and gold. The sample was
compressed over the range 5–24 GPa and the lattice strains were measured using energy-dispersive
x-ray diffraction. As c is varied from 0° to 90°, the mean lattice parameter of molybdenum
increases by up to 1.2% and that of gold increases by up to 0.7%. A linear relationship between
Q(hkl), which is related to the slope of the measuredd spacing versus 123 cos2 c relation, and
3G(hkl), a function of the Miller indices of the diffracting plane, is observed for both materials as
predicted by theory. The pressure dependence of the uniaxial stresst for gold from this and other
recent studies is given byt50.0610.015P, whereP is the pressure in GPa. The uniaxial stress in
molybdenum can be described byt50.4610.13P. Using gold as an internal pressure standard, the
equation of state of molybdenum depends strongly onc. The bulk modulus obtained from a
Birch–Murnaghan fit varies from 210 to 348 GPa asc varies from 0° to 90°. However, an equation
of state in good agreement with shock and ultrasonic isotherms is obtained forc554.7° where the
deviatoric contribution to the lattice strain vanishes. Second-order elastic moduli for gold and
molybdenum are obtained from the data. The results are generally consistent with an earlier x-ray
study and with extrapolations of low-pressure ultrasonic data. The pressure dependence of the shear
modulus C44 is smaller for the x-ray data than predicted by extrapolation of ultrasonic data.
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I. INTRODUCTION

Molybdenum is a body-centered-cubic~bcc! transition
metal whose high-pressure behavior has attracted cons
able experimental and theoretical interest.1–6 Shock com-
pression experiments have been carried out over a wide p
sure range and qualify molybdenum for use as a secon
pressure standard.7,8 Static compression has been carried o
to 272 GPa and the bcc structure is stable to at least
pressure,3 although under shock loading there is evidence
a phase transition at 210 GPa.2,4 First-principles theoretica
equation of state calculations have also been carried out
a wide P–T interval.5 The pressure dependences of t
single-crystal elastic moduli of molybdenum have been m
sured ultrasonically to 0.5 GPa in a nitrogen press
medium9 and theoretical calculations of the elastic moduli
very large compressions (V/V050.4) have been reported us
ing the local-density approximation.6

Molybdenum is one of four metals~Cu, Mo, Pd, Ag!
whose reduced shock isotherms were used to calibrate
ruby fluorescence pressure scale,1 which is a widely used
secondary pressure scale for diamond-anvil cell experime
6720021-8979/99/86(12)/6729/8/$15.00

Downloaded 17 Dec 2004 to 150.135.44.25. Redistribution subject to AIP
er-

s-
ry
t
is
r

er

-
e

he

ts.

The effect of shear strength on both the dynamic and st
compression curves is one important source of error in
ruby scale. Originally, no correction for strength effects w
made because the static and dynamic strengths were po
constrained. Subsequently, it has been shown that sho
metals retain significant shear strength up to 100 GPa~Refs.
10 and 11! due to viscous dislocation drag and spontane
nucleation of point defects. The yield strength of molybd
num was measured under dynamic loading both at ro
temperature12 and from a 1400 °C initial temperature.13 Be-
cause of large differences in temperature and strain rate
strength of static and dynamically compressed materials m
differ. There is thus a strong need to characterize the st
strength of metals used as standards in shock and static
pression studies.

Gold is a face-centered-cubic~fcc! noble metal that is
widely used as a secondary pressure calibrant in st
experiments14 and was used to calibrate the quasihydrosta
ruby pressure scale to 180 GPa.15 However, reported values
of the pressure dependence of the individual elastic mo
from ultrasonic elasticity measurements at eleva
9 © 1999 American Institute of Physics
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pressures16–19 are inconsistent and this discrepancy has
been resolved. The uncertainty in pressure determina
when using gold as a secondary standard is;5% – 10% as a
result of this uncertainty.20

Here, we examine molybdenum and gold under non
drostatic compression to 24 GPa. Using theories21–23 de-
scribing lattice strains in an opposed anvil device toget
with experimental techniques24–26that allow measurement o
strain at any orientation relative to the stress axis, it is p
sible to constrain material properties such as shear stren
the elasticity tensor, and the quasihydrostatic compres
curve from x-ray diffraction measurements under nonhyd
static loading. The technique also yields information
properties of the sample environment such as the stress
sor, texturing, and stress/strain continuity across gr
boundaries.

II. THEORY

The theory describing lattice strains in a sample non
drostatically compressed in the diamond-anvil cell has b
discussed elsewhere.21–24,26,27Here, we restrict ourselves to
summary of the main features.

The sample in a diamond-anvil cell is held in a sm
gasket hole and compressed uniaxially between two g
quality diamonds. The stress tensor in the center of a
mond cell sample can be written as

s5F s1 0 0

0 s1 0

0 0 s3

G
5F sP 0 0

0 sP 0

0 0 sP

G
1F 2t/3 0 0

0 2t/3 0

0 0 2t/3
G , ~1!

wheres3 is the principal stress in the axial or diamond c
load direction,s1 is the principal stress in the radial dire
tion, andsP is the mean normal stress or pressure. The
ference between the maximum (s3) and minimum (s1)
stresses is the uniaxial stress componentt, which is taken to
be positive on compression,

t5s32s152t5Y, ~2!

wheret is the shear strength andY the yield strength of the
material. The latter two equalities in Eq.~2! hold for a Von
Mises yield condition and depend on conditions of plas
flow being reached. In fact,t could be less than the yiel
strength.

The d spacing for a given set of lattice planes measu
by x-ray diffraction is a function of the anglec between the
diamond cell stress axis and the diffracting plane norm
~Fig. 1!:

dm~hkl!5dp~hkl!@11~123 cos2 c!Q~hkl!#, ~3!
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wheredm(hkl) andd0(hkl) are the measuredd spacings for
the lattice plane (hkl) under compression and at ambie
pressure, respectively,dp(hkl) is the interplanar spacing tha
would result under application of hydrostatic pressuresP

alone, andQ(hkl) is given by

Q~hkl!5
t

3 F a

2GR~hkl!
1

12a

2GV
G . ~4!

GR(hkl) is the aggregate shear modulus for the crystalli
contributing to the diffracted intensity entering the detec
under the condition of constant stress across grain bou
aries~Reuss limit!. GV is the Voigt ~constant strain! bound
on the aggregate shear modulus and is not orientation de
dent. The parametera, which varies between 0 and 1, spec
fies the degree of stress and strain continuity across grain
the sample.

For the cubic system,

~2GR!215S112S1223SG~hkl!, ~5!

whereS, a measure of the elastic anisotropy, is given by

S5S112S122S44/2, ~6!

and

G~hkl!5
h2k21k2l 21h2l 2

~h21k21 l 2!2
, ~7!

and

~2GV!215
5

2

~S112S12!S44

@3~S112S12!1S44#
, ~8!

where theSi j are the single-crystal elastic compliances.
According to Eq.~3!, dm(hkl) should vary linearly with

123 cos2 c. The intercept of the relation (c554.7°) gives
thed spacing due to the hydrostatic component of the stre
At this angle, there is no contribution to the measuredd
spacing from the deviatoric stress tensor. The slope of
dm(hkl) vs 123 cos2 c relation yields the produc
dp(hkl)Q(hkl).

Equations~4!–~6! also predict a linear relationship be
tweenQ(hkl) and 3G(hkl) with slopem1 and interceptm0

given by

FIG. 1. Experimental geometry for radial diffraction experiments.c is the
angle between the diamond cell stress axis and the diffraction plane no
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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m05
t

3
@S112S12#, ~9!

m152
t

3
@S112S122S44/2#, ~10!

for the case wherea51. More general expressions that ho
for any value ofa are given elsewhere.23

In addition, the linear compressibilityx of a cubic crys-
tal is given by

x52S ] ln a

]P D
T

5
1

3K
5S1112S12, ~11!

wherea is the lattice parameter andK is the isothermal bulk
modulus.

These three expressions, together with the inverse r
tionship between the elastic stiffness and elastic complia
tensors,28 can be used to write the following expressions
the isothermal elastic stiffnessesCi j of a cubic crystal:

C115
1

3x
1

2t

9m0
, ~12!

C125
1

3x
2

t

9m0
, ~13!

C445
t

6~m01m1!
. ~14!

Thus, by measuring the dependence of interplanar s
ing on the angle from the diamond cell stress axis un
nonhydrostatic compression, the single-crystal stiffness
sor can be constrained. In addition, it is also possible
recover thed spacing and, hence, lattice parameter, for
hydrostatic component of the stress tensor. To solve E
~12!–~14!, it is necessary to know the uniaxial stresst as well
as the axial compressibility.

Using Eq.~4!, the uniaxial stress component can be d
termined from

t56G^Q~hkl!&, ~15!

where ^Q(hkl)& represents the average value over all o
served reflections. The pressure dependence ofG can be ob-
tained from extrapolation of ultrasonic or other single-crys
elasticity data. Equation~15! is strictly true only for elasti-
cally isotropic materials butt has been shown to depend on
weakly on combinations ofa and anisotropy.23

III. EXPERIMENTAL TECHNIQUE

Experiments were conducted using energy-dispers
synchrotron x-ray diffraction at the bending magnet bea
line ~13-BM-A! of the GSECARS sector at the Advance
Photon Source. The sample consisted of high-purity mol
denum powder with a thin gold layer on the upper surfa
The sample was contained within a 40mm hole in a beryl-
lium gasket and compressed using a diamond-anvil cell.

Incident x rays were collimated by a pair of tungst
carbide slits and focused to 10mm310 mm with
Kirkpatrick–Baez optics. The size of the incident x-ray bea
was measured using a sharp edge. Both the incident
Downloaded 17 Dec 2004 to 150.135.44.25. Redistribution subject to AIP
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diffracted beams passed through the 6-mm-diam berylli
gasket which absorbs little of the high-energy x rays.29 The
sample was positioned such that the x-ray beam passed
the interface of the molybdenum and gold layers or entir
within the molybdenum layer. The diamond cell wa
mounted in a rotation stage on a two-circle horizon
diffractometer.30 The anglec between the diffraction plane
normal and the diamond cell stress axis was varied from
~diffraction plane normal parallel to the diamond cell stre
axis! to 90° ~diffraction plane normal perpendicular to stre
axis! ~Fig. 1!. The diffracted beam passed through a doub
slit system and was detected by a Ge solid-state detecto

At each pressure, energy-dispersive diffraction patte
were recorded at angular intervals of 5°–15° for about 5–
min each. Diffraction patterns were recorded upon compr
sion at seven pressures between 4.6 and 24.0 GPa and
decompression at 19.5 and 14.7 GPa. The equivalent hy
static pressures were determined from the measured la
parameter atc554.7° and the equation of state of gold17 as
discussed below.

Peak positions were obtained by fitting backgroun
subtracted Voigt line shapes to the spectra. For gold,
~111!, ~200!, ~220!, ~311!, ~222!, ~400!, and~331! diffraction
lines were used. For Mo, the analysis was based on the
lowing diffraction lines: ~110!, ~200!, ~211!, ~220!, and
~310!.

The method used here differs from conventional ener
dispersive diffraction experiments in which the incident a
diffracted x-ray beams pass through the diamond-anvils. D
to the limited x-ray access afforded by the diamond seatsc
can be varied only over a small range near;85° in the
conventional geometry. Thus, diffraction measurements
confined to near the minimum stress direction. However,
using a beryllium gasket, the diffraction vector can be po
tioned at any orientation relative to the diamond cell axis

IV. RESULTS

Selected diffraction patterns for the Au–Mo sample a
function ofc are shown in Fig. 2. The diffraction peaks sh
to higher energy as the angle is decreased, reflecting
increased strain as the diffraction plane normal approac
the maximum stress axis. The peak shift is larger for
molybdenum lines than for the gold lines because of
larger uniaxial stress component sustained in the molyb
num sample. While the peak intensities are variable, th
are no consistent trends in intensity as the angle is var
suggesting that no uniform texturing is developed in the
samples, unlike hcp metals.26

The observed relative intensity changes may arise fr
local preferred orientation. Since the gold layer is very th
changes in sample position as the cell is rotated can resu
large intensity changes. Changes in peak position will o
occur upon sample position changes if there are pres
gradients across the sample. The size of the sample hole
minimized to reduce this effect. The possibility of time
dependent changes in the diffraction pattern~i.e., stress re-
laxation! was examined by recording patterns at a particu
angle at both the beginning and end of the data collec
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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process for a particular pressure. No systematic change
the diffraction pattern with time were observed.

The variation ofd spacing withc is shown for represen
tative diffraction lines in Fig. 3. For both molybdenum an
gold, a linear relationship with 123 cos2 c is observed in all
cases. Thed spacing and lattice parameter corresponding
the purely hydrostatic component of stress, 123 cos2 c

FIG. 2. Selected x-ray diffraction patterns as a function of angle from
stress axis at 24 GPa. Diffraction lines from molybdenum and gold
labeled. Unlabeled lines are from the beryllium gasket. The anglec, corre-
sponding to each pattern, is shown at the right.

FIG. 3. Dependence ofd spacing on 123 cos2 c for selected diffraction
lines of gold and molybdenum at 9 GPa. The solid lines are least-square
to the data. They-axis range is61% for each panel.
Downloaded 17 Dec 2004 to 150.135.44.25. Redistribution subject to AIP
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50 (c554.7°), was determined for each diffraction pe
and mean values are shown in Tables I and II. The stand
deviation of the mean lattice parameter determined from
the gold and molybdenum lines was less than 0.1% at
angle. At 0° and 90°, the standard deviation of the me
lattice parameter was larger, but still less than 0.2%.

Figure 4 shows the variation of the lattice parameter
termined from the linear fits tod spacing data~Fig. 3! for
each diffraction line as a function of 123 cos2 c. For gold,
the ~200! line generally yields the smallest lattice parame
at c50° and the largest lattice parameter atc590°. Con-
versely, the~111! line is the smallest atc590° and the
largest lattice parameter atc50°. These results are consis
tent with other studies.26,31 For molybdenum, the~110! line
yields a lattice parameter that is systematically high by ab
0.1% atc554.7°. The other diffraction lines tend to con
verge at 123 cos2 c50. In going from 0° to 90°, there is a
0.4%–1.1% increase in the mean molybdenum lattice par
eter and a 0.2%–0.7% increase in the mean gold lattice
rameter at each pressure over the 5–24 GPa pressure r

In addition to the reduced variance of the mean latt
parameter, a reduction in the diffraction peak width tends
be observed asc approaches the critical value of 54.7°~Fig.
5!. On average, the peaks widths are reduced by;20% at
c550° – 60°, relative toc50° and 90°. The peak width is
sensitive to both the macroscopic and microscopic deviat
stress fields.31,32 The reduction in width is further evidenc
that the total contribution of the deviatoric stress is reduc
at 123 cos2 c 50.

e
e

fits

TABLE I. Lattice parameter and equation of state for gold.

a(c554.7°)
Å V/V0

P(c554.7°)
~GPa!

P(c590°)
~GPa!

P(c50°)
~GPa!

4.043~2! 0.9748 4.6 4.1 5.6
4.014~3! 0.9532 9.1 8.4 10.4
3.996~2! 0.9405 12.0 11.2 13.6
3.991~2! 0.9362 13.1 11.9 15.2
3.973~3! 0.9243 16.2 15.4 17.3
3.948~2! 0.9070 21.0 19.5 23.8
3.934~2! 0.8974 24.0 22.3 27.2
3.956~3!a 0.9125 19.4 17.9 23.1
3.985~3!a 0.9327 14.0 13.3 15.7

aIndicates data taken on decompression.

TABLE II. Diffraction data for molybdenum.

P
~GPa!

a(c554.7°)
Å

V/V0

~c554.7°!
a(c590°)

Å
a(c50°)

Å

4.6 3.129~1! 0.983 3.133~1! 3.121~3!
9.1 3.116~2! 0.971 3.121~3! 3.105~2!

12.0 3.105~2! 0.960 3.113~3! 3.088~3!
13.1 3.102~4! 0.958 3.111~6! 3.084~4!
16.2 3.094~2! 0.950 3.103~4! 3.074~3!
21.0 3.079~2! 0.936 3.089~3! 3.058~4!
24.0 3.071~3! 0.929 3.083~4! 3.046~3!
19.4a 3.084~3! 0.941 3.096~4! 3.061~6!
14.0a 3.104~4! 0.955 3.115~6! 3.083~5!

aIndicates data taken on decompression.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The dependence ofQ(hkl) on 3G(hkl) is shown in Fig.
6. For both gold and molybdenum, a linear relationship
observed. The case of a bcc material is somewhat unfa
able as many of the diffraction lines yield the same value
3G and the observed diffraction planes do not span the p

FIG. 4. Variation of lattice parameter determined from each diffraction l
with angle for~a! gold and~b! molybdenum at 21.0 GPa. The solid lines a
from the least-squares fits tod spacing versus 123 cos2 c ~Fig. 3!. The
relativey-axis range in~b! is twice the relativey-axis range is~a!.

FIG. 5. Molybdenum~200! diffraction peak at selected angles. The patte
have been arbitrarily shifted in energy to align the peaks.
Downloaded 17 Dec 2004 to 150.135.44.25. Redistribution subject to AIP
s
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f
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sible range of 3G values. No systematic trends are observ
in the Q(hkl) values for diffraction peaks which have th
same value of 3G.

Using the equation of state of gold,17 the pressure was
determined from the mean lattice parameter at 54.7° us
the third-order Birch–Murnaghan equation33 ~Table I!. Pres-
sures were also calculated from the measured strains a
and 90° by assuming that the lattice strain in this direct
represents the hydrostatic strain~Table I!. The pressures in-
ferred from strain measurements at the minimum and m
mum stresses typically differ by 20%–30%.

The compression curve for molybdenum was determin
using the pressure determined by the gold marker at e
angle. Equation of state data at 0°, 54.7°, and 90° are sh
in Fig. 7 and Table II. The molybdenum equation of state
54.7° is in reasonable agreement with hydrostatic comp
sion curves constructed from extrapolation of ultrasonic e

FIG. 6. Q(hkl) as a function of 3G for gold and molybdenum at 21.0 GPa
The solid lines are least-squares fits to the data. The estimated erro
Q(hkl) are obtained from the scatter of thed(hkl) vs 123 cos2 c relation.

FIG. 7. Equation of state of molybdenum from lattice parameters meas
at 0°, 54.7°, and 90°. The pressure is determined from the mean la
parameter of gold. The dashed lines show Birch–Murnaghan equation fi
the data at 0° and 90°. The solid line shows the 300 K isotherm fr
ultrasonic data~Ref. 9!, the dash-dot line shows the isotherm from hig
pressure shock data~see Ref. 7!, and the pluses are low-pressure shock d
~see Ref. 12!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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6734 J. Appl. Phys., Vol. 86, No. 12, 15 December 1999 Duffy et al.
ticity data9 and reduction of shock compression data us
Mie–Gruneisen theory.7 Thus, it is possible to obtain a
quasihydrostatic compression curve from these highly n
hydrostatic data by proper choice of the angle between
stress axis and the diffraction vector. However, the data
c554.7° show a slight systematic deviation from the is
therms with the diamond cell data being less compressibl
similar result was observed previously in a similar study
ing a rhenium–gold sample.26 In that study, it was discusse
that the deviation could be due to a variety of factors inclu
ing the presence of local deviatoric stresses,31,34 error in
static isotherms of sample or marker, pressure differen
between the marker and sample, changes in sample posi
as the angle is varied, or errors in settingc50.23

Also shown in Fig. 7 are third-order Birch–Murnagha
equation fits to the data at 0° and 90°. The equations of s
at the extreme angles yield equation of state parameters
different from expected values. The ambient-pressure
thermal bulk modulusK0 of molybdenum is 261 GPa~Ref.
9! and its pressure derivativeK08 is 4.0 ~Ref. 7! to 4.5.9 The
bulk moduli obtained from fits using the third-order Birch
Murnaghan equation at 0° and 90° are 210 and 348 G
respectively, a total variation of 65%. The pressure deri
tives obtained from the inversions show even more extre
variation: from 1.8 at 90° to 5.8 at 0°. This illustrates t
strong effect that nonhydrostaticity can have on equation
state parameters. This is also consistent with the beha
observed previously for rhenium.26

The uniaxial stress component in gold was calcula
using Eq. ~15! and the pressure dependence of the sh
modulus from Ref. 17~Fig. 8!. The results are in good agree
ment with earlier diamond cell data using the conventio
axial x-ray geometry35 as well as other radial diffraction
data.26 A linear fit to all the data from 5 to 37 GPa yield
t50.0610.015P, whereP is the pressure in GPa. The valu
of t obtained in this study ranges from 0.2 to 0.6 GPa at 5–
GPa. The magnitude of the uniaxial stress component is

FIG. 8. Uniaxial stress component of gold~filled circles! and molybdenum
~filled squares! as a function of pressure. Solid lines are least-squares fi
the data. For gold, open triangles are from Ref. 35 and filled triangles
from earlier radial diffraction data~see Ref. 26!. For molybdenum, open
symbols are yield strength measurements under shock compression~see
Ref. 12!.
Downloaded 17 Dec 2004 to 150.135.44.25. Redistribution subject to AIP
g

-
e

at
-
A
-

-

es
ns

te
ry

o-

a,
-
e

f
ior

d
ar

l

4
ss

than the uncertainty in the gold equation of state. The pr
sure error that results from using data atc590° is 0.5–1.7
GPa or about 10% over this pressure range. In general,
uniaxial stress values for gold in this experiment are sligh
higher than found in an earlier experiment using the sa
geometry but for a sample mixed with rhenium.26 The
uniaxial stresses in molybdenum are also shown in Fig
The shear modulus was obtained from ultrasonic data9 ex-
trapolated to high pressure using finite strain theory.33 For
molybdenum, the uniaxial stress can be described
t50.4610.13P.

The single-crystal elastic moduli calculated using E
~12!–~14! are shown in Figs. 9 and 10. For gold, the resu

to
re

FIG. 9. Second-order elastic moduli of gold as a function of pressure. F
circles are from this study. Open squares are from a rhenium/gold sa
studied using the same technique~see Ref. 26!. Error bars are one standar
deviation. Solid lines are finite strain fits to the present data combined
that of Ref. 26 and ambient pressure data~see Ref. 17!. The dashed lines
show finite strain extrapolations of ultrasonic data~see Refs. 16 and 17!,
where the upper dashed curve corresponds to Ref. 16, and the lower d
curve is from Ref. 17. The difference between adiabatic and isother
moduli has been neglected.

FIG. 10. Second-order elastic moduli of molybdenum as a function of p
sure. The symbols are the present data and the solid lines are finite stra
to the present data and ambient pressure data~filled squares! ~see Ref. 9!.
The dashed lines show finite strain extrapolation of the pressure depend
of the moduli from ultrasonic data to 0.5 GPa~see Ref. 9!. The difference
between adiabatic and isothermal moduli has been neglected.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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are compared with finite strain extrapolations33 with two sets
of ultrasonic elasticity data.16,17 Since the linear compress
ibilities and shear moduli used in Eqs.~12!–~14! were taken
from the results of Ref. 17, a comparison with the low
dashed curve in Fig. 9 is most appropriate. Pressure de
tives obtained from finite strain fits to the x-ray elas
moduli combined with ambient pressure data are compa
with ultrasonic pressure derivatives in Table III.

The results for gold are generally consistent with t
x-ray elastic moduli in the previous gold–rhenium study26

although the values forC12 and C44 are slightly lower and
higher, respectively, here than in the earlier study. The va
of C44 shows very little pressure variation compared w
extrapolation of ultrasonic elasticity values.

For molybdenum, the results are also in good agreem
with the extrapolation of ultrasonic data.9 The shear modulus
C44 again tends to lie slightly below ultrasonic values,
though they are in agreement within uncertainties. Value
C11 and C12 tend to be slightly higher and lower, respe
tively, on decompression relative to measurements u
compression.

V. DISCUSSION

The elastic anisotropy of a cubic crystal can be char
terized by the anisotropy ratio A, which is the ratio of she
moduli in the~100! and ~110! planes in the@100# direction:

A5
2C44

C112C12
5

2~S112S12!

S44
511

2S

S44
. ~16!

An elastically isotropic material hasA51. Values of A
greater than 1 signify thatC44 is greater than 1/2(C11–C12),
whereas the opposite holds whenA is less than 1.

For gold, the elastic anisotropy is large withA52.9 at
ambient pressure and extrapolation of ultrasonic data s
gests this should increase weakly with pressure. In cont
the elastic anisotropy of molybdenum is 0.72, implying th
the shear velocity in the~110! plane is greater than the she
velocity in the~100! plane. The opposite orientations of th
elastic anisotropy are responsible for different signs of
slopes observed in theQ– 3G plot ~Fig. 6!.

For the case wherea51, Eqs.~12!–~14! yield

TABLE III. Pressure derivatives of second-order elastic moduli for gold a
molybdenum.

Ref.

]C11

]P

]C12

]P

]C44

]P

Gold

This study (a51) 6.4 4.8 0.6
Ref. 16 7.0 6.1 1.8
Ref. 17 5.7 5.0 1.5
Ref. 18 6.7 5.9 1.8
Ref. 19 6.7 5.8 1.8

Molybdenum

This study (a51) 7.3 3.3 0.5
Ref. 9 6.4 3.5 1.4
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A5
1

11m1 /m0
. ~17!

As discussed previously,23,26 the elastic anisotropy is
strongly sensitive to the value ofa. Using the values ofm0

and m1 from Eqs. ~12! and ~13!, we find thatA for gold
decreases from 2.9 at 4.6 GPa to 1.5 at 24.7 GPa. This
crease is largely due to the weak pressure dependence oC44

for a51. As discussed elsewhere,26 the x-ray and ultrasonic
data for gold at 14–37 GPa could be reconciled ifa de-
creases from 1 near 14 GPa to about 0.5 at the highest p
sure. The anisotropy of molybdenum from the x-ray mod
also decreases with pressure, but the magnitude of the e
is reduced. The anisotropy factorA varies from 0.5 at 4.6
GPa to 0.7 at 24.7 GPa. Extrapolation of high-pressure ul
sonic data for molybdenum suggests thatA should be largely
pressure independent for this material.

In this study, reducinga may also improve the agree
ment with ultrasonic data for gold at high pressure. For m
terials withA . 1, reducinga will decreaseC11 and increase
C12 andC44 with the strongest effect onC44. As a result, the
anisotropy factorA will increase. For materials withA , 1,
decreasinga will also increase the anisotropy, causingA to
decrease. For such materials, a reduction ina has the oppo-
site effect on the individual moduli:C11 is increased andC12

and C44 are decreased. As a result, a reduction ina for
molybdenum will result in poorer agreement between
x-ray elastic constants and ultrasonic data. Thus, reductio
a cannot simultaneously reconcile the low values
]C44/]P for x-ray data relative to ultrasonic data for bo
gold and molybdenum. The uncertainties inC44 are suffi-
ciently large in this study thata51 is consistent with the
current data set.

With further refinement, the present method offers a p
tential means to constraina and, hence, better understand t
nature of stress continuity across grain contacts in the h
pressure sample. This is an important issue as Reuss co
tions are often assumed to hold when using anin situ pres-
sure marker within the sample. There is evidence that lo
pressure ultrasonic data may overpredict pressure deriva
of elastic moduli.20 It is also now possible to directly mea
sure elastic wave velocities to pressures above 10 GPa u
ultrasonic techniques.36 Such measurements are needed
gold and molybdenum to provide a more direct comparis
with the results of this study.

The uniaxial stress values for molybdenum are co
pared to yield strength values determined under shock c
pression at 6.5–15 GPa in Fig. 8. The shock data12 were
obtained by comparing the HugoniotP2V states to the in-
ferred hydrostat from ultrasonic data.9 The uniaxial stress
values under static compression are in agreement with
shock yield strengths at these pressures~Fig. 8!. The dy-
namic yield strengths, however, appear to exhibit little or
pressure dependence in contrast to the static uniaxial st
In general, dynamic yield strengths increase with compr
sion until very high pressures where shock heating effe
become important.10 The temperature dependence of t
yield strength at the Hugoniot elastic limit for shocked m
lybdenum was determined to be20.0004 GPa/K from com-

d
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parison of room-temperature measurements with those f
a 1400 °C initial state.13 The yield strength of a materia
depends on strain rate and total strain. For molybdenum,
1 bar yield strength at a strain rate of,1 s21, which is
appropriate for diamond cell experiments, is 0.7 GPa.37 This
value is consistent with the trend obtained from our data

A comparison of shock and static yield strengths h
implications for the ruby pressure scale. At pressures
10–20 GPa, the shock and static strengths are roughly s
lar, and strength effects are likely to cancel out in the red
tion of shock data to a static isotherm. This can be seen w
reference to Fig. 7, which shows that molybdenum sh
P2V states are similar to diamond cell values taken un
nonhydrostatic compression at 90° in this compress
range. At higher pressures, the situation is less clear as
pressure dependence of the shock strength is not well
strained. Molybdenum was used to calibrate the ruby sc
up to 95.4 GPa~Ref. 1! and shock temperatures are expec
to range from 300 to 1100 K over this interval.7 Thermal
softening under shock compression is, therefore, likely to
modest, and near cancellation of static and dynamic stre
effects may hold over this entire range. Using molybden
as anin situ standard at ultrahigh pressures may be proble
atic, however. In this case, the dynamic yield strength m
be small due to intense shock heating, while the static y
strength could be very large if the trend shown in Fig.
continues to high pressure.

VI. SUMMARY

Nonhydrostatic stress can strongly affect the measu
lattice strains in a diamond-anvil cell. By using a berylliu
gasket and x-ray diffraction to measure lattice strains a
function of anglec from the diamond cell axis, valuabl
additional information can be obtained on the state of
high-pressure sample. Here, we have examined gold and
lybdenum at 5–24 GPa. The results for gold are consis
with an earlier study using the same technique. The unia
stress supported within gold is 0.2–0.6 GPa at these p
sures. When gold is used as a pressure marker with a
ventional axial x-ray geometry, the pressure is undere
mated by;10%. The single-crystal elastic moduli for go
are generally consistent with ultrasonic values, although
pressure dependence ofC44 is less than obtained from low
pressure ultrasonic data. For molybdenum, the uniaxial st
is given byt50.4610.13P, whereP is the pressure in GPa
It is found that the equation of state of molybdenum
strongly dependent onc with bulk modulus values that var
by 66% asc increases from 0° to 90°. The elastic moduli
molybdenum are in good agreement with extrapolated ul
sonic values. However, the pressure dependence ofC44 for
molybdenum is also less than that obtained from lo
pressure ultrasonic data.
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