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Thed spacings in niobium have been measured to 145 GPa with a diamond anvil cell using a fluid
pressure-transmitting medium@methanol–ethanol–water~MEW! mixture, or helium#. The
conventional geometry, wherein the primary x-ray beam passes parallel to the load axis with image
plate, has been used to record the diffraction patterns. The analysis of thed spacings using the lattice
strain equations indicates the presence of nonhydrostatic stress component~with both MEW and He
pressure-transmitting media! in the pressure ranges that are well below the freezing pressure of the
pressure-transmitting medium. A method to correct the measuredd spacings for the nonhydrostatic
pressure effect is suggested. This study clearly emphasizes the need to carefully analyze the data for
the nonhydrostatic compression effects even if the experiments are performed with fluid
pressure-transmitting medium. ©2001 American Institute of Physics.@DOI: 10.1063/1.1397283#
-
m
st
e
ze

al
re
es
in
re

s
re
gi

xt
o

ed
ve

op

ti

th
ra
m

d

o

st in
the
ata
of a
low-

he
the
nd
ti-

sed-

an
the
ed as

o-

ma
I. INTRODUCTION

The diamond anvil cells~DACs! have been used exten
sively to record x-ray diffraction patterns from samples co
pressed to high pressures. These experiments give intere
information on the phase transitions and equations of stat
materials over wide pressure ranges. A well-characteri
stress state~ideally hydrostatic pressure! is essential for a
rigorous interpretation of the diffraction data. A met
gasket1 to contain the sample and a fluid pressu
transmitting medium is commonly used to render the str
state of the sample hydrostatic, at least up to the freez
pressure of the pressure-transmitting medium. As the p
sure is raised above the freezing point2 of the pressure-
transmitting medium, the stress state of the sample begin
deviate from hydrostatic. Even at lower pressures, the st
state can become nonhydrostatic if the sample starts brid
the anvils due to excessive thinning of the gasket or due
large initial thickness of the sample. In this conte
modeling3 of the nonhydrostatic stress state and its effect
the measured lattice strains~d spacings! are important, as the
lattice strain equations based on these models can be us
analyze the diffraction data. Equations have been deri
using both the isotropic3–9 and anisotropic10–18 elasticity
theories. The lattice strain equations based on anisotr
elasticity theory have been used by many investigators19–35

to analyze the x-ray diffraction data under nonhydrosta
compression.

The present investigation was undertaken to look for
presence of any nonhydrostatic pressure effect in the diff
tion data generated with fluid pressure-transmitting mediu
We measured thed spacings of niobium to 145 GPa in flui
pressure medium@methanol–ethanol–water~MEW! mixture
or helium#. One would invariably assume the absence

a!Author to whom correspondence should be addressed; electronic
aksingh@css.cmmacs.ernet.in
3260021-8979/2001/90(7)/3269/7/$18.00
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nonhydrostatic compression effects in these data, at lea
the pressure ranges below the freezing pressure of
pressure-transmitting medium. However, analysis of the d
using the lattice strain equations indicates the presence
detectable nonhydrostatic stress component even in the
pressure range. We suggest a method to correct thed spac-
ings for the nonhydrostatic compression effect. Only t
lower bound of the correction factor is obtained because
value ofa, which defines the relative weights of Reuss a
Voigt limits, is not determined. An indirect method of es
matinga is discussed.

II. THEORY

A. Basic equations

The stress state of the sample compressed in an oppo
anvil setup is generally given by3

s i j 5sP1Di j , ~1!

wheresP andDi j denote the mean normal~hydrostatic! and
deviatoric stress components, respectively. Assuming
axial symmetry in the stress distribution at the center of
sample, the deviatoric stress component can be express
follows:

Di j 5U2t/3 0 0

0 2t/3 0

0 0 2t/3
U , ~2!

where,s11 and s33 are the radial and axial stress comp
nents, respectively, andt5(s332s11). The hydrostatic
stress component is given by

sP5~s111s111s33!/35s111t/3. ~3!

The maximum value oft is limited by the yield strength
of the specimen material at a pressuresP . Taking the strain
il:
9 © 2001 American Institute of Physics
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produced bysP as the reference, the strain produced by
deviatoric stress component in the cubic system is gi
by12,15,16

@dm~hkl!2dP#/dP5@am~hkl!2aP#/aP

5~123 cos2c!Q~hkl!, ~4!

where,dm(hkl) denotes the measuredd spacing of a set of
planes (hkl) in the presence ofDi j , and dP is d spacing
undersP alone.am(hkl) and aP are the lattice parameter
calculated fromdm(hkl) anddP , respectively.c denotes the
angle between the diffracting plane normal and the load
rection in DAC. A rearrangement of terms in Eq.~4! gives
the following relation:

dm~hkl!5dP@11~123 cos2c!Q~hkl!#. ~5!

An equation of the same form relatesam(hkl) andaP . If we
assume that the actual stress state of the sample lies bet
the two extremes determined by the isostress and isos
conditions, then

Q~hkl!5~ ta/3!$@2GR
X~hkl!#212~12a21!~2GV!21%,

~6!

where

@2GR
X~hkl!#215@S112S1223SG~hkl!#, ~7a!

S5~S112S122S44/2!, ~7b!

G~hkl!5~h2k21k2l 21 l 2h2!/~h21k21 l 2!2, ~7c!

and

~2GV!2155~S112S12!S44/2@3~S112S12!1S44#. ~7d!

The Si j are the single-crystal elastic compliances a
pressuresP . a determines the relative weights of the iso
tress and isostrain conditions in an actual case, and can
sume a value between 1 and 0.5. The quantityt is normally
compressive and, therefore, has a negative sign. The neg
sign has been included in Eq.~5! such thatt is a positive
number.

It is evident from Eq.~4! that the strain produced byDi j

vanishes atc5cc5cos21(1/A3), resulting in the following
condition:

dm~hkl!5dP ~8a!

If we consider the fact that (S112S12) andS44 are posi-
tive quantities~a requirement for the stability of the cryst
lattice! and the maximum possible value ofG(hkl) is 1/3,
then Eq.~6! suggests thatQ(hkl) is a positive quantity. With
a positiveQ(hkl), the following inequalities emerge from
Eq. ~5!:

dm~hkl!.dP if 0<c,cc , ~8b!

and

dm~hkl!,dP if cc,c<p/2. ~8c!

Equations~8a!–~8c! are also valid ifdm(hkl) anddP are
replaced byam(hkl) andaP , respectively. In general,c de-
pends on the diffraction geometry (hkl) and the mode of
data recording. For the energy-dispersive mode,c is a con-
stant for all (hkl). For the angle-dispersive mode,c depends
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on (hkl). For the conventional diffraction geometry wit
angle-dispersive mode,c5(p/2)2u. The u range acces-
sible in a DAC is small~usually less than;20°!. Thus, the
condition given in Eq.~8c! applies to the present discussio

B. Effect on derived quantities

The following expression is obtained from Eq.~5! for
the average value ofam(hkl):

^am~hkl!&5aP@11^~123 cos2c!Q~hkl!&#. ~9!

The angle brackets denote the average over all the obse
reflections. The contribution from the nonhydrostatic co
pression effect to the standard deviation inam(hkl) is given
by

sD5~atS!aP@^z2&2^z&2#1/2, ~10!

where

z5~123 cos2c!G~hkl!. ~11!

The conventionalP versus (Vm /V0) plot constructed
with the unit-cell volume measured under the nonhydrost
compression deviates from the curve obtained under hy
static conditions. The deviation along the (Vm /V0) axis is
given by

D«m~V!5@^am~hkl!&/a0#32~aP /a0!3

'3^~123 cos2c!Q~hkl!&~aP /a0!3. ~12!

Since the inequality given in Eq.~8c! applies for the conven-
tional DAC geometry,D«m(V) is a positive quantity. Thus
(Vm /V0) at s i j is larger~and the volume strain smaller! than
the value atsP .

C. Detection of nonhydrostatic effects

The following relation is obtained by combining Eqs.~5!
and ~6!:

am~hkl!5M01M1@3~123 cos2c!G~hkl!#, ~13a!

where

M05aP$11~at/3!~123 cos2c!@~S112S12!

2~12a21!~2GV!21#%, ~13b!

M152aP~atS/3!. ~13c!

Equation~13a! provides an extremely powerful method o
detecting nonhydrostatic compression effects in the m
sured lattice parameters and for estimating the term (atS).
Equation ~13a! suggests that theam(hkl) versus 3(1
23 cos2c)G(hkl) plot ~termed the gamma-plot hereinafter! is
a straight line ifc is independent of (hkl), as is the case if
the data are collected using the energy-dispersive mo
Even for the data obtained in the angle-dispersive mode
sulting in (hkl)-dependentc, the term inside the curly
brackets in Eq.~13b! varies within only a few percent whe
c is varied between 0° 90°. In the conventional DAC geo
etry, c varies between 90° and;70°. For thec variation in
this range, this term is constant within 1/10%. Thus, t
gamma plots, in general, are good straight lines. A high
gree of numerical precision is achieved if (123 cos2c) in
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Eq. ~13b! is replaced bŷ (123 cos2c)&, where the angle
brackets denote the average taken over all the observe
flections. Further, it can be easily verified that for commo
encountered values ofSi j andt, M0'aP . This suggests tha
very good estimates of (atS) can be obtained from the fol
lowing relation:

atS'23M1 /M0 . ~14!

III. EXPERIMENTAL DETAILS

The measurements of thed spacings under pressure we
performed with two different sample configurations. F
measurements below 20 GPa, the sample together wi
ruby chip ~for pressure measurement! and pressure-
transmitting medium~MEW or He! was loaded in a spring
steel gasket. The estimated gasket thickness at highest
sure~20 GPa! for these experiments was;30 mm. The esti-
mated sample thickness at 20 GPa was;15 mm. The sample
was, therefore, not expected to come in contact with an
up to 20 GPa. This cell assembly was used to conduct on
of experiments with MEW~series MEW-100 with a 3:1 by
weight mixture of 99.9% pure niobium and platinum, 1
pressure runs in the range 0.17–18.3 GPa! and another with
He ~series He-500 with niobium powder, five pressure ru
in the range 2.04–13.9 GPa!. For measurements at highe
pressure, the sample powder was filled in rhenium-gas
hole and the remaining volume was filled with pressu
transmitting medium. The sample volume in this arran
ment was large, and gave strong diffraction lines. The p
sure, however, was not expected to be truly hydrostatic. T
cell assembly was used to carry out two sets of meas
ments with MEW~series MEW-300 with 1:1 niobium–silve
mixture, 13 runs in the range 5.75–85.3 GPa, and se
MEW-400 with niobium powder, 13 runs in the range 6.77
145 GPa!. Four runs ~series He-200 with 3:1 niobium–
platinum mixture! with He pressure-transmitting medium
were made in the range 7.64–33.46 GPa. The pressures
100 GPa were measured by the ruby fluorescence techn
using the pressure-shift calibration5 done under a nonhydro
static pressure condition. The pressures above 100 GPa
estimated from thed spacings recorded from the edge of t
rhenium-gasket hole, using the equation of state36 of rhe-
nium. The estimated errors in the pressure andd spacing
measurements are discussed later in this article. The diff
tion patterns were recorded with an image plate on beam
18C of the Photon Factory, Tsukuba, Japan. The x-ray e
gies in the range 18–20 keV were used. In most runs,~110!,
~200!, and ~211! reflections from Nb were observed. Th
~220! reflection was observed in a few runs.

IV. DATA ANALYSIS AND DISCUSSION

A. General trends

Figure 1 shows the (Vm /V0) versus pressure data from
all the runs. For reference, the compression data from dif
ent sources are also plotted. Curves~1! and~3! are calculated
from the Birch–Murnaghan equation of state with the bu
modulusK0 and its pressure derivativeK08 ~Table I! obtained
from ultrasonic measurements37 and theory,38 respectively.
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The compression data from shock wave measurements39 are
shown by curve~2!. The (V/V0) at 150 GPa calculated from
the Birch–Murnaghan equation using ultrasonic data is 1.
larger and that calculated using theoretical data 2.5% lo
than the value obtained from shock wave measurements

The volume compression data below;8 GPa from the
MEW-100 series and all the data from the He-500 series
close ~within 60.0005! to the compression curves~2! and
~3!. The first datum point at 0.17 GPa in the MEW-100 s
ries, for some reason, shows a relatively large deviat
~0.002! and is discarded in this analysis. The data poi
above 8 GPa of the MEW-100 series and all the data po
of He-200 lie above curves~2! and ~3!. Most of the data
points of the MEW-400 series fall above curve~3!. We dis-
cuss in the foregoing sections the detailed features of th
data. The data of the MEW-300 series are discussed s
rately in this article.

B. Detection of nonhydrostatic stress and estimation
of „atS …

The gamma plots were constructed for all the runs. T
22 runs~five from the MEW-100 series in the pressure ran

FIG. 1. Measured volume compression data of niobium. Curves~1! and~3!
are calculated from the Birch–Murnaghan equation usingK0 andK08 from
ultrasonic measurement measurements~see Ref. 37! and theory~see Ref.
38! ~Table I!, respectively. Curve~2! shows the data obtained from shoc
compression experiments~see Ref. 39!. The data from MEW-100, MEW-
300, MEW-400, He-200, and He-500 series are shown by circles, cros
filled circles, filled squares, and squares, respectively.

TABLE I. Bulk modulus and pressure derivative of Nb.

K0 ~GPa! K08 rms res.a Reference

168.98~13! 4.08~1! — 37
165 3.45 — 38
164~1!b 3.8~1!b — 39
156~4!c 3.9~1!c 2.328c Present data
142~2!d 4.2~1!d 1.578d Present data
183~5!e 3.4~3!e 0.959e Present data
161~1!f 3.2~1!f 0.318f Present data

asqrt ~sum of the squares of residuals/number of data points! ~GPa!.
bFrom Birch–Murnaghan equation fit to shock wave data~see Ref. 39!.
c(Vm /V0) vs P data; pressure range 0.72–145 GPa.
d(VP /V0) vs P data, pressure range 0.72–145 GPa.
e(Vm /V0) vs P data, pressure range 0.72–50 GPa.
f(VP /V0) vs P data, pressure range 0.72–50 GPa.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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9.76–18.33 GPa, all 13 runs from the MEW-400 series,
all four runs from He-200 series! gave straight-line plots
(R2>0.83) consistent with Eq.~13a!. Figure 2~a!–2~c! show
three examples of such plots. Further discussions require
knowledge ofSi j at high pressure. First, theCi j values at a
required pressure were obtained by the method suggeste
Birch,40 using the one-atmosphereCi j and the pressure de
rivatives from ultrasonic velocity measurements.37 The cor-
respondingSi j values are then obtained by inverting the m
trix Ci j . The pressure dependences of (S112S12) and S
obtained by this procedure are shown in Fig. 3. It is seen
S520.008 58 at 1 atm and20.0062 at 150 GPa. Thus,S
remains negative up to the highest pressure in these ex

FIG. 2. A few examples of gamma plots. Symbol notations are the sam
in Fig. 1.

FIG. 3. The extrapolated values ofS and (S112S12) up to 145 GPa.
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ments. The observed positive slopes in these plots ar
agreement with the sign ofS. These plots suggest the pre
ence of nonhydrostatic stress state consistent with Eqs~1!
and~2!. The (atS) values can be calculated from the slop
and intercepts of the gamma plots using Eq.~14!. The esti-
mation of t requires the knowledge ofa. The choice ofa
51 gives the lower bound oft. It is seen from Fig. 4 that the
lower bounds oft range from nearly 0.2 to 3 GPa. These da
indicate thatat/G(P) values observed in the present expe
ments, whereG(P) is the aggregate shear modulus at a pr
sureP, range from 0.7% to 5.6%.

C. Hydrostatic pressure environment

The remaining 13 runs~below 8 GPa! of the MEW-100
series and all five runs of the He-500 series give plots sim
to that shown in Fig. 2~d!. These data sets give lines wit
nearly zero slopes in the gamma plots. The lattice parame
calculated from different reflections show very small scat
about the mean. This trend is expected for the cubic sys
under hydrostatic pressure. The measured lattice param
am(hkl) under these conditions are independent of (hkl)
and ^am(hkl)& representsaP . For these runs, the standa
deviations(am)<0.0003, wheres(am) denotes the standar
deviation inam . In such cases,s(am)>s(aP) represents the
intrinsic precision of measurement that can be achieved w
the present setup when pressure is hydrostatic. The fact
several runs gave smalls(am) rules out the presence of an
systematic error in the measurement that could possibly g
rise to the observed trend in the gamma plots@Figs. 2~a!–
2~c!#.

D. Estimation of s D and s „aP…

The standard deviations(am) consists of two compo-
nents. The first is the contribution fromsD @Eq. ~10!# and the
second from the intrinsic error in the measurement ofd spac-
ings represented bys(aP). Assuming the additivity of the
variances, we get

s2~am!5s2~aP!1sD
2 . ~15!

The termsD essentially arises from the neglect of th
systematic trend given by Eq.~5!. The sD values are calcu-
lated from Eq.~10! using the (atS) values.s(am) values are
calculated from theam(hkl) data. Equation~15! suggests

as

FIG. 4. Thet computed witha51 for different runs. Symbol notations ar
same as in Fig. 1.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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that thes2(am) versussD
2 plot should be a straight line for

constants(aP). The intercept of the line on thes2(am) axis
gives s2(aP). A straight line fit through all the data give
s(aP)50.0008. This value is nearly three time larger th
the value obtained for the data under an hydrostatic pres
environment. A straight line fit through the data below
GPa givess(aP)50.0003, a value in good agreement wi
the estimate made in the preceding section. A similar an
sis of the data in the pressure range 20–145 GPa g
s(aP)50.0012. The data above 20 GPa exhibit significan
larger values ofs(aP) than the data in the lower pressu
range. This appears to be linked to the diffraction line bro
ening that is found to become large above 20 GPa in
present experiments,41 rendering the determination of th
line position less precise. This analysis clearly demonstr
that the nonhydrostatic compression effect is the ma
source of scatter in the lattice parameters computed f
different reflections.

The data from MEW-300~shown only in Fig. 1! do not
show the systematic trends discussed so far. All the d
points are close to curve~3!. The data points in the 5–5
GPa range show a positive deviation~average value 0.0037!
from curve ~3! and negative deviation~average value
20.003! in the pressure range 62–85 GPa. The slopes of
gamma plots for the data in the MEW-300 series are posi
and range from 0 to 0.004. Even though the signs of
slopes are consistent with the sign ofS, the straight-line fits
are extremely poor (0<R2<0.5). Clearly, Eqs.~1! and ~2!
do not describe the stress state of the sample in these
The s(am) values range between 0.002 and 0.004 and
comparable to the values in other runs~for example, in the
MEW-400 series! that show good straight-line trends in th
gamma plots. Because of the poor straight-line fits, corr
ing am values for the nonhydrostatic compression effect d
not result in any improvement in the standard deviation a
s(aP)>s(am). In view of larges(am), the stress state can
not be considered hydrostatic. It appears that the stress
tribution in the sample in the MEW-300 series was compl
It may be recalled that the sample in this series of runs w
1:1 mixture of niobium and silver. The complex stress st
of the sample may be a result of this. Further, the precis
of the d(110) of niobium is adversely affected by the pre
ence of the overlapping~111! line of silver.

E. Estimates of aP and D«m„V…

TheaP values can be calculated using Eqs.~5!–~7!. The
(S112S12), S, and (ta) values required in these calculation
are obtained as discussed in the preceding section. How
exact calculations cannot be made, as the value ofa is not
known. It is seen from Eqs.~5!–~7! that a51 gives the
lower bound ofQ(hkl) and also of the difference betwee
am(hkl) and aP . Using this procedure,aP(hkl) values for
all the reflections are calculated in each run. The calculati
of D«m(V) values using theseaP(hkl) values in Eq.~12!
suggest that the errors in (V/V0) introduced by the nonhy
drostatic compression effect range from 0.003 to 0.022.
maximum error is found for the run at 33.46 GPa of t
He-200 series. This point~marked by an arrow in Fig. 1!
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shows a large deviation toward higher (V/V0) from curves
~2! and ~3!. The corrected value falls close to these curve

F. Equation of state

The results of fitting Birch–Murnaghan equation to t
volume compression data are summarized in Table I.K0 ob-
tained from (Vm /V0) is 6% lower than the estimates from
theory38 and shock wave measurements39 and 8% lower than
the value from ultrasonic measurement.37 The value ofK08 is
in good agreement with the ultrasonic and shock wave m
surements. The degree of fit and the errors inK0 andK08 are
comparable to those found in the literature. TheK0 value
obtained from the (VP /V0) versus pressure data is near
10% lower andK08 marginally higher than the correspondin
values obtained from (Vm /V0). Thus, the (Vm /V0) data ap-
pear to yield a better value ofK0 than the (VP /V0) data.
However, judging from the root-mean-square~rms! residual
of the fit and the standard error inK0 , the (VP/V0) data
seem to fit the Birch–Murnaghan equation significantly b
ter than the (Vm /V0) data.

The reason for the low value ofK0 obtained from
(VP /V0) data can be traced to the pressure scales used in
work. As noted while reporting pressure calibration of t
ruby shift,5 the pressures obtained from the ruby-line sh
are underestimated because the x-ray measured vo
strains in the pressure markers were not corrected for
nonhydrostatic compression effect. Rhenium exhibits a p
nounced nonhydrostatic compression effect.8,32 This results
in a gross underestimation of pressure when lines from
rhenium gasket36 are used to estimate pressure. Con
quently, both (Vm /V0) of the niobium sample and the pre
sures in the present work are underestimated. This resul
a partial cancellation42 of nonhydrostatic compression effec
resulting in reasonable estimates ofK0 andK08 . The use of
the same pressure scale with (VP /V0) data will obviously
result in a lowerK0 . The nonhydrostatic compression effe
on the pressure scale is presumably less pronounced in
low-pressure region. TheK0 and K08 values obtained from
compression data up to 50 GPa are also listed in Table I.
K0 value obtained with (VP /V0) data is in much better
agreement with the values from other sources. It should
noted that the rms residuals for Birch–Murnaghan fit a
lower for (VP /V0) versus pressure data.

G. Further comments

The data up to;8 GPa of the MEW-100 series and a
the data of the He-500 series indicate that hydrostatic p
sure can be achieved if care is taken to ensure that the sa
does not bridge the anvils. The appearance of nonhydros
pressure above;8 GPa in the MEW-100 series most likel
results from the freezing of MEW. It is shown in a rece
study43 that hydrostatic pressure can be achieved up to
least ;50 GPa with He pressure transmitting medium
careful control of the cell assembly. The analyses of the d
in other runs indicate that the pressure becomes nonhy
static even in the low-pressure region. Most likely, the lar
initial sample volume in these runs results in the sam
bridging the anvils at low pressures.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The correction procedure is limited by the lack
knowledge ofa. The choice ofa51 gives the lower bound
of the correction term that is required for deriving the latti
parameter corresponding to the hydrostatic component f
the measured lattice parameter. Significantly lower value
root-mean-square residual of the Birch–Murnaghan fit w
(VP /V0) data indicates that the assumption ofa51 is valid
in the present case. This conclusion is supported by the
servation that a much poorer fit~rms residual53.7! is ob-
tained with (VP /V0) data calculated witha50.5. Based on
these results, it appears possible to deduce a realistic val
a by computing (VP /V0) data with different values ofa, and
choosing the value that gives the lowest rms residual of
Birch–Murnaghan fit to the (VP /V0) versus pressure data.

An obvious limitation of this method is that it fails in th
case of samples that exhibit isotropy in single-crystal elas
ity (S50). This results in a zero slope in the gamma pl
However, as is seen from Eqs.~5!–~7!, the strain from the
nonhydrostatic stress component does not vanish. Fur
for a given set of values ofSi j andat, all d(hkl) values are
affected by a constant factor. An equivalent result@Eq. ~10!#
is thatsD50. In such a case, it is not possible to detect
presence of nonhydrostatic pressure either from the gam
plots or through analysis of the standard deviations in
lattice parameters. In this context, it may be noted that
diffraction data obtained with the radial geometry44,45 con-
tain much more information on nonhydrostatic compress
effects than the data from the conventional geometry. Th
data can be analyzed16,17 to give the lattice parameters co
responding to the hydrostatic component, without requir
the value ofa. The other information that can be derive
from the analysis of the radial geometry data are discus
elsewhere.16,17,32,33The radial-geometry data can be inte
preted unambiguously even whenS50. The lack of a
straight-line trend in the gamma plot does not necessa
imply hydrostatic pressure. This may happen if the str
state of the sample is complex and does not conform to E
~1! and~2!. In this case, the quality of the data and the nat
of the stress state have to be judged solely from the ma
tude ofs(am).

The uncertainties in the estimation ofSi j at high pres-
sures using Birch equations35 are difficult to assess. The gen
eral approach used in the development of these equatio
based on finite-strain theory that also forms the basis of
Birch–Murnaghan equation of state. As judged solely fro
the high accuracy of the Birch–Murnaghan equation in p
dicting the equation of state of solids, the estimates ofSi j at
high pressures are expected to be highly reliable. In any c
the uncertainties that may exist in the estimation ofSi j at
high pressures are unlikely to be large enough to alter
results of this analysis.

V. CONCLUSIONS

The use of fluid transmitting medium does not alwa
result in hydrostatic pressure. The pressure may deviate f
hydrostatic either when the pressure-transmitting med
solidifies or when the sample begins to bridge the anvils. T
analysis presented in this article applies to the cubic sys
Downloaded 17 May 2005 to 202.54.91.201. Redistribution subject to AI
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and can be used to detect the nonhydrostatic compres
effects. The practice of neglecting the nonhydrostatic co
pression effect and taking the lattice parameter as the a
age of the lattice parameters calculated from the measurd
spacings of the observed reflections results in overestima
of the lattice parameter and the standard deviation in
lattice parameter. The lower bound of the error in the latt
parameter arising from the neglect of the nonhydrosta
compression effect can be calculated. The contribution to
standard deviation in the lattice parameter from the non
drostatic compression effect can also be estimated and
contribution from the remaining sources separated. The e
mation oft andaP is limited by the lack of knowledge ofa.
It appears possible to obtain a reasonable estimate ofa by
varying a to minimize the rms residual of the Birch–
Murnaghan fit to the (VP /V0) versus pressure data.
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