%26 % 456 M mOE ¥ OB ¥ W Vol. 26, No. 6
2012 4F 12 H CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Dec. . 2012

Article ID:1000-5773(2012)06-0608-09

A Revised Ruby Pressure Scale up to 160 GPa
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Abstract: The ruby pressure scale is revised using available static compression data of eleven markers at
pressures up to 160 GPa, which includes Al, Cu, W, Au, Pt, Ta, Ag, Mo, Ni, Co, and Zn. The shock wave
reduced isotherms of these markers are derived from shock Hugoniot and thermodynamic data using the same
theoretical framework. These isotherms are then used to calibrate the ruby pressure scale, which shows good
consistency based on simultaneous volume measurements, The calibration was processed by fitting all of these data to
two ruby pressure scale forms,and gives the parameters A=1923. 4 GPa,B=9. 75,and m=1889. 0 GPa,n=5. 48,
respectively. These two sets of ruby pressure scale differ by less than 2. 1 GPa in the pressure range of 200 GPa.
Making use of our ruby pressure scale in latter form, the static compression data of Au are reassessed. When
the bulk modulus is fixed at 167 GPa, fitting the reassessed pressure-volume data to Vinet equation of state
gives the first order pressure derivative of bulk modulus as 5. 95, which has an excellent agreement with

ultrasonic measurements.

Key words: equation of state;pressure scale;ruby

CLC number: O521. 2 Document code: A

1 Introduction

The static diamond anvil cell (DAC) technique has been widely used to generate extremely high

(3] Accurate determination of pressure in DAC experiments is important for

pressure in materials
characterizing a range of high-pressure phenomena such as equation of state (EOS) and phase transition.
Unfortunately, the exact pressure achieved in DAC experiments cannot be directly measured,and a secondary
pressure scale must be used™® . The ruby pressure scale firstly introduced by Forman et al. ' is a simple
and accurate method of measuring pressure in DAC experiments especially at room temperature., With
the ruby pressure scale, pressure is derived from the previously calibrated R, line shift of ruby fluorescence
with pressure. Piermarini et al.'® obtained the pressure dependence of R, line shift up to 19. 5 GPa at room
temperature by simultaneously measuring the R, line shift of ruby fluorescence and specific volumes of NaCl""

% extended the marker method under non-hydrostatic condition

as a function of pressure. Mao et al."
to the megabars pressure range using shock wave reduced isotherms'* of Cu, Mo, Pd,and Ag. Follow-
ing these works,the ruby pressure scale under quasi-hydrostatic compression up to 80 GPa was devel-

oped by Mao et al.™ using shock wave reduced isotherms of Cu and Ag,which is expressed as
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e= 5G]

where p is the pressure in a unit of GPa,A is the measured wavelength of the ruby R, line,and A, =
694. 24 nm. The free parameters are given by A=1904 GPa and B=7. 665.

Based on a combination of X-ray and Brillouin scattering measurements on MgO up to 55 GPa,

Zha et al.™ developed a ruby pressure scale with A =1 904 GPa and B=7. 715 as expressed in
Eq. (1) .which is very close to that of Mao ez al. ). However, subsequent works"'"?! indicated that
Mao ruby pressure scale might underestimate the pressure at higher pressure range. The pressure
difference among previously published ruby pressure scales might reach 10-15 GPa at 150 GPa™*?*,
Dewaele et al. " measured 300 K isotherms of Fe,Co,Ni,Zn,Mo,and Ag up to 200 GPa using
helium as the pressure transmitting medium in DAC experiments. A new ruby pressure scale was pro-
posed by the comparison of the static measurements with shock wave reduced isotherms. However, we
noticed that following shock wave reduced isotherms were used by Dewaele:Co,Ni,and Ag?" ,Mo'*?,
Al and Zn **%) Similarly, the previous calibration of the ruby pressure scale proposed by Dewaele
et al.'™ was on the basis of measured 300 K isotherms of Al,Cu,W,Au,Pt,and Ta under quasi-hy-
drostatic condition. The shock wave reduced isotherms used for this calibration is Cu, Au, Pt, and
Tal, W Jand AP, respectively. In fact,the key issue for a successful calibration of the ruby pres-
sure scale is the accuracy and consistency of the involved shock wave reduced isotherms. Dewaele et
al.™1 also pointed out that the disagreement between two previously published calibrations of the

019201 is duo to a different choice of the shock wave reduced isotherm of Al

ruby pressure scale

Recently, we proposed a p-V-T EOS model for MgQO, Au,and Pt at pressures up to 300-550 GPa and
temperatures up to 3 000 K based on shock Hugoniot and thermodynamic data using a Mie-Griineisen type
analysis framework. %1 The derived EOSs are consistent with all available experimental volume compression
data in a widen range of pressure and temperature. Particularly, the calculated p-V-T EOSs of Au, Pt and
MgO were found mutually consistent if checked using independent simultaneous volume measurements
of Au,Pt,and MgO at various temperatures. This mutual consistency shows the reliability of our EOS
model. Comparison of our calculated 300 K isotherms of Al,Cu,W,Au,Pt,Ta,Ag,Mo,Co,Ni,and Zn

with corresponding quasi-hydrostatic data of Dewaele et al. ™1 and Chijioke et al. " lend us much

credit to calibrate a new ruby pressure scale.

2 The Consistency of Calibrating Data

The method of using markers to calibrate ruby pressure scale was introduced by Piermarini ez al. ™ with
NaCl as a pressure standard. In this method, markers and ruby chips are loaded in a DAC with pressure
transmitting medium. The R, line shifts of ruby fluorescence are measured together with the simultaneous
X-ray determination of the markers’ volumes to yield calibration points. We will use this method since
it is the most reliable method of producing a calibration. The most extensive data with high quality
available in literatures for calibrating ruby pressure scale are from Dewaele ez al.***!, where 300 K
isotherms under quasi-hydrostatic condition had been measured for Al,Cu,and W to 153 GPa,for Au,
Pt,and Ta to 94 GPa,for Ag and Mo to 122 GPa,and for Co,Ni and Zn to 156 GPa, respectively.
Another set of Au compression data up to 90 GPa"* is also used. We first calculated the 300 K
isotherms of Al,Cu,W,Ta,Ag,Mo,Co,Ni,and Zn using the method described in detail elsewhere*'**
with parameters listed in Table 1. The 300 K isotherms of Au and Pt can be found in Ref. [33].

Before calibrating the ruby pressure scale,it is important to examine the consistency of the calcu-
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lated 300 K isotherms of markers. To do this, pressures are extracted from the calculated 300 K iso-

therms using simultaneously measured volumes of two or three markers**,

Based on the simultaneous volume measurements of Dewaele er al. ™"’

, the difference in pressure
calculated with our 300 K isotherms of Al,Cu,and W up to 153 GPa and Au,Pt,and Ta up to 94 GPa
is plotted in Fig. 1 and Fig. 2, respectively. As Shown in Fig. 1, the discrepancy between 300 K
isotherms of Cu and W is less than 0.5 GPa below 100 GPa,and gradually increases to 2. 6 GPa (1.7%) at
156 GPa. The agreement between our calculated 300 K isotherms of Al and Cu is also good. The
discrepancy is less than 2. 2 GPa within the entire studied pressure range. Fig. 2 shows that the differ-
ence between the 300 K isotherms of Pt and Au ranges from —0.8 GPa to 1.5 GPa within a pressure
of 100 GPa. Similarly,the pressure difference between our calculated 300 K isotherms of Pt and Ta is
less than 2.1 GPa. The comparison demonstrates that our calculated 300 K isotherms of these materi-
als have good self-consistency at room temperature and pressure up to 160 GPa if they are used as in-

ternal pressure scales in DAC experiments.

Table 1 The material parameters used in present calculations and the calculated 0 K EOS parameters

Material o, /(g/cm®)  ¢/(km/s) S 7o 0,/ (K)  px(g/em®) Bk /(GPa) Bk
Al 2.703 5. 349t28 1. 338t28 2.19 423 2.735 79.3 4,34
Cu 8.924 3.98106370 1, 479Ls6s7] 2.02 342 9.008 145.3 4,92
W 19. 264 4. 029026260 7 p37Le6.26] 1. 67 388 19.312 314.5 3.95
Ta 16. 654 3.31080971 1, 294L8637] 1.82 247 16. 736 184.6 4.17
Ag 10. 490 3. 26427380 1 57pLe7.58] 2. 40 228 10. 610 115.5 5.29
Mo 10. 220 5. 143025:27:381 1 p4gL25-27-38] 1.59 459 10. 246 271.9 3.99
Co 8. 820 4,772t 1. 285020 2.22 452 8.879 203. 4 4,13
Ni 8. 875 4. 59428 1. 4402 1.93 427 8.933 190. 8 4.76
Zn 7.139 3. 0720 1. 498t 2.24 316 7.264 70.7 5.00
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Fig.1 Comparison of our shock wave reduced isotherms  Fig. 2 Comparison of our shock wave reduced isotherms
of Al,Cu and W based on simultaneous volume of Au,Pt and Ta based on simultaneous volume

measurements of Ref. [19] measurements of Ref. [19]

Recent simultaneous volume measurements on Ag, Mo, Ni,Zn,and Co'*! at room temperature can
also be used to examine the self-consistency of our EOS model. The comparisons of 300 K isotherms of

these materials are plotted in Fig. 3 and Fig. 4. As shown in Fig. 3,the agreement between the calculat-
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ed 300 K isotherms of Ni and Co is excellent within the studied pressure range. Furthermore, devia-
tions from our calculated 300 K isotherms of Ni and Zn only slightly exceeds 2. 0 GPa in the pressure
range of 160 GPa. It can be seen from Fig. 4 that the calculated pressures of Ag and Mo differ by less
than 1.5 GPa except for the experimental point at 125 GPa. The self-consistency confirms the reliabili-
ty of our EOS model for calibrating ruby pressure scale using the high quality experimental data of

Dewaele et al.**) and Chijioke et al. ™",
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Fig. 3 Comparison of our shock wave reduced isotherms  Fig. 4 Comparison of our shock wave reduced isotherms
of Ni,Co and Zn based on simultaneous volume of Ag and Mo based on simultaneous volume

measurements of Ref. [23] measurements of Ref. [23]

3 Comparison with Other Ruby Pressure Scales and Discussion

[10,15-16,18]

In order to obtain a reliable ruby pressure scale, various formulae have been proposed to

describle the pressure dependence of R, line shift of ruby fluorescence. Based on the published experimental

data[lf)—zo,z:s]

,we extracted the ruby R, line shift as a function of the compression ratio of markers,and then calcu-
lated the pressure of the corresponding markers at the same compression ratio using our EOS model. We per-

formed a non-linear least squares fit to these data. As a

result,a new pressure scale was obtained with parame- izg_ °

ters A=(1923. 4+4.5)GPa and B=9. 75+0. 10 in 120f ¢

the form of Eq. (1) (we call it scale Form-1), g 1():)— »

where errors are the standard deviations from the % i(;: g

fit. Since Dorogokupets ez al. ™* preferred to using a 40 ¢

form of Eq. (2) proposed by Aleksandrov ez al. ', we 20f o ﬁbﬂ]ﬁlﬂt}%‘?ﬁﬁﬁ
also fitted all of the data to Eq. (2) and obtained 29-0 0070 720 730 740750
another ruby pressure scale with parameters m = A/(nm)

(1889.0=44.3)GPa and n=5.48+0. 08 (we call it

scale Form-2), as shown in Fig. 5 together with

Fig. 5 Calibration curve of the ruby R, line shift with

pressure. The compression data of Al,Cu,W, Au,Pt,

Form-1. It should be noted that in the fitting we al- and Ta are taken from Ref. [197,
lowed both A and B or m and n to vary,and gave Ag.Mo,Ni,Co,and Zn are taken from Ref. [23],
an equal weighting factor to all of the data. and Au is taken from Ref. [20].
A— 2 1—2 The solid curve and dash curve
p=m s [1+n O] (2) S
Ao Ao are almost indistinguishable.

Although the Mao ruby pressure scale has been widely used in DAC experiments, recently pro-

) [19-23]

posed ruby pressure scales with the same form of Eq. (1 indicated that Mao’s scale might under-

/ [19]

estimate the pressure,especially above 100 GPa. Dewaele et a proposed a ruby pressure scale with
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parameters A=1904 GPa and B=9.5 in the form of Eq. (1) based on the 300 K isotherms of six se-
lected metals. Dewaele et al. ™ later revised his ruby pressure scale with A=1920 GPa and B=09. 61 based
on the 300 K isotherms of other five selected metals. Another important ruby pressure scale was recommended
by Dorogokupets et al. ™* in the form of Eq. (2) with parameters m=1884 GPa and n=5. 5. The compar-

ison of these ruby pressure scales!?1920:222] g

24 F= Mao Ref. [12](A=1 904 GPa, B=7.665)
29 [ -0- Dewaele Ref.[19](A=1904 GPa, B=9.5)
—+- Chijioke Ref. [20](A=1 876 GPa, B=10.71) %

plotted in Fig. 6. We can see that these ruby pres- 20F -4 Dorogokupets Ref: [22](A=1 835 GPa, B=10.4y"

. . . —~ -0~ Dorogokupets Ref. [22](A=1 884 GPa, n=5.5)
sure scales have good consistency only within a & 18F7. Dewacle Ref [23](A=1020 GPa, B=0.61) / . ®
S 10T imin iy
< = *- sent = i a, N=>5. %0 -
pressure range up to 80 GPa, beyond that they X 14f 7 Presentorklm e 7/42;/’2/0
. . s 12F ¥ o
begin to diverge. Our scales have good agreement S10f O
£ 8f 2
with the proposals of Ref. [22] and Ref. [23]. The 8 of
. . : 4 s
pressure calibration done by Dewaele et al.™" of v_/@fé’goo
1]8 ,‘.‘%%éf{ KKK KKK A H KKK KK KKK

using different sources of shock wave reduced iso- 0 20 40 60 80 100120 140 160 180 200

[25:2050] 4f the six markers might underesti- P/ (GP2)

therms

mate the pressure by about 2. 0 GPa at 200 GPa.

Fig. 6 Difference between recently proposed
On the contrary, the ruby pressure scale proposed by

Chijioke et al. ™ with parameters A=1 876 GPa and

ruby pressure scales and Mao ruby pressure scale

B=10. 71 might overestimate the pressure at pressures above 120 GPa. Dorogokupets et al. > pointed
out that this deviation was largely related to the different forms of the pressure dependence of ruby R,
line shift. As mentioned above,we have proposed two ruby pressure scales in the forms of both Eq. (1)
and Eq. (2),as well as done by Dorogokupets et al. . Our two pressure scales differ by less than 2. 1 GPa in a
pressure range up to 200 GPa. Comparing the two ruby pressure scales proposed by Dorogokupets et al. ,one
can see that the pressure difference reaches 3. 6 GPa at 200 GPa. Therefore,the Dorogokupets scale should
be revised by combining previous 300 K isotherms measurements'*? with new experimental data**!.

Our calibration includes eleven markers, and the volumes of these markers and the ruby R, line
shift were measured using identical techniques with the same accuracy. The possible errors in the cal-
culated 300 K isotherms will be statistically reduced. More importantly,the 300 K isotherms of mark-
ers used in our calibration are calculated with the same theoretical framework and have good self-con-
sistency at room temperature and pressures up to 160 GPa. Furthermore,the quality of our calibration
can be checked by plotting the difference between the pressure calculated from our EOS model and
from our ruby pressure scale (Form-2 as example) ,as shown in Fig. 7. The deviation is very small,on-
ly slightly in excess of 2 GPa in the pressure range of 160 GPa.

Au is an important standard material in both static DAC and dynamic shock wave experiments.
Much effort towards establishing its EOS has been and is currently being expended™**** . In order to
check the validity of our new ruby pressure scale,the pressures of Au in DAC experiments of Takemu-
ra*™ ,Dewaele et al.*1 ,and Takemura and Dewaele™*! are re-determined with our Form-2 ruby pres-
sure scale,and are used to reassess the bulk modulus B, and its first order pressure derivative B, at

ambient condition. B, of Au was measured by ultrasonic experiments™"**

. The results have excellent
agreement with each other and span slightly from 166. 1 GPa to 166. 8 GPa. For this reason, B, is usu-
ally fixed at 167 GPa when the compression data of DAC experiments™*****J (determined with different
ruby pressure scales™'?"*"'?1) are fitted to Vinet"" or Birch-Murnaghan™* EOS to yield the value of
B,. However,large discrepancy still exists in B, ranging from 5. 01 to 6. 00. We have noticed that the
large discrepancy is duo to the choice of different ruby pressure scales. For example, Takemura, Dew-

aele et al. , and Takemura and Dewaele constructed the pressure-volume relation of Au based on
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2] ruby pressure scale,respectively. By fitting these data to the

Zha"'*! ,Dewaele'® , and Dorogokupets
Vinet EOS and fixed B, at 167 GPa, B, value is of 5. 46,6.00,and 5. 90, respectively. In constrast,our
re-determined pressure data gives B, of 5. 68,6. 14,and 5. 95, respectively, when fitting to the Vinet
EOS. It can be seen that the value of B, becomes better agreement with ultrasonic measurements,and
the disperstiveness of B,” decreases from 0. 54(9.0%) to 0.46(7.5%).

Fig. 8 shows the plot of relative volume of Au as a function of pressure based on the measure-
ments of 1*"*"*) where the pressures are determined with our Form-2 ruby pressure scale. The best-fit-
ted B, value is 5. 95 for these data when B, is fixed at 167 GPa. Moreover,the same data set yields B
=5.99 and B, =166. 2 GPa when B, is allowed to vary. These two fitted results have very good consis-

tency and show excellent agreement with the ultrasonic measurementst'**?), The X-ray diffraction data

l [49]

on Au in NaCl pressure medium by Hirose et a are also plotted in Fig. 8 for a comparison, where

[32]

the pressures are determined with our MgO pressure scale"””". It is worth emphasizing that our MgO

and ruby pressure scales are constructed within the same theoretical framework. As shown in Fig. 8,

[19,47-49]

the four re-determined data sets are in excellent agreement,and can be well reproduced by Vinet

EOS with parameters B, =167 GPa and B, =5. 95 in the pressure range of 150 GPa. A very close value

of 5.9 for By was obtained"** , where the pressures are determined by the Dorogokupets ruby pressure

[22]

scalet”, The EOS parameters of Au obtained here should be considered as an improvement since they

[19,47-48]

are not only based on large data sets ,but also reduce the disperstiveness in the pressures calcu-

lated with different ruby pressure scales.

. ook — Vinet E9QS with B;=167 GPa and
4 = A H D{f.)sv;ale'leD 2004 with our ruby scale
‘- 095F % © Takemura 2007 with our ruby scale
A %~ Takemura 2008 with our ruby scale
<) 0,90 * Hirose 2008 with our MgO scale|
f% E§ 0.85
$: = 0.
£ 0.80r
&
0.75}F
L I e %
0 20 40 60 80 100 120 140 160 180 0 25 50 75 100 125 150
Dy /(GP2) p/(GPa)

Fig. 7 Difference between the pressures determined
by our ruby pressure scale with parameters
m=1889.0 GPa and n=5. 48 in the form of Eq. (2)
and our calculated shock wave reduced isotherms of

eleven markers based on the measurements

Fig. 8 Experimental compression data of Au
at room temperature (Refs. [19,47-48]),
where the pressures are calculated from

our ruby pressure scale or MgQO pressure scale.

The solid line are calculated by the Vinet EOS

of Dewaele et al. (Refs. [19,23]). with B, =167 GPa and By, =5. 95.

4 Summary

In summary,we have calibrated the ruby pressure scale up to 160 GPa by comparing the precisely
measured volumes of eleven markers and ruby R, line shift with the corresponding shock wave reduced
isotherms of these markers,which are formulated within the same theoretical framework. The possible
statistical errors in calibration process can be remarkably reduced because of the good consistency
among our calculated shock wave reduced isotherms. Our calibrated results have excellent agreement
with the ruby pressure scales recently proposed,and imply that the ruby calibration of Dewaele et al.

might underestimate the pressure by about 2. 0 GPa at 200 GPa. The pressures of Au in DAC experi-
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ments are re-determined with our ruby pressure scale. The fitting of these data to the Vinet EOS gives

B,’=5.95 with B, fixed at 167 GPa,which is in excellent agreement with ultrasonic measurements.
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