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Ruby fluorescence pressure scale: Revisited*

Liu Lei(#l ), Bi Yan(¥ #E)", and Xu Ji-An(1&:35 %)
National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics, China Academy Of Engineering Physics, Mianyang 621900, China

(Received 11 October 2012; revised manuscript received 5 December 2012)

Effect of non-hydrostatic stress on X-ray diffraction in a diamond anvil cell (DAC) is studied. The pressure gradient
in the sample chamber leads to the broadening of the diffraction peaks, which increase with the /k/ index of the crystal. It is
found that the difference between the determined d-spacing compressive ratio d /dy and the real d-spacing compressive ratio
dy/dy is determined by the yield stress of the pressure transmitting media (if used) and the shear modulus of the sample.
On the basis of the corrected experiment data of Mao et al. (MXB86), which was used to calibrate the most widely used
ruby fluorescence scale, a new relationship of ruby fluorescence pressure scale is corrected, i.e., P = (1904/9.827)[(1 +

Al/)to)g'827 _ 1]_
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1. Introduction

The development of the ruby fluorescence pressure scale
has promoted the rapid growth of high-pressure physics,
chemistry, and geophysics with the diamond anvil cell (DAC)
technology. It provides a simple and quick method for de-
termining pressure, and a series of high-pressure experiments
(high-pressure Raman, Brillouin, electrical, magnetism mea-
surements, and so on) can be carried out in various laborato-
ries. Forty years have passed since Forman!!! proposed the
shift of a ruby R line as a pressure gauge. The first widely
used non-hydrostatic ruby pressure scale (MBSS78) was cali-
brated by Mao et al.!?! to about 100 GPa on the basis of 300-K
isotherms of Cu, Mo, Pd, and Ag derived from shock wave
Hogoniot data. Later, Mao and co-workers?®! improved the
MBSS78 scale by determining the volumes of Cu and Ag in
argon pressure transmitting media (PTM) and established the
most widely used quasi-hydrostatic pressure gauge up to now,
named MXB86. Since then, a number of revisions!*~!2! have
been made, as summarized in Table 1. Four important revi-
sions are worthwhile mentioning here.

ZMHO005! The MgO primary pressure scale was estab-
lished by combining the Brillouin and X-ray diffraction mea-
surement after Xu and Huang’s proposal.l'3! The ZMHO00 scale
was calibrated based on the MgO primary pressure scale. This
work is important because this calibration is not on the basis
of shock wave reduced isotherms (SWRIs). Therefore, it has
no relation with the uncertainties in shock wave measurement,
strength of sample, assumptions of the volume dependence of
the Griineisen parameter, and the one-dimensional nature of
shock waves.l”)

HO03°! Calibrated on the basis of the ultrasonic data of
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diamond and Ta at low pressure, the functional form III af-
fords more flexibility at high pressure. However, it is too com-

plicated at lower pressure (< 200 GPa), where the functional

form I is adequate.[>1415]

Table 1. Ruby pressure scales. There are four functional
forms to describe the ruby R; line shift with pressure: (I) P =
(A/B)[(1+A4 /30)% — 1], () P = A((A — 40)/20) (1+ B(2 — A0) /20).
() P =A/(B+C)(exp{(B+C)[1 — (1/)€]/C} 1), AV) P =
A[(A —29)/A + B((A —29)/A)?], where A is the wavelength of R;
line at ambient conditions (A9 = 694.24 nm), A is the wavelength of R,
line at pressure of P, and A, B, C are the fitting parameters.

Ref. Pressure scale Parameters
[2] MBSS78 1. A=1904, B=5
[3] MXB86 I: A=1904, B=7.665
(4] AGZS87 1. A=1918, B=11.7
1I: A=1892, B=6.4
[5] ZMHO00 1. A=1904, B=7.715
(6] HO3 1: A=1904, B=10.8
III: A=1820, B=14, C=7.3
[71 D003 1. A=1871, B=10.06
[8] DLMO04 1. A=1904, B=9.5
(91, [10] CNSS05 1. A=1876, B=10.71
1V: A=1798, B=8.57
[11] DO07 II: A=1884, B=5.5
[12] DTLMO08 1: A=1920, B=9.61

DLMO04®] Dorogokupets regarded this as a “revolution-
ary” work!!"l This work revealed the systemic errors in
SWRIs and tried to remove the errors by a sophisticated math-
ematic procedure in order to calibrate a new ruby pressure
scale. The ruby pressure scale calibrated by this method is
dependent on the standard materials selected. The discrep-
ancy between DLM04 and DTLMO8"?! reaches 1.3 GPa at
120 GPa, just because different standard materials were se-

lected in these two pressure scales. The “fan” curves in
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Fig. 3(b) of Ref. [8] may indicate intrinsic property-dependent
errors of shock wave data reduce procedure, which is not in-
cluded in the systemic error. This material-dependent error
needs further study.

CNSS05°! The ruby pressure scale has been carefully
calibrated based on SWRIs with thermal and material strength
corrections.

Through checking the calibration process of a ruby pres-
sure scale from an experimental aspect, the following four ef-
fects must be considered carefully in order to achieve an accu-
rate ruby pressure scale.

Uncertainty in SWRIs Up to now, SWRIs are the basis
of a ruby fluorescence pressure scale because other primary
pressure scales are still absent at high pressures. The precision
of SWRIs determines the precision of the ruby pressure scale.

Pressure gradient The pressure gradient exists at high
pressures even when the PTM has been used.''®!8] The stan-
dard material and ruby chips need to be located as near as pos-
sible to avoid the effect of any pressure gradient.

Strength effect The strength of the PTM leads to a stress
along the axis direction, which is larger than that along the
radial direction in a DAC. This effect makes the measured d-
spacings of standard materials larger than those at the corre-
sponding hydrostatic pressure, and an un-neglected pressure

U9 This effect is discussed in detail in

error is unavoidable.
Section 2.

Mismatch in strengths and elastic properties The pres-
sure in the sample materials and ruby would be different from
each other because of the stress concentration in incompress-
ible materials, arising from their mismatch on strengths and
elastic properties.['”-?%-231 Among the standard materials, W is
considered as the best material which matches the strength and
elastic properties of ruby.!'”]

Previous efforts to revise the ruby pressure scale normally
were focused on the correction of SWRIs and the search for
more accurate pressure standards. Careful checks on DAC ex-
periments themselves are still lacking. In this paper, the ef-
fect of non-hydrostatic stress on X-ray diffraction in a DAC
is studied. The strength effect of the PTM in Mao’s results is

corrected and a new ruby pressure scale is calibrated.

2. Non-hydrostatic pressure effects in X-ray
diffraction determination

2.1. Stress state in the sample chamber of a DAC

The stress in the sample chamber in a DAC can be classi-
fied into two types: macroscopic stress and microscopic stress.
The microscopic stress is the deviatoric stress field throughout
the sample, which varies from grain to grain. The effect of this
microscopic deviatoric stress field would be the broadening on

S.“4

the diffraction lines.['*! The macroscopic stress produced in a

sample has been sketched in Fig. 1. The macroscopic non-
hydrostaticity in the sample chamber of a DAC includes two
situations: the pressure gradient (pressure varies with posi-
tions) and the differential stress (pressure varies with direc-
tions). As shown in Fig. 1, there is pressure distribution along
the radial direction in the sample zone where X-ray covered,
then the X-ray diffraction signal from this region involve the
properties of materials under different pressures. This may
Differential
stress means that o, and oy (or o)) are different throughout

cause the broadening of the diffraction peaks.

the sample chamber. A crystal lattice influenced by differen-
tial stress deforms in the following way: the lattice planes ly-
ing perpendicular to the principle stress direction o, are more
compressed compared with that in a hydrostatic case, whereas
the planes lying parallel to o, expand more obviously due to
Poisson’s effect. In the conventional diffraction geometry, the
incident X-ray beam is nearly parallel to the stress direction
o.. It follows that the X-ray beam is diffracted only by the
lattice planes lying nearly parallel to ¢, and accordingly the
observed interplanar spacing becomes larger than the hydro-
static case. The expansion of the interplanar spacing causes a
shift of the diffraction peak to a lower scattering angle.

diamond

(o)
o, oy Oz, [0y

sample

PTM—m1 @

diamond

Fig. 1. (color online) Sketch map of the macroscopic stress born on the
sample.

2.2. Pressure gradient

The broadening of diffraction lines can be described as
follows (see Appendix A):

A YR

" 6d\/1_A2/dd h K

. A dpP(r) R )
6d\/1—A2/4d dr K’

where 6, A, Y, h, R, K, r, and P(r) are the diffraction an-

gle, X-ray wavelength, yield strength, thickness, X-ray beam

AO =

size, bulk modulus, radial distance, and pressure distribution.
Equation (1) indicates that the yield strength of the sample
(or PTM if PTM is used), the bulk modulus of the sample,
the thickness of the sample, and the size of the X-ray beam
all contribute to the broadening of the diffraction lines. The
maximum broadening occurs when the maximum pressure
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gradient appears. Jing et al>! determined the pressure dis-
tribution in Mo along the radial direction at high pressures.
Take their data as an example, we calculated the broad-
ening width of the diffraction line according to Eq. (1) at
21 GPa (peak pressure). Suppose that the X-ray beam size
is 10 um and the wavelength is 0.6199 A (the wavelength
used at 4W2 High-Pressure Station of Beijing Synchrotron
Facility), we calculated the differential strain in Mo. The
results have been illustrated in Fig. 2. In the center of the
sample chamber, the pressure reaches the maximal value and
its radial distance derivative is zero, so no differential strain
appears. It is worth mentioning that the maximal differen-
tial strain appears at £80 um. We must avoid loading the
sample at these positions. The broadening widths of diffrac-
tion lines of Mo were also calculated and shown in Fig. 3.
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Fig. 2. (color online) Variation of the differential strain of Mo with the
radial distance.
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Fig. 3. (color online) Broadening widths of diffraction lines of Mo at
21 GPa as a function of the radial distance.

The results demonstrate that the broadening widths of diffrac-
tion lines increase with decreasing d-spacing. In angle disper-
sive X-ray diffraction (ADXD) experiments, the broadening
widths of diffraction lines increase with increasing diffraction
angle 26. In fact, the maximum pressure gradient strongly de-
pends on the function of the pressure distribution. Kimural>*!
proposed an exponential function to describe the pressure dis-
tribution, while Jing e al.”*>! used the cubic polynomial. Jing

et al. examined different functions and found that minimum

residual error has been obtained when using a cubic poly-
nomial to fit the experimental data of the pressure distribu-
tion. The maximal broadening width appears at about +85 um
when using cubic polynomial. This result was very close to
our result by using a Gaussian function.

2.3. Differential stress

Figure 1 is the sketch map of the macroscopic stress pro-
duced in the sample. We assume that the strains resulting from
the stress are small, the materials are in their elastic region.
According to Hook’s Law, the strains in x, y, and z directions
are given by

1

E = E (Gx - Vsample(o-y + Gz))7 (2)
sample
1
&= E (Gz - Vsample(cy + Gx))a 3)
sample

where Egmple and Vgample are Young’s modulus and the Pois-
son ratio of the sample, respectively. The difference of the
strains in x and z directions are

1

Ae=¢,—€ =
Esample

[(0;—0x) + Vsample(cz -o)]. @
When the PTM was obtained, we have
0, — Oy =1 = Ypr™m, ®)

where Ypryv is the yield strength of the PTM, so the difference
of the strains in the x and z directions can be rewritten as

(1 + Vsample)YPTM

Ag=——"F—"—, (6)
Esample
Ae— —JeTM_ ™
2Gsample

where Ggample is the shear modulus of the sample. In the tradi-
tional axial diffraction geometry, the determined strain is very
close to €,, as illustrated in Fig. 1. The difference between the
determined strain and the true strain in the sample is given by

&t EtE 1 1

Y
Ae' =" =g =_(g—¢&)= A€ P

= =— (8
3 * 3 3 6Gsample ()

Equation (8) indicates that A€’ is determined by the ratio of the
yield strength of the PTM to the shear modulus of the sample:
greater yield strength of the PTM and smaller shear modulus
of the sample lead to larger difference between the determined
strain and the true strain of the sample. For equation of state
(EOS) determination, the hydrostaticity is not determined by
the yield strength of the PTM only, but determined by the me-
chanical properties of both the PTM and the sample simulta-
neously. Equation (8) can be used as a criteria for the choice
of various PTMs. The A€’ of copper, silver, platinum, molyb-
denum, and tungsten are calculated when Ar was used as the
PTM, and the results are illustrated in Fig. 4.
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Fig. 4. (color online) Variation of Ag’ = Yu, /6Gsample of copper, silver,
platinum, molybdenum, and tungsten with pressure when Ar is used
as PTM. The yield strength data of argon was taken from Ref. [26]:
Y = 0.001P% — 0.01P. The values of the shear modulus of Cu, Ag, Pt,
Mo, and W are taken from Refs. [27]-[30], respectively, and fitted with
linear function: Gcy = 47.11 + 1.35P; Gag = 29.67 + 1.38P; Gp =
62.75+ 1.077P; Gmo = 123.36 + 1.38P; and Gw = 163.06 + 1.29P.

3. Ruby pressure scale

The measured d/dy in Mao et al.’s DAC experiments with
the conventional diffraction geometry is nearly equal to d, /dp,
while the real values of d-spacing compressive ratio d;/dy is
(2d;+d;)/3dy. According to the result in Section 2.3, we have

dr _2ditd; _de 1 Yerm ©
do 3dy dy 3 6Gsample
1.00 T T T T
Iy 66 o Cu, dv/do
° m Cu, dc/dy
0.98 -X# % ¥ Ag, dy/do |
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= S @ Mo, do/dy
S e &
0.94 ~ i
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n
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Fig. 5. (color online) (a) Measured (dy/dp) and corrected (dc /dp) com-
pressive ratios of d-spacings. (b) Difference between the corrected pres-
sure (Pc) and the measured pressure (Py).

The corrected d;/d results of Mao et al.’s d /dy based on
Eq. (9) , and the recalculated pressure on the basis of Carter’s
SWRIs,*! which were used in Mao et al.’s work, are shown
in Fig. 5. When calibrating the MXB86 pressure scale, Cu and

Ag were compressed in argon. The ratio of Yareon / 6Gsample
of Cu and Ag are illustrated in Fig. 4. Mo was compressed
in methanol-ethanol (ME) solution (volume ratio 4:1). How-
ever, the yield strength data of ME is lacking, and so the yield
strength of Mo determined by radial X-ray diffraction®" was
used instead.

The new calibrated ruby pressure scales are illustrated
in Fig. 6. The recalibrated scale based on corrected Cu and
Ag data gives A = 1904 (constant during the fitting proce-
dure), and B = 9.827 (P, scale) of functional form I. Fitting
the corrected results of Mo with functional form I, we ob-
tain A = 1904, and B = 8.761 (P, scale). The difference
between Py and other pressure scales is illustrated in Fig. 7.
The P; scale agrees well with DLM04, CNSS05, DO07, and
DTLMOS scales below 100 GPa.
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Fig. 6. (color online) Recalibrated ruby pressure scales on the basis
of the corrected data for (a) Cu&Ag in argon, and (b) Mo in 4:1 ME
solution.
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Fig. 7. (color online) Discrepancies between P; and other pressure

scales. Bi represents the pressure scale calibrated by Bi ez al.3?!
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The P, scale gives lower pressure than P scale. This dis-
crepancy may arise from the uncertainty of the values of the
strength and shear modulus, which are extrapolated to higher
pressures.

4. Conclusions

The potential uncertainties in the MBSS78 and MXB86
pressure scale arising from the DAC experiments themselves
are checked carefully. The effect of the non-hydrostatic stress
environment in X-ray diffraction is studied. It is found that the
determined d-spacing compressive ratio d/dy is larger than the
value of real d-spacing compressive ratio d;/dy. This correc-
tion has been performed by Mao et al. and a new ruby pressure
scale (A = 1904, B = 9.827) is proposed.
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Appendix A

The following equation can be derived from the definition
of bulk modulus in the elastic region of materials
AV P

—— Al
Vo X’ (AD)

where Vp, P, and K are the volume at ambient pressure, pres-
sure, and bulk modulus, respectively. Then, the differential
stain A¢ at different pressures can be written as follows:

(A2)

If the pressure distribution along the radial direction of
sample chamber is P(r), equation (2) can be rewritten as

_dPR_tR_YR
dr K hK hK’

Ae = (A3)
where R is the diameter of X-ray beam, ¢ is the differential
stress, which is the difference between o, and &, (or Gy), Y
is the yield strength of the sample, and £ is the thickness of
the gasket. Differential stress ¢ equals the yield strength of the
sample in Von Mises yield condition. According to Bragg’s
law, the broadening of diffraction line A@ caused by the un-
certainty of d-spacing Ad is given by

&
1—-22/(4d?) d

(A4)

The relationship between the differential stain Ae and the
uncertainty of d-spacing Ad is

Ag(r) :3%61.

Using Egs. (A3) and (AS), equation (A4) can be rewritten as
follows:

(AS5)

A YR
Ae ="
6d+/1—A2/4d h K
A dP(r) R
=— ()R (A6)
6d\/1—A2/4d dr K
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