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ABSTRACT
                    -   '

                                             '
     A new pressure device is developed. rt consists of

an octahedral assemblage of. anvils and a pair of guide

blocks driven by a uniaxial hydraulic press. Hydrostatic

Pressures higher than 250 kbar can be applied on a sarnple.

     Using this device, the 'X;r-aST diffractions at'e' ''imdert"a'i-en.
                        t.
                                                         'Simuitaneous measurements of electrical resistance are

also attempted. Pressures Tequired for rnetaliic transitions

of several semiconductors are determined by the correlations

of lattice shrinkage of NaCl due to cornpression, which is

theoreticaiZy evaluated by an equation of state of this

substance. The resuits are shown to be accurate enough

to use these values as the fixed points on the universal

seale of pressure standard.

     The present investigation also makes it possible to

add the transition point of GaP at 253 kbar as a new fixed

peint on the scale.

's.
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GENERAL XN[['RODUCNON
     '

     Temperature and pressure are the rnost fundamental

and virtual parameters upon which physical and ehemical

pxoperties are influenced. Measurements of temperature

are undertaken with high accuracy but the determinatÅ}on

of pressure usually meets a dÅ}fficulty above IOO kbar.

The reason is mainly attrÅ}bnted to the lack of absolute
           '                                      '                                                  '                                             'scale to which the pressure worked on a specimen is
                                           'correlated and calibrated.
                                        '     Recently success is seen in the Å~-ray diffractions

of specimens' under pressures. A loosely packed crystalr

Å}n. geneyal, transforms into a new polymorphÅ}c phase, with

both higher density and also in most cases higher coordi-

naticn number. The Å~-ray anaiysis is necessary to know

the structure of the high-pressure phase, especially in
                                                    '                                                  'the case when the high--pressure phase cannot be guenched

to roorn tempetrrature and ordÅ}nayy pressure. Although the

txansition is detectable with various methods (e.g.,

dilatometrÅ}c, resistometric, or opticai), x-scay diffraction

                       tt                                                       'analysis can confirm the real existence of the transition.

The volume change associated with the transition can also
                               'be measured.
                                           '
     Another use of Å~-ray diffraction is to measure a

change of. Iattice parameter of substance by cornpression.

-2-



when the substance is compressed, the distance between
                                                     'the constituent atoms or ions decreases and it follows
                     'the shrinkage of volume. Xf the lattice energies of
                                '                                             'both potential and vibscationaÅ} are theoretica!ly ev'aluatedr

the force which is required to shrink the crystal is
                                 'obtaÅ}ned. Consequentlyr the rnagnitude'of pTessure

compressing a specimen is estimated by LLhe observation

of change of lattice parameter determined by the x-ray

Suiffraction.

     The practical application of relation between the

compressibUity. and the pressure is useful to solve

the above-stated difticulty and this is, at present,

only the way to know the absolute value of working
                                                'Pressure.

                                               '
     There have been a number of pressure vessels with

which one can carry out x-ray diffracbion studies. They

are reughly classified into three categories, namely,
                                                     '
(a) t"ne piston-cylinder ty.pe, (b) the opposed anvU typer

and (c) the muitianvil type, respeetively. Xn the

pÅ}ston-cylinder vessels, gas and liquid rnedia are mostly

used, and hence the pxessure is hydrostatic. Since the

solÅ}a" rnedia are compressed in the opposed anvil and

multtanvU vesselsr especiaUy at pressuyes above IOO
                                                       '
kbar, the generated pressure in the solid is by no means
                                                    '
hydrostatic. Multianvils driven by the respeetive forces

-- 3•-



multiaxial in directions can be expeeted to generate

more isotropic pressure compared to the use of uniaxial
                                                      ttapparatus. Thus the pressure in the multianvil devices'
  'is said to be quasi-hydrostatic despite the solid is

medium for pressure transmitting. Hydrostatic condition

is'expected to be enhanced with increasing number of
             'anviZs whieh compress the medium.

                                               '     rn part ! of this paper is first discribed the

design of a new device in whieh an octahedral specimen

medium is used and which is capable of xHray diffraction

studies. Secondly, the advantages of this device and

the comparison of pressure transmitting media of different
 ,                                                   'kinds are shown. '
     rn part Ir, the experiments of simultaneous obser-

vations of x-ray diffraction of NaCl and of electric

resistance change of several semiconductors are shown.

The threshold pressures, at which the phase transformations
       'of semiconductor to metallic state commence, are determined

and these results are combined with those of x-ray

diffraction to discuss a possibility of use of the

transition points as a new scale oE pressure standards.

-4-



Part I. PRESSURE VESSEL OF SPL!T-OCTAHEDRON TYPE FOR

         X-RAY D!FFRACTION STUDrES

1. !ntroduction

  . rn 1933r Cohn started x--ray diffraction studies at

elevated pressures (Cohn, l933). The films were arranged

outside a Be window of the pressure .bomb. The p.ressure

                           'was generated up to 3 kbar. Tn Z935, Frevel rneasured

the compressibUity of Csr up to l kbar using pyrex glass

capiUary tube (Frevel, l935). It was Jacobs (l938) who

first succeeded in identifying the crystallographic

structure of high-pressure phase of AgT. Until 1950,

piston•-cylinder apparatuses made of Be or diamond as

the cylinder were used (Lawson and Riley, l9497 Lawson

and Tang, l950). The x•-ray films were located again

outside of the cylinders and the materials to be tested

were pressurized with various !iquids in the piston-

cylinder. The pressures worked on the samples,` therefore,

were hydrostatic but the available pressure was very much

restricted because of the low tensiZe strengths in both
                 '                           'Be and diamond. . '                                                    '                               '                                  tt
                                          '                                          '                       '                            '     Since 1959, high-pressure x-ray ana!yses have been

extensively studied in the solid pressure• transmitting

mediar and a wide variety of pressure devices has been

-5-



       The devices can be classified into four groups :used.

              (i) opposed anvU device (Jamieson et al.,
       '      '
                  l959; Jamieson and Lawson, l962;
                                                         ttt                                                           '                  Bassett et al., 1967; Kapitanov et al., 1975)

             (ii) supported opposed anvil device (Dricka!r)er
         /
  - . type) (Perez--Albuerne et al., 1964>,
                                 -
            (iii) supported piston device (Belt type)

                  (Freud and LaMori, 19697 Freud and Sclar,
                                           '                   1969),
                          '   1• (iv) mu!tianvil device (Barnett and Hall, l964;
   '                                 '                  Contret i969; Znoue and Asada, 1973;

       • Ohtani et al., 1977). •
     The prerequisites in each device are that the pressure

medium should be transparent to x--rays and that a clearance

should be left between the anvils or pistons for the

path of the x-rays. The pressure medium is rnade of materials

having low average atomic number and less x-ray,absorption

characteristics, such as B or LiH. !n the opposed anvil

devices, the anvil is made of diamond, c-BN*, dr WC. W.hen

the gem-quality diamond or c--BN is used, the x--ray beam

can penetrate through the axis of opposed anvils. rn the
other d6vices of (ii), (iii)t and (iv)," the anvils or

pistons are made of WC. The x-rays are radiated into

the specimen through the clearance left between the

                     '                        '                 '*'  cubi' c zincblende form of BN r
                              '                                      '

          '• , •-6- .
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adjoining anvils or pistons.
                                                          '
     The volume of the pressure medium, that of the specimen,

and the attainable pressure in each type of device are

tabulated in Table 1-1. Figure 1-l shows the volume of

specimen and the attainable pressure. The obtainable

volume is relatively large in the multianvil devices as

well as in the supported anvil or supported piston devices,
                                                          'whereas it becomes extremely small in the opposed anvil

device. Although high pressures are attainabZe in the

diamond-anvil cell, the pressure generated in the space

between the opposed anvil faces becorne nonhydrostatic,

and an anisotropic deformation of the specimen is accom-

panied as shown in Fig. 1-2.
                                                  '     In the multianvil devices, the generated pressures

are expected to be more hydrostatic than in any other

type of vessels (Fig. I-2). According to this request,
                                                       'four (Barnett and Hall,'1964), six (Contrer 19697 Znoue

and Asada, 1973), and eight (Ohtani et al., l977) anvils

have been designed to compress tetrahedrair hexahedral,

and octahedral pressure media and the injections of

beam have been attempted through the clearance between

the adjoining anvils. The x-rays diEfraeted by a specimen

are collected on the curved surface on which either a

film oracounter is mounted. . ' '                                                  '

e7e



Table 1-l. Attainable pressuye and working

various x-ray apparatuses.

volume in

Apparatus
Pressure
 (kbar)

Vo!ume oE
specircien

   (CC)

Volume of
 chamber
   (cc)

ReÅíerences

Diamond anvil lr

WC Brt;dgrnan

anvil

WC Drickamer
anvl1

Belt

Cubic anvil

 '

Octahedral anvL•

ooo

165

450

IOO

233

256

     -81x IO

     -52xIO

     -54x]O

7 x lo-5.

     -31Å~IO

     -42x ro

lÅ~ IO-

     -3lxIO

     -32xiO

     -25Å~ IO

     -25xIO

6 x lo-3

Mao et al., (l978)

Mii et al., (l973)

Perez-Albuerne
et al., (l964)

                    iFreud et al.r (l969)1

Yagi and Akimoto,
(1977)

Present work
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     Amongst the three types of the multianvil devices,

the octahedral anvil device is expected to generate the

rnost hydrostatic pressureL since the pressure medium is
                                                   'compressed with the highest number of anv"s.
                                         '     Until the author developed a new device, a split-
                                         '                                          '
cone type apparatus as shown in Fig. 1-3 had been used

for x-ray diffraction studies in our !aboratory. TWo

conesr each divided into four anviis, were enclosed

into rubber caps, on the outer surface of which was

applied a load pressure using compressed oil. This

system had unavoidable error in the accuracy of the

shrinkage. The anvils, for example, showed a rhisalignment

as shown in F.ig. I•-4. The advancernent of anvils got

stagnated and ehe x--ray beam was intercepted by the

adjacent anviis. Besides, the system could not resist

the eventual intrusion of the rubber cap into gaps

between the anvils. Consequentlyr very high pressure

was hardly producible. rt also occurred that the eenter
                   '                                '                 '                                              'of the specimen frequently shifted from the original

position to which the x-ray beam should have been
   '
                                                '
                   '
     rn order to avoid the above.-mentioned defects, the

design of the vessel has completely been changed.
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2. Design of Anvil Assemblage of Split-Octahedron [[Ype

                                      ' '

     The present apparatus consists of a uniaxial
 '

hydraulic press, a pair of guide blocks, an octahedral

assemblage of anvils, and an 'octahedral pressure

transmitting medium together with a specimen to be
              '                                 '
                              '                                          '                 ''  '' There are three types oÅí octahedral assemblage

of multianvils with which the x-ray studies are made,

as shown in Fig. 1-5. !n all cases of the octahedrons,

the x-ray beam can be induced to the specimen in

center through the equatorial plane.
                                           '
     rn the case of both A and B, the octahedron is

equally divided by the three planes through the center.

Although the equatorial plane is common to both octa-

hedrons A and B, the rernaining two planes in octahedron

B differ from the two planes in octahedron A by T/4.
                            .         '. ..t ..

     The octahedron C is divided into six pieces. The

shape formed by the two of six pieces is different from

.that formed by the remaining four pieces.
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3. Experiment

3.1) Configuration of octahedral anvil assemblage

                                      '     Both A and B types of aqvsemblage were examined,
                               'but the C type of asserublage was not used Sn the present

experiment. !n each type, three kinds of anvil
                                                  'assemblage were examj-ned as follows : (l) an assernblage

consisting of eight main anvils only, (2) an assemblage

consisting of eight main anvils and two auxiliary anvUsr

and (3) an assemblage consisting of eÅ}ght main anvils

and six auxillary anvil:, xespectively (Fig. 1-6).

     A cross section of `Lhe anvi1 assemblage (3) is
                                      'shown in Fig. I-7. Cardboard spacers were placed in

the clearance between the maÅ}n anvUs, and also on the

rear faces of auxiliary anvtts. In order to keep

electrical insulation, mica sheets were placed on the

outer surfaces of octahedral assett[blage and also between

                                 'main anvils and auxUiary anvUs. - -
     A corner of each main anvH was truncated to foum

a txiangular face. Whe'n the anvils were assembledr the

assemblage had an octahedral lollow space in the center.

!nto this space was placed an octahedral pressure chamber
                                               'containing a specimen to be compressed.

     T.he dimension and materials of coraponents in the

assemblage axe listed in Table !-2.
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Table l-2 . Description of cornponents
     '

in the assemblage.

Component
Dimension
  (mm) Material

Main anvi!* a : IO.
b : 11.
f : 1.0

270
270

wci

Auxiliary
anvi1*

c : 9.00 wc

Mica sh6et+  I : O.20
!r : o.ls

1.thick

'thick

     •tSpacer   r
 rT

nz

: le

: lo

: 1.

3xl
Oxl
Oxl

.3 x 1.5

.Ox1.3

.O x O.7
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     When we used the auxUiary anvils whose size was

!O 9. smaller than that listed in Tab!e 1-2, the main

anvils did not advance synchronously. Larger auxiliary
                              'anvi'  lsr on the other hand, improved the advancement of
                                          '
main anvils. Instead of the advantage, this type of

assemblage lead to a break of main anvils, since the

main anvils were supported on!y by the auxiliary anvils

at the later stage o.f compression. An insertion of soft

material such as Xn metal on the auxiliary anvils resulted

in a poor alignment of main anvils. An increase of

amount of cardboard spacer was also followed by a brc•ak

of ' the main anvils.
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3.2) Pressure-transmitting medium and specimen
      '
     An admixture of B powder and epoxy resin in the'
   '
ratio 4 :,1 .in weight was prepared. The admixture was
                                      'poured into a cast having pyrarnidal hollow space and

a medium block with pyramidal shape as shown in Fig.

1-8 (a) was consolidated. A hemispherical hollow was

dtilled in the center of the basal plane of the pyramid.
                      '                                           'rnto this hollow was filled either an admixture of
                            'diamond and eposy resin or admixture of B and epoxy

resin. Andther pyramid was prepared and a smali ditch

was made. A pressure calibrant was embedded in it as

shown in Fig. 1-8 (b). 1]wo electrodes made of Pt foil

were piaced on both ends of the caiibrant. When the

basal planes of pyramids (a) and (b) were put together,

an octahedral rnedium was completed. The description of

sample assemblage is tabulated in Tabie l-3.
         '                                        '
        Table 1-3. Descriptibn of sampZe assembiage.

Edge length of octahedron

Diameter of spherical
pressure transmztt-ng
medium

       'Thickness oÅí Pt Åíoil

Dimension of caiibrant
(needle)

: 2.5 mm

: 1.2 mm

: O.02 mm

                3: NO.lxO.lxO.6 mm

.2i•-
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3.3) Construction of guide blocks
 '
     A $phere made of ;f,7C was divided into eight blocks

by three planes, being mutually perpendicu!ar to each

other. By truncating the center of each block, the guide

blocks were made. !our biocks out of eight were put ,

together so that a hernisphere was Sormed. This hemisphere

was then placed into a hemispherical hollow space prepared
               'bp the upper 'part of one cylinder as shown in Fig. 1-9.
                                    v                                                  'A pyramidal hollow space was formed in the center. A

sirnilar cylinder containing another hemisphere was made.

     Two cylinders were joined as shown in Fig. 1-10.

The anvil assemblage containing the pressure transmitting

medium and calibrant was finally compressed within an

octahedral space surrounded by the guide blocks.
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3.4) Measurement
                                      '     Each of the anvil assemblages (l), (2) and (3),
                'was compressed Uno"er various loads. ' The elearance
between the rnain anvtis was continuously measured by

a clearance gage. After each eompression, the anvU

assemblage was taken out and the residual thickness of

the spacers was rneasured by a microrneter. From the
                                  'above observabions, the alignment of main ahvils was

analyzed.

     Next, the generated pressure was calib-Tated by

measuring the electrÅ}cal resistance of calibrant. As

Vne ca!ibrants,Bi, ZnTe, ZnS, Ga-As, and GaP were used.
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4. Results and Discussion

4.1) Alignrnent of main anvils

      '                                         '     The condition of the anvil shrinkage was inspected
                                                  'after the application of external load upon the assem-
                                                    '                                     '

     rn case of assemblage (l) and octahedron Br a
 '

misalignment of the main anviis around the specimen

occurred in a way as shown in Figs. 1-11 (a) and (b).

The state of misalignment observed in octahedron A

without the auxiliary anvils is shown in Figs. 1-12

(a) and (b). The mode of misalignrnent observed in the

horizontal plane is different from that occurred in

octahedron B. This kind of misalignment accompanied

a nonuniform extrusion of sample.
                                                    '
     rn case ofi assernbZage (2), namely with two auxil-
 'iary anVÅ}ls, the misalignrnent as shown in Fig. I--l2 (a>

          .-disappeared in octahedron A. The misalignment as shown

in Fig. I•-11 (b) still remained in octahedron B.

     :n addition to the above-mentioned misalignments,

retation of each main anvil as shown in Fig. 1-l3 was
     'observed in both octahedrons'A and 'B. This 'rotation
                                           '
was caused by the torque arising from the friction as

shown by the arrow in the diagram.
                                          '
     rn case of assemblage (3), all the above-mentioned
   .                                                   '
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Tnisalignments and rotations vanished. The added

auxÅ}liary anvils guite effectÅ}vely prevented the

as well as the sliding.

four

rotatzon
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4.2) Actual process of shrinkage in the anvil assemblage

     Next to be discussed is the mechanism of anvil

advancement realized in the assembtage (3).

     Before compression, thin gap planes remained open
                                           'between the main anvils and the outer guide blocks as
                 '                                  '  ltshown in Fig. 1-l4 (a). In the initial stage of the

shrinkage, spacers on the auxiliary anviis were first

compressed and the clearance of the gap planes began

to decrease. The applied load was conveyed to the

auxiliary anvils via cardboard spacers. Consequently,

the main anvils were driven inwards uniformly and

synchronously. On further increase of load, the guide
                                   'blocks made contacts with the main anvils as shown in
                      '
Fig. 1-14 <b). Then, both the main anvils and auxiliary

anvils showed synchronous movements towards the center.

     This synchronous shrinkage of anvil assemblage

indicated that the uniaxial external force was converted

smoothZy into tetraxial forces surrounding the octahedron.
                                               .  '     '     Accordinglyt the clearance between one anviZ and

the neighboring anvils was kept equal everywhere in the

entire anvil assemblage. This condition made the uniform

compression inside the pressure transmitting medium.

     The original stage of the assemblage before the

compression and the final stage oC the assemblage are

shown in Photos 1-1 (a) and (b), respectively. The

m32!"
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internal views of the assemblage are shown in Photos

l-2 (a) and (b).
                         '
     In addition to the role to control the noxmal rnove-

ment of the main anvils, the auxUiary anvils raade lateral

supports to the main anvils and hence increased their

strength. Various materials and dimensions for the aux-

iliary anvil were tried and the final shape and substance,

mentioned in Table l-2, were selected so that the above

role be accomplished. •
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4.3) Efficiency of p-ressure generation

     The generated pressure inside the rnedium was

detected by an abrupt change in resistance, accornpanied

by phase transitibns of calibrants (Bir ZnTe, ZnS,

GaAsr and GaP). The details reZevant to the pressure

value of. 'each Dhase transition wiU be described in Part H.             J-         ' '
                         '
4.3.l) Effect oE the number of auxUiary anvils
                                     h
 '     The rel.ations between the generated D.ressure and

applied external load are shown in Fig. I-15. Xn .

case of the assemblage (2), the clearance betw'een the

anvUs in the vertical planes is larger than that in

the horizontal plane. The result suggests that the

force to shrink the anvil assemblage is stUl dominant

in the vertical direction. Such shrinkage of anvtt

assemblage leads to an anisotropic compression of the

pressure transmitting medium.

     In case of the assemblage (3)j the clearance

bettween the adjoining main anvils is equal everywhere

in the entire assemblage. As the result, a higher
          '                                             'er.fttTciency of prcessure generation is expected.

  '                                                    '                                       '4.3.2) Effect of changing the pressure transmitting rnedium

     In Fzg. I-l6 are shown two relations between the

generated pressuTe and applied load, one being the relation
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 when diamond powder was used as the pressure transrnitting

 medium, and the other that when B powder was used. The

 spherical rnedLum embedded inside t4e octahedron does not

 extrude into the glearance between the. adjgining main
. anvils. rt is, cherefore, possible to compare the

 xressure- transrnitting efficienqy 'of both the diamond 'and
                                            '                         ' B powder directly. A higher rate ef pressure generation

 is observed when diarnond powder is used and this fact has

 been predicted by Kawai et al. (1975).
                                                  '
      Since the incornpressibility of B is rnuch.Iess than

 that of diamond, the efficiency of pressure intensifi-

 cation inside the B•Tnedium is lower than 'that inside

 the diamond medium.
                            ./tl.t..t.t . .. .. . .      !t'tt''s expected. that the force applied upon the

 outer surface of octahedral medium is effectively

 transmitted to the spherical aggregate of diarnond powder

 and that an intensification of pressure inside the

 di.amond aggregate is attained.
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4.4) ApplÅ}cation to x-ray diffyaction experiments

     A pressure vessel to compress an octahedral specimen

was Eirst developed by Kawai (l966) and modified into

mulbistaged version afte]wards (Kawai and Endo, 1970;

Kawai et al., 1973)./ The x-ray diffraction studies have

not been undertaken in these vessels because the design

of the vessels has not permitted either the injection or

the diffraction of x-rays.

     The present vessel provides an entrance for incident

x-rays and an exit for diffracted rays on the horizontal

plane of split octahedron. If. is necessary that the

clearance in the horizontal plane should be retained at

the highest pressure obtainea" in the present study.

     Of three assemblages exanined, the asseTnblage (3)

perndts' the !argest clearance in the horizontal planer

sÅ}nce the shrinkage of the anvil assemblage is most

     The path of x-rays in case of the assemblage (3) in

octahedron B is depicted in Fig. I-l7. Figu]re l-17 (a)

 indicates diÅífraction angle surveyed in the horizontal

plane. Divergence angle for the diffracted rays is
  '
provided in the vertical p!ane. It becomes wider when

 the front planes of main anvUs are slanted outward.

 as shown in Fig. !-l7 (b).
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5. Conelusion

     A new high pressure vessel of split-octahedron type
             '
is designed and constructed. [[Wo types of splitting an

octahedron into eight main anvU pieces are taken up.
                'Three cases of anvil assemblage are examined in terrns

of. the nurnber of auxiliary anvils in each type, and the

rnechanism of anvil alighment is elucidated. This vessel

is capable o-F generating . quasÅ}-hydrostatie pressures

higher than 220 kbar. The use ef this vessel makes it

possible to undertake x-ray atiffraction studies of

specimen under pressure. Simultaneous measurement of

electric resistance can be ca,rried out.

p. 43--



Part Il. PRESSURE FrXED POrNTS ABOVE 100 KBAR
      '                                         '                                       '         '                                    '                                        '
l. rntroductibn

                                 '               '
     Zn recent years there has been an increasing

request to evaluate accurate magnitude of pressures

acting on a substance.
                                           '
     }•lechanically, one can simply define the pressure as

the force loaded on a unit area. When the pressure P is
 '
uniEorm everywhere in the area,

              P= F/S (2-1)
                                            'in which F, is the force acting over an area S. The

pressure, therefore, is estimated directly by measurÅ}ng

F and S. Representative equipment is rnercury manometer

or free-piston gage. This method enables the establish-

ment of the prirnary scale of pressure. The primary

scale is available only within the Ziquid pressure media,

and the measurement becomes difficult when generated
                                          'pressure is higher than 30 kbar since most of the iiquids

solidify and the pressures have to be transmitted via

solids. :n this case, some fraction of force acting on

a specimen is in general consumed by the internal friction

of solid medium. Thescefore, the pressure should be

evaZuated by ways other than direct method.
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     some of physical properties of substance are

sensitive to corapression and the measurements Of these

properties can be suitable for such an indirect dicision
                                                      'of pyessure. Examples are7 (i) change oE electrical

resistance of metals or alloys, and (ii) shift of optical

absorption. Since there exists no prediction pertinent
                               '
to the pressure dependency of nhese properties, either

the change of e!ectrical resistance or that of optical

absorption must be ca!ibrated against the primary pressure
                                               '                                                'scale. Hence these gages are referred to the secondary
                                         'e.ressure.scale. At highey r•ange, where the primary scale

no longer• is available, the secondary gages raust be

correlated to another kÅ}nd of pressuye scale.

                      '                                                  '     On the other hand, the pressure is defined from

thermodynamics as

             P=: '- (DA/ bV),, (2-2)
                             .                           '               '
            '                                         '                                                   'where A is the Helrnholtz free energy and V is the volumer

respectively. One can estimate the pressure acting upon

a speeific substance if the Helmholtz energy is derived
                                   'theoreticaily in one hand and the volume is observed en

                                                  'the other.
                                                   '     Jamieson (l963) suggested the use of NaCl for this
                                       '        'pu-rpose. Decker (1965, l971) caleulated serni-empirical
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equation of state for NaCl in a pyessuye range between

O to 300 kbar at ternperatures'below 8000C. The scale

thus determined by the help of Decker's equation is -

called the NaCl seale. In a high pressure vessei
           'equipped with x-ray systemr the generated pressure is

estimable from the measurement of the lattice paraineter

(hence the voiume) of NaCl and from DeckeVs equation.

The NaCl scaler therefore, can be the prirnary gage even
    'in the solid Tnedium, and such secondary pressure scales

as the electrical resistance and optical gages are

possibly calibrated. The NaCl scale is also reliable

for esbimatibn of pressure at least up to 300 kbar, at

which NaCl undergoes a transition into a denser phase
                                               '(Bassett et al., l968>.

     The above-mentioned priTnary and secondary gages

are not always available in any kind of high pressure

vessels. The use of primary gage is restricted to a
                                                        '
low pressure range where liquids a-re stable. The optical

gage is impossible to be used when either the anvil or

the medium is opaque. The NaCl scale is not available

in the pressure vessel which does not aUow penetration

               '
                                              '
     Another method is to measure pressures by the heZp

of 'tixed points'. This is based on the observations of
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pressure"induced phase transition in metals'(Bir Snr etc.),
                          'alloys (Fe-Co, etc.')t or semiconductors (ZnS-, etc.).
                                     t ..First, the pressures, at which the phase changes occurr

are determined by a primary scaie, These pressures are
                                                   'called fixed points. Once a generated pressure versus

external force relation is obtained in terms of fixed
  '
points, the pressure inside the vessel is known by only

measuring the external force. '

     :n Part U of this study, the determination of various
                               'pressure fixed points are described on the basis of NaCl

scale. Difference of pressure media investigated in

Part I is reexamined and the best assemblage in the

vessel is shown. Final values of the fixdd points are

in'troduced, using this assemblage.
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2. Co;nparison of NaCl scale

    pressu-re measurement

     rn this section we will

NaCl scale and the indirect
                        'rnent such asi the electricai

scales.

with other methods of

 discuss the above-mentioned

methods of pressure measure-

resl'stance and the optical

2.l) NaCl scale

     Decker tried to evalua"Le the lattice energies of
                                         'potential and vibrational for NaCl on the basis of Mie-

GrUneisen eguatÅ}on of. state. He calculated the GrUneisen

constant, attractivo. and repulsive forces in the lattice,

using appropriate assurnption and experimental values.

His equation of state is successful to relate the compres-

sibUity. of NaC! to pressures working on this crystal

(1965, l971).

     The pressure values deterrinined by the eguatlon of
   '                                'state agreed well with the exo.erimental data (Bridgrp.anr
                                                  'l940, l945), the error being less than 3 9. up to IOO kbar.
            '
The pyessure values above l50 kbar obtained by the shock

wave experiments ("Fritz et al., 1971) agreed wel-1'with the
                    'calculated pressures within an erroy less than Å} 3 kbar.

     The calculation by !A7eaver et al. (l971) based on
           '
the Hildebrand equation was also in a good agreernent

wit.h Decker's calculation within O.1 O-o around 200 kbar.
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2.2) Electrical resistance scale

     Balchan and Drickamer (1961) reported resistance

jumps of several metals by compressions up to 550 kbar

using the supported opposed anvils. The determinations

of pressures were based on the extrapolation of decrease

in electrical resistance of Pt, In, and Pb, which was
                                  '                                                  'calibrated against several tixed points be!ow IOO kbar.
         'Above IOO kbar, only one correction was made using the

jump accompanied by a phase transition of Fe. The

resÅ}stance change indicated that the transition of Fe

occurred at l33 kbar, Showi•ng a good agreement with a
   'shock cornpTession experirnent a't l31 kbar (Bancroft et al.,

1956). Then, they proposed that. this is one of the

yesistance scale above IOO kbar.

                  '
     Meanwhile, a number of fixed points were determined

by free-piston gage and by• NaCl scale. It became clear

that the pressure values of many fixed points below 100
                                                'kbar had been overestimated (lloyd., l971). So Drickamer
                                                  '(l970) revised his scale of calibration downwards. The

calibration was based on the Å~-ray diffraction analysis
                                           '             'of NaCl, Al, Ag, and MgO. Ihis new ealibration is called

new Drickarner scale, whUe the earlier calibration based

on the resistance scale is called old Drickamer scale.
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2.3) Optical scale
                                        '
     Many optical properties such as the absorption
                                   'peak shift and refractive index show quite linear
              '                          'changes with increasing pressure. Recently, a shift of
             'the wavelength of ruby R-fluorescence iine at 6942 A ''

With increasing pressure has been taken into account

(Forman et al., l972; Baxnett et al, 1973). The experi-

ment was carried out in a gem.•quality opposed diamond-

anvil cell. SmaZZ fragments oÅí ruby were placed at the
           'interface between the diamond opposed anvils. The powder

of NaCl was compressed sirnultaneously. Since both the

wavelength data on the ruby R--line and the x"ray data on

NaCl were obtainable, the wavelength shift of R-line was

calibrated against the pressure estimable from the
                                                    'co.mpresSion of NaCl, The pressure dependency of wave-

length'shift of ruby R--line is almost constant up to

195 kbar (Piermatini et al.r l975).
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3. Experiment

     An Å~-ray system was combined with the high pressure

                                                   'v' essel described in Part I. Fiaure 2-1 shows the                                'f '    '
schematic diagram of the x-ray system.
                                             '                                           '     The x-ray beam of MoKct obtained at 50 kV with 20 rnA

and filtered with Zr foil was used. This beam pscovided

a low diffraction angle, relatively small absorption
                                                     '
in air, and small absorption due to medium and cardboard

sDacers. L
     The diffraction angle (2e) from OO to l800 was

available in case two auxiUary anviis were usedr

while the angle F.rom OO to 350 was available in case

                                        'all auxiliarv anvils were used., ' '            -                                 '                                          '
     Stainless steel tube was used as a collimator. Its

inner diarneter was O.4 mm. The lenath was 40 rm. The                                   "
                                               ocol!imator permitted a divergence angle of l.l4 .
                                                    '
     For the detection of the diffracted rays, a Debye-
                  '                            '
v•'"-cherrer carnera with the radius of 55 mm was used. The

positions of diffractien 1Å}nes on the fi lm were read

by a comparatoy.
                                                  '     T.he spacer and pressure-transmitting medium should

be as tran'sparent as possible to the x-ray beam. The

cardboard was found to be transparent to the x-ray beam

in the Dresent case.       [
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      Amorphous B powder admixed with epoxy resin has

 been used as the pressure transmitting medium for Å~-ray

 studies by many researchers. In this experiment we
          ' employed arnorphous Br qiarnondr .lk.-i.i.i.f"-..9.."...[i.I.".9.:.-B,.l.l.f.-..l.2.rO.}l".d..,.9-l{..tT...

      A rnedium block with pyramidal shape as shown in

 Fig. 2-2 was prepared by conso!idation of admÅ}xture

 of B I,).nwd-er and epo><y resin (see Patt I). In th,e

 bottom oE the pyramid was mad.e a hernispherical hollow

 space which was then fiZled with the medium powTderc.

 Next a small rectangular bloek of NaCl was plunged into
                                       ' the medium hemisphere. A pair of Pt foUs was placed

 next to the NaCl block in order to reduce the aperture of

 the j.nc•ident x-ray beam. Another pyramid containing

 a calibvant, as described in Section 3.2 of Part I, was
                                 '
 prepared. IA7hen the two pyrarnids rATere adjoined at each

 basal plane, an octahedral medium was corapleted.

      The calibrants employed were single ery$tals of

 ZnTe, ZnS, GaAs, and GaP. Table 2-1 tabulates the source,
                             ' p-u'rjty, and impurities of eac'i"i calibrant crystal. Each
                                     ' crysta! had been grown frovm the melt. The calibrants

 were known to exhibit polymorphic transition accompanied

 by a change of electronic state from semiconductoy to

 metal at a certain pressure above IOO kbar.
                                 '      [Dhe sarnple of NaCl was Merc]< "suprapur" gradffe wtch

 the purity hiq.her than 99.998 O-..

* hexagonal graphite--like BN
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Tab le 2-1. Description of the samples

Sample Source Purity
 (g)

Impurit-' est
. (ppm} .

ZnTe

  tzns

GaAs

   gGaP

Prof. S. Narita
'(Osaka University)

Dr. S. Block
(National Bureau

 of Stanqards)

Monsanto Chemical
Co., J.td..

Dr. J. A. Van
Vechten
(Bell Laboratories)

99.99

99.999

99.999

99.99

Mgt
Gar
Sir

si,

LN.lg,

Al,

Fer
Ca,

1;
3;

80

5;

37

1;

o.

X:I

Mg,

 cu,
 Ca,

8; Si
l; Pb

5;

3;

i;

3;

o.

s

'

Fet
Ca,

cu,

 si
8

3;

5;

o.

3;

l

, 3;

Al,
Mg,

8;

5;

30

*

+

g

Analyzed by spectroscopic emmission.
                                          'The sarne sample was studied in the diamond-anvil
cell and cubic anvU apparatus (private communi--
cation; Block, l978). .
                                                'The same sample was studied in the diamond-anvil
cell (Piermarini, 197S).
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                           ,i     The electrical resistance of the calibrant crystai
     Lwas continuously meastired as a function of applied
                                                          '                                                      ttexternal load. As soon as a drop of resistance accompanied
                                      '         '     'by polymorphic transition was observed, the elevation
            '                 '
of externaZ load was stopped and the x-ray diffraction '
     'photograph of not the calibrant bpt the coexisting NaCl

was obtained. The exposure time was from 3 to 20 hours
        ..    'depending on the applied externaZ Zoad. The lattice
                      '
constant of the compressed NaCl powder was measured from

the diffraction photograph. The pressure on the powder

was estimated when the obtained lattice constant was

put into Deckeris eguation of state for NaCl.

 "56•-
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4. Results and Discussion

     '4.1) Pressure fixed points

     The abrupt drop of resistance foy each calibrant

is shown in Figs. 2-3 (a) to (n). At the poipt indicated

by a c!osed circle in each diagram, the Å~-ray rc.easurement

of NaC! was started. The resistance exhibited a continu-
                             'ous decrease by several orders of magnitude duxihg the

prolonged exposure time.

                                                    '                                      '     The x-ray d.iffraction pat"Lern taken for each transi-

tion i.s shor"vn in Photos 2-1 to 2-4, respectÅ}vely. The

change in lattice constant, -'A a/ao, and the obtained

pressures for the transition of ZnTe, ZnS, GaAs, and GaP

are all tabulated in Table 2-2. "7ith respect to each

transition in ZnTe, -ZnS, and GaAs, we have different

pressure values corresponding to the varieties of media,

diarnond, Br LiH, and g--BN. For GaP, only diamond and

B rnedia were used.
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"or
1

Table 2-2. TransÅ}tion

determined
pressure of
in various

 ZnTe, ZnSr GaAs,
pressure media.

and t:: aP r each

Medium

Diarnond B LiH g-BN

Calibrant -Aa/aoPt (kbar) -Aa/ao Pt(kbar) -Aa/aoPt(kbar) -Aa/ao Pt (kbar)

ZnTe o .0875l27 .3Å}6.0 O.0894 l3LlÅ} 6.0 O.0885129.8Å}6.1 O.0866 126 .6Å}5.9

zns o .0974154.3Å}6.8 O.0987 158.0Å} 6.9 O.0964151.3Å}6.7 O.0990 l59 .5Å}7.0
o .0964l51 .3Å}6.7 t O.0964151.0Å}6.7
o .0975154.4Å}6.8

GaAs o .!045175 .OÅ}7.4 O.Ie88 190.0Å} 7.9 O.I083188.3Å}7.8 O.1078 186 .7Å}7.8
o ,1061i80 .OÅ}7.7 O.1081 l87.7Å} 7.8
o .I047176 .5Å}7.5

GaP o .U76221.7Å}8.8 O.l245 249.4Å} 9.5
Q.ll712i9 .8Å}8.7 O.1260 255.7Å} 9.7

--  Aa / ao : Cornpression

Pt(kbar>:Transition

 of NaCX

pressure



4.2) Analysis of errors

     The experimental errors attached to the values in

Table 2--2 wiil be anaZysed in thÅ}s SectÅ}on.
                                                 '                                                   '
     The error in the detertmination of iattice constant
                                                  '                                         'arises' from various factors such as : . •
                                              '                                             '               '            (i) determination of the camera radiusr

           (ii) shift of the speeimen,

          (iii) shift of camera,

           (iV) reading errorr

            (v) change in the position of. diffraction

                line due to 'the absorption of the beam

                within the speeimen.

          '
4.2.l) Determination of the camera radius ,
     In the oresent work the carnexa yadius was deter-            [
mined on each experiment according to the following

procedure .
                                         '     The diffracbion patterns of NaCl were obtained

intermittently during the course of the approach of

guide blocks just be.fore the compression began. The ,

approach of guide blocks was measured bsy a dial gage.

Figure 2-4 shows typical p. Zots of the distance between

a pair of diffraction lines duG to (200), S2oo, as a function

of dial a.age reading. An almost constant value of S2oo

was observed before the compression as seen in the

-77-



l

<co
i

3.:, pt rt'1

2 7.90

 2 7.8

2 7.7b

-pt

            o

   o

L.-.-."--nt---------"

.i

>

)

-nvrr'

               o/o

lk(il,l2,22t>>2>>,2,c7>>S>>S21'>>}zL,f>issK/wwt>g?n•S?,s2>>v?>1>>>SE)E`7>'2/i2'id71?•2ii,>,ki)>!t2i>2,?1/721X•i?,t•S,li)(lp,?it;/S2/:•R125i•2",2>lv,{z,i?lsa•l>tEiiix,LIII

i? iq

      se loo
                '
. 2-4. Distance between a
  (2eO), S2oofversus dÅ}al

  ,paxr
aacte/i vt

        150

, DiEi g.",ngf.'.k

of. diffraction

readÅ}ng.

   t.rec•}cigng,

liries

         '  200 •
   1!1egmm•

due to



  shadea" region in Fig. 2-4, foUowed by a sudden increase
                                                    '  dmo to the start of compression. From the data in
         '
  the shade6. req. ionr we had the rnean value, S. The
                                             '  radius of. the carnera, Rr is related to S by

                                                  '                     R=g/ 4e                                               (2-3)                               200-

           .is expressed by the Bragg's equation  where e        20tO

                  d2oo =A/2sine2oo. (2-4)

                                 '  !n Eq• (2-4)Nrd2oo is the spacing of (200) p]-anes in NaCl

  given Å}n the ASTD4 card and X ls the wavelength of the

  MoKor bearn. Frorn Eqs. (2-3) and (2-4) we have an equationr

                         , .g
                  R== (2-5>                                       '                                               '                       4 sin-l X
                               2d                                200

 which finaZIy gives the camera radius.

      The error in the deteMrnÅ}natÅ}on of the camera radius,

                                                    ' AR, is estimated from the relation obtained by different-
                                             '                                              '                                                        '                                  ' iatmg Eq. (2-5),

                           AS                                                (2---6)                AR =
                                        '                       4 sin-l X
                               2d                                200

in whieh AS is gÅ}ven by. the width of the fluc"Luation
                                '
Of S2oo in the shaded region in Fig. 2-4. The value of
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O.04 mra for AS gives rise to fvhe error of O.08 mm in the

oletermination oE the camera radius.

                           '4.2.2) Shift of the specimen

       For the estimation of sp.ecimen shift, the foUowing

experiment was carried out. The Å~-ray diffraction analyses

were undertaken right after releasing pressure as well

as just before pressurizing. On each diffraction

photograph thus obtained, we observed the Debye-Scherrer
                                                     'rings whose distances were not equal to each other. -The
                                                  '
discrepancv in the distancef ASr was obtained from

another experiment in which diamond was used as a'

specimen and its diffraction was obsexved-. If diamond

is assumed. to be incompressibie by compression of low

grade and also if a difference in the position of lines

before and after compression of diamond is obsexved,
                                        'this difference represents AS.

       The shift of the specirnen, Ax, is ealculated by

                                              'the ielation (see Fig. 2p-5)r

                   Ax = As / 2 sin 2eD ' ' (2 -- 7)
                                         '
                                              'where 2eD ,is the diffraction angle related to the (lll)

diffraction lines of. diaraond. rn the present work Ax

was found to be O.03 mm. This value is less than the

errox in the camera radÅ}us.
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     r,igure 2-6 shows the case in which the specimen

shir"is frorn the original position Pa to the positÅ}on Pb

as pxessure increases. The arc A has a radius R originated

frorn the point Par while the arc B has a radius R' from the
      'poÅ}nt Pb. The diffracted rays f.rom P b are collected on

the tilm along the actual arc A, although the ideal pattern

should be collected on the film along an authentic arc B

whose radius is R'.

       Therefore, for a given diffraction angle of 2e,

we observe the lines with distance S on the arc A, which

s-n' ould be seen on the arc B wtth distance S'. When we put
 '                                 '                                                        'the shift of specimen as Ax, then '

                 R: R'+Ax. (2 -- 8)
It follows thatr

                 S= 2e(R- Ax) (2--9)
                               tt
and s'== (2e-Ae)R. (2-lo)
                                             '                               '
The difference, AS, between S and S', is expressed as
      '
                AS=AeR-2e Ax. (2-ll)
Using Eqs. (2--9) and (2-ll)it com,es out that

                               '                          '            AS AeR- 2e Ax • '             S = 2e(R-A.) ' (2-12)
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The foUowing relation is obtainable from Fig. 2-6,

                                                    '               Ax ,. R (2-l3)                                         t•             sin Ae- , sin. (l80 - 2 e)
                                                       '                                       tt
Putting Eq. (2.-l3) into Eq. <2--l2) we obtain the fol!owig

equationr •
                '
                sin-l {Ax•si, ?.R(l80d2e)} A. ,
                                     - ----•-- (2-14)        AS/S =                    20(R--Ax) R--Ax '

                                       '
[vhe e]fror in the distance- am`sing f]rorn the discrepancLv of

actval and a.uthentic arcs is estimated from Eq. (2-14> to

be abou"L one order of. rnagnftude smaller than the othex

errors. Therefore it can be p-eglected.

           '

4.2.3> Shift of camera
                                                  '
       The camera cassette was mounted on the periphery of

the lower cylinder as shown i,n F.ig. 1-iO. When load

was applied upon the cylind.er, it deformed. !n the

present device, the load was a-pptied parallel to the

axis ef. 'the cylinder. The cylinderr ther'efore, expanded

radially according to the Poisson's eÅíF.ect..

       The expansion of the cylinder while it was
                                                   '
loadied was measured by strain gage. On the per.tphery of

the lower cyUnder the strain gages were placed at three
  -tpoints, each being separated to each other by an angle vr/2.

-- 84-



     As shown in Fig. 2-7r the amount of expansion

increases a!most 1Å}nearly with increasing the
                                                    '
load. Upon decreasing. the loa6., the cylindeT contracts

reversibly. There-f-ore the expansion of the eylind.er

occurs in an elastic f. ashion. Using the ieast square
                                             'method, the slope in Fig. 2--7 is deterrr!irted to be l.58 x

  -6     mm/ton. From this slope wpv can correct the amountIO
                     '                                              'of the shif.t of. carnera utth the ch'ange in the app.Iied Zoad.
  'The value is negligible compared with the other errors

even wThen we apply the !oad up to 100 tons.

4.2.4) Reading eryor
                   :     A standard devxation of O.i 9o , arising -f.rorn the

reading error was obtained -for the pxec"ision of the

d2oo spacing.

                 '                                  'A.2.5) Errors due to the absorption

     The error can be neglected since the thic]<ness of

the specimen is too small to absorb the x-ray beam.
                     '

4.2.6) Sum of the errors

     From the above discussion it tuicns out that the
                                        'erirors to be taken into account invo!ve only the items

(i)determination of, camera radiust (ii) shifSL- of the
                              '                                               'specimen, an6. (iv) reading error. .
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     On differentiating the generalized forrn of Eq.(2-3),

we have

   , . Ae/e =r- A.R/R+ As./s + AsR/s. . (2-l5)

 The first term in Eq. (2-l5) is the error (i), concerned

 with the det.ermination of camera xadius. The secondJ ' -

 term concerns the error (ii) caused bv the specimen shift.
                                      -J
 The thÅ}rd term arises from the reading error (iv). By

 using Eq. (2-7) , Eq. (2-l5) becomes ,

                                     '      '
          Ae/e == AR/R + Ax•sine•cose/e•R + AsR/s. (2-l6)'

                                               '                                          '
 On the other hand, the next equation can be derived from

 the generalized forTn of Eq• (2-4)r '

                 Ad/ (it = cot e• ZXe. (2-l7)

 Putting Ae in Eq. (2-l6) into Eq. (2'l7), then we have

   Ad/d == cotO(AR•e/R.. + Ax•sine•cose/R + ASR•e/S). (2-l9. )

            '
      FÅ}gure 2- 8 shows A d / d versus e for di fferent

 va]-ues of AS and Ax, while AR is kept Åíixed. The value

 Ad/d smoothly. decreases with increasing e. The accurate

 lattice constant can, therefore, be obtained using the

 diffraction line with higher Miller indices, Å}n coi.nei-

                                                     '

                                    '                                                   '
                                       ttt

      . -87•- . •
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   dence with the general concept.

                                 tt                       .       At higher pressurer however, broadening of the
    '
   diffraction line with higher Miller indiees'occurs

   caused by the nonhydrostatic cornpression inside the

   solid medium. This line broadening gives rise to an
N

   additional reading error. Therefo'r.er ASr vg.ries with

  the change in diffraction ang.]l.e. /, Tn this study, we
                                           i  '   obtain the relation between.ASr and e asr..

                                 -3            ASR/4e•R= O.722 Å~ IO . (2-l9)

                         tt                                                   '  Furthermore, from the result in Section 4.2.lr the

  error in the deterrnination of camera radius is
                                              '   '                                          '                            --3 i                                                   (2-20)        ., AR/R= 1.46 Å~ 10 .
                                               tt                                                   ...t.
                                              '  From the result in Section 4.2.2t the error arising

  from the specimen shift is
                              '                                                    '
            Ax/R= o,i37 Å~ io'" Gt i(2-21)
              '                                                        '                       '                                                '  Putting Eqs. (2-l9.), (2-20), and (2-21). into Eq. (2-18),

  we finaliy obtain the error in the determination of

  lattice constant asr '
                  ttt
   Ad/d = cote{(i.46xio-3+o.722Å~io"3);etio.274Å~io-3•sin2.e}

                                       l-                     v!    '

(2-22)
I.
     t..
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Using Eq. (2--22), the error in the present experiment
                                                 'is accurately evaluated as sho-vvn in Ng. 2-- 9. The
                                        '                                  'error estimation curve in Fig. 2- 9 is different from

that in Fig. 2-8. The error in the deterrnination of

lattice constant at high pressurG turns out to be a!most
                        '                                             'constant in the entire region of the diffraction angle
                                                    'between O and 200. Mn case we use MoKct rediation,

almost all diffraction lines are observable in this
                                                      'regi, on. A great accuracy Åëan thus be attained by using

the diffraction lines Nvith lower 1yt.Uleir indices. The

error in d-spacing in this stndy is estimated to be

-90-
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4.3) Hydrostaticity

     As a measure ico know hydrostaticity inside the
                            'pressure medium, the discrepancy of lattice parameter
                                                 'of NaCl determined from two dÅ}ffraction lines were '
                                                   '                                        '
examined. Mihe discrepancy would become zero if the

NaCl crystals were compressed in a virtually hydrostatic

condition (Singh and Kennedy, l974). Figure 2-IO shows
                                       'the discrepancy of the lattice parameter of NaCl determined

from the two diffraction lines (200) and (220), each

obtained inside four different pressure media. The data
              'points lies in the region within the experimental errors
                                                    'arzi sing from the x-ray system except for the case oE

diamond. The specimen in the present pressure rnedia aret

therefore, compressed in a nearly hydrostatic condition.
                                                        '                                     '     However, we can perceive from Fig. 2-IO that a small

discrepancy is observed. This suggests that inside the

diamond rnedÅ}um the pressure deviates from the hydrostatic

condition, although the amount is close to experimental

       ,uncerta:nty.
                                                  '     Difference due to pressure medium is also seen in
                                           'the measurement of electric resis-tance. As seen Å}n the
                                              'case of GaAs embedded inside the diamond mediu!n, the

resistance decreased monotonously untjl it approached

to the transition point. At pressures near to the

transition, the increment of !oad was carefuUy made
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stepwise. After each increment the load was fixed for

5 minutesr during which was observed a slight increase

of resistance by an amount as shown by the arrow in

Fig. 2-3 (i). This amount decreased graduaily and

becarne zero as the load was increased further. Next
           'to be observed was a srnall decrease in resistance. The

resistance dÅ}d not show any further decrease unless the

ioad was stepped up. After this precuTsor the resistance

dropped very sharpiy by several orders of magnituder
                                     'showing the transition into the rnetailic state. This

anomalous behavior was not observed in other media.

Sirnilar trend is seen in the case of Si (Minorn"ra and

Drickamer, l962).

     For the sake of cornparison, the electric resistance

oE GaAs was rneasuxed inside NaCl medium. As shown in

Fig. 2-ll a very shaTp drop of resistance without a

precursor was observed inside this soft rnedium.
                          '
                                             '     AnotheT influence due tQ nonhydros'taticity is known

on the apparent transition pressure of covalent crystals

as evidenced in Si by wtnomura and Drickamer (l962). It

follows that the transition pressure measured in non-

hydrostatic condÅ}tion would become lower than that in

                                                      'perfect hydrostatic condition. .
                                 '     As seen from Table 2-2, the transition pressure of
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GaAs observed inside the diaTnond medium is iower than

that in the B medium, the difference being larger than

the lirnit of experimental error. For GaP, the transition

pressuice observed in the diamond medium is again lower

than that inside the B mediurn.

    'For ZnTe and ZnS, the difference in the transition

pressure inside vayious media is within the experimental

uncertainty. This suggests that in the pressure region

below the ZnS transition, the pressure inside the diamond

medium remains similar to that realized in the other

                                           'three media. ,

t
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4.4) Comparison with other fixed points data

     In Table 2-3 are shown experirnental results for

the semiconductor-rnetal transitions in ZnTe, ZnSr

GaAs, and GaP. An inaccordance is seen in the results

and this can be attributed to the differences of devices
                                            'and of pressure transmitting media used.

4.4.I) ZnTe

     Samara and Drickamer (l962) observed the serniconductox-

metal transition in ZnTe. Their repoxt showed a hump to
                                              'appear in the curve showing logarithm of resistance versus
app:/ied pressuxe relation. The hump was assumed to
 '
appear at 65-70 kbar. Next the resistance becaTne maxirmuurr.

at I20 kbar befoTe the final drop of resistance was seen.

     No stud-y has been made so far for the deterrinination

of transition pressure'of ZnTe by means of NaCl x-ray

measurement.

     In the present experiment, theye existed no hump

buf" a minirnum occurred at 75 kb.R.r•. -As shown ln ll]able

2-2, the semiconductor-metal transition pressure observed

in each pyessure transmitting medium lies in a range

127 to l31 kbar, which is within the experÅ}mental error.

                  i
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Table 2--3. Compan" son ofi transie.;..9.n pressures

Substance
Transition

 pressure

- (kbar)

Apparatus Pressure scale Reference

ZnTe

zns

GaAs

GaP

l4O--l45

   '
18O--I85

150 Å} 5

162 Å} 4

   '
     '

l' 80-l8S
l80 Å} 8

]- 93 Å} 5

i67 Å} 18

l70 Å} 5

      '

220 Å} IO

220

23O--24O

>233

WC Drickamer anvil

                '     '
WC Drickamer anvi!
diamond anvU .
cubÅ}c

     tt    '
YETiC Drickamer anvU

diamond anvil

cubic • '
shock wave
diamond anvil

   '

diamond anvil
Bridgrnan anvii
               '
g.ke:,]2nd Drickamer

                'cubic

new Dridkamer

         '

new Drickamer

ruby •
NaCl .
       '

nevv Drickarner

ruby
NaCl
Hugoniot
NaCl

ruby '
exrtrapo.lation
(fixed points)
extrapolation
(load/area)

NaCl

Drickamer (l970)

           '
Dric]<amer (1970)
Piermarini and Block (1975) '
Yagi and Akzrnoto {1976, 1977)

Drickamer (1970) . .
Piermarini (1975) ' • '
ggg,g g2d.ilrirp2g9,li976, i977)

Yu et ai. (l978) ..

                '              '   '
Piermarini and B!ock <1975)
Horaan et al. (1975> .

Bundy (l975) ' • '
                   '        '
Yagi and Akirnoto <l977)



4.4.2) Zns
  '
    '     Very high transÅ}tion pressure of 240-250 kbar

was yeported for ZnS by Samara and Drickamer (l962).

The value was later revised at ]80-185 kbar according
               '                                              'to the new Drickarner scale (l970).

     Piermar'ini and Block (l975) confirmed the same

transition in an opposed diamond-anvU eell. Xn their

experiment, the transition was assumed to take place

when the optically transparent ZnS crysta! became opaque.

The pressure at the transition was measured by the shÅ}ft

of the wavelength of ruby R-line. The transition pressure
                                                    '    'repox'ted w.as l50 tt 5kbar. •
     Xn a cubic anvil apparatus, Yagi and Akiraoto (1976,

i977) determined the transition pressure from the sirnul-

taneous measureinents of the electrical reslstance change

of ZnS and of the Å~-ray diffraction of NaCl. The tran-
                             'sition pressure was 162 Å} 4 kba"T-. More recently, the

saine samptes as used in the present study have been

compressed both in the diamond-anv" ceZl and Å}n the

cubic anvil apparatus by the above authors (private
                                                    'coinrnunication; Block, 1978). The transition pressuTe
                                                    'determined in each device has been substantiaUy the

same as reported earlier, respectively.
            '
     The transition pressure is observed at 153 kbar
                         'j-n the diamond rnedium, at 158 kbar in the B medium,

v99"



at 151 kbar in the UH medium, and at 160 kbar in the

g•-BN medium, respectively in this study.

   '
4.4.3) GaAs
     ".Ainomura and Drickamer (1962) first discovered
th6' transition in c=aAs at 240-2so 'kbar. The new

Drickamer sca!e (Drickamer, l970) reevaluated this

pressure to be l80-l85 kbar.
-

                                   '     Next, Piermarini and Block (Piermarini, 1975)

determi•ned in the diamond-anvi! cell the transition

pressure to be i80 Å}8 kbar. .
     Goto et al. (l976) observed the transition at
 '

a' Pressure of 167 Å} l8 kbar, which was generated

dynamically by shock wave method.

     The transition pressure determined in the cubic

press was 193 Å} 5 kbar (Yagi and Akimoto, l976, 1977).

     Yu et al.(1978) determined 'the transition pressure

of GaAs to be 170 Å} 5 kbar in the diamond-anvil. cell.

The pressure was determined by the NaCl scale.

 • The transition pressure has i,also been examined

in the present study in various media as shown in Table
                        '2•-2. The highest pressure is 189 kbar in the B medium,

Wh-ile the lowest is.177 kbar obtai.ned in the diamond

medium, the difference in the pressure being more than

12 kbar.

                         r
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4.4.4) GaP
                                                        '                        '     Minomura and Drickamer (l962) examined a possibility
                                              'of transition of GaP. Despite of the repeated experiments

                                 'the transition was not observed.'
                                       '    '                                 '     Onodera et a!. (l974) succeeded to prove an existence

of this transition using split-sphere high pressure vessel.

Homan et al. (l975) and Bundy (l975) reexamined the

transition using different pressure vessels.

     Piermarini and Block (l975) determined that the

transition occurred at 220 Å} IO kbar. In the course of

their experiments, they compressed the same crystal of

GaP as used in the present study (Piermarint, l975).

They used the diamond-anvÅ}l cell and the yuby scale.
                    '     Yagi and Akimoto (l977) investigated the transition

up to 233 kbar but they could mot detect it, and no

report has been appeared on the successfu! NaCl Å~-scay

study. of the semiconductor-metal transition of GaP.

     In the present work, the repeated experiments

using the B pressure medium have shown that the tran-

sition pressure lÅ}es at pressure around 250 kbar, one
            'experiment sheyz'ng it to be at 2491bar and the other

at 257 kbar, respectively. In the dlamond medium,
           '
however, the transition is found at 221 kbar, whieh is
                       'the average of the two experiments using the diamond

rr}edium. This value shows a fairly good agreernent to

the data by Piermarini and Block (l975).
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4.4.5) Further comparison

     As described above, the same sarnples (ZnS and GaP)

have been studied by both the present octahedral vessel and

the diamond-anvil cell. We canr therefore, exclude an

effect due to the difference of samples such as inherent,

impurities or defects. The inconsistency in the tran--
                                -            '                                         'sition pressure is attributable to the nature of pressure
                   'environrnent, method of detection of transition, or ' the

scale with whieh the pressure is determined, or their

combination. !t is quite difficult at present to analyse

them quantitatively except for the problem of pressure

                                                 'scale.
       '
     Nevertheless, a very rough feature is perceivable.
t .. .                                                        t ttttSince the transition pressure determined in the present

diarnond medium is closer to that measured in the diamond--

anvil cell, the pressure generated in the diamond cell is
                            'considered bo be accompanied by nonhydrostatic component.

The present B, LiH, and g-BN media can generate quite a
  '
hydrostatic pressure as noted in Section 4.3. The pressure
                      'tixed points determined in these media are therefore prefer-
                                                 'able. The transition pressures of ZnTe(129.2 kbar), ZnS

(155.0 kbar), GaAs(l88.2 kbar), and GaP(252.6 kbar), each

being the average of the values determined by the use 'of'

these mediar form a new set of pressure scale above iOO kbar.
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5. Conclusion

     Progress is made in the design and the construction

of device for manipulating simultaneous measurernents of

x-ray diffraction of NaCl and electric resistance of
                'several semiconductors under pressure above IOO kbar.

Pressures required for metallic transitions of several

seiniconductors are dete-rmined by the correlations of

lattice shrinkage of NaCl due to compression, which is

theoretically evaluated by an equation of state of this

substance. The same kind of transition of GaP is also

obtained at 253 kbar. Exrors arised from the experimental
                                         'procedures are precisely examined and hydrostatic

compressions of samples are thoroughly discussed. It is

concluded that all the results are accurate enough to

use thern as the best fixed points on the universal scale

of pressure standard. The final values being :

            ZnTe: l29.2 kbar ZnS: l55.0 kbar
            G.aAs: 188.2 kbay GaP: 252.6 kbar.
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(.7[ENE-R-ZXIL CONCT..USIO}•I

                                '                                                  '
l) A new high pressure vessel of sptit-oct ahedral

    type is designed and constructed. This vessel is

    capable of generating a quasi-hydrostatic pressures

    in excess of 250 kba-T.
            '
2) The use of this vesse! rnakes it possible to
    undertake Å~-ray diEfraction of saraples under pressures

    above IOO khar. SiTnultaneous measurements of their

    electric resistances axe successful in a tria! to

    dDvtect the phase txansitions of these substances

    from semiconductive to metallic statesi
                           '                                             '                                         '
         Fixed points, by which the pressures generated3)

    in a vessel are evaluated, are revised by the present

    inve:stigation, the standarcd values p, roposed being, :

                  ZnTe ----- l29.2 Å} 6.l kbar

                  ZnS ----- l55.0 Å} 6.8 kbar

                  GaAs ------ 188.2 Å} 7.8 kbar

                  GaP ----- 252.6 Å} 9.6 kbar.
                  '
4) Semiconductoitr to meta! transition of GaP is
       '
    expected to be a new Åíixed point around 250 kbar

    but has not been accurately estimated. First

    determination oÅí the fixed point is made in this

    study. The value is propounded at 252.6 Å} 9.6 kbar.

                          •-lO4-
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