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-
-A high pressure X-ray powder camers has bogn constoneted.  The instrunient bas beon
found to be veeful For routing X-ray work, using nml;.rl:-demum radlation, to presures of

approximately 60 kilgbara, Previously r

arts ¢n the

confirm previous r
for the first time.

apparently teporte

a following ﬂ%pmximata pregsures whinoh are not indicative of the
—3.3 kilobars, KI—28 kilobars, Bi—28 kilebars, and T80 kilobars.!

tion qoours: AE

1ted tranpitions have been obeerved in gllver
indide, potassivm iodide, bismath, and thalliom.
parameters wera found to ber Agl—f.c.o. (NaCL t
Zpw 4.003 A; Tl—f.c.e. (NaCl t}rgell, de=d.7T8 A
igh presagre forma of Agl end KI. Data oo T1 and Bi are

The high pressire fortos and lattice
pel, ay=. A: KI—s.c. {CeCl t:l-:fﬂell,
1 atryeture not determined. Thess deta

‘The high pressure modificationa were studied at

int where the transi-

The pregsure linwit to which the unit ean be used auecessfully has not been rscerfhined.
It iz believed to be mueh higher than the pressures reported. The present instrument ia
cepehle of produnsing powder diffractfon patterns of materiala of relatively high aeatterin

power, giving data to 20=33°.

High hackground on the X-ray powder patterns is heliev

to arize from scattering by the diamonds. This background may obseure weak diffrnotion
ringa. This cifect may be rodused by sereening, moncchromatization, and other improve-

ments in experimental technigue.

1. Introduction

There has beeen considerable interest in the strue-
tures of high pressurs polymorphs ever since Bridg-
man’s studies showed the frequeney of sceurrebes of
frangitions at elevated pmsar||1r¢a-s]El}.’L High pressure
forms are not vsually ohtained by cooling st 1 atim,
and in only a few instances appear 1o be obtainahle in
s metastable condition at 1 atm. McFarlan {2, 3]
used this method of determining the X-ray structure
of certain of the high pressure forms of ica. In
getaral, itk appears that the structures of the high
presstre polymorphs can be studied only at high
pressure. The first snccessful nttack on this problem
ngpeurs to have heen made by Jacobs [4, 5 who
obtained powder patierns of hipgh pressure phages
with a camern HIIISDE-BC] in the pressure ve Hao
used helium gus ws the pressure-transmitting fluid
and & beryllium window to permit X-rays to enter
the vessel. This method was uzed Lo w maximum
presaure of § kilobars {1 bar=10* dynes em=%). The
next marked wdvance appears to have been made
by Lawson and his r:uwnrfmrs who conatructed first
& miniatare beryllium pressure vessel {6] and later a
ministure diamond prossure vessel {7]. The veessels
were tranaparent to Mo K X-rays and the enclosed
specimen could be studied. Using diamonds the
maximum pressure attsinable appeara to have besn
approximately 30 kilobare, The diamond cell methed
was used by Jamieson [8, 9] for studies of high

ressure polymorphs of peologival interest. Jamieson
ater [10, 11} has reported a high pressure X-ray

TPIEres g braclets ndisate the [ferabure reftrtaoed ot the ond of this paper.

device nsing diamonds in an anvil-type equeszer.
In thig technique the dat specimen was loaded to u
desired stress between two single crystal diamond
pistone. ‘This unit was designed to be mounted on
the spindle of sn X-ray diffractometer. A similar
device is being studied by Adams [12]. Evdokimova
and  Vareshchagin [13] have an externally
supporied beryllium pressure vesgel to astudy the
lattice parameters of strontiom and barivm o a
maximum pressure of 15 kilobars. )
Recently an infrared cell using diamende in an
anvil-bype squesser was developed in this laboratory
[14] and nsed sueces=fully for studies to pressures of
50 kilobars in & routine mannar. The design of this
cell has been modified to permit studies of X-ray
powder diffraction patiems to pressures of at least
60 kilobars. This report describes the insirument
and preliminary studies on & few materiale of intersat
whi(:ﬁ gerve to illusteate ite rangs of application,

2. Apparatus

The high pressure X-ray camera in shown in eross
seetion in figure 1. The unit eontains & hardened
ateel entablature (K} and & piston (H) actuated by
hydraulie pressure generated by rneans of an external
hand pump end introduced through a fitting (M),
The hydraulic liquid iz confined to the small volume
between the rubber O-rings () and exerts st naxial
thrust on the shoulder of the piston (H}. Thae
entablature (E) is supported by the thrust washer
(T wnd the cap (B) which screws on to the unit.
Both the eniablature and the piston are fitted with
emall beilliant-gut gem-guality diamonds (F} each
weiphing approximately 0.03 g (or 0.15 carats). The
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Fravre 1. Crose section of high pressure X-ray powder camera,

diamonds arc seated on their table faces in small
closefitting recesses. The diamond in the ll:istﬂn ia
seatad in a small cylindrical ingert (G} which fita
into the piston. The culets of hoth dinmends were
und off to produce small flat surfaces parallel to

o tables. a flat-topped stecl serew (1) in the
piston iz one of three sucl]: screws spaced 120° apart
about the axial hole of the piston to facilitata aline-
ment. of the flat surfaces of the two dismords when
neeegsary. The X-ray beam enters through the
collimating pinholes, 0.014 in. in diameter, which
are contained in the brass inserts (K). The small
axial hole in the piston (H} acta as a guard slit which
aliminates diffrection lines eriginating in the pinholes.
In use zirconium-fiitered molybdenum rediation
traverses both dismonds and the film of powder
compressed batween the diamond surfaces. Dil-
fraction rings from the powdered specimen diverge
through the diamond i the entablature and are
recorded on the film (D}, placed ingide the cap and
held securely between cap and thrust washer. In
all expariments the film iz covered with a Light-
protective paper (P). A small bearn stop (A) is
inserted through the cap and secures the ﬁ]ﬁ) at the
center. The entablature is machined out to produce
: 5c;mico,] surface of samivertex nngle of epproximately
From re 1 it is apparent that the apecimen js
not located within the eone obtained by extending
the inner conical surface of the entablature thet is
designed to serve as the exit aperture. The distance
from the specimen to the apex of this cone [or a given
entablature, 18 u:l:ai;erminecl3 by the thickness of the
diamond. In these experiments the dismond iz of
such thickness that the specimen is always above
the apex of the cone and the effective nperture is
defined by the cone formed by the specimen and the
apertura i contact with the dismond table surface.
nder the experimental conditions uvsed here,
diffraction rings with 26720 are not treosmitted.

Ficore 2.

Details of endablature.

Two solutions to this problem were atiempied,
First the dismond was made thinnar thus bringin
the aﬂeci.men plane within the cone formed hy extend-
ing the conical surface of the entablature. For low
pressure work this was found to be useful. High
pressurea could not be obtained in this manner
because of the reduction in the strength of tha dia-
mond. Second, a wedge was cut out of the entabla-
ture (see fig. 2}). This permitted highsr-angle rin%s
to be diffracted through the wedge up to 20=35°.
However, a portion of the diamond sezat and retain-
mg wall were removed by this proeess, and at high
stressea some lateral motion of the diamond waa
observed. A less radieal procodure consisted in
removing only a small portion of tha diamend seat
and leaving the girdleretaining wall intsct. By
uging & hardened steal entablature in this manner,
mesgurementa have been made to pressures of ak
least 60 kilobars with no evidence of motion of the
diamond. The photographs under these circum-
atanees show the higher angle rings as arcs while
those of lower angle appear as complate circles.
Tha complete rings permit centering the film for
measiurement of the diameters of the arcs.

In fignre 1 it will be noted that the pressaure must
he relessed Defore the photograpbic film can be
removed for proeessing. Another short-coming is
sssociated with the inconveniently short specimen-
to-film distance. Greater precision in the measyre-
ment of the diffraction-ring diameters can be
achieved by incressing this distance. A bell-shaped
film enclosure was made for optional uae to permit
locating the film at distances of from 20 rm to 75 mm
from the specimen (ses fig. 3). This closura (B)
gerews onto a modified cap (3} which is bored out to
perrmit. exit of the diffraction rings, The modified
cap contains & thrust washer {’ﬁ. A eylindrieal
gpacer {lJ) provides a shoulder on which the film
plate {¥) containing the film (X} and light-protective
paper (Y rests. i¢ film snd paper are held fixed
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by the taut beam stop (W) and film plate (V). This
entire unit shown in fizure 3 replaces the retaining
cap (B} and thrust washer {C) shown in figure 1. To
change the film the bellshapcd enclosure (B) is
unacrewed from the retaining cap (3 and taken a3 o
unit #0 the dark room. The flm plate (V) s un-
screwed from the bell-shaped housing. The film is
removed from the film plate by unscrewing the beam
stop {W). This arrangement permits repeated
expoaures at conatant pressure, and also allowa

iffraction patterns to be obtained with different
pressures without the nccessity of releasing the
pressate hetween Tuns.

Both arrangements have desirable characteristics.
In this study the latter modification was vsually
preferred because the resulting er A-Tay powder
pattarn was eagier to analyze. The arror in the
diffraction ring measurement waa thereby reduced.
Although the longer specimen-to-filn distance in-
cresses accuracy, it also increnses expesure fime
required 4-fold. The m¢reazed exposure time iz
undesirable because prolonged periods of high pres-
sure on the specimen h&v:%mn guspacted a;gcauﬂing
small eracks to develop in the pressure surface of tha
lurger faced diamond. The eracks may have devel-
oped becaguse of poor alinement of the two diamond
Ereaaure surfaces, HExperience [14] hoas shown that

etter alinerment reduces the cracking tendency and
inereases the useful life of the dimmonds considerably,
Ome set of diamonds with properly alined pressure
surfaces, for example, was used daily for about a
month to compress materiala to pressures up to
30,000 bars before one of the dismonds developed
very shallow cracks approximately 0.05 mm long,
Even with these fAaws the set of diwmonds continued
to perform eatisfactorily. On continued nea, however,
the cracks increased in size and in the study of
hismuth some material was forcad into thess cracks.
The bismuth apparently waes not removed by tha
clesning technique cmployed, and as 4 vesult, m the
subsequent study of potassium lodida at 20 kalobars,
there was interference from bismuth in the X-ray
powder pattern, This problem is ¢onsidered further
1n the discussion of potassiom iodide.

In »ll cxperiments pressures were generated by
menns of & cornmeteial hand pump using oil as the
hydraulic liquid. The Kresaure waa meagured with
a bourdon-tube gage. valve was mounted in the
liguid line between the pump and the gage =0 that
the pressure vell and gage could be isolated from the
pump during exposures. The dimensions of the unit
and the dismond surface areas are such that tha
hydraulic pressure is magnified by a factor of approx-
imately 500, Thus to achieve a pressure of 60 kilo-
bars on the specimen a liquid pressurs of approx-
imately 120 bars is required.

3. Method

The materiala studied wers silver iodide, potassium
iodida, hismuth, and thallium. Thev were selected
because: (1) the pressures at which their known

SCALE: == 20 mm -

Fravre 3. Cross seckion of modifled flm encloaura.

transitions occur cover s wide range [1, 15], and (2}
structural data on silver iodide a.m% tassium iodide
are available for companeon [4, 5, 3. The materials
were commercially avaeilnble chemicals and were
used in thiz study with no further purification. Stlver
iodide consiated initially of & mixture of the hexap-
onal and cubi¢ forms and was converted predom-
inantly to the metastable cubic form hy grinding
vigoroualy for about ¥ hr [16].

About 5 mg of the powdered material was placed
on the face of the dismond in the fived piston. The
materinl on the sucface of the dismond wes tamped
lightly with & spatula. Some adhered to the dismond
face; the cxcess was removed. The small pateh of
matetial remaining on the diamoend face served as
the sample. The thallinm specimen, however, was
not prepared in this manner. Instead, & thin film
of freshly sliced matal was placed between the two
diamond pressure faces and guickly compressed to
minimize contact with the air.

The cutablatere containing the specimen was in-
serted in the piston housing of the mounted and
alined camera. The retaining cap containing the
film, the light-protective paper, and the thrust washer
was acrewed on ftightly. A pressure of 500 bars was
slowly applied to the specimen o create a uniform
film and also to bring sll meving components into
their proper positions. The pressure was reduced
over a 5 min petiod to & value just greater than
atmospheric pressure, By ke:ﬁinﬁja elight positive
pressure on the specimen, & INOVIDE com-

onenta in the camers wore pm&eﬂ{ postiicned.
}I'he X-ray powder patterns of the low pressure
phases were obtamied under these eonditions.

The X-ray powder patterns of the high pressure
form were obtained as follows. After the low pres-
sure pattern was obtained, new film waz placed in
the camera and the pressure was raised to a value
approximately 20 percent above the transition pres-
sure daterminad by Bridgman [1, 15] for the specinen
being studied. The pressura wus then reduced
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glowly to a value slightly greater than the reported
value for the transition. The reduction in pressure
was carried out slowly over a period of 5 min. The
high pressure powder pattern was then obtained.

[t must be emphasized that there was no effort
made to determine acenrate transition pressures [or
these materials. The object was to determine if o
transition could be detected by this technigque, and
what structurally significant crystallographic data
could be obtained. The pressures were caleulated
from the fluid pressure, the force on the sliding
piston, and the area of the smaller of the two diamond
pressure surlaces.

The nature and accuracy of the ]}}T{'ﬁﬂllt'!"ﬁ caleu-
lated from the load applied and the area of the
smaller diamond surface have been discussed pre-
viously in conmection with the infrared cell [14].
In the spectroscopic studies it was noted that the
observed transition of sodium nitrite near 15 kilo-
bars agreed with previously reported data within the
experimental error.  Additional experiments were
performed to determine the initial appearance of the
bismuth transition in the present apparatus. These
studies showed that the transition was first noted
between caleulated pressures of 19.5 and 21.0 kilo-
bars, values which are considerably lower than the
pressure of approximately 25 kilobars reported by
Bridgman [1]. The diserepancy between the spectro-
geopic and X-ray results has not been investigated
but is believed to arise predominantly from errors
arising in this work. Significant errors in pressure
may be caused by the [ollowing factors: (1) The
magnitude of the pressure gradients and the effect
of the topography of the diamond surfaces on the
gradients; (2) the effect of alinement errors on the
pressure gradients; and (3) the effeet of the film
thickness and shear strength of the specimen. It is
believed alzo that the effective area of the smaller

dinmond used here is somewhat less than the meas- |
i studied
| earlier in this report.

ured area because of departures of its surface [rom
optical flatness,

The specimen-to-film distance was determined by
calibration and also by measurement. In the ecah-
bration technigque, a powder pattern obtained under
the conditions specified above for the low-pressure
phase study, was used to ealeulate the speecimen-to-
film distance using “d"- spacings obtained by
Swanson et al., [17]. The calculated walue, which
differed only slightly from the measured value, was
used in the interpretation of the ||||11.'n':1'1-|' pattermns of
the high pressure phases. A check on the specimen-
to-film distance was made to determine il any
permanent distortion oceurred alter application of
high pressure. This was done by ealibrating the
ingtrument before and after high pressures had been
applied. No significant change was observed. The
dinmeters of the diffraction rings were measured to
0.05 mm with a hair-line tyvpe instrument., The
incomplete rings were measured by a difference
technique with reference to a complete inner ring,

f"}.erl."u[.rru.u.‘r af modls fied fiiah pressure XN -ray powder
cameri in operation.

Ficurg 4.

Silver iodide was studied using the original design
of the instrument, which prevented film replacement
unless the pressure on the specimen was relensed,
For this arrangement a specimen-to-film distance of
16.13 mm was caleulated. Using zirconinm-filtered
molyhdenum radiation (45 kv and 20 ma), a film
exposure of 1 hr was required for a satislactory
powder pattern. The remaining materials were
with the modified instrument described
This camers had s 52.6 mm
specimen-to-film distance and required an exposure
of 4 hr with the same radiation source. A photo-
graph of the latter instrument in operation is shown
in figure 4.

4. BResults
4.1. Silver Jodide

Two halves of X-ray powder patterns of silver
iodide obtained with this camera are shown in
fiure 5. The left hall refers to material studied at
approximately 1 bar; the right hall to material
studied at approximately 3,300 bars. The two films
were split and matched for easy comparison. FExcept
for pressure the experimental conditions in both
pxposures were the same. Diffraction rings are
clearly visible and a transition is quite apparent.
This 1s expected because Bridgman [15] showed that
gilver 1odide exhibits a transition at about 3,000
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s of XN-ray powder pallernsg of Agl
I bar; right half, Agl ol approz. 3.8

FIGURE 7,
(left kalf,
Filobars).

Matched halves of X-ray powder palierns of Bi
Bi al approx, ! bar; right half, Bi af approz. 258

Matched halves of X-ray powder palterns of KI |
1 bar; right half, K1 af approz. 20

bars. The incomplete rings are due to the wedge
cut-out in the entablature. A close examination of
the film indicates no evidence of low-pressure ma-
terial contributing to the powder pattern on the
right. It follows that the minimum pressure in the
region penetrated by the radiation beam was less
than approximately 300 bars below the caleulated
pressure.  The importance of pressure gradients is
recognized in determining the pressure on the speci-

Malched halvee of X-ray powder palferns of TI
Tl at approz. 1 bar; right half, Tl af approc. 60

Fioure 8,
(feft half,

kilobars)

men. The spots on the film are Laue spots origi-
nating from the two diamonds,

The six rings in the high pressure phase pattern
were readily mdexed as lace-centered cubic (see
table 1). The high pressure lorm has the halite-
tvpe structure containing 4 molecules per unit cell.
Comparison of these results with those obtained by
Jacobs [4] shows good agreement. His average
lattice constant is 6.070 A.  The ealculated density
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of silver iodide ITI besed on the present 6.087 A
lattice constant obtained at 3,200 barz 13 G.08 g
¢m % The total volume change caleulated between
1 bar and 3,300 bars including the transition
Apl—I1—=Apl—1IT iz 185  percent. Using
Bridgman™s data [15] the corresponding volume
chunge is estimated to be 13 parcent.

TavrLe 1.—""F'-Spacings and lalfice conzianly of Ael af
approzimalely 8.3 kilobars

Latthca
Rkt vt Epacings, A | 0ODALANE, A
ik B, 031 B, B8
e |} 3. 188 & 103
b 1. 764 i 1
40 L 607 B, 28
L b 1,352 8. 0e
122 L 0. k)

o™

Statkilea) average of Laggler ownatant. ., bk

Bindard devition ... ..

EH

*Zpp sppendix. i

4.2. Potassivm [odide

According to Bridgman [15] pofassium  todide
which normally exists in the NaCl type structure ex-
hibitz a transition at about 17,850 bars. Figure §
demonstrates the trsnsition. The modified mstru-
ment using a larger specimen-to-film distance was
amploved. The'rggll-'c, the films are different io ap-
pearance from those shown in figure 5. There arc
weak lines in these patterns which cannot he brought
cut more clearly by longer exposure because of a dis-
proporticnate increase In background. This back-

und iz beliaved due to scattering from the two
lamonds. Results from thia astudy arc shown in
tabla 2. The high pressure form was readily indexed
a6 simple cubic, that 13, the Cs(l type structure.
Satisfactory agreement with Jamieson's resylts [9) is
obteined. He reported an average lattice constant
of 413 A at 20,800 bara. Using the 4.003 4 walue
obtsined in these siudies, the caleulated density for
potassium iodide II at uﬁpmximu.te]}r 20 kilohars is
4.02 gera, A volume change of 22.2 percant is cal-
culated for potassiun jodide over the pressure ran
1-20,000 bars including the transition KI—I—-KI
—II. A corresponding value of 20 percent is esti-
mated from Bridgman’s dats [15)].

TaBLE 2—Md'"-Bpacings and lalfice constanis of KT ol
appreximalely 20 kifobars

Lattis
L.LE “-Apacing, A | constaot, A
100 4.037 & (ar
B FRILLY i 1
111 2, el A, Cat
2 2. 058 4.112
20 1B 4,7
1 L& 1, ¥

Aratistion] avertgs of lattles constant_ ... _ b

Srandard deviathom. . _______

=]

~Ses appendiz.

A close axamination of the high prassure powder
pattern reveals a diffraction ring (second from center)
which is not due to potassium 1odide. It is believed
that this ring is due to bismuth which had baen
forced into some small cracks in the diamond face.
The ordinary means enploved in clanning the dia-
mond faces did not remove the material, Later, new
dinmonds were prepared and studies on potassium
indide with these new dismonds showed no evidence

of this ring.
4.3, Bismuth

Initial studies on bismuth revealed a complex
X-ray powder pattern for thematerial at approximately
28 lalabars. }l}fl.lis is demonsirated in firura 7. Due
to ite eomplexity the pattern could not be indexed.
The “d"-spacings chiained from the film on the right
ate listed in table 3. Upon examination, one strongly
guapects that the room pressare hexagonal form 1=

recent. This is entiraly possibie, The fact that

ismuth exhibita two very close transitions, one at
about 24 kilobars, and the other at about 27 kilobars
adds to the problem [15]. Both high pressure forms
oould conceivably be present simuﬁan&ousl}r. Con-
sequently, oo conclusions wore deawn about the high
pressure form of bismuth st 28 kilobnrs. Further
work to golva this problem is contemplated.

TapLy §, X-ray prander dgio for Bi & epprovimalely
B8 krlobgre

Angle, 2%, despbes) T RRRsing, A
1240 3. b5
3.7 2 Bas
L] 2833
16 EA . 68l
17.1D 9. 388
18, i1 2.3
0, i 1. 83
e Al H 1. B33
4.4, Thallivm

Thallium exhibits a transition reported at about
40 kilobars [18). Figura 8 demonstrates the tran-
sition, showing the high pressure form at approxi-
mately 60 kilobars. This phaze has apparently
nevet before beecn obscrved by Xeray diffraction.
Takle 4 gives the analymz of the high pressure pat-
tarn. It was readily indexed as face-centercd cubic.
Based on the laitice constant 4.778 A, a density of
12.44 g etn™ for thallium at about 6 kilobars was
culenlated. The total wolume change celeulated
including the transition Tl ..—Ti... & 50
percent. The corresponding volume change based
on Bridgman’s data [19] is estimated to he 10 percant,

The rezults of this study corroborate two predic-
tiens which havo becn made for the high pressure
form of thallium. Baged on the correlation of ther-
modynamic data at one atmosphere with high pres-
sure equilibria, Kaufman [20] predicted & face-
centered cubic strusture for thallium, A esimilae
prediction has been made by Parthe [21] using a
gpace-filling concept.
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TakLE 4. “d7-Bpoeiags and laliice constants of Tl of apprezi-
madely 80 kilobars

.11 4" Hpocioy, A | Lattles eon-
pae atant, A

111 2.7 4, T

-1 1] .3 + T332

potal 1649 i T

11 L, H2 4, T

-] 1 383 + 791
Stallztical averaps of lattice comolant. . ____ 4.7 "
Spagdigrd JevBabdmn- el D0DE
" s penidiz

5, Appendix

It 1= desirable to weight the data statistically to
obtain 4 mora signifleant value of the lattice param-
eter, ‘Thie iz particularly important in these ex-
periments hecause the diffraction rings are limited
to low angles. The following method was used io
deterinine the aversge lattice parameter and its
standard deviation:

If r represents the radiva of & given ring, D the
spacimen to film distance, and 28 the diffraction
angle, then when

r<7 [} (a3 in these experiments} sin Em% {13

If the axperimental error in measarcinent i3 ¢, then
tatn a=§%1 whera the subscripts denote the quantities

to which the error refers. The error in the radius
measurement is not & funetion of 5.
The Bragg relationship for the spacing including

T .2 . . g
the error term is, sin E—%{—z ' where  is the intor

plenar spaeing and A the wavelength.
For the eubhic svstem, this may he written in terms
gf i_-h? lattica parameter, a4, and the Miller indices,
+ rrr as

217 sin iﬂ—lmL ‘llhga—:kz—i_p-l-er.

{2}

(Paper 66A4-167)

Equation (2) contains u relationship between the
two vartahles 277 sin # and DA%+ 23 4 12 representing
a line through the origin of slope 1fas. The best
value of de waa determined hy least squares and tha
standard deviation by well-known methods (for
cxample, ses p. 42 of “Statistical Methods for Chem-
ists” by W. J. Youden, John Wiley & Sons, New
York, N.Y,, 1951},

The authors are indehted i@ the Instituta of
Geophysics of the University of California at Los
Angeles for the use of their (aciities in the preliminary
developments of the X-ray camera, In particular,
the assistance and advice of L. H. Adama and W,
Hoffman are greatly appreciated. The avthors are

also indebted to J. Mandel of the National Bureau
of Standards staff for advice on the statistical
cvaluation of Lhe Jatiice parameters,
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