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ABSTRACT

Specsal challenges face the sclentist
interested In structural transformatjonsg
in wolecular crystals under unusual
conditions of temperature and specimen
volatility eapecially when the watexials
have either very small or very large
scattering amplitudes, Techuniques have
bean developed to prepare single crystals
of condenged gases of mm or larger &ize,
to ascertalu thelr degree of crysfnlline
perfection and fix theilr orientation, to
weasure Bragg spacings, changes in Bragg
spacings and intensities. For precise
work at higher temperatures sud pressures
& Be apecimen cell attached to a heat
exchanger is used at the focus of a large
orientable back-reflection camera. Phasa
transitions arising from changes in
molecular rotational ordering in solid Qi,
and CD,. and lattice parametors ducing
gublination and welting of solid Ar, Kr,
and Xe have thus been studieds For Jower
tenperatures, the x-ray scattering
specimen cell is fixed to a heliua
dilution refrigevator; it can ba taken
down to 50 wkK and internally pregsurized

to 20 MPa. The sualed-off x-ray oource is
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orientable about Lhiree oxthagonal axes,
Scattered x-raysg are callected in an
ovientable popition-sensitlve detector,
Two examples of fnvestigations desirable
by ecoherent scattering incilude 1)
deternination of the symmetries of the
different phzses below 1 K of the ayntow
#011d ortho- and pava~ Hyy and 2)
microscopic study of isotopdce phuse
separation in polid 3“0.4”0 mixtures helow
0.4 Ko 11 case )), the known fce forn of
solfd hydrogen, stable below about 2 F for
ortho~rich materisl, was deterwined by J.
V. Gates amxt coworkera to traneform to hep
form at lower conceatrations and
teaperatures.  Yhe trausformation
tenporatures and cospositions could M
followed, deepite internal speclimen
haating due to apontancous ortho~ to pava-
conversion, below 200 mX. 1Iun case 2), =x-

ray studien of {sotopfe plare separation

in 3Be~4un bee sollds were carrled out by .

B¢ A Mreaus. Direat deternination af
Bragg spacinga of the daupgbter phases and
chedr porfection and orientation with
respect to the watrix could be wmade for
the first time, and new characteristice of

tha phase saparation phenowena discoverved
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as specimens were cooled and reheated in &

range below 400 mX.
INTRODUCTION

X-rdy diffraction techniques offer
gpecial advantages to the scieatist
intevested fn molecular crystals,
especially those formed by condensation of
gases. Such crystals are frequently
aasily detormed, with a typical shear
strength of enly 0.1 MPa near the melting
temparature, Equilibrium vapor pressures
and cocfficients of thermal expansion are
frequently high; aspecimen surfaces are
subject to rapid change which vitiates
application of many conventional
techniques, such as pulse~echo
ultrasonics, The temperatures of
solidification and of solid~golid phase
transformation are low and oanly small
amounts of material way be available, or
bes suitable, for example, wher low thermal
conductivity dictates minimal specimaen
dimansions tn insure temperature
bomugeneity.

Many interesting molecular crystals
however have low absorption snd small x-
tay scattering enplitudes, Whilae one
gains the capacity to probe the bulk not
just the surface, one must maximize the
efficlency of the scattoring geometry. At
the same timo, nced to study the speciuen
at elevated pressures and to provide

suitablc thersmal and vacuum shiclds

presents unugual challenges,

pPuring the last decadé, techniques
have been developed at Illinoia to prepare
and to gtudy & varicty of molecular
crystals, including the prototype crystals
formed from the condensed noble gasres He,
Ne, Axr, Kr, and Xe. This paper descrlbes
these techuiques and indicates examples of
results 1un each of the areas of sclentific
interest which motivated the technology,
At higher temperatures and pressures the
examples clted arve solid Gl Cn,, and
¥e. At lower tewpervatures the examples
are solid #, and e, Rotational molecular
digorder in the methancs and in ortho-para
hydrogen aolid mixturves gre of speclal
relevance to this Symposium, Studies of
isotoplc solid mixturea of 3He and AHe are
a final exawmple of the power of x-ray
techiniques to add new knowledge about
phase Beparation phenomena in thesc so-
called quantum crystals,
ROTATIONAL DISORDER IN SOLID METMANES

The methane woleccule has tetrahedral
symmatry but its shape departs little froa
sapherical. Condensation into an fec
lattice provides intcresting examples for
the aystematic study of rotational
ordeving phenomena as iufluenced by
differences in isotopic mass, in molecular
rotational moments of inertia, and in

i

nuclear spin igsomeriam.” The gystem {is

sosewhat simpler than that discussed in
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this Symposfum by Professor Raich,

By the end of the 1960's calorimetric
and similar studies had estabiished phase
transition tomperaturcea in the methanes.
One particular interest was whether the
landa~type phese transitions in the region
20-30 K have gny discontinuous character
in carefully treated crystalline
epecimens. X-ray, ncutron, and electron
gcattering data of the time had
inpuffictent resolution to distinguish
gharp chauges in latvice parameter. A
related challenge was precise temparature
control of pure methane specimanu which
ghow rather sluggish rcsponse in the
{mmedfate neighborhood of Ltrangitions:
change by 10 mdeg way vequire a settling
time of up to hours,

The x-ray tcchnique applied to
succesaful solution of thia problem was
use of a rigid~tail flutd-Fflow heat

2 combined with a large

axchanger cryostat
orientable bVack-reflettion x-ray

camera.3 The e¢vyostat~camera combination
{8 shown in Rgure 1. The cryostat
provides excollont-tnmparaturc control
over the interval 2.5-300 K; short-term
fluctuntions are held below 5 mdeg and
drift 1s less than 25 mdeg por day,
Crystallline spocimens of several mm

diameter can be preparad by directional

solidification of liquid in a cylindrical
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Mgure [ Cryostat=camers systom for
prteciae lattice parameter measurements
ot molecular crystals having freeving
points baolow 300 K. After specimen
crystal growth the camera fu ovientud
by meana of laue dfagrams and the
specimen is centerved by mfcroscope.
Mylax tubo.“ Temperatures sbove and bLelow
20 K are ueasuvred with Pt and Go
regfatance thermometers, respoctivoly.

Becouse specimen orilentation cawnnot
ordinarily be controlied, the camera ig
set in & large cradle so that after
crystal growth the camera equatoar can be
set In the aporopriste crystalline

’

ditections. lLattice parameter {{lms arc
taken with camera oscillatlon about two
successive orientatfons whieh provide
exposures on the left and right sides of
the camera, shown in plan view in Plgure
2. The priancipal errer in a camera of this

type is specimen centering orvor, which

arises in part from specimen



Laua filn

orlentable

ototion circle

Y pecunen
{rotation axis)

centyting
_.»{rmcmscope

cotlimator -——t—{-

%10y tuby--{1-—
Ist exposure
film
m"mu" fiducrory
latnp
PSS T (4 s evevinammunprinone,p B0 T SR 0

A U T

JOsmy

U u

Figure 2. Plan view of rotating camera
used to provide precise lattice
parameters of moleculsr crystals and to
measure lattice parameter changes due

to phase changes and to thermal
expansion. Camera exposure times with

a gaseous He path range typically from
1-100 min.

surface roughness (i{n these soft volatile
crystals), absorption, and deviation of
the diffraction vector from the normal to
the specimen surface., A centecing
microscope and giant dimeunsious for the
camera countrol this error. Error in
lattice parametar moasurements, avea for
rvather poorly crystallized specimens, is
about €.00007 A3; this is near the
intringic variation shown frowm specimun'to
specimen by many simple crystals,

Sensitivity for lattice paramater changes

" in & given specimen cun be as small as 3

ppu. >

Rasults obtained by Duane Aadsen6 for

the lattics paramcter of O, are shown ia

Figure 3, together with previous work

in the literature obtained by x-ray
diffractometry of polycrystalline

specimens. The results of Aadsen arc
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Fig. 3. Lattice parameter of pure Ay,
in the temperature rauge 2.5-86 K,
according to D. R. Aadsen (Ref, 6).

The wnixed continuous~discontinuous
character of the transition due to
molecular rotational ordering near 20.4
K 1s clearly shown, wheraas previous
diffraction work was of insufficfent
resolutfons Agreement of the lattice
parameter value at high temperature
with bulk equation of state rescarch by
Chong and coworkers 1is shown,
represented by a golid live in Fgure 3;
to show ucatter in his data it ig
necessary {0 make a greatly enlarged
diagram.

Thie fe Figure 4, which shows clearly
the discontinuous part of the trangition
and alpo exhibits the hystevosis present,
of about ¥ mdegg. Such hysteresis,
incidentally, is aharacteristic of
martensitic-type transition behavior., No
lonz~range diffusion of the molecular
centers {8 involved in the transitloa, yat
the froo energy differencas between the
I.uses are modest at the transition

temperature, X-ray work does provide a
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Fig., 4. D. R. Aadsen's high resolution
lattice parameter study of the I-I1

phase traneition in crystalline H,

(Ref 5). Both phuses 1 and 11 are fee,
but the lower temperature phase 1s
characterized by orfentational order of
3/4 of tne molecules. ‘steresis of

about 9 mdeg 18 pres. upon hcntinﬁ and
cooling.

good value of the volume change, and hence
via Clausfus~-Clapeyron of tha entropy
difference, at the transition, It 18 0.65
cal/mol/deg, which compares closely with
theoretical estiwmates.

One osthar intereating feature of thie
transition 18 the steep rise in thermal
expansion coefficiont on the low~
temperature side. This parallels heat
capacity rvesults. Unforturately,
calorimotry 4s of less use for pursult of
detailed comparisons in the region of
hysterasls and above., The Acccptcd model
for this transition yepresents the uypper

fec phase (i) as molecules with

sssentlally unhindered rotation and the
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lower fec phana {1I) as one with 3/4 of
the molecvlies oriented {n an 8-sublattice
"antiferrvrotational” arraugenent and with
/4 stdl? anhinnared (L.e. in an
oct dhedral ¢ yoval fleld). Investigit:-m
of the dyunaw'zc of the rotating nolecules
is best done by routron scattcring.l
Arather wethane exaaple, Cn,, is
worth precenting to egho- the capacliy of
suitable x~yay methods to clarify some
static features of similay rotatfonal
pﬁase transitions. Compared to the light
mathana, 1, st ssaturated vapor puessure
shows en additional phasc at low
temparaturas (calied 111, This plasc 18
of tetragonal ayumctry and it is soupposzd
that {t is fuily srdered although the
structure has go fav resisted comnlele
analysis,

Flgurue 5 shows the consideruble

scatter in varicus experfmentsl dava In
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Fig. 5. Lattice parametevs of solid

Cn, as measured with the ceyostat-
camara system by D. R. Baev and
coworkers (solld l:aes, Rcfs 7).
Scatter in their deta 18 too small to
ba shown, On the ~ther hand, previons
Xx~ray and neutron data from the

“1dterature are shovmi as individual

points with stated errors indicated.




the literature on

D, {taken using x-ray and neutron
scattering) as reopective individual
points (circles, triangles, etc.) prior to
the work of Baer and coworkers. ’
Individual references to the earlier work
are cited in Reference 7. No consistent
pattern is avallable from the previous
work. There are lattice parameter
differences outside stated errors, there
18 1vsufficlent resolution to obtain a
lattice parameter discontinuity at the
upper (I-11) transition, the e/a ratio of
the tetragonal phase (111} is poorly
defined and i{ts temperature dependence (un
order paremeter for the phase) is unknown,

The work of Baer and coworkers’ is of
a quality comparable to that of Aadsen and
is shown as solid lines on Hgure 5. For
reasons of space a diasgram analagous &0
to Aadsen's uica of HMgure 4 fs omitted,
but the data are similavr, except that @,
shows a larger region of hysteratic
behavior.

The methane II~II1 tysnsition botween
fce and tetragonal phases shows goma
macroocoplic simiiarity to transitions iu
ninerals. The tetragonal phase in methuae
presunably reflects full ordering of the
rolacules, with complete hindcanca to
their votation,. Unfotcunatéiy, thare is
no space here to discuss other interesting

effects, such as lattice thermal

contraction in Q} phase LI, which arise
from nuclear spin isomer effects at lower
temperatures.6

EQUATION OF STATE OF NOBLE GAS SOLIDBS

The capacity of x-rays and of
neutvong to penetrate sultable pressure
vessels 18 well-known, and has been
exploited in our laboratory using the samc
cryostat—camera system. The physical
systems of intevest were the noble pas
solids inftially, because of their
simplicity compared to molecular crystals
and the suspicion (shown to have a bagisl)
that conditions inside pressure vessels
are not uniform.

A Be cell for the 200 MPa (2 kilobar)
range was designed by Dr. R. K, Crawford
and applied by him and A, T. Macrander.8
This rellable pressure cell 1is shown in

Figure 6. A cone~type scal is made

VF// bolt

-t tine end

stainless steel ssal

‘maraqing steel
clamp

Smm
Ba teil




Figs 6. Be sample cell of 0.79 mm
diameter hore and its high-pressure

geal to a specimen £111 line Of 0.15 ma
inside diamgter, 1In use, temperature
diffecences between top and bottom of

the cell are typically less than 30

ndeg, except when the cell temperature

is being changed, when internal

pressure gradients also arise in the
self-pressurized specimen.

between the machined Be cell and a fill-
line leading outside the cryostat to a
high-pressure source of specimen
material. Crystalline specimens are
prepared by dircctional solidification of
1{quid {n a temperature gradient,
Transmission Laue diagrams verify crystal
orientation.

In this arrangement the specimens are
self-pressurized, When the cell is filled
entirely with solid or with both solid and
ilquid, temperature changes are
accompanied by changes In pressure. At
large pressures, elasticity of the cell
permits some changes in cell shape and
consequent plastic flow of the solid
contained thercin., Precise x-ray lattice
parameter measurement permits sensing of
pressure gradients in the specimen about
down to the 0.1 MPy level. The x~ray
mathod tharcfore has & built-in check for
equilibration of the system.

¥hen the cell is sealed off with an
amount of material such that both liquid
and sulid are present, procise study of

the solid at melting over a range of

temperatures is possible. An exampla of

Lottice Porameter (1)

data taken on two specimens of Xe ls shown
in Figure 7.7 Along the line from the
triple point to point C, lattice
parametexs are seen to decrease
corregponding to the increase in pressure
of the melting transition. Irom sgeparate
determinations of the equilibrium P-T

relation, this precise V-T relation can be

used to obtain an Improved equation of state.
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Fig. 7. Precise lattice parameters of
crystalline Xe (Ref, 9) for specimens
confined in the Be cell of Flg. 6 at
pressures from the triple point up to
about 140 MPa (point C) and at
saturated vapor pressure from the
triple point down to point A. Data
like these yield information about the
equation of state.

Indeed, further refinements are
possible, Consider the data in Figure 7
obtatined by cooling the specimen below the
triple point temperature (toward point

A). The specimen in this case is at {ts



“f-
saturated vapor pressure and the Be cell

serves on}y for meéhanical support of the
specimen and confinement of the vapor
phase. Conventional thermal expansion
measurements are then possible and for Xe
these have been analyzed to deduce some
properties of the thermal vacancy in Xe.
In addition, because all the temperatares
are above the Xe Debye temperature,
isochores in the P~T plane of the phase
diagram are expected to be essentially
atraight lines. One can then combine
these x~ray data with existing values of
melting and of sublimation pressures, to
obtain values for (aP/BT)v and its volunme.
dopendence, Finally, from this volume
dependence one can obtain the isochoric
temperature derivative of the bulk
wodulus, Bp. For Xe the result is
(QBT/3T)V « (1.08 & 0.60) Mpa/K at a
rolar volume of 37.6 cu’/mole.? Such
high-order derivatives of the crystal free
energy are difficult to obtain for (soft)
molecular crystals., Their sign and
magnitude are sensitive tests for
intermolecular potentials which are
generally difficult to investigate
quantitatively fn the condensed stata,
When information about molecular
crystal comprassibility at low prassures
is sufficlent, one can apply the sanme
cryostat—-camera system, with a thin-walled

specimen cell and He fluid as a presaure

medium, In this case, hydroatgtic
conditions obtain, and the only concern is
for possible small interactions between
the Hle fluid and the specimen surface,0
SOLID HYDROGEN - MOLECULAR ORDERING AT LOW
TEMPERATURES

Solid hydrogen (nz) provides a
fascinating system for the investigation
of molecular ordering phenomena. The
solid is usually a wixture of the nuclear
spin species called ortho~ and para-H,,
respectively. FYor hydrogen the spacing
beﬁween molecular rotational levels is
largae compared to the solidification
temperature and very large compared o the
tempetatufes marking the boundary between
different crystallographic phases. At
these temperatures,'therofore, molecules
are predeminantly in their rotational
ground states, which have differeat
symmetries. ~ The intermolecular
iuteractions consequently depend upon the
concentration, x , of ortho~fl, in the
solid. Pure para-il, has central
interactions between the molecular centers
whereas in ortho-il, to this central
interaction is added a quadrupolar term,

The transition between diffecrent
solid phases of Hy depends'hpon pressura,
temperature, and ortho-concentration X
present. ‘the high-temperature solid phase
is hep for all concentrations with

apparently a uniform angular distribution
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for the rotation axes of the molecules.

Slightly above 2 K, however, pure ortho-
Hy at low presgure exﬁibits A
cryotallographic traansformation to an
ordered fcc phase of symmetry Pal. The
transformation tempersture is lower for
smaller concentration, reaching, for
example upon cooling, 0.6 K {600 mK} at
about 8 yx of 60X, Hysteresis is
exhibited in the transformation, which is
supposed to be martensitic (i.e,
diffdsionless) in nature. Above 600 mK
the transfurmation has baen ilnvestigated
by many different techniques, amung them
heat capacity, cw NMR line shape, changes
in (dP/dT)y, Raman effect, and neutron and
x~yay scattering.

Below 600 mK experimental evidence
about the transformation was sparse prior
to 1979, Studles by MR (cw, pulsed, and
Tl) however suggested further broad
temperature dependence of a transformation
upon x , for concentrations below 60%,
although the MR criteria for the
transformation varied and the various
deduced temperatures differed by a factor
of two, Citations bf extenstive work in
the literature are given in Reference 1l.

Clearly, direct structural
information wius to be a useful element in
understanding the low~y low-temperature
behavior. Just as clearly, however,

fairly sophisticated scattering techniques

would be required, The specimene had to
be taken conttollably to temparatures well
below 600 mK and structural data collected
reagonably quickly. Because the ground-
state encrgy of ortho-H, 4s higher than
that of para-li,, conversion of the ortho-
gpecles into para- occurs at a rate of
about 2% per hour, accompanied by
conslderable releagse of energy., This
appears as volume evolution of heat in a
specimen of relatively poor thermal
conductivity, which aggravates problems of
refrigeration and of thermometry. Swall
specimens were therofore indicated, but
this makes vaptd x-ray diffraction studles
difficult in the case of a solld such as
Hy which containg only two electrous per
molecule,

For his x-ray study John cates !}
chose to use & modification of the
cryogenlc arrangement of Steve Heald.
Heald's cryostat has been described in the
literaturs,1? More detail appears In hie
thesis.!d The general arrangement of the
speclmen region of iieald's tall-type
cryostat is shown in Fgure 8. A Se-tite
dilutfion refrigerator is mounted below a
i chamber ("cold plate”) pumped to about
! K. The Lucite specimen chanber 1s fixed
to the refrigerator amixing chamber, whose
cooling is balaunced against electrical
heating to achieve temperatures in the

region 50-1000 K. The entire assembly {s
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enclosed within éuccessive thin-walled

‘ F...——-IK cold plate
N

‘ R '
T — ' o
Lﬁf“lj““
ot !
exchanger :
:
.
mixing
¢hambaer
tpecimen
fill line spacimen
chamber
germonium
thermomaeter

Fg. 8. S. M. Heald's SHe-He
dilution-refrigerator cryostat tail for
x-ray diffraction studies down to 50 mK
and up to 25 MPa (Ref. 52). The

still, which separates “He from the
mixture for flow through an external
circuit (not shown), i3 mechanical
support for the colder mixing chamber
through a vertical graphite post, The
molacular crystal specimen 18 prepared
in the ~hamber at the bottom.

thermal radiation shlelds at about 1 K, 4
K, and 80 K, rospectively, and finally
within a cylindrical Be cryostat vacuum
Jacket,

Hydrogen crystal growth was a
challenge, because the solidification
temperature near 14 K was far higher than
those available previously in this
cryostat, The problem was soclved by the
addition of an additional volume in the
specimen gas £111 line, which itgelf had
additional heaters, so that sufficlient Hy

would be available for crystallization,

These modificatlons are shown
gschematically in Figure 9, which also
illustrates the external system used to
convert the starting material to a

concentration of 75% ortho-H,.
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m

SAMPL

ELL ASSEMDLY

Figs 9. Schematic diagram of the
arrangement used by Gates and coworkers
(Ref, 11) to prepare om size crystals

of inttial 75% ortho-ii, content.

Bacause of self—ovolut%on of heat by

the samples, special thermal links to
the thermometers were used. X-ray

Bragg peaks on transforaingy samples

were obtained at temperatures well below
200 mK.

Another concern was rvapld acquisition
of x~ray Bragg peak data. Successive
scanning of a range of angles by a moving
8lit in froat of a acfntillation &etectér
had proven sufficient in pioneering
studies of solid He by Reinhard
nalzer.14 Becaugs, similavr to the
ratlionale described in a previcus section
for the cryostat-camera system, angular

*

orientability of tha x~ray source was
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neéded, a aeale&—off (and therefore
relatively low power) x-ray tube was
uged. For “2 better ;beed, aﬁd the ,
capability to examine a range of angles
simultaneously, was necessary. The
detector of cholce waus a gas-flow
poaition-genaitive counter, whose output
rvegistered on a multichamnel analyzer, A
subsequent versfon of this system is
described by B. A, Fraas, 13 Flgure 10
shows typical results for a Bragg peak of
diminishing intensity during
crystallographic transformation; data for
an individual low-order peak (200) could

be collected in
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Fig. 10. Typical low-order Bragg peaks
each collected in about 100 sec, as
displayed on the multichannel analyzer
of a position-sensitive detectors The
full background 1s shown; it is
contributed both by the specimen and by
its chamber and many assoclated
ghields, Oune degree in Bragg angle
corresponds to about 100 channels (Ref.
15).

about 100 sec. Parameterization of the
integrated pesk intensity versus Hy

specimen temparature permitted precise and

~11-

reproducible characterization of a
trangition temperature T* and its
uncertainty, which could then be put on a
graphical plot of 1 versus X ¢

The results of this work by Gates
and covorkers are summarized, together

with previous work, on Flgure ll. At

I.Of hce -
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Fig. 11. Collected resuits for the
apparent transition temperatures of
solid Hz at low pressure {(Ref, l1),
Abclissa Y represents concentration of
ortho~ll,. X-ray data by Gates and
coworkers are solid cireles, counnected
by solid lines, Separate iilnes for
heating and fov coollng transitjious ave
shown., The mujor result of Gates is
that the low temperature - low y phase
has hep not feo structure as previously
supposed on the basis of previous work
based upon NMR alone.

temperatures above 600 mK the varilous
techniques employed previously all
generally agree, including agreement in
the hysteresis exhibited upon cooling and
heating (lower and upper curves,
respectively), The Gates data (solid
civcles) also agree. However, at low

temperatures the wide variability among
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the previous NMR results 1s evident

(erosses and various open symbols),

The principal result of Gates' x-ray
study was to show that the fce to hep
transformation temperature extrapolates to
Zero near an orcho~u2 concentration of

0.49. The low concentration-low

temperature phase 1s hep not fec, Because

NMR signatures are present betweer this
reglon of the phase diagram and others 1t
18 therefore ~lear that at least three
different phasen ~ccur in solid Hoe AR
this time, characterization of the third
phase is a matter of dispute, It exhibits
gome characteristics of a frozen-in
disorder of the molecular rotation axcs
(*quadrupolar spin glass"),
1SOTOPLC HELIUM MIXTURES -~ POSITIONAL
ORDERING

This final brief example concerns x~
ray diffraction as a unew tool to study
isotopic phase separation in solid
mixtures of the isotopes 3Be and Aue.
Much the same cryostat-detector system can
be used as for the solid H, studies
already described, Similar regimes of .
temperature aud stringencies on x-ray
scattering data collection efficiency are
involved,

Helium solidifies only_under applied
pressure, and the resulting specimens are
elugive, particularly at larger molar

volumes. For example, tiny thermal or

mechanical stress gradients are sufficlent
to produce specimen rotation,
recrystallization, and other behavior
difficult for x-ray diffractometry,
Methodical attention will produce suitable
specimens, however,
The phenomenon of fsotoplc phase
separation was discovered in solid helium
nixtures by calorimetric studies of D, O.
Edwards and coworkers in 1962. For nearly
two decadeg thereafter the only data
applicable to the study of the 3e-tye
solid phase diagram were obtained by
calorimatry, by measurements of total
aystem praessure, or by studies of thermal
conduction. These techniques all give
{aformation about the gross specilon,
heterogenaous or not, Data on the
individual separated phases was lacking.
This absence can be rectified by the
application of an x-ray diffraction

“He mixture is

techniquea16 A 3ne~
solidified then its lattice parameter is
wmeasured npon cooling. At the higher
tenperatures near melting the lattice
parameter of a homogencous specimen held
at copstant macroscopic volume shows
varlations attributable to the presence of
thermally~generated vacant satomic sitesM
(see Figure 12). Then upon further
cooling in the range below 400 mK the

Bragy peak divides into twe over a narrow

temperature range (a few percent of the



temperature) and one c¢an determine the

equilibrium molar voluues of the

?

respective “fle~rich and “He—rich phases 1in

coexistence at a succession of lower
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Plg. 12. Lattice paramcters of an
igotonic solid helium mix%ure of
original composition 28% ‘e,
golidified at 1.87 K and an initfal
wolar volume shuwn {(frowm Ref. 15).

Data upon cooling {circies) differ from
data upou heating (crosses) because of
difficultics of equilibration of a hulk
spacimen suitable for precise x~ray
diffractometry upon heating and isotope
remixing, Nevertheless, near 300 mK
the different latrice parameters of the
coexisting daughter phascs are
accurately weasurable,

temperatures. Pacause of the low
absorption of solid He, the x-rayr probe
the bulk specimen 1o transaission
geonetry.

For the example shown in HMgure 12
all the phases concerned are beec. 1In
o*her cases wie of tho daughter phases may
show further changes upon cooling, such as
malting (possible with 3ue—rich phases at
low pressures!) or furtaer
crystallographic modification. Owing to
the rapid excuang» of He atoms between

adjacent atomic nmites thess phenoumena

develop promptly upon gradual e¢soling.
Ragrowth of a single crystal wpecimen by
irotope remixing in the solid phase is not
easgy, however, as illustrated by the
scatter of data at intermediate
temperatures in Flgure 12,

This new technique shows promise of
qualitative uew contributions to the
understanding of interatomic interactlons
is such mixtures, but much development
remaing to be done.
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