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Diffraction study of solid oxygen embedded in porous glasses
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Molecular oxygen condensed and solidified in porous silica with pore diameters of 5, 7.5, and 13 nm has
been investigated by x-ray diffraction as function of the filling fraction and the temperature. Two components
of the pore filling can be distinguished: an amorphous layer on the pore walls, about 2 ML thick, with no
conspicuous temperature dependence and the capillary condensate in the pore center that shows the sequence
liquid-g-b of bulk O2, but with reduced transition temperatures. In 5-nm pores theg-b transformation is
incomplete. In the larger pores remainders of theb-a transition have been detected.
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I. INTRODUCTION

It is well established that the freezing and melting poi
of a vast variety of materials, ranging from cryoliquids
water and metals, embedded in narrow pores are reduced
that there is considerable thermal hysteresis between free
and melting.1–7 For Vycor glass, a prominent porous matr
with a pore diameter of a few nanometer, the reduction
typically of the order of 10%.

Of course, the question arises whether analogous eff
occur for solid-solid transitions. There are in fact some f
examples of structural studies on solidified pore fillings. I
an obvious candidate for polymorphic transitions, cryst
lizes in pores in the cubic (I c) rather than in the ordinary
hexagonal (I h) modification and there is no evidence for
crystallographic phase transition.5 Solid N2 in nanometer
pores remains in the high-T b structure down to the lowes
temperatures.8,9 The b-a structural phase transition occu
ring in the bulk system is obviously suppressed. However
pore-condensed CO, which in the bulk state is isomorph
to N2, the b-a transition still occurs. On cooling theb-a
transition of CO is shifted to lowerT, similar to the melting
transition. On warming an intermediate orientationally dis
dered fcc phase appears, which is unknown in the bulk sta9

For previous results on O2, see below.
The phase sequence of bulk O2 is liquid-g-b-a with the

melting point at 54.4 K and theg-b and b-a solid-solid
~first-order! transitions at 44 K and 23.9 K. Theg phase is
cubic Pm3n, paramagnetic and orientationally disorde
with two inequivalent sites with spherelike and disklike o
entational distributions of the molecular axis. In the rhomb
hedral R3̄m b phase the molecular axes are all parall
along the threefold crystallographic axis. The spins lie in
basal plane and form a short-range-ordered version of a
deg Néel state. The low-T monoclinic a phase is a simple
collinear antiferromagnet. The chemical lattice of thea
phase is derived from theb phase through a homogeneo
distortion of magnetoelastic origin. O2 thus combines struc
tural and magnetic aspects.10–12It is presumably for this rea
son that there is considerably more information on O2 than
on most other smaller molecules embedded in pores:
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early magnetic studies of Gregory13,14 concentrate on rela
tively low fractional pore fillings that he regards as an e
ample of an amorphous antiferromagnet. The optical stud
Awschalom and Warnock2 has established the dependence
the melting and freezing temperatures as well as of a so
solid transformation temperature~which they interpret as the
g-b transition! on the pore diameter. These authors are a
among the first who distinguish between an adsorbate on
pore walls and the capillary condensate in the pore cen
Molz et al.3 report heat-capacity measurements on the liqu
solid and the solid-solid transition. Both transitions we
found to be hysteretic and similarly shaped anomali
Schiratoet al.15 performed neutron-diffraction measuremen
on different pore sizes. In 6-nm pores, the solid is found
form structures that are consistent with those of theg andb
bulk phases. For narrower pores, however, the authors
pose an amorphous structure that they call less ordered
the liquid phase. In all these studies various types of por
silica have been used as substrate.

This paper presents a systematic x-ray-diffraction stu
on O2 in silica samples with three different pore sizes
function of temperature and filling.

II. EXPERIMENTAL

The porous substrates of our study are a Vycor gl
~Corning! that turned out to have an average pore diameteD
of 13 nm~see below! and two xerogels~‘‘GELSIL,’’ Geltech
Inc. Orlando, FL! with D values of 7.5 nm and 5 nm, a
specified by the supplier. Both types of porous glass are p
tically pure SiO2 and there are no indications in our wor
that the pores are in any way different except for the dia
eter and a slightly larger porosity of the xerogels. For furth
information on the porous substrates, see the elect
microscope studies and the small-angle x-ray and neu
studies of Refs. 16–18. Our own small-angle x-ray resu
indicate that the pores are randomly oriented in space.

The samples have been filled with oxygen well above
bulk melting point by adsorption out of the vapor pha
~rather than by letting the liquid to be soaked in!. The vapor-
pressure isotherms, that is, the quantityn of O2 adsorbed in
the pores vs the vapor pressureP are shown are in Fig. 1
©2001 The American Physical Society03-1
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using reduced units,p5P/P0 , f 5n/n0. HereP0 is the satu-
rated vapor pressure andn0 the complete filling. Thef values
actually investigated by x-ray diffraction are 0.89, 0.41, 0.
and 0.27 for the 7.5-nm xerogel, 0.90, 0.44, 0.34, 0.27,
0.14 for the 5-nm xerogel, whereas the Vycor sample
been studied with an almost-complete filling of 0.95, only

The pore diameterD can be determined from thef -p
isotherm in two ways. The initial part of the isotherm is d
to the growth of an adsorbed layer on the pore walls. H
the isotherm is well described by the Brunauer, Emmett,
Teller ~BET! model.19 A fit of this model to the data yields
the active surface. Combining this information with the p
rosity, the pore diameter can be calculated assuming ho
geneous cylindrical pores. The hysteretic part of the isoth
at higher f, f . f c is due to capillary condensation.20 The
vapor pressure at which the pores empty on desorptio
related to the radius of curvature of the meniscus of the c
illary condensate and to the surface tension via the Ke
equation. It is usually assumed that this radius is equal to
pore radius. Clearly, both ways of extracting the pore dia
eter are standard, but require the knowledge of crucial
rameters~namely, the area per molecule for the first meth
and the surface tension for the second method! and rely on
some questionable assumptions. We quoteD values based on
the Kelvin equation. For the two xerogels we arrived at theD
values specified by the supplier. The BET-based values
larger by about 20%.

The x-ray-diffraction setup consists of a convention
two-circle diffractometer with monochromatized CuKa ra-
diation emanating from a rotating anode running at 10 k
Coupled 2u-u scans of the Bragg-Brentano scattering geo
etry have been used. A typical counting time is 30 s per s
For the 2u resolution of the instrument, see Fig. 2.

The distribution of diffracted intensity in reciprocal spa

FIG. 1. Adsorption isotherms of O2 for the three porous silica
substrates used in this study.T585 K for the 7.5-nm xerogel and
T570 K for 5-nm xerogel and the 13-nm Vycor glass. The quan
adsorbed is normalized to the complete filling, the vapor pressu
its saturated value.
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has also been investigated by different types of scans,
which the scattering vector is no longer perpendicular to
surface of the samples, rocking scans in particular. It tu
out that the samples do not show any texture that they
isotropic powders in the sense of powder diffractometry.

The samples are mounted inside an all-metal cell hav
the shape of an equilateral triangular prism. Two of the fa
are equipped with Be windows for the passage of the inco
ing and the outgoing x-ray beam.

Cooling down a porous sample filled with a condens
gas is a problem. There is a temperature interval in which
vapor pressure is of the order of 1024 to 1027 Torr, which is
already too low in order to guarantee a good thermal con
between the glass sample and the cell walls via the vapor
still large enough for the distillation of the condensate out
the pores onto the colder walls to occur on the time scale
the experiment. This loss may be reduced, but not co
pletely suppressed by a carefully chosen cooling rate an
good mechanical contact between the glass sample and
cell, but eventually we only managed to keep the materia
the pores by adding some millibars of He contact gas w
working at temperatures below 55 K.

to

FIG. 2. Diffraction patterns of a complete filling of O2 in 7.5-nm
pores at selected temperatures. The background intensity of
empty substrate has been subtracted. Also shown are patterns
three crystalline phasesa, b, g of bulk O2 as calculated on the
basis of Ref. 11. The width of the calculated powder lines gives
resolution of the diffractometer.
3-2
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DIFFRACTION STUDY OF SOLID OXYGEN EMBEDDED . . . PHYSICAL REVIEW B64 184203
III. RESULTS AND DISCUSSION

A. Structures

For all three pore sizes the diffraction patterns are liqu
like at higher temperatures, but show Bragg peaks at
temperatures. See Fig. 2 for an overview on O2 in the 7.5-nm
xerogel. The pattern recorded at 50 K, a temperature w
below the bulk triple point, suggests that the pore filling
still liquid at this temperature. The broad peak aroundu
530 deg is interpreted as the first maximum of the struct
factor of the liquid. The maximum shifts to larger angles
cooling. Within the experimental error this shift is consiste
with the thermal expansion coefficient of the bulk liquid~ex-
trapolated to temperatures below the bulk melting poin!.
The width of the peak narrows on cooling, by about 10
between 60 K and 50 K, suggesting an increase of the
relation length of the liquid.

At lower T the patterns show relatively well-define
Bragg peaks. Here the pore condensate or at least a part
is obviously crystalline. As already mentioned above and d
cussed in detail in our previous work on Ar~Refs. 7 and 21!
one can distinguish two components of pore solid, an am
phous coating of the pore walls~for f , f c) and a capillary
condensed solid in the pore center~for f . f c). The Bragg
peaks of the solid state stem from the capillary condens
As can be seen from the isotherms of Fig. 1 thef c value~of
the liquid regime! is about 0.35 for the 7.5-nm and 0.4 fo
5-nm pores, what in both cases corresponds to a limi
thickness of the adsorbate layer of roughly three monola
equivalents. In the solid regime,f c can be estimated from th
evolution of the diffraction pattern withf. See Fig. 3 for the
7.5 nm pores at 41 K: Forf 50.27 the pattern is that of th
amorphous wall coating. Forf 50.36 first indications of
sharper features superimposed on the amorphous backgr
appear, which forf 50.41 have developed into Bragg peak

FIG. 3. Diffraction patterns for four different fillings of 7.5 nm
pores at 41 K. The background intensity of the substrate has b
subtracted.
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The Bragg peaks of the three solid phases of bulk O2 at
ambient pressure as calculated from the structural data
Krupskii et al.11 and of Barrettet al.12 are included in Fig. 2.
The Miller indices of the Bragg peaks of theb phase refer to
the hexagonal setting. The width of the peaks of the cal
lated patterns reflects the 2u resolution of our experiment
The comparison of the experiment and the calculation sh
that the pore solid is in theg phase at 45 K and in theb
phase at 25 K. Not only the strong reflections expected
the two phases at low scattering angles could be detected
several weaker ones at higher angles 2u, such as (320)g or
(113)b can also be observed. Thus the pore solid, or m
exactly its capillary condensed component, reproduces
phase sequence of bulk O2 at ambient pressure liquid-g-b
but with lowered transition temperatures, considerable th
mal hysteresis and wide-coexistence regions, as will be
cussed below.

Does the capillary condensate eventually transform i
the low-T a phase? In an x-ray diffraction experiment th
b-a transition of bulk O2 shows up via a splitting of some
powder lines, in particular of the (110)b line. See the calcu-
lated patterns ofa and b bulk O2 in Figs. 2 and 4. The
experiment fails to give clear-cut evidence for such a sp
ting, but at 16 K, the lowest temperature of our setup,
(110)b line is somewhat broadened in the 7.5-nm pores a
slightly split in the 13-nm pores~Fig. 4!. TheT dependence
actually suggests that these subtle changes of the peak
files have almost saturated at 16 K such that we do not
pect much more of a change below 16 K. A magnetic stu
of O2 in the same samples has produced convincing evide
for the b-a transition to occur at about 20 K in the 13-n
pores and at about 18 K in the 7.5-nm pores.22 Combining
the magnetic and the structural information we propose th
b-a-like antiferromagnetic ordering of the spins still tak
place in pores of this size, but the accompanying homo
neous magnetoelastic distortion of the lattice is reduced
replaced by more local strains.

The width of the powder lines exceeds the instrumen
resolution by far. For theg phase the intrinsic width is inde
pendent of sinu within the experimental error. This sugges
the finite sizeL of the crystallites rather than inhomogeneo
lattice strains to be the dominant reason for the line bro
ening. The values derived forL are given in Table I. For all
three substrates studied,L is close to, in fact somewhat large
than, the pore diameterD even though the difference ofL
and D is of the order of the experimental error. The fre
diameter available for the capillary condensate is actu
lower than the nominal pore diameterD by about 1 nm,
because of the amorphous layer on the walls. Thus we
pose that theg crystallites are coherent across the free p
diameter but are somewhat larger along the pore axis, s
that the resulting isotropic averageL settles at a value
slightly larger thanD.

Schiratoet al.have observed relatively sharp Bragg pea
the width of which translates into a value ofL between 60
and 100 nm, an order of magnitude larger than the p
diameter of 6 nm. Sharp Bragg peaks can, of course, be
to bulk material outside the pores. We recall our discuss
of the problems when cooling down pore fillings.

en
3-3
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FIG. 4. The variation of the
~110! reflection of theb phase at
lower temperatures for D
57.5 nm, left, andD513 nm,
right. The splitting as expected fo
a-b transition of bulk O2 is
shown for comparison.
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In theb phase the linewidth varies from peak to peak in
peculiar way. Here the analysis of the data requires so
comments.L is treated as a second-rank tensor, with
major axis along the threefold crystallographic axis. Theb
structure can be understood as the fcc structure stret
along one of the body diagonals and the axes of the2
molecules aligned along this direction. Hence, theb phase is
expected to be susceptible to stacking faults and we cons
stacking faults as a source of line broadening, in addition
finite size, by generalizing the pertinent models develop
for spherical close-packed structures.23–25The determination
of the width of the peaks~003!, ~110!, ~006!, and ~113! is
straightforward, since these peaks do not overlap with oth
Furthermore, it turns out that these peaks are not affecte
stacking faults. Hence their intrinsic width is related toL.
The components of theL tensor,Lc , andL'(5La5Lb) can
be determined directly from the width of~003! @or ~006!# and
~110!, respectively. The widths of the overlapping pea
~101! and ~012!, which form the broad maximum aroun
2u533 deg, have been derived from fits of a two-peak p

TABLE I. Coherence lengthL of the g phase, the coherenc
lengths in the basal plane and alongc, L' andLc , and the stacking
fault probability w of the b phase for the three pore diametersD
investigated.D andL are in units of nanometer.

g phase b phase

D L L' Lc w

13 16 12.5 39 0.07

7.5 9 9 23 0.07

5 6 4.5
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file keeping the intensity ratio of the two peaks fixed at t
value of bulkb-O2. The stacking fault probabilityw is then
obtained from the width in excess to what is caused by fin
size. The results are shown in Table I. The values ofw sug-
gest that stacking faults are definitely a prominent defec
b-O2 in pores, but on the other hand they are much l
abundant than in the truly spherical close-packed hcp ph
of pore-condensed N2 ~with w50.3). The fact that the sam
value ofw has been observed forD513 nm and 7 nm could
mean that inb-O2 the stacking faults are not so much need
for a matching of the crystallites to the pore geometry, b
are debris left over from theg-b transition.

Most remarkable are the different values ofLc and L' .
Whereas L' is of the order of the pore diameter,Lc is about
three times larger. Obviously theb crystallites can grow
along c over a considerable distance. This must mean t
they have a strong tendency of being aligned with thec axis
along the pore, which in turn requires the molecular axes
point alongc, parallel to the walls. Analogous observatio
have been made for the hcp phase of pore-condensed N2 and
CO.8,9

B. Phase transitions

The freezing and melting of the capillary condensate c
be identified through the appearance and disappearanc
the Bragg peaks of theg phase and somewhat more ind
rectly from the concomitant change of the intensity of t
amorphous or fluidlike component of the diffraction patte
Figure 5 shows the integrated intensity of the (210)g reflec-
tion for D57.5 nm. Freezing starts at 49.2 K and is more
less complete at 48 K. Melting starts at 48 K and is co
pleted at about 52 K. Thus the liquid-solid transformation
the capillary condensate shows a thermal hysteresis,
3-4
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DIFFRACTION STUDY OF SOLID OXYGEN EMBEDDED . . . PHYSICAL REVIEW B64 184203
freezing and melting taking place significantly below t
bulk triple pointT3, the melting process being smeared o
over a largerT range than freezing. These observations ar
qualitative agreement with previous work on O2 ~Refs. 2 and
3! and other molecules embedded in nanometer pores. A
have shown recently for the melting of Ar, such a behav
can be explained in terms of a first-order phase transitio
a confined cylindrical geometry, an important point being
intrusion of a wetting layer of the high-T phase between th
pore wall and the low-T phase in the pore center.7 For a
quantitative comparison with previous results on O2, we de-
fine the freezing and melting temperatureTf and Tm as the
midpoints of the liquid-solid coexistence regions on cooli

FIG. 5. The variation of the integrated intensity of the~210!
peak of theg-phase upon freezing (d) and melting (m) for D
57.5 nm.
18420
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and heating. Figure 6 shows a compilation of all data av
able from the literature on the freezing and melting points
O2 in porous glasses.T32Tm and T32Tf are reasonably
well proportional to 1/D. This kind of dependence has bee
mentioned in many previous publications on po
melting.5,6,26–28The problem is that~i! this relation is of little
predictive value since it results quite generally from the co
petition of a volume-free energy and an interfacial ene
and that~ii ! it is not clear at all whether this relation i
exactly fulfilled or not, mainly because theD values are sub-
ject to large systematic errors and because different group
authors use different ways for the determination ofD.

Figures 7–10 illustrate theg-b transition of pore con-
densed O2. Figure 7 shows theT dependence of the intensit
of two selected Bragg peaks representing the two phase
volved for D57.5 nm and 13 nm. There is considerab
thermal hysteresis, even more than for the freezing/mel
transition. The width ofg-b coexistence is about 2 K both
on cooling and on warming. Figure 6 shows the transform
tion temperaturesTg-b ~for cooling! andTb-g ~for warming!,
as determined from the midpoints of the coexistence regio
plotted as function of 1/D. The data of previous studies i
also included. The value ofTg-b544 K ~and also ofTf
550 K) reported by Schiratoet al. for D56 nm is rather
close to the bulk value, which may mean that the diffracti
patterns of these authors were actually contaminated b
contribution of bulk material. The transformation temper
tures are again roughly proportional to 1/D. For D
57.5 nm and 13 nm, theg-b transition is more or less
complete, even though occasionally we have observeg
residues temperatures well belowTg-b . See e.g. the weak
(210)g peak in the 25 K pattern of Fig. 2.

For the sample with the smaller pores (D55 nm), how-
ever, theg-b transformation of the capillary condensate
-

:

d
-

FIG. 6. Phase-transition tem
peratures of O2 plotted vs the in-
verse pore diameter. This study
(d,s), Ref. 15: (j,h), Ref. 22:
(m,n), Ref. 2: ! ~filled and
empty!, Ref. 3: (*,3). The first
symbol stands for freezing an
melting, the second for the solid
solid transition that in the diffrac-
tion studies is identified asg-b
transition.
3-5
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WALLACHER, ACKERMANN, HUBER, ENDERLE, AND KNORR PHYSICAL REVIEW B64 184203
incomplete. This is illustrated in Fig. 8. The diffraction pa
terns at higher temperatures, e.g., at 36 K for cooling and
K on heating are single phaseg. The patterns at low tem
peratures are superpositions ofg and b patterns, as can b
seen, e.g., from the coexistence of (210)g and (110)b . The
variation of the volume fractions of the three phases liqu
g, b with temperature is shown in Fig. 9. Theb fraction
stabilizes at lowT at about 40%.

FIG. 7. The variation of the integrated intensity of the~200!
reflection of theg phase and of the~003! reflection of theb phase
across theg-b transition for cooling (d) and heating (m) for D
513 nm and 7.5 nm.
18420
1

,

Figure 10 displays theT dependence of the molar volum
vm as derived from the peak positions of theg and theb
phase. ForD55 nm, vm values for both phases are ava
able over a wideT range because of the incomplete transf
mation.vm of the capillary condensate is larger than for t
bulk and it increases with decreasing pore size.~For clarity,
the values forD513 nm are not included in the figure, the
are slightly lower, but very close to the values for 7.5 nm!
The difference between the molar volumes of theb and the
g phase appears to be the same as for bulk O2. In the b
phase the excess of the molar volume with respect to
bulk is practically entirely due to an increased value of t
lattice parametera, rather thanc. See the~110! position in
Fig. 4. Note that the Bragg angle of this peak depends oa,
only. We think that this peculiar increase of the cell volum

FIG. 8. Diffraction patterns for an almost complete filling (f
50.90) for D55 nm. The patterns are actually the differenc
betweenf 50.90 andf 50.41 and, therefore, represent the capillar
condensed part of the pore filling, only.

FIG. 9. Volume fraction~as derived from the intensities of th
Bragg-reflections of theg and theb phase! of the phases liquid,g,
b of the capillary condensate in 5-nm pores as function of temp
ture on cooling (s) and heating (n).
3-6
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DIFFRACTION STUDY OF SOLID OXYGEN EMBEDDED . . . PHYSICAL REVIEW B64 184203
is due to the lattice defects that are necessary in orde
match the crystallites to the pore geometry. The strain fiel
the vicinity of such a defect also changes the orientation
the neighboring O2 molecules. In theb phase the molecule
next to a defect are tilted out of thec direction, thereby
expanding the lattice within the basal plane, but with pra
cally no effect alongc.

There is some dependence of the structural properties
of the phase-transition temperatures of the capillary cond
sate on the fractional fillingf for a given porous matrix. Thus
the Bragg peaks for lowf values slightly larger thanf c are a
bit broader than for complete fillings. It is the melting tem
peratureTm that shows the strongestf dependence. ForD
57.5 nm, Tm547 K, 48 K, and 50 K and forf 50.36,
0.43, 0.89, respectively. Such effects are readily explained
the pore size distribution. The narrower pores are the firs
fill on adsorption and to undergo a phase transition on h
ing.

C. Amorphous component

Figure 11 shows the~first! maximum of the diffraction
pattern of the amorphous component (f 50.14 and 0.34! in
5-nm pores. For the lower filling,f 50.14 that corresponds t
somewhat less than 1 ML adsorbed on the pore walls,
feature shows noT dependence. We think that here the O2
molecules are basically immobile, pinned to favorable
sorption sites on the pore walls. Forf 50.34, equivalent to
roughly 2 ML, there is still no evidence for any major stru
tural change, such as a phase transition, even though
maximum shifts to larger scattering angles and sharp
somewhat on cooling. Obviously the upper part of the
sorbed bilayer does show thermal contraction and some
crease of the correlation length towards lowT. Note that the
overall intensity of the maximum is aboutT independent. We

FIG. 10. Temperature dependence of the molar volume of thg
andb phase in pores withD55 nm (d,s) and 7.5 nm (m,n).
Open symbols refer to cooling and closed ones to heating. The s
line is for bulk O2, Ref. 11.
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mention this point explicitly because of an intriguing obse
vation of Schiratoet al. For a slightly underfilled sample o
O2 in a xerogel withD53.5 nm, these authors have o
served a neutron-diffraction pattern that at 60 K is of t
same type as those shown in Fig. 11~and in Fig. 2, T
550 K). At 20 K, however, the maximum of the structu
factor had almost completely disappeared. Such a cha
could be due to a distillation of material out of the pores, b
they reject this simple explanation and suggest instead
the loss of the maximum is due to an increase in structu
disorder, such that at low temperatures the amorphous
solid is more disordered than the liquid. Our results do
agree with this reasoning.

D. Comments on theg-b transition

The g-b transition of pore-condensed O2 shares many
features with pore melting and freezing: The transition te
perature is lowered with respect to the bulk state, the te
perature shiftDT being roughly proportional to 1/D; the
transition shows thermal hysteresis and involves phase c
istence; and the heat capacity anomalies have a shape
similar to those of freezing and melting.3

The g-b transition of bulk O2 is a reconstructive transi
tion, with no group-subgroup relation between the highT
and the low-T phase and hence necessarily of the first ord
Reconstructive and other ‘‘martensitic’’ transitions29,30 are
known to react sensitively to lattice defects by showing th
mal hysteresis and occasionally incomplete transformatio
This is so because transformation strains play a vital ro
The local strain fields surrounding the defects, subsitutio
as well as topological ones, interfere with the transformat
strains and thus modify the nucleation and growth of
product phase. Thus there is practically no thermalg-b hys-
teresis in well-annealed bulk O2 samples, but in O2-rich pre-
cipitates from Ar-O2 mixtures, that is in microcrystals poss

lid

FIG. 11. First maximum of the diffraction pattern of the amo
phous component of the pore filling,D55 nm, f 50.14 and 0.34,
equivalent to about 1 and 2 ML on the pore walls. The backgrou
of the substrate has been subtracted.
3-7



o
n
i

a

ro
n

e

t
r

he
t
dju
lly
ur
o

es

e
e

in
ra

se

t
s
th

er
ro

r
t i

ge
rn
n

s

-

f

s

nc-

The
k
n-
ness
ore
the
lete

s
ous
ent

fter
ate

le
-
of

lid
of

ra-
e
hat
f

eing

e is
g-

ap-

es.
in-

the
ift
ect
o be
igh-
the

cess

n

gs-

WALLACHER, ACKERMANN, HUBER, ENDERLE, AND KNORR PHYSICAL REVIEW B64 184203
bly containing a few percent of Ar impurities, a hysteresis
5 K has been observed.31 Clearly, there are lots of defects i
pores and the effects just described are expected to be
portant for a detailed understanding of theg-b transition in
narrow pores. On the other hand one would not underst
why DT should be proportional to 1/D in this scenario. This
peculiar behavior rather points to a geometric origin. W
recall that the simple phenomenological model we have p
posed recently for the freezing and melting in pores is by
means specific to a melting transition, but can be applied
the present case as well. For a completely filled pore, th
are three relevant interfacial energies,swg , swb , andsgb .
The subscripts denote the phases that are in contact a
interface, ‘‘w’’ stands for the pore wall or more exactly fo
the amorphous layer on the walls. In the pores,Tgb is shifted
downward and theg phase thus stabilized with respect to t
b phase. This suggests thatswg,swb which is in agreemen
with the idea that a disordered phase should be able to a
more easily to a particular geometry. In fact, orientationa
disordered ‘‘plastic’’ phases are known to have very low s
face energies with respect to the liquid and often do not sh
any faceting. Let us, therefore, assume thatDs5swb
2swg2sgb.0. In case this relation holds, theg-b transi-
tion can proceed as follows: Already at low temperatur
well below Tgb

bulk , a cylindrical shell of theg phase intrudes
between the amorphous layer on the pore walls and thg
phase in the pore center, thereby reducing the interfacial
ergies at the expense of volume-free energy. On warm
the thickness of this shell increases and finally at a cha
teristic temperatureT0 , T0,Tgb

bulk , the remainingb solid
transforms all at once intog. This happens when the relea
of interfacial energy to the elimination of theg-b interface is
equal to the latent heat necessary for theg-b transition of the
core. The model ignores any pressure difference across
curved interface and thus implicitly assumes that the pha
are incompressible. It supplies a natural explanation of
1/D dependence and the thermal hysteresis ofTgb . See Ref.
7 for the free-energy functional, metastable states, and
example of theT dependence of the fraction of the high-T
phase.

The results of the present experiments are in gen
agreement with this view but on the other hand cannot p
duce direct proof for the model. The low-T g fraction for
D55 nm and even the low-T g remainders in the large
pores mentioned earlier should not be identified with wha
called above an intrudingg shell. VaryingDs within reason-
able limits suggests that this shell should never grow lar
than 1 or 2 ML and it is obvious that the diffraction patte
of such a thin layer would be very weak and would have
more than little resemblance with the pattern of bulkg.
Thus, it is presumably more appropriate to refer not to
layer of g material but to a ‘‘matching’’ layer that mediate
between theb solid in the pore center~with molecules ori-
ented preferentially along the pore axis! and the amorphous
bilayer on the pore walls~perhaps with molecules preferen
tially aligned perpendicular to the walls!.

A complete understanding of theg-b transition also has
to consider network effects. Here concepts developed
18420
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pore filling and emptying in context with sorption isotherm
may be helpful.32 The change of theg-b interface withT is
in fact analogous to that of the vapor-liquid interface as fu
tion of vapor pressure. Theg-b transition atT0 in the former
case corresponds to capillary condensation in the latter.
propagation of theg-b interface through the pore networ
due to nucleation and growth is likely to be a percolatio
type process that depends sensitively on the connected
and the accessibility of the cavities and throats of the p
network. Such effects should be more pronounced
smaller the pore diameter and perhaps lead to the incomp
transformation in the 5-nm pores.

IV. SUMMARY

Obviously solid O2 in pores down to at least 5 nm form
a nanocrystalline component in addition to an amorph
component next to the walls. The nanocrystalline compon
obeys the phase sequence liquid-g-b of the bulk system. We
find the formation of a crystalline solid, of theg solid in
particular, in pores as narrow as 5 nm quite remarkable. A
all, the pore diameter available for the capillary condens
amounts to just a few lattice parameters, 6 in fact for theg
solid in the 5-nm pores. Furthermore, the building princip
of theg phase, a stacking of ‘‘spheres’’ and ‘‘disks,’’ is defi
nitely much more intricate than the simple close packing
spheres of, e.g., fcc Ar or hcpb-N2 and CO.

In order to match to the walls, the nanocrystalline so
has to pay a price in the form of lattice faults; one type
which, namely, stacking faults ofb-O2, could be identified in
the diffraction pattern. The size of the crystallites in the
dial direction is limited by the pore walls. Along the por
axis the crystalline coherence can extend over somew
larger distances. In theb phase the main symmetry axis o
the lattice and the molecular axes show a preference of b
aligned parallel to the pore axis.

The question whether thea-b transition takes place in the
pores could not be definitely answered. Presumably ther
still an antiferromagnetic ordering of the spins, but the ma
netoelastic deformation is reduced. Melting and freezing
pear to be analogous to pore-condensed Ar. Theg-b transi-
tion is particularly sensitive to the confinement in the por
In the smallest pores studied this transformation remains
complete. The peculiar behavior of both the melting and
g-b transition with a 1/D dependence of the downward sh
of the transition temperature, thermal hysteresis with resp
to cooling and heating and coexistence regions appears t
a natural consequence of the confined geometry: the h
temperatures phase nucleates first as thin layer next to
pore walls and finally spreads across the pores, a pro
similar to capillary condensation.

Note added in proof.Recently, another article on oxyge
in mesopores has been published.33
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