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New Disorder Induced Phase Transitions of Classical Rare Gases in Porous Vycor Glass
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We report the results of x-ray diffraction studies of Ar and Kr confined in Vycor glass. The freezing
and melting temperatures of both Ar and Kr were suppressed well below their bulk freezing points.
On solidification, both samples crystallized in a disordered hexagonal close packed structure similar
to that observed in molecular dynamics simulations of confined solids. A new solid-solid phase
transition is observed at a reduced temperature ofTyTf ø 0.5 when confined to Vycor. Below
this temperature the disordered hexagonal closed packed structure coexists with the fcc structure.
[S0031-9007(98)06675-7]

PACS numbers: 61.43.Gt, 61.10.Nz
ys-
ears
her

or
of
n-
2–
ter
.
and
e
h
s,
m-
er.
y
e

IX
o-
d
.

ti-
to
e

at
d
of

e
1.

k
ge
e

The effects of finite size and confinement on gases, li
uids, and solids adsorbed in mesoporous materials, su
as porous glasses and zeolites, is a topic of current
terest for classical and quantum systems. For examp
in classical systems the liquid-gas transition is enhanc
with respect to the bulk [1,2] while the liquid-solid transi-
tion is suppressed [2,3]. Hysteresis, which appears to
a stable thermodynamic behavior, is also introduced in
these transitions. Quantum transitions show equally dr
matic behavior. For example, the superfluid transition o
4He in Vycor is substantially suppressed while the crit
cal exponents remain unchanged. However, confineme
in aerogel results in only a small suppression but substa
tially different critical exponents [4,5].3He, on the other
hand, has superfluid phases in high porosity aerogels [6,
but not in lower porosity confining geometries.

Microscopic structural studies of materials confined t
mesoporous media have only recently been undertak
and a variety of different behaviors have been reporte
In some cases, such as Hg in Vycor [8], the structure
the confined solid is identical to that of the bulk while in
other cases, such as H2O and D2 in Vycor [9,10], con-
finement stabilizes new structures not present in the bu
Confinement can also suppress crystalline order, such
O2 in xerogel [11], resulting in a glassy solid phase. Con
finement has not, however, been observed to introduce n
phase transitions in any systems that have been stud
to date.

In this Letter, we report x-ray diffraction studies of Ar
and Kr adsorbed in Vycor. As in many other system
a suppression of the liquid-solid transition hysteresis b
tween freezing and melting is observed. On freezing, bo
Ar and Kr are observed to form a disordered hexagon
close packed (dhcp) structure, characterized by rando
plane stacking, in contrast to the bulk fcc structure.
new phase transition, which is absent from the bulk pha
diagram, occurs at roughly half of the freezing tempera
ture below which both Kr and Ar exhibit coexistence o
the dhcp and fcc phases. This solid-solid structural pha
0031-9007y98y81(5)y1019(4)$15.00
q-
ch

in-
le,
ed

be
to
a-
f

i-
nt
n-

7],

o
en,
d.
of

lk.
as
-
ew
ied

s,
e-
th
al
m

A
se
-

f
se

transition is repeatable on cycling and no appreciable h
teresis is observed. Thus, the coexistence phase app
to be a true disorder-induced thermodynamic phase, rat
than a metastable phase.

The confining media used in these studies was Vyc
glass. Vycor is produced by spinodal decomposition
a borosilicate glass followed by leaching of the boro
rich phase and has been extensively characterized [1
14]. The sample used in this study was a 14 mm diame
disk, 1.2 mm thick with a nominal pore diameter of 70 Å
The sample was cleaned using standard techniques [1]
transferred to a tightly fitting cell, designed to minimiz
the free volume surrounding the Vycor. The cell, whic
utilized beryllium windows to allow the passage of x ray
was mounted on a closed cycle refrigerator and the te
perature was monitored with a silicon diode thermomet
The Vycor was filled to approximately 90% of capacit
with the liquefied rare gases to avoid overfilling and th
appearance of bulk sample.

The measurements were performed at the MATR
(x18A) beamline at the NSLS, Brookhaven National Lab
ratory. A double Si(111) monochromator was employe
to provide an incident energy of either 10 or 12 KeV
The incident beam was focused with a cylindrical pla
num coated aluminum focusing mirror and collimated
1 3 2 mm. Transmission geometry was used with th
incident beam normal to the face of the Vycor disk
u ­ 0. Diffraction peaks from the Be windows were use
to calibrate the instrument and to provide a measure
the instrumental resolution which wasDQyQ ­ 0.003 at
Q ­ 3 Å21.

The observed scattering from Ar in Vycor, with th
scattering from the Vycor removed, is shown in Fig.
The Be windows contribute intense Bragg peaks atQ ­
3.1 and3.6 Å21 which have also been removed. At 85 K
the confined Ar is liquid and shows only a broad pea
near the position of the bulk (111) peak due to short ran
order in the liquid. Confined Kr in the liquid phase gav
qualitatively similar results.
© 1998 The American Physical Society 1019
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FIG. 1. Scattering from Ar (85, 55, and 37 K) confined
Vycor glass with the background removed. The vertical das
mark the location of bulk solid Ar peaks. The inset shows t
fraction of the sample in the crystalline state as a function
temperature on cooling, normalized to one at low temperatu

On cooling from the liquid phase, the Ar (Kr) develope
relatively broad diffraction peaks signaling the onset
crystallization at 64 K (100 K). The diffraction pattern o
Ar at 55 K, shown in Fig. 1, exhibits several Bragg peak
The fraction of the sample in the crystalline state (inset
Fig. 1), as determined from the intensity of the diffractio
peaks, shows a freezing transition that is quite sharp r
tive to the temperature steps taken (2 K). A broad co
ponent to the scattering also persists to low tempera
due to the short range order of the sample in direct c
tact with the amorphous pore wall. Diffraction peaks co
responding to the (111), (220), and (311) of the bulk f
structure are easily identifiable. The breadth of the (2
peak,0.06 Å21, is indicative of an approximate crystallit
dimension of,100 Å, comparable to the pore size of Vy
cor. The diffraction pattern of Kr is qualitatively simila
to that observed in Ar. The (200) peak, which should ha
an intensity comparable to the (111) and (220) peaks, is
present in the diffraction pattern of either confined solid

With the exception of helium, the rare gas solids ha
been shown experimentally to crystallize in an fcc structu
and exhibit no other structural phase transitions at mod
ate pressures. The solid phase of Ar and Kr in Vycor, j
below the freezing temperature, is not consistent with
bulk structure due to the lack of the (200). The diffractio
pattern is also inconsistent with an hcp structure, which
energetically very close to the fcc [15–17], differing on
in the layer stacking order, and has been observed
metastable state in vapor deposited crystals [18].

The missing reflection corresponds to an interlayer
flection suggesting that a large number of stacking fau
are present. In fact, the observed scattering is consis
with the maximum number of stacking faults, correspon
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ing to a dhcp structure [19]. The dhcp structure consi
of hexagonal planes with a random stacking order, rath
than the periodic stacking order of the hcpsABAB . . .d or
fcc sABCA . . .d lattice. This structure was first considere
[20] in conjunction with the structure of Cobalt and ob
served in systems of hard colloid spheres [21]. Molecu
dynamics simulations of Lennard-Jones liquids solidifyin
in narrow channels bounded by molecular walls observ
a solid with a hexagonal lattice within each layer [22
However, no periodicity was observed in the stacking
the layers, reminiscent of the dhcp structure that we ha
assigned to the confined rare gas solids.

Figure 2 shows the scattering from Kr in Vycor a
94 K with the background removed and sample atten
ation taken into account. The peak atQ ­ 1.9 Å21 is
comprised of a sharp component, due to Bragg scatter
from a crystalline sample, and a broad component, due
amorphous layers on the surface of the pore [11]. T
calculated diffraction pattern of a dhcp crystal with a vo
ume of s100 Åd3 is also shown. The relative intensitie
of the peaks, including the lack of the (200), as well
the widths of the peaks are in good agreement with t
data. The broad component due to the amorphous lay
has not been included in the model and is not reproduc
in the calculation. The comparable widths observed in t
experiment and the calculation strongly support our iden
fication of the solid phase as a dhcp structure with avera
crystal dimension of 100 Å.

Upon further cooling of the confined Ar a new solid
solid phase transition occurs which has no analog in
bulk phase diagram. This transition is manifested by t
appearance of very sharp (i.e., resolution limited) peaks
the position of the bulk (220) and (311) peaks as sho
in Fig. 1. Scans of the cell orientation (v-scans) in the
high (43 K) and low (37 K) temperature phases of confin
Ar with the detector fixed on the (311) peak are shown
Fig. 3. At 43 K, the (311) peak is present but the scatteri
displays no structure inv, characteristic of a powder

FIG. 2. Calculated scattering from a dhcp crystal with volum
of 100 Å3 (solid lines), and data taken on Kr at 94 K with
background removeds1d.
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FIG. 3. Scan of the orientation of the cell (v scans) with
the detector fixed on the (311) peak. The inset shows
diffraction pattern in the low temperature phase from conse
tive cooling cycles (C1 andC2). Note the difference in inten-
sity of the (111) and (200) between cycles.

sample. At 37 K, peaks inv are present, indicating tha
the portion of the sample that is responsible for the sh
peaks is not a powder, but rather a collection of a fin
number of single crystallites.

A very small peak has also developed in the scatter
of the Ar at the position of the bulk (200) peak as shown
Fig. 1. The inset of Fig. 3 shows the scattering from t
low temperature solid phase of Ar on consecutive cool
cycles. Sharp components of the (111) and (200) pe
are present on the second cooling cycle which were
observed on the first. This indicates that the orientation
the crystallites is not held fixed between cooling cycles

The scattering from confined Kr also developed a sm
(200) peak at low temperature, indicating that the Kr h
experienced the same solid-solid phase transition as
The other sharp peaks which are present in the low te
perature Ar diffraction pattern were initially absent, how
ever. The reason for this is now clear. The missing sh
peaks were found only after correctly (auspiciously) o
enting the cell such that the Bragg condition was satisfi
for a least one of the crystallites in the low temperatu
phase. The observed scattering from the Kr in the l
temperature phase, with the cell orientation set to half
the scattering anglefv ­ s1y2d2ug, that is, with the sharp
peaks absent, is consistent with that observed by Sch
et al. in sol-gel glasses of similar pore size [23] at 40 K

The orientation of the single crystallites associated w
the low temperature phase is not the same on consecu
cooling cycles. Therefore, it is nontrivial to place the exa
temperature of the appearance of the large crystallites
cooling as the sharp peaks are difficult to find witho
prior knowledge of their orientation. The transition occu
between 40 and 44 K on cooling in the case of confined
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Once the sharp peaks are found, however, it is a simp
matter to follow them until they disappear on warming
as the crystallite orientation varies little with tempera
ture. Figure 4 shows the intensity of the (200) peak o
both confined Kr and Ar plotted versus the reduced tem
perature,t ­ TyTf , whereTf is the bulk freezing point.
The sharp peak indicative of long range translational ord
clearly disappears at a reduced temperature of appro
matelyt ­ 0.5.

Enough of the peaks indicative of the fcc structure hav
been observed in the low temperature phase to conclu
that a portion of the confined solid has transformed into
finite number of large crystallites having an fcc structure
Indeed, with the resolution of the instrument maximized
the breadth of the sharp peaks is approximately0.002 Å21,
corresponding to an average crystallite dimension we
above the limit of the Sherrer formula [24] of 1000 Å.
Such a large correlation length indicates that the lon
range order of the fcc structure is propagated through ma
pores. Similar behavior has been reported for D2 in Vycor.
The broad peaks of the dhcp structure are still prese
in the low temperature phase, indicating a coexistence
the fcc and dhcp structures. Kr and Xe grown by vapo
deposition below about0.65Tf exhibited coexistence of the
hcp and fcc phases [18], while above this temperature on
the fcc structure existed. In this case, the hcp structure
frozen into the quench condensed solid since the ato
lack the mobility at low temperature to anneal into th
stable fcc structure. Upon warming to greater than0.65Tf ,
the hcp phase is lost and does not reappear on subseq
cooling, characteristic of a metastable phase. In contra
the solid-solid phase transition observed here is prese
with repeated cycling, indicating that it is indeed a stab
thermodynamic phase.

Qualitatively, the disorder-induced phase transitio
may be understood by considering the free energy of t
system. The system tries to minimize its free energ

FIG. 4. Intensity of (200) peak of the low temperature
phase of both Arssd and Kr sdd as a function of reduced
temperature.
1021
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given byG ­ U 2 TS, whereU is the internal energy of
the system andS is the entropy. At high temperature the
entropy associated with the disorder of the confining m
trix dominates the free energy and is maximized throug
the formation of the dhcp structure. On cooling the impo
tance of the entropy term decreases, allowing part of t
sample, presumably at the pore center, to transform in
an fcc structure minimizingU.

An alternative explanation of the origin of the fcc crys
talline phase is bulk material solidifying between the fac
of the Vycor glass and the Be windows. We have pe
formed microdiffraction studies on the sample by reducin
both the incident and detector slits to fractions of a mm
allowing us to focus on only0.3 mm3 entirely within the
porous matrix. This procedure reduced the breadth of t
sharp Ar (311) peak while completely eliminating the sca
tering from the windows. This shows conclusively that th
large fcc crystallites which are responsible for the sha
peaks are located within the Vycor, rather than on the su
face of the Be window.

In summary, we have found that the freezing and me
ing transitions of Ar and Kr, when confined to the pores o
Vycor glass, are significantly suppressed and hysteresis
ists between melting and freezing. On solidification, bot
rare gas solids crystallized into a dhcp structure and, wi
further cooling, a new solid-solid transition into a phas
where fcc and dhcp structures coexist, which has no an
log in the bulk solid. We attribute this phase behavior t
the balance of maximizing the entropy at high temperatu
and minimizing the internal energy at low temperatures.
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