pling from gates A and B to the output dots
added a monotonic term to the border shift,
but its magnitude was smaller than that of
the periodic shift over the voltage range of
one electron switch in the input dots.

We compared the observed border shitt
with theoretical results (Fig. 3A), which
include cancelation voltages and all exper-
imentally Jdetermined capacitances. The
theoretical results were obtained by mini-
mizing the classical electrostatic energy for
the array of islands and voltage leads. The
full-capacitance matrix was included, and
the minimum energy charge configuration
was calculated subject to the condition that
island charge be an integer multiple of elec-
tronic charge. Finite temperature effects
were obtained by thermodynamic averaging
over all nearby charge configurations. Ex-
periment and theory match very well with
only the substrate background charge and
temperature as fitting parameters. The
background charge adds a random offset to
the position of the border but does not
change the magnitude or period of the ob-
served shift. The best fit to experiment is
obtained for a temperature of 50 mK. The
discrepancy between this and the base tem-

50

Vn3 (V)

Qle

Qle

Vj =-Vg (mV)

Fig. 4. (A) Voltage on dot D3 of output double dot
as afunction of driver voltage V,, = —Vy. Triangles
are experimental data, and solid line represents
theoretical values at 50 mK. For reference, theo-
retical data at O K (dotted line) are shown. (B)
Calculated charge on dots D3 and D4 as a func-
tion of driver voltage for Cy,p, = Cpopy = 0.65
e/mV (experimental value). Solid line represents
charge on dot D3 at 50 mK, dashed line is charge
on dot D4 at 50 mK, and dotted line is charge on
D3 at 0 K. (C) Calculated charge on dots D3 and
D4 as a function of driver voltage for Cpy,p, =
Crzps = Ciunciion = 2.1 &/mV. Solid line is charge
on dot D3 at 50 mK, and dashed line is charge on
dot D4 at 50 mK.
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perature of the dilution refrigerator (15
mK) most likely occurs because of heating
of the electron subsystem by electromagnet-
ic and thermal noise sources (7) and the
applied 4-.V excitation. This effect is com-
mon in transport experiments at tempera-
tures below 100 mK (6, 7).

To show that the observed border shift
represents a polarization switch of the cell
at finite temperature, we combined the
results of the border-shift measurements
(Fig. 3) with measurements of the electro-
static potentials of the double dot. The
electrostatic potential of each dot in the
double dot was measured with the same
device but with D1 and D2 as electrome-
ters (8). The result is shown in Fig. 4A,
where we plot electrostatic potential on
dot D3 as measured by electrometer DI,
together with theoretical calculations of
the same potential at 0 and 50 mK, as a
function of driver voltage V. The calcu-
lated excess charge on islands D3 and D4
of the double dot at 50 mK and, for refer-
ence, the charge on D3 at 0 K are indi-
cated in Fig. 4B. Charge switching occurs
at V, ~ —3.8 mV, corresponding to an
electron switch in the input dots. An in-
put voltage swing AV, = —AV of 1.3 mV
is sufficient for nearly complete transter of
an electron from one output dot to the
other. An increase in coupling capaci-
tance Cpyyp; Cpapg would lead to a
more complete electron transfer, as shown

in the theoretical plot (Fig. 4C), where we
set the coupling capacitance to be equal to
a junction capacitance. The data of Fig. 4
confirm that the experimentally observed
honeycomb shift represents the polariza-
tion change of a functioning QCA cell.

The QCA architecture is a break from
the FET-based paradigm of digital logic.
Logic levels are encoded no longer as volt-
ages on capacitors, which must be charged
and discharged by current switches, but
rather as the positions of electrons within a
cell. The scalability of QCA offers the fu-
ture possibility of functional devices that, at
the molecular level, can operate at room
temperature.
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Structure, Bonding, and Geochemistry of Xenon
at High Pressures

Wendel A. Caldwell, Jeffrey H. Nguyen, Bernd G. Pfrommer,
Francesco Mauri, Steven G. Louie, Raymond Jeanloz

Although xenon becomes metallic at pressures above about 100 gigapascals, a com-
bination of quantum mechanical calculations and high pressure-temperature experi-
ments reveals no tendency on the part of xenon to form a metal alloy with iron or platinum
to atleast 100 to 150 gigapascals. The transformation of xenon from face-centered cubic
(fcc) to hexagonal close-packed (hcp) structures is kinetically hindered, the differences
in volume and bulk modulus between the two phases being smaller than we can resolve
(less than 0.3 percent and 0.6 gigapascals, respectively). The equilibrium fcc-hcp phase
boundary is at 21 (*3) gigapascals, which is a lower pressure than was previously
thought, and it is unlikely that Earth’s core serves as a reservoir for primordial xenon.

Like the other noble elements, Xe is char-
acterized by a reluctance to form chemical
bonds. Indeed, chemical inertness makes
the noble gases useful as tracers that help
reveal the evolution of planetary atmo-
spheres and interiors (1-6). That Xe can
bond to form compounds (7-9) and even,
at high pressures, a hexagonal close-
packed (hep) metal (10-12), opens up the
possibility that geochemical trends of the

planets’ noble gas abundances can be in-
tluenced by chemical reactions taking
place at the elevated pressures and tem-
peratures of planetary interiors. Specifical-
ly, the relative depletion of Earth’s atmo-
spheric Xe compared with meteoritic and
solar abundances—the geochemical “miss-
ing Xe” problem (2, 13, 14)—suggests
that significant amounts of Earth’s primor-
dial Xe could be sequestered at depth,
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inside the core (15, 16).

Here we investigate whether chemical
interactions taking place at high pressures
may influence the distribution of Xe with-
in the planet. This is an extension of lower
pressure studies that indicate no special
tendency of Xe to bind with and partition
into core-forming Fe up to pressures of 10
gigapascals(GPa) (17). However, the
properties and even the equilibrium phase
transitions of Xe at high pressures remain
unclear. For example, Jephcoat et al. (18)
found from x-ray diffraction studies at
room temperature that Xe is stable in the
face-centered cubic (fcc) phase up to 14
GPa and in the hep phase above 75 GPa
up to at least 137 GPa, but the diffraction
pattern and crystal structure were not well
resolved at intermediate pressures.

Using a laser-heated diamond-anvil
cell we carried out experiments on samples
of Xe and Fe up to pressures of 70 GPa
(19). For a sample held at a pressure of
about 50 GPa, the x-ray diffraction pat-
tern changed as the sample was heated to
peak temperatures of 3000 K (Fig. 1) (20).
We believe that the change in diffraction
pattern is due to the Xe transforming from
fce to hep structures, without any indica-
tion of chemical reaction between the Fe
and Xe, for two reasons. First, the diffrac-
tion pattern after heating at 50 GPa cor-
responds to that expected for a mixture of
fcc and hep Xe, along with unreacted hep
Fe. After accounting for the pressure de-
pendence of lattice parameters and the
presence of Fe, our 50-GPa diffraction pat-
tern is identical to the diffraction patterns
obtained by us and by Jephcoat et al. (18)
for Xe taken to 70 to 75 GPa without
heating. Chemical reactions are unlikely
to occur in the unheated samples. There-
fore, our interpretation for the 50-GPa
samples after heating is that these are just
like the unheated samples at 70 to 75 GPa:
In both cases, Xe is simply in the process
of undergoing a structural transformation
that is kinetically sluggish but is aided by
laser heating in the 50-GPa experiment.
Second, we carried out independent ex-
periments on samples of Pt and Xe laser-
heated at 50 GPa. Platinum is expected to
be less reactive than Fe, and we obtained
identical results as betore: The x-ray dif-
fraction patterns can be entirely explained
in terms of a combination of fcc and hep
phases of Xe, along with unreacted fcc Pt.
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Fig. 1. Structural trans-
formation of crystalline
Xe shown by changes in
x-ray diffraction patterns
taken at high pressure
but room temperature,
before and after partial
and then complete heat-
ing to peak tempera-
tures of 3000 (+=300) K
at 53 (*£2) to 47 (+2)
GPa (pressure relaxes
slightly upon heating) (f,
fce; h, hep). Arrows indi-
cate shifts in peak inten-

Relative intensity (arbitrary units)
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j=}
sities due to growth of N A = g
the hep relative to the fee =y go Unheated ' § S T
phase of Xe with in- o= dc " eate lsampe = . E
crgased hegtwng, and as- 15 >0 oy 3.0
terisks indicate peaks d spacing (A)

due to Fe in the sample.

Two peaks in the unheated sample are identified as the (101) and (100) diffraction lines from hcp Xe.
After the sample is heated, first partially then fully, the hep (101) and (100) peaks grow in intensity whils
the fcc (200) peak diminishes in intensity. The diffraction pattern of the fully heated sample also shows
evidence of new peaks that can be indexed as hep (201) and (103) peaks.

The results for Pt + Xe samples confirm
that the fcc — hep transformation of Xe is
kinetically sluggish and therefore goes to-
ward completion at much lower pressures
on laser hearing than when the sample is
merely compressed at room temperature.
The crystallographic unit-cell parameters
for the fcc and hep structures are coherent
over the broad pressure range in which the
two phases are observed to coexist (Fig. 2).
The fact that we can continuously and
reversibly track the evolution of diffrac-
tion patterns, from fcc at low pressures to
nearly pure hep at higher pressures, gives
us confidence that we are documenting a
crystal structural transformation rather
than a chemical reaction.

In order to further check this conclu-
sion, we carried out ab initio total-energy
calculations within the framework of den-
sity functional theory in the local density
approximation (LDA) (21). Enthalpy cal-
culations were performed to determine the
stability of a set of Xe and Fe compounds—
XeFe, Xe,Fe, and XeFe,—in hep packing
relative to that of separated Xe and Fe in
their high-pressure hcp phases (Table 1).
For high pressures (>100 GPa), we also
considered the hexagonal Laves phase of
XeFe,, a structure that corresponds to an
optimal packing of Fe and Xe atoms having
different atomic radii (22). One way of
checking the validity of the theoretical cal-
culations is to compare them with the high-

Fig. 2. Unit cell parame-

ters for the fcc (a) and

hcp (a,c) phases of Xe 6
plotted against pressure.
Lines are from our theo-
retical calculations for
the static lattices, where-
as symbols indicate ex-
perimental results from
the present study (up-
ward-pointing  triangles,
samples containing Xe
and Fe; downward-
pointing triangles, sam-
ples containing Xe and
Pt; solid and open sym- 3
bols indicate measure-

ments taken upon com- |

Unit ceif dimension (A)
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pression and decom- 0
pression, respectively);
from the work of Jeph-

]
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Pressure (GPa)

coat et al. (18) (squares); and from previous determinations of the fcc lattice parameter at zero pressure
and 88 K (30) (asterisk at upper left). In our study, the lattice parameters were determined from (111),
(220), and (311) and from (100), (002), (101), and (110) diffraction peaks for the fcc and hcp structures,
respectively, and the uncertainties are smaller than the symbols.
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pressure x-ray diffraction measurements on
the fcc and hep phases of Xe. We find
agreement between the calculated and ob-
served latrice parameters of the two phases
of Xe; the theoretical lattice parameters are
slightly lower than the observed values, as is
expected, because the former is for the stat-
ic lattice (Figs. 2 and 3).

Over the pressure range 0 to 500 GPa,
the Xe-Fe compounds are all energetically
unfavorable (Table 1). Even at 500 GPa,
the enthalpy of the most favorable com-
pound that we considered, the Laves phase,
exceeds that of separate Xe and Fe by a
respectable 0.9 eV per formula unit. Indeed,
theoretical diffraction patterns calculated
for each of the four Xe-Fe phases listed in
Table 1 yield no match with any of the
experimental results.

More than just confirming the experi-
mental findings, the theoretical calcula-
tions are important for understanding why
the compounds are so energetically unsta-
ble. We find that although the Fe atoms
torm bonds among each other, the spherical
charge distribution around the Xe sites re-
mains relatively undistorted, showing the
lack of any significant bonding with the Xe
at high pressures. Thus, any incipient Xe-Fe

Table 1. Formation enthalpies of XeFe com-
pounds from theory” (electron volts per formula
unit).

Pressure XeFe Xe,Fe XeFe, Xel—;j%,algz;ves
(GPa)  (P6m2) (P3m1) (P3m1) (P6,/mmc)
0 5.2 5.7 4.9 —
50 3.7 4.3 4.4 —
100 3.0 3.6 4.2 —
150 2.6 3.2 3.9 3.1
500 1.0 1.4 2.8 0.9

“The enthalpy of the compound (a crystal in a given space
group) minus the enthalpy of the separate elements.

bonding is so weak that it does not com-
pensate for the energetic cost of breaking
the strong Fe-Fe bond in iron, even at 150
to 500 GPa; the energetics are so unfavor-
able that this is likely to be true for other
structures and Fe/Xe stoichiometries than
those we have considered. In short, the
theoretical calculations support our conclu-
sion that the experiments solely document
the transformation of Xe from fcc to hep
structures.

Systematic experiments with increasing
and decreasing pressure provide an estimate
of 18 to 24 GPa for the equilibrium fcc <
hep transition pressure of Xe at room tem-
perature and to ~2000 to 3000 K, but with
a pressure range of 9 to 70 GPa, over which
we observe the coexistence of both phases
because of the sluggish kinetics (Figs. 2 and
3). Theoretically, we calculate that the
phase transition is expected to occur at
about 5 GPa for the static lattice, which is
in general agreement with the experimental
results. Our static-lattice calculations ig-
nore vibrational (zero-point and thermal)
effects and may suffer from the shortcom-
ings of the LDA. Therefore, the agreement
between theory and experiment may be
somewhar fortuitous, vet the small energy
difference calculated for the two phases is in
accord with the experimentally observed
sluggishness of the phase transition. The
thermodynamic driving force for the fcc —
hep transition is small (23). McMahan (24)
discusses the origin of this driving force for
argon.

The similarity in energies between the
fcc and hep phases is highlighted by our
finding that the two phases have experi-
mentally indistinguishable pressure-volume
equations of state (25-27). The close simi-
larity between the fcc and hep structures,
which have identical first- and second-
neighbor coordination shells, explains why

Fig. 3. Comparison of ex-
perimentally and theoreti-
cally determined ratios of
Xe hep unit cell parame-
ters, c/a, plotted against
pressure. Solid and open
circles indicate measure-
ments taken on compres-
sion and decompression,
respectively, whereas the
line indicates results from
theory squares are from
the work of Jephcoat et al.
(18). Compatible with ex-
perimental  results, the
theoretical values are gen-
erally close to the ideal ra-
tio for hcp packing of
identical spheres, \/8/3 =

1.67 .

g 1.64 |-

1.63 |-

1.62 |-

1.633, andrise slowly with 0 20
increasing pressure.
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the volumes of the two phases are ditficule
to distinguish (23, 28). Along with the
sluggishness of the transformation, the close
orientation relation between the two struc-
tures (26) can explain why Jephcoat et al.
(18) observed complex x-ray diffraction
patterns from Xe compressed at room tem-
perature (without heating) between 14 and
75 GPa.

Although the bonding in Xe, like the
other noble gases, has often been modeled
through the use of pair potentials, the
relatively low fecc-hep transition pressure
illustrates a deviation from such a simple
model for the interatomic forces at high
pressures; the transition pressure is pre-
dicted to be about 64 GPa, even when
three-body interaction terms are included
(29). For comparison, the ab initio quan-
tum mechanical approach presented here
is in agreement with the experimental de-
terminations of the transition pressure and
equations of state of the two known crys-
talline phases of Xe.

In summary, theory and experiment ar-
gue against the likelihood of Xe bonding
with Fe over the pressure range examined
here, and hence of Xe having partitioned
into core-forming metal to any significant
degree inside Earth. It appears that the
“missing Xe" problem of planetary geo-
chemistry must be resolved by other mech-
anisms (2, 3, 14, 17). In particular, the
observed pattern of noble gas abundances
appears to have been set before Earth and
the terrestrial planets were fully accreted,
rather than having been subsequently mod-
ified due to inclusion into the core.
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The World’s Smallest Gas Cylinders?

G. E. Gadd,* M. Blackford, S. Moricca, N. Webb, P. J. Evans,
A. M. Smith, G. Jacobsen, S. Leung, A. Day, Q. Hua

Argon gas was trapped at high pressure within hollow carbon tubes grown in vapor that
have an outer diameter of between 20 and 150 nanometers. The gas was forced into the
tubes by hot isostatically pressing (HIPing) the carbon material for 48 hours at 650°C
under an argon pressure of 170 megapascals. Energy dispersive x-ray spectroscopy
maps and line scans across the tubes show that the argon is trapped inside the bore and
not in the tube walls. The room temperature argon pressure in these tubes was estimated
to be about 60 megapascals, which indicates that equilibrium pressure was attained
within the tubes at the HIPing temperature. These findings demonstrate the potential for

storing gases in such carbon structures.

Currently, there is considerable interest
in both C fibers (I-3) and nanotubes (4—
6). Apart from efforts to understand the
formation process (7), attention has been
focused on the encapsulation of elements
and compounds, particularly oxides and
carbides, inside the tubes, as well as within
C nanoparticles (8~11). On the other
hand, the encapsulation of gases such as
Ar, Kr, or Xe inside C entities like these
has received little attention in the litera-
ture, although the trapping of '**Xe may
improve its uses in medical imaging such
as in the case of the lymphatic system
(12), where it would be extremely useful
to confine the gas physically in some way
before injection. Here, we show conclu-
sively how large amounts of Ar can be
trapped inside catalytically grown C fibers
consisting of multiwalled hollow C tubes
with outer and inner diameters ranging
from 20 to 150 nm and 10 to 60 nm,
respectively.

Hollow C tubes were prepared by cat-
alytic reduction of CO, with a modified
Vogel process (13). In this method, CO,
was reacted with Zn to produce CO and
Zn0O, and the CO was subsequently con-
verted on an Fe catalyst to filamentous
graphite (14). One milligram of finely di-
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vided Fe catalyst was placed in the end of
a closed quartz reaction tube that had
previously had a “Zn mirror” deposited on
its inner surface. The reaction tube was
placed inside a horizontal tube furnace to
maintain the Fe catalyst at 600°C and the
Zn mirror at 400°C, and the pressure was
monitored to determine when the reaction
had gone to completion. An Fe carbide
bead- crystal formed on the catalyst sur-
face, from which the filamentous graphite
“grew.”

Scanning electron microscopy of the C
produced from catalyzed CO, decomposi-
tion showed it to be composed of many
long and winding C fibers with outer di-
ameters of about 20 to 150 nm, which
were interwoven and cemented with large
pieces of dense material derived from the
catalysts. These features are very similar to
those observed by other authors (15-21).
Backscattered electron imaging indicated
that metal was dispersed throughout the
fibers and demonstrated that-encapsula-
tion had also taken place in the growth
mechanism. To investigate the encapsula-
tion of Ar into the various C forms pro-
duced catalytically, we hot isostatically
pressed (HIPed) the whole sample without
any further treatment at 650°C and 170
MPa of Ar for 48 hours. At the end of the
HIPing cycle, the gas pressure was reduced
from 170 MPa to atmospheric pressure but
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