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Ne-intercalated G;y: Pressure dependence of Ne-site occupancies
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We report the Rietveld refinement of the structures of inert (&8-intercalated g, using time-of-flight
neutron powder diffraction data. Various pressures-&5 kbar at room temperature were employed. We find
that only the octahedral interstices are occupied by the Ne intercalate. The pressure dependence of the Ne
occupancies in the octahedral site has been determined. The cubic lattice parameter increases linearly with the
amount of intercalated Ne.

I. INTRODUCTION Il. EXPERIMENT

Ceo (99.6% nominal purityfrom commercial sources was
We recently reported measurements to 6 kbar of the room- = . L
o . subjected to slow progressive heating in vacuum up to
temperature compressibilities ofgusing He, Ne, and Ar as o .
. o 400 °C for several days in order to remove all solvents and
pressure media.For He and Ne, the compressibilities are

reduced by intercalation of the noble gas atoms into the C OCCIUde.d N and. Q. The powdgred samplé-3 g was
. . ! o loaded into a thin walled vanadium tube that was inserted
lattice. These results were consistent with earlier literature

o3 : : . into the aluminum pressure cell described in detail
studie? in that He was found to intercalate easily, resulting
; . . . elsewhere.Data were collected at room temperat(266 K)
in a substantially higher transition pressure for the

Fm3m(icc)-Pa3(sg orientational ordering pressure, while on the 90-degree detector banks of the Special Environment

Ar did not penetrate the lattice, yielding a transition pressur Powder Diffractometer at Argonne National Laboratory’s In-

) ; ] ense Pulsed Neutron Sour@®NS).° Due to shielding that
typical for other nonpenetrating media such as pentane % an integral part of the pressure cell, this scattering angle
N,. Ne was shown to slowly penetrate the lattice and the gral p P ' g ang

. ; : : rovides data that are completely free from direct diffracted
transition pressure was intermediate to that found with H . . .
. . . Scattering from the walls of the cell which would contribute
and Ar. The lattice parameters were consistent with th

. . . So the background scattering. However, multiple scattering
change in the transition temperature in that the values were ) .

: events contribute about 3—4 % of the background scattering
slightly larger for He, and smaller for Ar, than those for Ne at

a particular pressure. The transition takes place with all thregt higherq's in addition to the expected large disorder back-

gases at a lattice parameta=14.065 A with increasing ground scatteringfor Cgy. Corrections for both of these con

. tributions to the background were included in our Rietveld
pressure at room temperattireompared with the value of .
David et al® measured on cooling at 1 bar=14.150 A refinements. . . , . .
. X o ) In the previous series of experiments in which Ne was
Such lattice parameter differences might be the result OLS

. . ed as the pressure meditiit,was established that inter-
differences in the occupancy of the octahedral and tetrahec'alation occurred over hours, requiring up to 24 h to reach

dral interstices of the & lattice. It was learned soon after the equilibrium at the highest pressurés6 kbap and substan-
discovery of G, that this material could be intercalated with tially less time(~5 h) at pressures within the range of the fcc
alkali metals to form superconductors in which both of thesgynase. For the present study, after making sudden changes in
sites are occupietiin our previous study, most of the data pressurdfor example, from either a beginning 1-bar pressure
were collected for a length of time-1 h) adequate for lat- or some other already attained prespumiffraction data

tice parameters within a typical statistical standard deviatiofvere collected in sequential runs to monitor the time-
of 0.0005 A(0.0007 A in our 10-min runs but not adequate dependent change of lattice parameters as they approached
for full refinement of structural models to determine which equilibrium values. Figure 1 shows an example of the lattice
sites the inert gas atoms were occupyirigle report here parameter change from such a sequence of runs. Data for
Rietveld structural refinement using neutron-powder-times where the lattice parameters were constaithin 2
diffraction data on Ne-intercalated;gat various pressures to standard deviationsvere then summed to produce a data set
~2.5 kbar at room temperature. with enough statistics for full Rietveld refinement. Such data

0163-1829/96/53)/16754)/$06.00 53 1675 © 1996 The American Physical Society



1676

14.092 T

14.090 |
14.088 [
L 14.086 |

14.084 |

14.082

L . ' " " ] . N " " 1

14.080 ————
0 5 10 15 20

Elapsed Time (hours)

FIG. 1. Lattice parameter vs time for g¢sample exposed to
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Faber® An example of a refinement using these procedures is
shown in Fig. 2.

Ill. RESULTS AND DISCUSSION

From our least-squares refinements, it was immediately
learned that all of the Ne was in the octahedral sites. Tetra-
hedral site occupancies were essentially zero for all pres-
sures. Thus, the tetrahedral site occupancy was set to zero in
the final refinements. It was found that even with the inclu-
sion of data to al spacing of 0.55 A we could not indepen-
dently refine the site occupancy and the temperature factor
for the Ne in the octahedral site. We speculate that this oc-
curs because the vibration of the Ne in the large irregularly
shaped “box” bound by the six g molecules, essentially a
“square-well” system, cannot be perfectly modeled by any
harmonic model, as used in the Rietveld code. The situation
is somewhat different in alkali-metalggcompounds in that

2.1-kbar Ne. The material remains in the fcc phase with increasing|ectrostatic forces maintain the cation in essentially a deep
lattice parameter as the Ne intercalates and appears to saturate affR{rmonic well about its equilibrium position. In those cases,
about 6 h. In this case, the data set used in the refinement was ¢ ccessful refinement of both the occupancies and thermal

sum of data collected after 5 h.

sets contained 5—-17 h of data.

parameters using synchrotron x-ray data is also aided by the
more favorable scatterindgorm) factor ratio between the al-
kali metals and the carbons formingC° Thus, to refine

For the least-squares refinement of the structure, we usesite occupancies, we fixed the temperature factor for Ne at
a modified version of the time-of-flight Rietveld code avail- B=13 A?. This gives a site occupancy approaching one at
able at IPNS The madifications included the use of a mo- the highest pressures. Values higher than one are not physi-
lecular spherical shell scattering form factors for the rotatingcally allowed! so the choice of a larger value 8f would
Cgo balls and a contribution to the background derived fromlead to unphysical results. Smaller valuesBgf, would lead
the expected diffuse scattering arising from disorder as hat® smaller site occupancies. For example, if we assume a

been previously used by Copley al.” These modifications

probably low value oBy,=5 A2 at the highest pressures we

allowed reasonably good refinements to be done, but thebtain ny,=0.67. This uncertainty in our determination of

background was still not adequately modeleddapacings

the absolute values of the Ne site occupancy cannot be

below about 1.3 A. To extend tha@-spacing range of our avoided. However, the behavior of the site occupancy versus
refinements to about 0.55 A, we used Fourier-filtered backloading pressure is clear.
ground fitting techniques as described by Richardson and On the 14 new data set&(p) and R(wp), the usual
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FIG. 2. Neutron diffraction
data for Gy Ne at 1.55-kbar pres-
sure. The continuous line through
the sets of points is the calculated
profile from the Rietveld refine-
ment, the set of tick marks below
the data indicate the positions for
the allowed reflections, and the
lower curve represents the differ-
ence between observed and calcu-
lated profiles.
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FIG. 3. Ne octahedral site occupancy vs pressure. The temper% the same pressuf®ef. 1

ture factor,B(Ne), is set to 13.0 Ain these refinements.

residuals for the peaks in the spectra for unweighed andny evidence for intercalated gas atoms. However, our
weighted intensities, respectively, expressed as a percentagample preparation procedure usually employed 400 °C in
averaged 2.4a7) and 4.8722), respectively, and ranged vacuum to remove occluded gases. Further, there may be a
from 2.19 to 2.75 and 4.38 to 5.21, being correlated, as exsystematic error in the analysis due to something we have
pected, with hours of run time. The thermal parameter fomot modeled correctly. This is supported by the fact that there
Ceo averaged 1.341) A? (range 1.13-1.57and does not are differences between the actual and modeled line shapes
appear to correlate with either run time or gas pressure. Aas seen in the Rietveld refined modéee Fig. 2 and, as
interesting observation is that the incremental change in thpointed out previously, the harmonic potential model for the
lattice parameter is largest between our 1 bar and the lowegitermal parameters is admittedly not adequate for this mate-
pressurized point at 0.14 kbar, with the corresponding Neial. With so few structure parameters available in the prob-
occupancy increasing from 0.21 to 0.34, also the largest inlem, errors might accumulate on the Ne-site occupancy pa-
crement. The most rapid loading occurs at the lowest pregameter.
sures. Our 1-bar Ne pressure poili& data sefsaverage As we noted in our earlier papéthe presence of Néor
14.1604827) A and can be compared with a value of He) in the interstitial sites gives systematically larger lattice
14.1607620) A from a similarly refined 1-bar data set with parameters at a particular gas pressure than in their absence
an identicald-space span from a sample exposed only to(Ar pressurized values; within the experimental uncertainty
Ar.12 of these lattice parameter values, a perfectly straight line is
The Ne octahedral site occupancy versus loading pressufeund to~2.5 kbajy. The dependence of these lattice param-
is shown in Fig. 3. The Ne octahedral site occupancy ineter differences on Ne site occupancy is shown in Fig. 4.
creases smoothly from near 0.21 to 0.96 as Ne pressure Hhis lattice parameter difference, or offset, proves interesting
increased from 1 bar te-2.5 kbar. The data demonstrate anin that it, rather than a cell volume difference, scales with
apparent concentration saturation as the number of intercdNe-site occupancy.
lates approach 1.0, the limit based on space considerafions. Since the octahedral site is much larger than the interca-

These data have been fit with the equation lated Ne and since only one Ne can occupy each'Site
would expect the Ne to be attracted to the walls of the cage
Nne(P)=No+An exp(— P/Py), by weak van der Waals forces in the low-temperature limit.

where the best-fit values for the coefficients age-1.01(4) As the temperature increases to values larger than the van der
An=—0.804), and P,=0.9911) kbar. All the points fit on Waals well depth, the Ne atom will begin to move freely

such a curve within the experimental standard deviations fol/ithin the cage and its kinetic energy will exert a proportion-
the octahedral site occupancies. ate pressure on the walls that scales with occupancy. In the

One puzzling feature of the behavior we observe is thafli9h-pressure limit, the expected behavior is similar to the
the refined Ne content at 1 bar is not zero. There may b@roblem of packing of hard spheres with a large size dissimi-
several possibilities for this result. We believe the most prob:@ity, which has been addressed with molecular dynamics

able one is that there may be some residual gas, Ne itself, pGelculations.* The increasing intemal pressure, just like de-
most probably N as an impurity in the Ar and Ne gases creasing external pressure, is expected to give essentially the
which does not leak out in the time scale of the prese,n[inear expansion that we have observed. We believe that this
experimentd? We also note that the scattering length for N IS the first observation of this effect in a realistic physical
(by=0.930 is larger than that for Néby,=0.455 and that ~ SYStem-
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