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Rietveld refinement of the crystal structure of the high-pres-
sure phase Cs(IV) is described. Cs(IV) has a transition metal-like
electronic structure that influences its open-packed crystal struc-
ture, which consists of trigonal prisms of Cs atoms. The structure
was refined with reliability factors R2

F 5 0.050, Rwp 5 0.043, and
Rp 5 0.032 in space group I41/amd with the cesium atoms in the
4a position. ( 1999 Academic Press

I. INTRODUCTION

Cs(IV) is a high-pressure phase of cesium that is a d1

metal with an extraordinary bonding configuration. Begin-
ning at a pressure of 4.2 GPa, there is an s-to-d electronic
transition in cesium (1—3), which also occurs in other com-
pressible elements (3). The transition has a major impact on
the crystal structure of Cs(IV) (which is stable from 4.3 to 10
GPa), making it more open and directional as a result of the
more localized, covalent-like d-electron bonding (4). Be-
cause d electrons have minimal electron density at the nu-
cleus and maximal electron density away from the nucleus,
it has been proposed that Cs(IV) can be considered an
electride, consisting of Cs` ions and electrons (5). This view
of the electronic structure is supported by preliminary elec-
tronic structure calculations, which suggest that Cs(IV) can
be viewed as isostructural to the Zintl compound a-ThSi

2
with the Cs atoms located in the Th positions and some of
the Cs(IV) valence electron density maxima located in the
silicon positions (5). These conclusions must be based on an
accurate knowledge of the crystal structure of Cs(IV).

A body-centered tetragonal (I4
1
/amd) crystal structure

has been proposed for Cs(IV) with lattice parameters
a"3.349(6) As , c"12.49(3) As at 8.0 GPa (4). This structure
was determined by inspection of high-pressure powder X-
ray crystallographic data. Further investigation by means
of energy dispersive synchrotron diffraction techniques
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confirmed the assignment of a tetragonal lattice for Cs(IV)
(6). In these investigations, the integrated diffraction inten-
sities were not accurate due to the presence of insufficiently
small cesium crystallites and/or substantial amounts of pre-
ferred orientation. Because of these uncertainties, which are
typical for many high-pressure crystallographic investiga-
tions, it is important to have quantitative verification of the
crystal structure of Cs(IV). We have developed techniques to
obtain higher resolution laboratory-based high-pressure
diffraction data as well as reduce the crystallite size in metals
such as cesium that readily form large crystallite grains (7,
8). Here we report the verification of the crystal structure of
Cs(IV) by means of Rietveld refinement of new diffraction
data.

II. EXPERIMENTAL

Samples were loaded into a modified Merril—Bassett dia-
mond-anvil cell under a high-purity argon atmosphere.
A 250-lm sample hole and a T301 stainless steel gasket were
used. Powder diffraction patterns were collected at high
pressure by means of a diffraction system that utilizes a
Johannson—Guinier monochromator to focus an X-ray
beam (MoKa

1
, j"0.7093 As ) from a Rigaku RU-200H

rotating anode generator onto the sample. The Ka
2

com-
ponent is reduced to approximately 10 to 15% of the Ka

1
component. The radiation is focused in the horizontal plane
(7). The beam is collimated to 75 lm in the vertical plane in
which diffraction information is collected. Diffraction data
were collected on pure cesium (99.99%) and cesium mixed
with amorphous boron powder (99.99%) in a 1 : 1 ratio by
mass. The presence of amorphous boron, which contributes
minimally to the observed diffraction pattern, reduces the
crystallite size and the effects of preferred orientation. The
diffraction patterns were collected on Kodak DEF-392 film
at pressures ranging from 7 to 13.3 GPa. A 50-lm-radius
film cassette was used. The two-dimensional diffraction pat-
tern was scanned into a Macintosh computer and collapsed
into a one-dimensional profile using the program of Meade



FIG. 1. Diffraction pattern for elemental cesium at 9.0 GPa.
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et al. (9). Data collection times were 13 h for the pure cesium
sample and 21 h for the cesium—boron mixture. Pressures
were determined by the shift of the ruby R

1
line.

III. STRUCTURE REFINEMENT

The diffraction pattern for pure Cs(IV) at 9.0 GPa (Fig. 1)
contains small peaks at interplanar spacings of 3.45, 2.79,
and 2.44 As from cesium oxide impurities and a peak at
1.92 As from the stainless steel gasket. The resolution of this
FIG. 2. Observed, calculated, and difference profiles determined by Rietv
pattern is considerably improved when compared with
earlier reported patterns. For example, two previously un-
resolved pairs of closely spaced lines were resolved: the 107
and 116 lines and the 211 and 204 lines (Fig. 1). The figure of
merit (10) M(12) for the 12 lines with the largest interplanar
spacings was 50, indicating that the tetragonal indexing is
correct.

As in previous studies, the intensity profile collected for
the pure cesium sample was inaccurate. After mixing with
boron, the diffraction ring profiles on the film were smooth,
indicating that many crystallites contributed to the diffrac-
tion pattern. The presence of boron in the mixture also
broadened the diffraction peaks (Fig. 2) due to the increased
amount of nonhydrostatic stress that arises because boron
is stronger than cesium. However, this did not preclude
structure refinement.

Using the previously proposed structural model (4) and
the program GSAS (11), Rietveld refinement was performed
on diffraction data from the cesium—boron mixture (Fig. 2).
The intensities were corrected for the nonlinear relationship
between the film density and exposure (8). The step size for
the digitized profile was 0.031 As . The oxide and iron impu-
rity peaks in the regions 2h"16.6—17.5° and 21.1—22.2 As
were excluded during refinement. The refined parameters
included scale, background, lattice, preferred orientation,
and isotropic thermal parameters. Both the predominant
MoKa

1
and the minor MoKa

2
X-ray components were

included in the refinement. The peak shapes were modeled
using the pseudo-Voight profile function of Thompson et al.
(12). The preferred orientation models of both Popa (13)
eld analysis for elemental cesium mixed with amorphous boron at 13.3 GPa.



TABLE I
Crystallographic Data at 20°C and 13.3 GPa

a"3.3366(4) As
c"12.408(2) As
»"138.14 As
Space group: I4

1
/amd

Z"4
d
#
"6.390 g/cm3

B
*40
"0.018(1) As 2

Atomic position: 4a
Interatomic distances: Cs—4Cs"3.37 As , Cs—4Cs"3.52 As

FIG. 3. Crystal structure of Cs(IV) at 13.3 GPa. The tetragonal c axis is
vertical. Some of the cesium atoms have been removed for clarity. The
structure can be constructed from trigonal prisms of cesiums. The eight-
coordination about a single cesium can be seen for the central body-
centered atom. The nearest neighbor bonds (four) that are in the a—b plane
are 3.37 As long. All of the other nearest neighbor bonds (four) that are not
in the a—b plane are 3.52 As long.
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and March and Dollase (14) were used. Both models gave
similar reliability factors, which were R

81
"0.0431, R

1
"

0.0321, s
2
"0.62, and R2

F
"0.050. The amount of preferred

orientation was greatly reduced by the presence of the
amorphous boron. For example, the preferred orientation
ratio obtained with the Dollase—March model was 0.95,
which is close to the ratio of 1 obtained when there is no
preferred orientation. Crystallographic and structural para-
meters are in Table 1.

IV. DISCUSSION

The most striking feature of the Cs(IV) structure are the
trigonal prisms that arise because of the more directional
and covalent d-electron bonding (Fig. 3). This bonding
configuration is very different from that of the three cesium
phases stable at lower pressures: bcc Cs(I), fcc Cs(II), and fcc
Cs(III) (3). The coordination number of the cesium atoms in
Cs(IV) is eight, with four nearest neighbors at a distance of
3.37 As and four next nearest neighbors in the a—b plane at
3.52 As (Fig. 3). The radius of the Cs atoms derived from the
nearest neighbor distance is 1.69 As , comparable to the ionic
radius of Cs at ambient pressure, 1.67 As (15). (It is interest-
ing to note that at higher pressures the radius of Cs becomes
smaller than that of xenon (3), which is isolectronic with
Cs`. This is likely due to the stronger d-electron bonding in
Cs.) Assuming this atomic radius, the packing fraction in
Cs(IV) at 13.3 GPa is 58%, considerably less than the
packing fraction of bcc cesium (68%) at ambient pressure or
the two fcc high-pressure cesium phases (72%). Even though
there is a dramatic decrease in packing fraction associated
with the transition to a more open, covalent structure, the
overall molar volume of cesium decreases because of the
rapid decrease in atomic size (4). These changes in the size
and electronic structure of elemental cesium should have
a major impact on its chemical behavior (16).

Finally, the crystal structure of the high-pressure phase
Cs(V), which is also open-packed as a result of d-electron
bonding (but appears more complex than the structure
of Cs(IV)), remains unsolved (17). Rietveld refinement
techniques such as those described here should prove useful
in the solution of this structure and related structures of
other compressible metals.
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