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The crystal structure of the high-pressure phase cesium-V was investigated using monoch
synchrotron x-ray diffraction. Full profile refinements of powder diffraction data resulted in a so
with space groupCmca and 16 atoms in the orthorhombic unit cell. The Cs-V structure can be vie
as a distorted fcc structure. Atoms occupy two different Wyckoff positions with 10-fold and 11
coordination, respectively. This new structure type is considered a possible candidate for high-p
phases of other elemental metals. [S0031-9007(98)07211-1]

PACS numbers: 61.50.Ks, 61.66.Bi, 62.50.+p, 64.70.Kb
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Cesium metal exhibits an unusual sequence of ph
transitions under pressure [1–5]. Near 4.2 GPa, the h
pressure fcc phase (Cs-II) undergoes a first-orderiso-
structural transition [3] to the collapsed fcc phase Cs-
(volume change29%). At 4.4 GPa there follows a tran
sition to the tetragonal Cs-IV phase, where, contrary
the pressure-coordination rule, the number of atoms in
first coordination shell isreducedfrom twelve to eight [6].
The structure of Cs-IV is related to the ThSi2-type struc-
ture [7]. In the vicinity of the Cs-IV to Cs-V transition
near 12 GPa, cesium becomes superconducting [8]; i.
is the only known superconducting alkali metal. At th
pressure, cesium is compressed to 26% of its normal
ume. The phase Cs-V persists up to 72 GPa, where
other structural transition to the nearly close-packed ph
Cs-VI takes place [9].

The anomalously large compressibility of cesium bel
10 GPa [10], its structural behavior [3,6,9], and expe
mental observations concerning the melting curve [2
electrical transport [3,4,8], and optical properties [1
have been interpreted in terms of an electronic transit
where the6s valence electrons undergo a transfer to m
localized 5d-like states at high pressure. Detailed ele
tronic structure calculations have been performed wh
support this picture (see, e.g., Refs. [12–14]). In parti
lar, near the Cs-IV to Cs-V transition the calculatedd oc-
cupation number has reached a value of 0.8 [13]. Th
Cs-V has the unusual property of being a monova
metal with essentially one outerd valence electron. Crys
tal structure information is essential for understanding
electronic properties and the chemical bonding of C
as well as possible consequences for the high-pressur
havior of neighboringd-electron elements.
0031-9007y98y81(13)y2711(4)$15.00
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In this Letter we report a structure determination of C
V based on high-resolution angle-dispersive powder x-
diffractometry. We assign an orthorhombic structure w
16 atoms per unit cell (oC16 in Pearson notation). In
this structure Cs atoms occupy two crystallographica
inequivalent positions characterized by 10-fold and
fold coordination. This is the first observation of th
oC16 structure for an elemental metal.

The crystal structure of Cs-V was previously inves
gated by laboratory x-ray diffraction [15]. Three structu
candidates were proposed. A unique structure ass
ment was not possible mainly due to insufficient reso
tion. In a more recent energy-dispersive synchrotron x-
diffraction study of Cs-V [16], all three of the propose
structures were ruled out, but no alternative struct
model was presented. In the present experiment we h
taken advantage of the high angular resolution and
able intensity measurements attainable in monochrom
(angle-dispersive) high-pressure powder diffraction at
European Synchrotron Radiation Facility (ESRF). Th
features turned out to be essential for the unambigu
structure solution reported here.

The diffraction experiments were performed at the
dulator beam line ID9 of the ESRF using a diamond an
high-pressure cell (DAC) with beryllium backing plat
and an image plate detection system at about 45 cm
tance from the sample. Wavelength selection, focus
and removing of higher-order harmonics were achie
by a combination of a bent Si mirror and a Si(111)
cusing Laue monochromator. The x-ray beam (wa
length 0.45798 or 0.44618 Å) was collimated to a nomi
diameter of30 mm. In order to improve powder aver
aging, the DAC was oscillated by63±. The scanned
© 1998 The American Physical Society 2711
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two-dimensional diffraction patterns were corrected f
tilt and scanner distortions and converted to intensity
2Q data using theFIT2D software [17]. Determination
of peak positions, indexing, structure solution, and refin
ments were performed using theCSD program [18].

Since Cs metal easily reacts with oxygen and moistu
special care was taken in the sample preparation. Ces
was obtained by reaction of dried CsCl (199.5%) with
vacuum-heated Ca (198.5%) and then purified by twofold
distillation [19]. Inside a glove box with oxygen-free dr
argon atmosphere, a drop of liquid cesium (melting po
29±C) was filled into the gasket hole (180 mm diameter)
of the DAC. A ruby chip served as an optical pressu
sensor [20]. No pressure medium was used in orde
avoid any contamination of the sample. After loading in
the DAC, the color of the cesium remained silver metall
Color changes at pressure-induced phase transitions c
be detected by microscope observation. Some diffrac
data were taken after thermal annealing at 450 K for 8
In this way the width of low-angle diffraction peaks wa
reduced to less than 0.04±.

Powder patterns of cesium measured at pressures
tween 7.4 and 11 GPa proved that the samples were si
phase Cs-IV. No extra lines due to the formation of oxid
were detected. Also, no evidence was seen which wo
allow for Pauling’s interpretation [21] of earlier diffraction
results [6] for Cs-IV. At pressures at about 11.0(5) GP
the appearance of new diffraction peaks indicated the
set of the structural transformation to Cs-V which w
completed near 12.0(5) GPa for increasing pressure.
transition was fully reversible with a hysteresis width
2 GPa. The diffraction diagrams of Cs-V were slight
spotty. However, the integration of full Debye-Scherr
he data.
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FIG. 1. Angle-dispersive synchrotron x-ray diffraction pattern of Cs-V at 12 GPa. The insets show expanded portions of t
The curve markedR represents the difference between data and the refined profile for theCmca structure.
2712
r
s

-

,
m

t

to

.
uld
n
.

e-
le

s
ld

,
n-

he

rings led to reliable intensities. Also, reproducible pe
intensities were observed in different runs. A represen
tive diffraction diagram of Cs-V is shown in Fig. 1. Th
insets in this figure demonstrate specific aspects of the d
e.g., the excellent angular resolution and the detection
very weak low-angle reflections.

On the basis of an orthorhombic unit cell, 93 lines o
served up to a maximum scattering angle of 30± could be
indexed. Systematic extinctions indicatedCmca (No. 64)
or C2cb (No. 41, nonstandard setting ofAba2) as possible
space groups (SG). The crystal structure was solved in
centric SGCmca using direct methods. For this solutio
atoms occupy the Wyckoff positions8f and8d. Atoms
in these positions are denoted as Cs-1 and Cs-2, res
tively. The resulting positional parameters served as st
ing values in the full profile refinements. In the final fit o
the diffraction profile preferred orientation was taken in
account. The line in Fig. 1 markedR corresponds to the
difference between experimental profile and refineme
Obviously, the structural model gives an excellent desc
tion of the experimental pattern. Results of refineme
at selected pressures are listed in Table I. All refineme
are of similar quality, as indicated by the residualsRI [22].
The volume difference between Cs-IV and Cs-V amou
to DVyV ­ 29.3% at 12 GPa.

The crystal structure of Cs-V is depicted in Fig. 2.
characteristic feature are layers of corner-sharing octa
dral atom groups with interatomic distances which dif
by less than 3%. Each Cs-1 atom in the equatorial pl
of the octahedra has a fifth contact to a Cs-1 atom i
neighboring group. This is actually the shortest atom c
tact. The resulting five-coordinated nets formed by
Cs-1 atoms (see also Fig. 3) are common for intermeta
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TABLE I. Results of structure refinements for Cs-V (S
Cmca, Z ­ 16) at selected pressures. Positional parame
x, y, andz refer to the corresponding axes in theCmca space
group. The coordinates for Cs-1s8fd and Cs-2s8dd ares0, y, zd
andsx, 0, 0d, respectively. Other coordinates follow from spa
group symmetry. The distancesd are given for atoms in
the first coordination sphere. Relative experimental err
for lattice parameters are3 3 1024, absolute uncertainties fo
positional parameters are about2 3 1023.

P (GPa) 12.0a 19.6 25.8

a sÅd 11.205 10.879 10.641
b sÅd 6.626 6.443 6.278
c sÅd 6.595 6.389 6.249
ayc 1.699 1.696 1.699
byc 1.005(1) 1.008(2) 1.005(
y (Cs-1) 0.1729 0.1781 0.188
z (Cs-1) 0.327 0.328 0.328
x (Cs-2) 0.2161 0.2118 0.217
RI s%d 9 5 16

Vatom sÅ3d 30.60 27.98 26.09
dshort sÅd 3.237 3.180 3.176
dlong sÅd 3.612 3.474 3.402
dother sÅd 3.404 3.322 3.213

to 3.464 to 3.371 to 3.314
aMeasured for decreasing pressure.

compounds [23], e.g., CuAl2. Layers of octahedra ar
stacked on top of each other in an alternating fashion.
additional bonds thus formed between Cs-1 and Cs-2 at
(thick open lines in Fig. 2) are about 5% longer compa
to the average distance within the polyhedra. The C
and Cs-2 atoms have 11-fold and 10-fold coordinati
respectively.

Taking the experimental errors into account, there is
pressure dependence of axial ratios (see Table I). This
gests that the structure represents a relatively rigid ato
arrangement. The only clear pressure effect is a reduc
of the ratiodlongydshort of the longest to the shortest ato
distance with increasing pressure.

The local coordination in the Cs-V structure differs fro
that reported in an earlier diffraction study [15]. Howeve
the unit cell of the Cs-V structure is just twice as lar
compared to the tetragonal structure proposed previou
Thus, pressure-volume data derived on the basis of
earlier tetragonal structure assignment are approxima
correct.

The Cs-V structure can be described as a distorted fc
body-centered tetragonal (bct) structure. This is illustra
in Fig. 3, which shows views of the Cs-V structure alo
thea axis and of the fcc (bct) structure along the [001] d
rection. Starting from a fcc lattice, one arrives at the Cs
structure by rotating six-atom clusters around the center
every second octahedral void within as001dfcc plane (ro-
tation axis parallel tof001gfcc). Neglecting bond bending
forces, the maximum possible rotation is determined
the distance of atoms in the newly formed contact. T
result is a

p
2 3

p
2 superstructure relative to thes001dfcc
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FIG. 2. Perspective view of theCmca crystal structure of
Cs-V. Atoms occupy two different Wyckoff positions. Th
thick solid and open lines between atoms indicate the sho
and longest bond lengths, respectively, in the first coordina
sphere. The octahedra mark nearly close-packed units.
that there are no central atoms inside the octahedra.

plane. The senses of rotation alternate in subsequen
ers of octahedra of the fcc lattice. The unit cell length
thus doubled alongf001gfcc. The rotation reduces the are
covered by a projection onto thes001dfccys100dortho plane,
if one assumes a constant bond length within octahe
groups. If the five Cs-1–Cs-1 bonds in the correspond

FIG. 3. Left: View of the Cs-V structure along thea axis
emphasizing the five- and four-coordinated two-dimensio
nets. Thick lines connecting pairs of Cs-1 atoms (dark co
mark the shortest contacts. Right: View of a fcc (bct) struct
along the [001] direction. The fcc unit cell is marked by thi
lines. Arrows indicate the rotations of octahedra which,
combination with atomic displacements, lead from the fcc
the Cs-V structure (see text).
2713
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s100dortho plane were of equal lengths, a volume conse
ing process would require an expansion alongf100gortho
corresponding to anayc ratio of 1.52 for the orthorhombic
cell. In the observed structure the Cs-2 atom layers
corrugated and theayc ratio increases to about 1.7.

While Cs-IV clearly has an open structure which can
interpreted in terms of a local bonding picture [7,14], Cs
approaches a dense packing of atoms. Thus, the dri
force for a distortion away from fcc is not easily iden
fied, in particular since, relative to fcc, a superstructure
formed in all three directions. Correspondingly, the fo
mation of an enhanced density of states below the Fe
level, which would stabilize the Cs-V structure relative
fcc, involves several folded band states. On the other h
two features of the Cs-V structure stand out clearly, the
tahedral groups and the short Cs-1–Cs-1 contacts. If
formation of these contacts involves formation of a cov
lent bond, some energy gain is expected from a bond
antibonding splitting. Within a local bonding picture, on
could envision another possible stabilizing element of
Cs-V structure, namely, an electron density distribut
which favors the formation of octahedral groups.

We briefly mention that the isostructural fcc-fcc tran
tion of cesium [3] was not confirmed in the present stu
Because of recrystallization, the diffraction patterns m
sured in the stability range of Cs-III (4.2 to 4.4 GP
consisted of spots originating from single crystal regio
Two d spacings of about 7.5 and 35 Å were evident in t
diffraction patterns, indicating the formation of a pha
with a large-period supercell. More systematic studies
the structural behavior of cesium in this very interesti
pressure range are underway.

In conclusion, we have determined the crystal struct
of Cs-V using high-resolution synchrotron x-ray diffra
tion. The orthorhombic structure with space groupCmca
and 16 atoms per unit cell (8 atoms in a primitive cell)
closely related to the fcc structure. A simple distortion
fcc results in the formation of a unit cell 4 times larger th
that of the fcc lattice. A characteristic feature of the Cs
structure is that Cs atoms occupy two crystallographica
inequivalent sites with coordination numbers of 10 and
At this point, the Cs-V structure is unique among elemen
solids. We suggest, however, to test this structure as a
sible candidate for unsolved high-pressure phases, am
them distorted fcc phases in lanthanides [24] and the ph
Rb-VI [25].

We thank U. Oelke, W. Dieterich, and U. Engelhar
for technical assistance, and F. Koegel for the prepara
of the sample. During this work, we have enjoyed help
discussions with Yu. Grin.
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