VOLUME 81, NUMBER 13 PHYSICAL REVIEW LETTERS 28 BPTEMBER1998

Crystal Structure of Cesium-V

U. Schwarz
Max-Planck-Institut flr Festkdrperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany

K. Takemura
National Institute for Research in Inorganic Materials, Tsukuba, Ibaraki 305-0044, Japan

M. Hanfland
European Synchrotron Radiation Facility, BP220, F-38043 Grenoble, France

K. Syassen

Max-Planck-Institut fur Festkdrperforschung, Heisenbergstrasse 1, 70569 Stuttgart, Germany
(Received 19 June 1998

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

PACS numbers: 61.50.Ks, 61.66.Bi, 62.50.+p, 64.70.Kb

Cesium metal exhibits an unusual sequence of phase In this Letter we report a structure determination of Cs-
transitions under pressure [1-5]. Near 4.2 GPa, the high¥ based on high-resolution angle-dispersive powder x-ray
pressure fcc phase (Cs-ll) undergoes a first-oider  diffractometry. We assign an orthorhombic structure with
structural transition [3] to the collapsed fcc phase Cs-lll 16 atoms per unit cellolC16 in Pearson notation). In
(volume change-9%). At 4.4 GPa there follows a tran- this structure Cs atoms occupy two crystallographically
sition to the tetragonal Cs-IV phase, where, contrary tanequivalent positions characterized by 10-fold and 11-
the pressure-coordination rule, the number of atoms in théold coordination. This is the first observation of the
first coordination shell iseducedrom twelve to eight [6].  0C16 structure for an elemental metal.

The structure of Cs-IV is related to the Th®ype struc- The crystal structure of Cs-V was previously investi-
ture [7]. In the vicinity of the Cs-IV to Cs-V transition gated by laboratory x-ray diffraction [15]. Three structure
near 12 GPa, cesium becomes superconducting [8]; i.e., dandidates were proposed. A unique structure assign-
is the only known superconducting alkali metal. At this ment was not possible mainly due to insufficient resolu-
pressure, cesium is compressed to 26% of its normal vokion. In a more recent energy-dispersive synchrotron x-ray
ume. The phase Cs-V persists up to 72 GPa, where awiffraction study of Cs-V [16], all three of the proposed
other structural transition to the nearly close-packed phas&ructures were ruled out, but no alternative structure
Cs-VI takes place [9]. model was presented. In the present experiment we have

The anomalously large compressibility of cesium belowtaken advantage of the high angular resolution and reli-
10 GPa [10], its structural behavior [3,6,9], and experi-able intensity measurements attainable in monochromatic
mental observations concerning the melting curve [2,5](angle-dispersive) high-pressure powder diffraction at the
electrical transport [3,4,8], and optical properties [11]European Synchrotron Radiation Facility (ESRF). These
have been interpreted in terms of an electronic transitiorfeatures turned out to be essential for the unambiguous
where thebs valence electrons undergo a transfer to morestructure solution reported here.
localized 5d-like states at high pressure. Detailed elec- The diffraction experiments were performed at the un-
tronic structure calculations have been performed whicldulator beam line ID9 of the ESRF using a diamond anvil
support this picture (see, e.g., Refs. [12—14]). In particuhigh-pressure cell (DAC) with beryllium backing plates
lar, near the Cs-IV to Cs-V transition the calculattdc- and an image plate detection system at about 45 cm dis-
cupation number has reached a value of 0.8 [13]. Thudance from the sample. Wavelength selection, focusing,
Cs-V has the unusual property of being a monovalenand removing of higher-order harmonics were achieved
metal with essentially one outérvalence electron. Crys- by a combination of a bent Si mirror and a Si(111) fo-
tal structure information is essential for understanding theusing Laue monochromator. The x-ray beam (wave-
electronic properties and the chemical bonding of Cs-Mength 0.45798 or 0.44618 A) was collimated to a nominal
as well as possible consequences for the high-pressure hiameter of30 um. In order to improve powder aver-
havior of neighboringi-electron elements. aging, the DAC was oscillated by-3°. The scanned
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two-dimensional diffraction patterns were corrected forrings led to reliable intensities. Also, reproducible peak
tilt and scanner distortions and converted to intensity vintensities were observed in different runs. A representa-
20 data using theriT2D software [17]. Determination tive diffraction diagram of Cs-V is shown in Fig. 1. The
of peak positions, indexing, structure solution, and refineinsets in this figure demonstrate specific aspects of the data,
ments were performed using tkkebd program [18]. e.g., the excellent angular resolution and the detection of
Since Cs metal easily reacts with oxygen and moistureyery weak low-angle reflections.
special care was taken in the sample preparation. Cesium On the basis of an orthorhombic unit cell, 93 lines ob-
was obtained by reaction of dried CsCt99.5%) with  served up to a maximum scattering angle of 806uld be
vacuum-heated Cat98.5%) and then purified by twofold indexed. Systematic extinctions indicat€tica (No. 64)
distillation [19]. Inside a glove box with oxygen-free dry or C2¢b (No. 41, nonstandard setting 4ba?2) as possible
argon atmosphere, a drop of liquid cesium (melting pointspace groups (SG). The crystal structure was solved in the
29°C) was filled into the gasket holé§0 wm diameter) centric SGCmca using direct methods. For this solution,
of the DAC. A ruby chip served as an optical pressureatoms occupy the Wyckoff positior8y and8d. Atoms
sensor [20]. No pressure medium was used in order to these positions are denoted as Cs-1 and Cs-2, respec-
avoid any contamination of the sample. After loading intotively. The resulting positional parameters served as start-
the DAC, the color of the cesium remained silver metallic.ing values in the full profile refinements. In the final fit of
Color changes at pressure-induced phase transitions coulde diffraction profile preferred orientation was taken into
be detected by microscope observation. Some diffractioaccount. The line in Fig. 1 markekl corresponds to the
data were taken after thermal annealing at 450 K for 8 hdifference between experimental profile and refinement.
In this way the width of low-angle diffraction peaks was Obviously, the structural model gives an excellent descrip-
reduced to less than 0.04 tion of the experimental pattern. Results of refinements
Powder patterns of cesium measured at pressures bat selected pressures are listed in Table I. All refinements
tween 7.4 and 11 GPa proved that the samples were singége of similar quality, as indicated by the residug}422].
phase Cs-IV. No extra lines due to the formation of oxidesThe volume difference between Cs-1V and Cs-V amounts
were detected. Also, no evidence was seen which woultb AV/V = —9.3% at 12 GPa.
allow for Pauling’s interpretation [21] of earlier diffraction ~ The crystal structure of Cs-V is depicted in Fig. 2. A
results [6] for Cs-IV. At pressures at about 11.0(5) GPagcharacteristic feature are layers of corner-sharing octahe-
the appearance of new diffraction peaks indicated the ordral atom groups with interatomic distances which differ
set of the structural transformation to Cs-V which wasby less than 3%. Each Cs-1 atom in the equatorial plane
completed near 12.0(5) GPa for increasing pressure. Tha&f the octahedra has a fifth contact to a Cs-1 atom in a
transition was fully reversible with a hysteresis width of neighboring group. This is actually the shortest atom con-
2 GPa. The diffraction diagrams of Cs-V were slightly tact. The resulting five-coordinated nets formed by the
spotty. However, the integration of full Debye-ScherrerCs-1 atoms (see also Fig. 3) are common for intermetallic
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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 the data.
The curve marked represents the difference between data and the refined profile fainibe structure.
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TABLE I. Results of structure refinements for Cs-V (SG
Cmca, Z = 16) at selected pressures. Positional parameters
x, y, andz refer to the corresponding axes in the:ca space
group. The coordinates for Csfdf) and Cs-28d) are(0, y, z)
and(x,0,0), respectively. Other coordinates follow from space
group symmetry. The distancae$ are given for atoms in
the first coordination sphere. Relative experimental errors
for lattice parameters arg X 10~*, absolute uncertainties for
positional parameters are ab@uix 1073,

P (GPa) 12.8 19.6 25.8
a(R) 11.205 10.879 10.641
b A) 6.626 6.443 6.278
c (R 6.595 6.389 6.249
ajc 1.699 1.696 1.699
b/c 1.005(1) 1.008(2) 1.005(1)
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 0.2173
R; (%) 9 5 16
Vatom (A%) 30.60 27.98 26.09
daore (A) 3.237 3.180 3.176
diong (A) 3.612 3.474 3.402
doher (A) 3.404 3.322 3.213
to 3.464 to 3.371 to 3.314

aMeasured for decreasing pressure.

compounds [23], e.g., CuAl Layers of octahedra are FIG. 2. Perspective view of th€mca crystal structure of
stacked on top of each other in an alternating fashion. Thés-V. Atoms occupy two different Wyckoff positions. The
additional bonds thus formed between Cs-1 and Cs-2 atomiick solid and open lines between atoms indicate the shortest

. . P and longest bond lengths, respectively, in the first coordination
(thick open lines in Fig. 2) are about 5% longer Comparedsphere. The octahedra mark nearly close-packed units. Note

to the average distance within the polyhedra. The Cs-knat there are no central atoms inside the octahedra.
and Cs-2 atoms have 11-fold and 10-fold coordination,

respectively. . .

Taking the experimental errors into account, there is noP Ianef. Thisgnse? %f r?tatllon_altern?]te in _subs"elquenkt] I_ay-
pressure dependence of axial ratios (see Table I). Thissu r's of octahedra of the fcc lattice, T e unit cell length Is
gests that the structure represents a relatively rigid atomi hus doubled alonmql]f“' The rotation reduces the area
arrangement. The only clear pressure effect is a reductiot overed by a projection onto tmml)f“/(loo)f’“?“’ plane,

Of the ratiodiong /dsnor Of the longest to the shortest atom it one assumes a constant bond Iength within octahe(_jral
distance with increasing pressure. groups. If the five Cs-1-Cs-1 bonds in the corresponding

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

The Cs-V structure can be described as a distorted fcc o1
body-centered tetragonal (bct) structure. This is illustrated ¢
in Fig. 3, which shows views of the Cs-V structure along
thea axis and of the fcc (bct) structure along the [001] di- b
rection. Starting from a fcc lattice, one arrives atthe Cs-VF|G. 3. Left: View of the Cs-V structure along the axis
structure by rotating six-atom clusters around the centers oémphasizing the five- and four-coordinated two-dimensional
cvery second ocahedral o WO plane (10 1 1 Shoras comacar RE Vew o100 b i
;ﬁlggsa):rzsepr?ql:aa)l(liilqLtj?r?ogc])f;cs)i.blel\l?c?tlsggz%sb?jg?e?ﬁ?:g&gbyz-ilong the [001] direction. Theng(_: unit cell is marked by thick

> - lines. Arrows indicate the rotations of octahedra which, in
the distance of atoms in the newly formed contact. Thecombination with atomic displacements, lead from the fcc to
result is a/2 X /2 superstructure relative to t@01);..  the Cs-V structure (see text).
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