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High-pressure structural investigation of cesium above 10 GPa
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High-pressure x-ray powder diffraction studies of the phase Cs V have been performed between
9.6 and 26.5 GPa at room temperature. The observed diffraction patterns are interpreted equally
well by three slightly different structures: P4&/mba, Z=8; Pnma, Z=4; Pbcm, Z=4. The pro-
posed structures have in common a sixfold coordination, which suggests a considerable degree of
directional bonding in Cs V.

I. INTRODUCTION

The outer s electrons in the heavy alkali metals undergo
a transfer into d-like states at high pressures, because ini-
tially unoccupied d states are lowered through the Fermi
level. The high-pressure behavior of cesium has been
studied extensively, because the electron transfer proceeds
with a series of phase changes at relatively low pres-
sures. ' Some of the phenomena related to the electronic
transition are (in order of increasing pressure): the drastic
change of the optical properties in the bcc (CsI, 0—2.3
GPa) and fcc (Cs II, 2.3—4.1 GPa) phases, the
anomalously large compressibility of Cs II, a pronounced
melting point maximum near 2.4 GPa, the 13% isostruc-
tural volume collapse (Cs II~Cs III) near 4.1 GPa, the
10% decrease in atomic radius at the 4.2-GPa transition
to the eightfold-coordinated tetragonal phase Cs IV, and,
finally, the large increase in electrical resistance and the
occurrence of superconductivity in the vicinity of the
Cs IV~Cs V transition near 10 GPa. At this pressure, Cs
is compressed to 27% of its normal volume.

Energy-band calculations have provided insight into
some details of the gradual occupation of d states at re-
duced volume. " More recently, theoretical investiga-
tions' ' have focused on the relation between electronic
structure and phase stability under pressure. In accor-
dance with a previous suggestion based on optical reflec-
tivity measurements, Skriver' finds that the bcc-fcc
transition is primarily driven by the degree of s-d
transfer, which is in contrast to earlier interpretations in
terms of a core-repulsion effect only (see, e.g., Ref. 16).
The isostructural volume collapse near 4.1 GPa has been
explained by an interplay between the Fermi-surface topo-
logical transition (lowering of the X3 pocket with mainly
d character through the Fermi level) and an anomalous
decrease of the macroscopic Griineisen parameter. ' '
This prediction is supported by experimental measure-
ments of the Gruneisen parameter. ' The calculated sta-
bility region of CsIV (Ref. 14) relative to more densely
packed structures is in excellent agreement with experi-
ment. The occurence of new close-packed structures is
predicted at relative volumes V/Vz (0.25. '

Band-structure calculations for an assumed fcc struc-
ture " and for the "CsIV" structure'" show that the
6s-5d transition continues at volumes corresponding to

II. EXPERIMENTAL PROCEDURE

Cs metal of 99.95% nominal purity was injected under
silicone oil or under dry argon atmosphere into the gasket
hole of a diamond-anvil high-pressure cell. Powder x-ray
diffraction patterns were taken in the angle-dispersive
mode using Mo Ko. radiation and either a position-
sensitive detector or a conventional scintillation counter.
Pressures were determined from the red shift of the ruby
R& fluorescence line using a conversion factor of 3.65
A/GPa. There was no noticeable difference in the qual-

TABLE I. Observed d values (in A) and relative peak intensi-
ties of Cs V at 18 CxPa. Values marked by asterisks are less ac-
curate due to overlap with a neighboring reflection.
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the stability of Cs IV. However, the calculated "d occu-
pation number" has already reached a value near 0.8 at a
relative volume V/ Vo ——0.27 (10 GPa). At pressures
above 10 GPa, where the phas'e Cs V becomes stable, one
apparently approaches the unique state of a monovalent
elemental metal with one outer electron of mainly d char-
acter. For this reason and in view of the recent theoretical
attempts to explain the crystal structure systematics of a
large group of elemental metals in terms of the number of
d electrons in the conduction band, ' ' ' a structure
determination of the phase Cs V is of particular interest.

We have performed x-ray investigations of CsV be-
tween 9.6 and 26.5 GPa. Based on powder diffraction
data, three slightly different structures are proposed. A
characteristic feature of all three structures is a distorted
sixfold coordination, which suggests a considerable degree
of directional bonding. A preliminary account of the
present work was given elsewhere. '
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FIG. 1. X-ray diffraction patters of Cs V at 18 GPa taken for
positive and negative scattering angle.
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ity of the diffraction patterns for runs with and' without
silicone oil pressure medium.

III. EXPERIMENTAL RESULTS
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FIG. 2. Calculated intensity profiles for CsV at 18 GPa
based on the, corresponding structures 3, B, and C shown in
Fig. 3. ,

A typical diffraction pattern of CsV at 18 GPa is
shown in Fig. 1. One notices differences in peak intensi-
ties of equivalent reflections for positive and negative
scattering angles, which arise from an inhomogeneous in-
tensity distribution within Debye-Scherrer rings due to re-
crystallization at the IV-V phase boundary. The experi-
mental errors of peak intensities are estimated to be
roughly +15%. The observed d values and intensities are
summarized in Table I.

Indexing of the patterns was performed with the pro-
gram IDx, which was successfully used in the structure
analysis of Cs IV. This indexing procedure and the
searching method for space groups is briefly described
elsewhere. In addition, the indexing program DlcvOI.
developed by Louer and Vargas has been used for cross-
checklBg purposes.

Among cubic, tetragonal, hexagonal, orthorhombic, and

monoclinic systems (the search in the monoclinic system
was limited to Z & 4), two unit cells give reflections which
explain the observed d spacings within the experimental
error of +0.3% and which show some systematic extinc-
tions. One unit cell is tetragonal, the other is orthorhom-
bic. From the extinction rules, we find one possible space
group for the tetragonal cell and two space groups for the
orthorhombic cell.

Calculated diffraction patterns for each structure
(denoted A, 8, and C) are shown in Fig. 2. The corre-
sponding structures are shown in Fig. 3. The atomic posi-
tional parameters are determined to give a best. fit to the
averaged intensity profile. Since the experimental error in
observed peak intensities is rather large, it is not possible
to discriminate between the three structures. In fact, the
reliability factor defined by 8 =g
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FIG. 3. Proposed structures for Cs V. The figure shows the projection of atomic positions onto (a) the tetragonal aa plane, (b) the '

orthorhombic ac plane, and (c) the orthorhombic ab plane for structures A, B, and C, respectively. Thin solid lines represent the unit
cell. Atoms drawn by dashed circles locate half a lattice constant below those drawn by closed circles.
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where I,q, and I„I denote observed and calculated inten-
sities, is as large as 30% for each structure.

Structure A is tetragonal with eight atoms in the unit
cell. The lattice parameters at 18 GPa are a
=6.506+0.004 A and c =5.627+0.005 A. The space
group is Dq~ (P4qlmbc) and atoms locate at 8h sites.
From the systematic extinction of hkl reflections with
h, k =2n + 1, the atomic positional parameter y was
determined to be 4. A least-squares fit to the observed
average intensity profile yields x =0.073+0.009.

Structure 8 has a unit cell which is half of that of
structure A. Thus the lattice parameters are a
=6.506+0.004 A, b =5.627+0.005 A, and c =3.253
+0.002 A. The space group is Dzj, (Pnma). Four atoms
occupy 4c sites. The atomic positional parameters are
x = —0.070+0.024 and z =0.125+0.018. The atomic ar-
rangement in the ac plane is almost the same as that in
the aa plane of the corresponding tetragonal structure A.

Structure C is another possible arrangement of atoms in
the same orthorhombic unit cell as for structure 8. The
space group is Dzj, (Pbcm) and four atoms locate at 4d
sites. The atomic positional parameters are
x = —0.125+0.018 and y =0.150+0.014. The arrange-
ment of atoms in the ab plane is again nearly the same as
that found in structures A and B.
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FIG. 4. Pressure as a function of relative volume (solid curve)
and pressure-atomic radius relation (dashecl curves). Data for
phases I, II, III, and IV (open circles and open triangles) are
from Refs. 3 and 4. Solid circles are from present work. The
pressure-volte relation is common to the three proposed struc-
tures A, 8, and C. Curves are a guide for the eye. The ionic ra-
dius of Cs at normal conditions is indicated by a cross on the
abscissa for atomic radii.

IV. DISCUSSION

An obvious difference between the three proposed
structures 2, 8, and C is the way of stacking of a "dis-
torted square lattice" along the tetragonal c axis. In
structure A, subsequent lattice planes (which may also be
viewed as distorted hexagonal layers) are rotated 90'
around the e axis, whereas in B and C it is basically a
180 and 0' rotation, respectively. Also, an appropriate
translation of the second layer in structure B within the
layer plane results in structure C. The coordination of Cs
atoms is nearly the same for all three structures. Each Cs
atom has only six neighboring atoms, four in the plane
and two in adjacent planes, the latter two at nearest-
neighbor distances of 3.25, 3.08, and 3.10 A for structures
A, B, and C, -respectively, at 18 GPa. Uncertainties in
atomic positional parameters cause errors of approximate-
ly +0.05 A in nearest-neighbor distances.

We have performed model calculations for more com-
plicated stacking sequences of the "distorted square
layers, " e.g., doubling of the axis perpendicular to the
layers. None of the layer stackings tested gives better
agreement with the experimental data as compared with
the original A, 8, and C structures.

Since there remains an ambiguity with regard to the ex-
act layer stacking in Cs V, the remainder of the discussion
will only focus on those features, which are common to all
three proposed structures. These are the sixfold coordina-
tion, the similar "in plane" structure and the low symme-
try. Some similarities to structures of other elemental
metals will be pointed out.

The pressure-volume curve and pressure —atomic-radius
relation are shown in Fig. 4. Atomic radii are defined as
half of the nearest interatomic distance and corrected to
eightfold coordination. The changes both in volume and

in atomic radius are small at the IV-V transition, which
would account for the coexistence of both phases in a
pressure range from 9.6 to 10.8 GPa. The transition pres-
sure is thus given as P, =10.2+0.6 GPa. %'e note that
above 7 GPa the molar volume of Cs becomes less than
the volume of the neighboring rare-gas element Xe.
Furthermore, the atomic radius of Cs V is close to the ion-
ic radius of Cs at normal pressure (1.67 A). If we neglect
the compression of the ion core, the ionic and atomic radii
are nearly identical at 10 GPa. We may thus infer from
experiment that a large amount of 6s electrons is
transferred to the spatially more localized Sd states,
which have a radial extent not much larger than 5p core
states.

The sequence of coordination numbers in Cs under
pressure is 8 (bcc)—12 (fcc)—8 (Cs IV)—6 (Cs V). The
reduction in coordination number can be interpreted in
terms of increasing covalency. As was shown by Louie
and Cohen' in their electron density plots for fcc Cs at
reduced volume, the s-d transfer results in a redistribution
of charge in a way typical for a partly covalent character
of the bonds.

The increase in covalent bonding suggests an explana-
tion of the Cs V structure based on directional bonds con-
structed from atomic hybridized orbitals. As discussed
before, energy-band calculations for fcc Cs (Refs. 9—11)
and for the phase CsIV (Ref. 14) indicate that the s-d
transfer is almost completed at 10 GPa. This is in agree-
ment with our above reasoning based on the comparison
of ionic and atomic radii. If we assume a pure d charac-
ter of the outer electron of Cs, we could probably expect
perpendicularly oriented, sixfold-coordinated bonding re-
sulting in an octahedral arrangement of atoms or at least
a centrosymmetric nearest-neighbor configuration. The
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observed structures can be viewed as a heavy distortion of
an octahedral coordination. It is difficult to see how s-d
hybridization can account for the low symmetry, because
both s and d orbitals are of the gerade type. Within the
local bonding picture we are therefore left with the con-
clusion, that either p-d or f dhyb-ridization has to be con-
sidered in explaining the bond directions.

Energy-band theory' does not support a significant de-
gree of f-d hybridization. Wittig proposes a small
amount of 4f admixture in Cs in order to explain that su-
perconducting behavior is found in Cs near 10 GPa, but
not in Rb up to 20 GPa. This argument could, however,
be made more convincing, if the behavior of Cs near 10
GPa would rather be compared with that of Rb around 40
GPa, where also Rb is expected to approach the com-
pletion of the s-d transition. '

In this context we mention some similarities and differ-
ences between the Cs V structure and the a-uranium struc-
ture. The a-U type structure is assigned to high-
pressure phases of early lanthanides [a'-Ce, PrIV (Ref.
27)] and some actinides [Am IV, BkIII, and Cf IV
(Ref. 29)]. The occurrence of this structure seems to be
related to the participation of itinerant f electrons (4f or
Sf) in bonding. The f-electron bonding is believed to ac-
count for the exotic fourfold coordination and the short
bond length (2.7—2.9 A). The CsV structure, especially
(C), shows some similarity to the a-U structure: the axial
ratios b/a and c/a are almost the same as the corre-
sponding ratios of a-U, and, if the atomic positional pa-
rameter x of Cs V (C) becomes —,, the a-U structure is
realized. However, there are also two distinct differences
between these two structures: the shortest interatomic
distance of 3.10 A in Cs V (C) is larger than the typical 4f
bond length [2.90 A in a'-Ce at 5.8 GPa (Ref. 26) and
2.69 A in Pr IV at 23.3 GPa (Ref. 27)], and the coordina-
tion number of CsV is definitely larger compared with
a-U.

These differences in structural properties between a-U
and Cs V suggest that an admixture of f character to the

,occupied conduction band states is not important for the
bonding properties of Cs V. Therefore, p-d hybridization
must be considered to be the predominant effect in deter-
mining the bonding directions. The effect of p-d hybridi-
zation in Cs has been investigated in the recent theoretical
work by McMahan' with the result that it has a strong

effect on structural energy differences at relative volumes
V/Vo &0.25, which roughly corresponds to the onset of
the stability region of Cs V.

The sixfold coordination of Cs V is reminiscent of the
P-Sn structure, which has been interpreted in terms of
mixing between p and d orbitals. Actually, the structure
of Cs V, especially (B), can be viewed as a distortion from
the P-Sn structure. If the atomic positional parameter x
becomes zero and the b axis becomes equal to the a axis,
the P-Sn structure is obtained. The structure of Cs V has,
therefore, lower symmetry than P-Sn just as in the case of
the above comparison with the a-U structure.

Finally, there appears to be no obvious physical argu-
ment which favors one of the three structures proposed
for Cs V. The significant core repulsion in these open lat-
tices, as evidenced by the comparison of atomic and ionic
radii and supported by McMahan's calculations, ' could
possibly rule out structures B and C having smaller
nearest-neighbor distances compared with structure A.
On the other hand, without detailed calculations, it is not
clear to which extent the larger core repulsion could be
balanced by a larger d-band width and therefore a larger
bonding contribution of the valence electrons.

In conclusion, the x-ray investigation of CsV has re-
sulted in proposing three possible crystal structures for
this phase. The structures only differ in the packing ar-
rangement of almost identical distorted square lattices.
The structures have in common an approximately sixfold
coordination, which suggests a considerable degree of
directional bonding. Total-energy calculations using a
method suitable for dealing with open lattices might be
helpful in deciding which of the proposed three structures
is the most likely one. An experimental approach will be
the attempt to grow a single crystal of CsV within a
diamond-anvil cell and to perform single-crystal x-ray dif-
fraction studies.
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