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Rubidium-IV: A High Pressure Phase with Complex Crystal Structure
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The crystal structure of the high-pressure phase rubidium-IV was investigated using synchrotron x-ray
diffraction. Full profile refinements of angle-dispersive powder diffraction data resulted in a solution
with the space group4/mcem. The structure is made up of columns of face-sharing square antiprisms
formed by one subset of Rb atoms (16 per unit cell). Quasi-one-dimensional channels in between
these columns are occupied by a second subset of Rb atoms. These results demonstrate that a quite
complex crystal structure is adopted by a heavy alkali metal during the progression of the pressure-
driven electronics — 4 transition. The structure of Rb-IV exhibits a close resemblance to the metal
sublattice of the WSi;-type structure.

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

With increasing pressure the heavy alkali metals losenental metal. The structure bears a close resemblance
their nearly free-electron character and at sufficiently higho the metal sublattice of the y8i;-type structure. The
density they essentially become monovaléntransition  observation of this very unusual structure type for Rb-IV
metals. The pressure-driven— d transition is believed has implications for developing a detailed picture of the
to be the driving force for destabilizing the common electronic structure changes in heavy alkali metals during
highly symmetric low-pressure structures (bcc and fccthe progression of the — d transition.
with respect to lower symmetry structures [1]. The most The diffraction experiments were carried out at the un-
detailed investigations of phase transitions in alkali met-dulator beam line ID9 of the European Synchrotron Ra-
als have been performed for Cs, both experimentally (sediation Facility. The experimental setup was similar to
Ref. [2] and literature cited therein) and theoretically (seethat described earlier [2]. In short, the sample was com-
e.g., Refs. [1,3-5]). The sequence of high-pressure phaggessed using a diamond anvil cell (DAC). The x-ray dif-
transitions of Rb shows an overall similarity to that of Cs.fraction patterns (wavelengths near 0.45 A) were recorded
Rb transforms from the ambient pressure bcc phase to faen a flat image plate. In order to improve powder
(Rb-1l) at 7 GPa [6]. Subsequent transitions to phaseaveraging, the DAC was oscillated by3°. The images
[1I-VI were detected by optical reflectivity measurements,were converted to intensity \&9 data using the FIT2D
electrical transport studies, and x-ray diffraction experi-software [15]. Indexing, structure solution, and refine-
ments [6—10]. The crystal structures of the phases Rb-Whents were performed using tksD [16] and GSAS[17]
(20—48 GPa) and Rb-MIP > 48 GPg were determined program packages. High purity Rb was obtained by a
[9,11] to be of the tetragonal Cs-IV-type [12] and the or-reaction of dried RbCI(+99.5%) with vacuum-heated
thorhombic Cs-V-type [2], respectively. The appearanceCa (+98.5%) and then purified by twofold destillation
of Rb-VI roughly coincides with the end of the— 4  [18]. Liquid rubidium (melting point39 °C) was filled
transition [4]. The structures of the intermediate low-into the gasket of the DAC under an oxygen-free dry
symmetry phases Rb-Ill (13-17 GPa) and Rb-IV (17-argon atmosphere. A ruby chip served as the optical
20 GPa) are unknown [10]. They occur in a compressiompressure sensor [19]. No pressure medium was used in
range, where Cs has been reported to undergo an isostruarder to avoid sample contamination. Diffraction dia-
tural transition to the collapsed fcc phase Cs-11l with onlygrams were collected for different sample loadings in or-
0.2 GPa stability range [13] and where K transforms fromder to check the reproducibility of the results.
fcc to an unidentified low-symmetry structure [10] which  Figure 1(a) shows selected portions of diffraction dia-
is characterized by strong optical absorption [14]. grams measured for Rb-IV (16.9, 18.1, and 19.9 GPa)

We report here a structure determination for the phasand at the Rb-IV to Rb-V transition (20.2 GPa). The full
Rb-IV based on angle-dispersive synchrotron powder x-ragiffraction diagram of Rb-IV at 16.9 GPa is displayed in
diffractometry. We have found a surprisingly complex Fig. 1(b). All reflections of this pattern can be indexed
structure, which has not been observed before for any elen the basis of a cubic cell with, = 10.35 A. However,

0031-900799/83(20)/4085(4)$15.00 © 1999 The American Physical Society 4085



VOLUME 83, NUMBER 20

PHYSICAL REVIEW LETTERS

15 NoVvEMBER 1999

T T T ]
[ (a) 5 A=04500A
_t | & 20.2GPa :
_.(2 B I=)
cL i
S| A i
_e' - 4
A 19.9 GPa ]
2r A .
2
L 18.1 GPa j\
£ Y N N
16.9GPa g| | © E’UT S
A A A ]
| | I |
8 10 12
LI L T LI B ! LI L DL B LI B}
- (b) Rb-1V |
P =16.9 GPa
w 2
'c T o
= I 8 N
o)
E_
2
gl |
g| [xw00 UQMMMJKW_
TN TN SN T TS TN T [N N S Y S [N R T N TN [N TN S T N NN R S |
5 10 15 20 25
Diffraction angle 20 (deg)
FIG. 1. (d) X-ray diffraction patterns of Rb at different

pressures (selected angular range only). Miller indices in the
lower and upper trace refer to the tetragonal unit cells of Rb-1V
and Rb-V, respectively. (b) Full diffraction pattern of the phase
Rb-IV at 16.9 GPa. The vertically expanded low-angle range
demonstrates the presence of very weak reflections. The lower
curve represents the difference between measured data and
refined profile assuming half occupancy of 8g sites (see text).
All diagrams are for a common x—ray wavelength (0.4500 A),
and the background was removed.

peak splittings at higher pressures [see Fig. 1(a)] indicate
that the symmetry of the Rb-IV structure is lower than
cubic. On the basis of a tetragonal unit cell with a, =
a; = 2 X ¢;, 52 observed lines between 3° < 20 < 25°
can be indexed unambiguously. Corresponding lattice pa-
rameters and cell volumes of Rb-1V at selected pressures
aregivenin Tablel.

Some Rb-1V diagrams show a single extra peak near
20 = 8.7° [marked by trianglesin Fig. 1(a)], which does
not fit to the basic tetragona cell or simple supercells.
Its position seems to shift continuously across the 1V-V
phase boundary near 20 GPa, where it becomes the (101)
reflection of Rb-V. Thus, we tentatively attribute the extra
peak in the Rb-IV diagrams to an admixture of Rb-V.
Observing only the strongest Rb-V reflection (with low
[ index) would indicate a strong preferred orientation of
Rb-V when embedded in Rb-1V.

We have aso measured pressure-volume (PV) data for
Rb-11 and Rb-V, as shown in Fig. 2. An extrapolation of
the fcc data into the Rb-1V range gives an upper bound
for the atomic volume of Rb-1V which corresponds to
18.5 atoms per unit cell. Assuming 20 atoms per cell, the
data points for the atomic volume of Rb-I1V fall amost
exactly on the extrapolated curve through the Rb-V data
(see Fig. 2). The volume dependence of the c¢/a ratio of
RDb-1V shown in the inset of Fig. 2 demonstrates that the
¢ axisis dlightly less compressible than the a axis.

The systematic extinctions for Rb-IV are compatible
with the space groups (SG) 14/mcm, I4cm, and I4c2.
Thus, solutions of the crystal structure were performed in
the centrosymmetric SG 14/mcm. Application of direct
methods reveals that one type of Rb atoms occupies the
Wyckoff positions 16k (x,y,0; x = 0.79, y = 0.08). The
resulting arrangement of Rb(1) atoms (see Fig. 3) consists
of columns of face-sharing sguare antiprisms which are
interconnected by Rb(1)-Rb(1) contacts.

The Rb(1) framework hosts chains of a second type
of Rb atoms as evidenced by electron density maxima
in the difference Fourier map (see Fig. 4). Maxima
occur at the 8¢ (0.5,0,z) positions, with appreciable
density also at the 4b (0.5,0,0.25) positions. Thus, the
Fourier map in combination with the maximum possible
number of 20 atoms per unit cell suggests two limiting
RDb(2) arrangements, either full occupancy of 45 sites or
a statistical occupation of 8¢ sites with an occupation
factor of 0.5. These two structura models and a model
with half occupancy of 8k sites were used as starting
configurations for full profile refinements using GSAs [20].
Preferred orientation effects were taken into account using
a spherical harmonics model [21].

The results of refinements for the pattern at 16.9 GPa
are summarized in Table I1. With Rb(2) in 4b or 8¢ sites,

TABLE I. Unit cell parameters for Rb-1V at selected pressures (T = 298 K). Errors are estimated standard deviations. The last
column gives parameters for the phase Rb-V.

Rb-1V Rb-1V Rb-1V Rb-V
P (GPa) 16.9 18.1 19.9 20.2
a (A) 10.3574(27) 10.2476(5) 10.0875(11) 3.0277(30)
c (R) 5.1836(14) 5.16188(28) 5.1027(7) 11.328(17)
c/a 0.50047 0.503716 0.50584 3.7416
Veenn (A%) 556.07(3) 542.07(5) 519.24(11) 103.842
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FIG. 2. Atomic volume of Rb as a function of pressure
between 7 and 30 GPa. Phase transition pressures are marked
by horizontal lines. Data points for Rb-Il marked by open
diamonds are from Ref. [6]. The data for Rb-1V are based on
20 atoms per unit cell (see text). The inset shows the ¢/a ratio
of Rb-1V. All lines are guides to the eye.

we obtain very low values of R(F?) (residua for inten-
sities), whereas the R(F?) value for the 84 case is sig-
nificantly larger. Thisis also consistently found for other
diffraction diagrams of Rb-1V, the reason being that inten-
sities of several reflections cannot be well accounted for in
the 82 model. For the 45 case the displacement parame-
ter U israther large. This indicates that the 45 site rep-
resents an average position for atoms centered around this
site, in accordance with the Fourier map. Thus, among
the three basic models tested, half occupancy of the 8g
sites is considered to give the optimum description of the
average Rb(2) atom arrangement.

The dark lines in Fig. 3 represent the shortest contacts
(3.04 A at 16.9 GPa) between Rb(1) atoms. This value
is about 2 times the smallest tabulated ionic radius of
Rb* (1.52 A). The average distance between the Rb(2)
atoms in the 8g sites is significantly smaller (2.59 A).
The channels occupied by Rb(2) are rather spacious and
the structure may relax somewhat by forming zigzag or
helical chains. There is, however, no indication in the
Fourier map that such distortions are significant. Thus,
due to the s — d transition we may have a very peculiar
bonding situation which leads to extremely short metal-
metal distances in the Rb-IV phase. Of course, a Rb-Rb
separation 15% shorter than twice the smallest ionic
radius would be difficult to accept without additiona
evidence or theoretical support.

We consider an adternative interpretation where the
number of Rb(2) atoms in chain sites is less than four
per unit cell. A refinement of the 16.9 GPa diagram,

FIG. 3. The tetragona structure of Rb-IV viewed approxi-
mately aong the [001] direction. Note that, on average, the
8¢ chain sites of the Rb(2) atoms are at most half occupied
(see text).

with occupation of both the 4b and 8¢ sites and with
occupation factors treated as free parameters, converges
to occupation numbers of 0.17 for 4b and 0.35 for 8g,
corresponding to 19.48 atoms per cell or an average chain
atom separation of 297 A. In view of the preferred
orientation effects, this result may be considered an
“over-refinement.” However, it can possibly serve as a
guide for theoretical structure optimizations in suitable
supercells. In this context we note that we have not
observed any supercell reflections. We do not rule out
the possibility that the extra diffraction peak seen in some
Rb-1V diagrams (see above) reflects a c-axis ordering of
the chain atoms rather than an admixture of Rb-V.

There is a quite surprising resemblance of the proposed
Rb-1V structure to the metal atom sublattice in the
WsSis-type structure [22—24]. For instance, in WsSi3
the 16k atom coordinates are very similar to those of
Rb-1V [22]. The chains, however, are formed by metal
atoms in 4b sites [22]. The spacings between metal
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FIG. 4. Difference Fourier map of Rb-1V for a (010) plane.
The x and z coordinates refer to the a and ¢ axes of the
tetragonal unit cell.
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TABLE Il. Results of structure refinements for Rb-1V at
16.9 GPa in space group I4/mcm. The Rb(1) atoms occupy
the Wyckoff 16k sites. The Rb(2) atoms are assumed to occupy
either 8¢, 4b, or 8k positions, with half occupancy in the latter
two cases. The displacement parameters U are in units of

100 A2. Errors refer to the estimated standard deviations of
GSAS [17].

Parameter 8¢ 4b 8h

x (Rb-1) 0.7919(4) 0.7927(4) 0.7932(4)
y (Rb-1) 0.0843(6) 0.0877(5) 0.0763(4)
z (Rb-1) 0.5 0.5 0.5

U (Rb-1) 251 3.31 343

x (Rb-2) 05 05 0.5238(8)
y (Rb-2) 0.0 0.0 0.0238(8)
z (Rb-2) 0.1400(29) 0.25 0.0

U (Rb-2) 6.52 31.35 5.00

R (F?) 0.059 0.070 0.151

ions in the 4b sites of many WsSi;-type compounds are
about 10% shorter than the shortest distance between
the 16k atoms or between atoms in the elemental met-
as. Thus, structure solutions with very short metal-metal
distances are not specific to the Rb-1V case, but are also
encountered in structural studies of related silicides at am-
bient conditions. There, the short distances have been at-
tributed to d-orbital overlap [23] or a partial occupation of
the metal atom chains[24]. We are not aware of any clear
experimental evidence for supercell formation in binary
silicides. Possible superstructures and incommensurabil-
ity effects seem to have been considered only for ternary
W;5Sis-analogous alloys [25].

A close similarity was pointed out between the tetrago-
nal Cs-IV-type structure and the arrangement of Th atoms
in «-ThSi, [26]. Furthermore, the topology of calculated
valence electron density maximain Cs-1V [5] follows the
arrangement of Si atomsin ThSi;. Thus, one may specu-
late that the arrangement of electronegative Si atoms in
W;5Si; may reflect the locations of electron density max-
imain Rb-1V. In WsSi3, the Si atoms are located in the
centers of the square antiprisms and in 8% sites.

In conclusion, we have determined the crystal structure
of the phase Rb-1V based on high-resolution monochro-
matic synchrotron x-ray diffraction. The results demon-
strate that the pressure-driven breakdown of the nearly
free-electron character of a simple metal induces a phase
transition to arather complex structure. Anintriguing fea-
ture is the close similarity of the tetragonal Rb-I1V struc-
ture to the metal sublattice of W5Sis-type compounds.
The present paper partly closes the gap in our knowledge
about the phase transition sequence in heavy akali metals
during the progression of the s — d transition. We like
to mention that new x-ray diffraction data taken for K-Il1
indicate a structural motif closely related to that of Rb-1V
[27]. Work on the structure determination of Rb-I1l isin
progress.
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