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Behavior of rubidium at over eightfold static compression
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The high pressure phases of Rb have previously been investigated to 101 GPa, above which Rb is predicted to
adopt a double-hexagonal close-packed (dhcp, Pearson hP4) structure similar to that already observed in cesium
at 72 GPa. Previous ab initio structure searches have indicated that the hP4 phase should become stable in
rubidium at 143 GPa. We present data from static compression experiments on Rb up to 264(8) GPa, showing
the onset of the hP4 phase at 207(6) GPa. The V/V0 of ∼0.121 measured at 264 GPa constitutes the highest
compression ratio (more than eightfold) at which structural information has been obtained from a metal using
x-ray diffraction methods and is second only to x-ray measurements performed on hydrogen at V/V0 ∼ 0.094 at
190 GPa. At these extreme compression ratios, the compressive behavior of rubidium shifts from that of a free
electron metal to that of a regular d-block metal.
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I. INTRODUCTION

The alkali metals have long been of great interest due to
their simple crystallographic and electronic structure. Their
single valence electron makes them a good approximation of
the nearly free electron (NFE) model at ambient conditions
[1,2]. Under pressure, however, these simple metals become
increasingly complex; while all adopt a body-centered cubic
structure at ambient pressure and subsequently transform to a
face-centered cubic structure under modest pressure, further
compression results in a multitude of complex, electridelike,
and host-guest composite structures [3–5].

This transition from simple to complex structures must re-
sult from a lowering of the electronic energy, which in turn is
generally understood to originate from a structural distortion
which splits degenerate states at the Fermi level [6,7]. How-
ever, the driving force of such distortions remains contested;
an often-cited cause is the localization of valence electrons in
interstitial sites under pressure [8–10]. This lowers the band-
width and makes Peierls-like distortions favorable, lowering
both symmetry and the electronic energies [11]. On the other
hand, these low-symmetry structures may result from Hume-
Rothery rules [12], wherein interactions between the Fermi
surface and the Brillouin zone cause energy gaps to open
near the Fermi level [13–16] similarly reducing the electronic
energy.

Regardless, it is well documented that upon compression
there occurs an s-d charge transfer, where the d character of
the electron bands is strengthened under pressure [17–20]. If
this was the only effect of compression, then the alkalis should
indeed become increasingly free-electron-like under pressure
and adopt further close-packed structures once the s-d transfer
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is complete [21]. However, this is not the case as the high-
pressure phases of the alkalis show a wealth of complexity
(see Table I for an overview and Ref. [22] for a full review).

It has furthermore been observed that elements within the
same group (e.g., group I for the alkali metals) will adopt
similar structures at high pressure, with the phase transition
pressures being lower in the higher-Z group members as illus-
trated for the alkali metals in Table I. For materials undergoing
changes in electronic structure it is also known that the atomic
volume and compressibility of a lower-Z metal can tend to-
wards that of its neighbor in the next group. For instance, the
compression curve of scandium (Z = 21) has been observed
to tend towards that of titanium (Z = 22) above 200 GPa
[23], while the compressibility of divalent europium (Z = 63)
approaches that of trivalent gadolinium (Z = 64) at 20 GPa
[24].

By analogy then, one might expect the compressibility and
atomic volume of rubidium (Rb, Z = 37) to approach the
behavior of its closest neighbors strontium (Sr, Z = 38) and
yttrium (Y, Z = 39) as a result of the s-d charge transfer. Since
experimental compression data for Sr only exist up to 75 GPa
[25], we will focus here on Y which we have recently studied
up to 180 GPa [26].

In another parallel between Rb and Y, our recent experi-
mental studies have indicated that Y also tends towards d-like
behavior at ultrahigh pressures [26]. However, with an ambi-
ent bulk modulus of 47.3 GPa, the relative incompressibility
of Y limited the accessible compression domain to V/V0 >

0.35, even at ∼200 GPa. The alkali metals on the other hand
are extraordinarily compressible, with the zero-pressure bulk
moduli of the heavier alkali metals potassium (K), rubidium
(Rb), and cesium (Cs) being 3.1, 2.5, and 1.6 GPa, respec-
tively, only 2–3 times larger than those of the solidified noble
gases at ambient pressure and low temperature. As a result, the
proportion of the sample volume occupied by the relatively
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TABLE I. The phase transition sequences observed in the three heavier alkali metals K, Rb, and Cs. Above the common bcc and fcc phases
seen in all three metals at low pressures, the crystal structures are given by their Pearson symbols, with host-guest structures abbreviated h-g.
The asterisks denote that the number of atoms in the host-guest structures is noninteger and pressure dependent. Numbers above the arrows
indicate the transition pressures in GPa. Table adapted from Ref. [16].

Element Transition sequence

K bcc
11.6−−→ f cc

20−→ h-g (tI19*)
54−→ oP8

90−→ tI4
96−→ oC16 <112 GPa

Rb bcc
7.0−−→ f cc

13−→ oC52
14−→ h-g (tI19*)

20−→ tI4
48−→ oC16 <100 GPa

Cs bcc
2.4−−→ f cc

4.2−→ oC84
4.3−→ tI4

12−→ oC16
72−→ hP4 < 223 GPa

incompressible ion cores in the alkali metals increases rapidly
under pressure until the distance between them decreases
below the initial core diameter. Such so-called “core-core”
overlap forces the valence electrons to localize into irregularly
shaped interstitial regions [8,9].

These localized electrons can act as almost massless pseu-
doanions, resulting in high-density “electride” structures and
transitions to insulating or semiconducting forms [3]. While
the effects of electron localization and hybridization apply to
all high-density matter [27], the physics is most evident in the
alkali metals, due to their NFE behavior at ambient conditions
and the ease with which their densities can be increased more
than fivefold, thereby strongly reducing the volume accessible
to the valence electrons and increasing interactions between
core electrons.

All of these pressure-induced effects lead to the structural
complexity shown in Table I, which contains the known high-
pressure phase transitions in K, Rb, and Cs and illustrates
that these elements share many common structures, as ex-
pected given their similar electronic structures. In particular,
the superconductive orthorhombic oC16 phase [28] becomes
energetically favorable in K, Rb, and Cs at pressures of 96, 48,
and 12 GPa, respectively [29–31]. Cs has also been observed
to adopt a double-hexagonal close-packed (dhcp, Pearson
hP4) structure at 72 GPa [32] and ab initio structure searches
have indicated that Rb should also transform to an analogous
hP4 structure at 143 GPa at 0 K [33].

To this end we describe structural studies of Rb up to
264 GPa at 300 K and observe the transition to the hP4 phase
at 207(6) GPa. Analysis of Rb’s equation of state (EoS) shows
a marked decrease in compressibility between 25 and 30 GPa,
within the tI4 phase, where the atomic volume becomes very
similar to that of Y. Above 30 GPa Rb behaves far more like a
regular d-type metal, i.e., a metal whose valence electrons are
primarily in a d configuration. This agrees with theoretical
conclusions that at such pressures the d character of Rb’s
electron bands will dominate. At 264 GPa, the density of Rb
is more than eight times its ambient pressure value, and the
nearest neighbor distance is only 2.51 Å, significantly smaller
than the Rb+ ionic diameter of 3.04 Å [34] and thereby
confirming that we have reached the density domain where
core-core overlap is an important consideration.

II. EXPERIMENTAL METHOD

Commercial Rb samples of high purity (99.95%+) sup-
plied by Sigma-Aldrich were loaded into Boehler-Almax
design plate diamond anvil cells [35]. Due to the highly

reactive nature of Rb, all samples were prepared in a dry
oxygen-free atmosphere (<0.1 ppm O2 and <0.1 ppm H2O)
and no pressure transmitting medium was used.

Data below 7 GPa were collected on beamline P02.2 at
PETRA-III with a wavelength of 0.4840 Å and a beam size
of 3 × 8 μm2. Diamond anvils cells with 500 μm diameter
culets were employed, along with a rhenium (Re) gasket, and
pressure was determined from copper (Cu) powder scattered
throughout the sample chamber and the Cu EoS [36].

Between 7 and 25 GPa data were collected on beamline
I15 at the Diamond Light Source (DLS) with a wavelength
of 0.4246 Å and a beam size of approximately 20 × 20 μm2.
Here diamond anvil cells with 100 μm diameter culets were
used, beveled at 8.5◦ to 300 μm. A small piece of tantalum
(Ta) foil served as the pressure calibrant using the Ta EoS [36],
and the gasket was Re.

Data above 25 GPa were collected during two experiments
on beamline P02.2 at PETRA-III, the first with a 3 × 8 μm2

FIG. 1. The 2D Debye-Scherrer diffraction image from Rb at
232 GPa as collected with the 850 × 850 nm2 x-ray beam at
PETRA-III. The masked sections are shown as shaded areas, with the
rectangular mask corresponding to the mounting arm for the beam
stop and the central circular mask to the beam stop itself.
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FIG. 2. Rietveld refinement of the oC16 structure to a
background-subtracted diffraction profile from Rb at 189 GPa, show-
ing the observed (solid line) and calculated (crosses) diffraction
patterns. The collection time of the diffraction image was 60 s and the
sample was not oscillated during exposure. The calculated reflection
positions (vertical bars) for the oC16 phase (Rietveld) and Re gasket
(Le Bail), and the difference profile (lower line), are also shown.
Owing to the submicron x-ray beam the Re diffraction signal is very
weak.

beam size (wavelength 0.4840 Å) and the second with a 850 ×
850 nm2 beam size (wavelength 0.4855 Å) enabled by the
facility’s submicron focus [37].

While the nanofocused beam provided diffraction patterns
with less interference from the gasket, the highest pressure
was reached while using the larger beam. Furthermore, we
were unable to obtain pressure measurements from the sample
studied with the submicron beam and therefore relied on a
derived Rb EoS from the first experiment to determine the
pressure in Figs. 2 and 3. No data from the sub-micron ex-
periment are therefore shown in Figs. 4–6. The high-pressure
diamond anvils had 30 μm diameter culets beveled at 8.5◦

to 300 μm. The gaskets were Re, and no in situ pressure
calibrants were used as the diffraction signal would have ob-
scured that of the sample; the pressure was instead determined
from the diamond anvil Raman gauge [38–40] (see Figs. S2,
S3, and S4 in the Supplementary Material for a discussion of
pressure gradients on the culet surface and for a sample Ra-
man spectrum from which the pressure was determined [41]).
Since this pressure gauge is only calibrated above 100 GPa,
the pressures for data collected below this point were esti-
mated from the diffraction signal of the Re gasket using its
EoS [42]. Given the small beam size relative to the ∼5 μm
diameter of the sample chamber, the diffraction from the gas-
ket originated primarily from gasket material in contact with
the sample and thus provides a reasonable pressure estimate.

FIG. 3. Background-subtracted diffraction profiles obtained
from Rb on pressure increase above (a) 189 GPa, where the sam-
ple is in the oC16 phase (see Fig. 2). On pressure increase to (b)
204 GPa the appearance of a new peak [identified with an arrow
in (b) and (d)] marks the transition to hP4. On further pressure
increase to (c) 222 GPa and (d) 232 GPa the peaks from hP4 increase
in intensity, but peaks from oC16 were still visible at the highest
pressure reached, 264 GPa. The tick marks beneath profile (a) show
the calculated peak positions of oC16 at this pressure, while the tick
marks beneath pattern (c) similarly indicate those of the oC16 and
hP4 (dhcp) phases. The pressures in this sample were determined
from the lattice parameters via the EoS determined from the other
samples. The peak marked with an asterisk in profile (a) is from the
Re gasket. All patterns were collected over 60 s.

We include experimental results from Refs. [30,43,44] in
Figs. 4–6 to show agreement with these studies to support the
assumption that the Re gasket provides a reasonable pressure
estimate.

The diffraction data were recorded on a Perkin-Elmer area
detector (PETRA-III) and a MAR345 image-plate detector
(DLS). At PETRA-III the detector was placed ∼400 mm from
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FIG. 4. The compression curve of Rb to 264(8) GPa with data
from the different phases identified by the different symbols. The
filled symbols are data reproduced from Refs. [30,43,44], and the
dashed lines are the compression data and the extrapolated EoS of
yttrium from Ref. [26]. The inset shows the measured volumes of the
oC16 and hP4 phases above 200 GPa, illustrating the volume change
of 2.3(5)% that occurs at the phase transition. The uncertainties on
the volume, and those on the pressure below 100 GPa, are smaller
than the symbols used to plot the data and have been omitted. The
uncertainties in pressure above 100 GPa, as determined from the
diamond edge scale, are ±3% [38–40].

the sample, and at DLS it was placed ∼300 mm from the sam-
ple. The exact sample-detector distance and the detector tilts
were determined using diffraction standards (LaB6, CeO2). A
summary of the calibration parameters and beamline arrange-
ments is shown in Table II.

An example of the quality of the diffraction data obtained
is illustrated in Fig. 1 which shows the 2D diffraction image
collected at 232 GPa. There is only minimum scattering from
the Re gasket, and there are no diffraction features from the
diamond anvils. The 2D diffraction images obtained at each
pressure were integrated to 1D profiles using DIOPTAS [45],
and these were analyzed using Rietveld and Le Bail profile fit-
ting [46], and least-squares fitting to individual peak positions
[47].

The sample pressures were increased manually and al-
lowed to stabilize for at least 5 min before the x-ray exposures
were taken. The typical exposure time was 60 s.

III. RESULTS

Our observed phase transitions up to 50 GPa are shown in
Table III along with the respective transition pressures, and
these are all in good agreement with previous investigations
[44,48,49] (see Table I).

FIG. 5. Linearization of the compressibility of Rb in the form of
an ηAPL-σ plot, where σ = σ0x. The data from the different phases of
Rb obtained in this study are plotted using different unfilled symbols,
while the filled symbols are data taken from Refs. [30,43,44]. Note
that pressure increases nonlinearly from right to left. Due to the
nonlinear nature of the horizontal axes the high-pressure domain oc-
cupies a disproportionately small area of the plot. The inset therefore
shows an enlarged view of the pressure range 50–270 GPa. The solid
line shows the best-fitting AP1 EoS to the data above 30 GPa and the
dashed line is the ideal AP1 EoS for Rb.

A. Phases and refinement

The quality of the diffraction data collected above 150 GPa
is demonstrated in Fig. 2 which shows a background-
subtracted diffraction profile from the oC16 phase at 189 GPa,
along with a Rietveld profile refinement. The refined lat-
tice parameters at this pressure were a = 8.282(6) Å, b =
4.920(2) Å, c = 4.9170(10) Å [V = 12.522(11) Å3/atom],
with atoms on the 8f and 8d Wyckoff sites of space group
Cmca at [0,0.180(5),0.327(7)] and [0.216(4),0,0], respec-
tively. The atomic coordinates were unchanged over the full
stability range of this phase and are in excellent agreement
with the theoretical values of 8f (0,0.1751,0.3271) and 8d
(0.2149,0,0) [33].

On pressure increase above 189 GPa, additional diffraction
peaks appeared in the diffraction profiles, as seen by com-
paring profiles of Figs. 3(a) and 3(b). However, while the
intensities of the new peaks increased with increasing pressure
[profiles of Figs. 3(c) and 3(d)], peaks from Rb-oC16 were
still observed at 264(8) GPa, the highest pressure reached in
this study before diamond failure.

The positions of the new peaks are consistent with those
expected from hP4, which previous ab initio density func-
tional theory (DFT) calculations had predicted would become
stable above 143 GPa at 0 K [33]. It is then clear that
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TABLE II. Calibration parameters giving the pressure range, the
x-ray wavelength (λ), the x-ray beam diameter, the calibration stan-
dard, the pressure gauge, and the sample-detector distance (d). The
diamond Raman high-frequency edge method is abbreviated DE, and
we have abbreviated PETRA-III to P-III.

Facility Range λ (Å) Beam Diffraction Pressure d
(GPa) (μm2) standard calibrant (mm)

P-III 0–7 0.4840 3 × 8 CeO2 Cu 395
DLS 7–25 0.4246 20 × 20 LaB6 Ta 299
P-III 25–264 0.4840 3 × 8 CeO2 DE 395
P-III 25–232 0.4855 0.85 × 0.85 CeO2 None 396

temperature effects raise the transition pressure to this phase
by around 60 GPa.

Although the mixed-phase nature of the diffraction profiles
above 189 GPa precluded Rietveld analysis, Le Bail refine-
ment at 222 GPa [see profile in Fig. 3(c)] gave best fitting val-
ues of a = 8.2204(4) Å, b = 4.802(2) Å, c = 4.7907(17) Å,
V = 11.796(9) Å3/atom for the oC16 phase and a =
2.5239(7) Å, c = 8.324(7) Å, V = 11.48(11) Å3/atom for
the hP4 phase. There is thus a volume discontinuity of
2.3(5)% at the oC16 → hP4 transition, similar to the 2.0(1)%
volume decrease observed in the analogous oC16 → hP4
transition in Cs at 72 GPa [32].

Theoretical investigations have shown that following the
oC16 → hP4 transition the enthalpies of these two phases
diverge by approximately 2 meV/atom GPa−1 in Cs [32],
compared to 1.1 meV/atom GPa−1 in Rb [33]. With these
phases coexisting across a range of ∼27 GPa in Cs [32], the
lower divergence rate calculated for Rb matches our observed
region of phase overlap of at least 60 GPa.

At 264 GPa the refined lattice parameters of the hP4 phase
are a = 2.5070(14) Å and c = 8.258(17) Å, and the shortest
Rb-Rb interatomic distance is then 2.507 Å. This implies not
only that there is strong core-valence overlap, as the 5s and
4p radii are 2.287 and 0.735 Å, respectively [50], but also
significant core-core overlap between neighboring Rb atoms
as the ionic diameter of Rb is 3.04 Å [34].

B. Compression

The extraordinary compressibility of Rb is demonstrated
in Fig. 4, which shows the measured atomic volume to
264 GPa, where the reduced volume (V/V0) is only 0.121. It

TABLE III. Phases of Rb and their conventional numbered la-
bels, as well as transition pressures observed in this study of Rb up
to 50 GPa. The pressures are in good agreement with those reported
in previous studies (see Refs. [44,48,49]).

Transition Pressure (GPa)

bcc (Rb-I) → fcc (Rb-II) 7.6(3)
fcc (Rb-II) → oC52 (Rb-III) 13.6(5)
oC52 (Rb-III) → h-g, tI19* (Rb-IV) 17.4(4)
h-g, tI19* (Rb-IV) → tI4 (Rb-V) 20.1(4)
tI4 (Rb-V) → oC16 (Rb-VI) 48.5(15)

is worth noting that even the initial bcc-fcc phase transition at
7.6(3) GPa occurs at a reduced volume of V/V0 < 0.5. The
ambient volume V0 was determined by fitting a Vinet [51]
EoS using EoSFit [52] to the low-pressure data from the bcc
phase over the pressure range 0.051–7 GPa. See Fig. S1 in the
Supplementary Material for full details on the Vinet fit [41].
This resulted in V0 = 92.9(4) Å3/atom, K0 = 2.46(7) GPa,
and K ′ = 4.12(6), in excellent agreement with previous stud-
ies which obtained values of 92.74 Å3/atom, 2.301(3) GPa,
and 4.1(3), respectively [49].

Also shown in Fig. 4 are the recently determined com-
pression data of Y to 189 GPa [26]. At lower pressures,
the compression curves of Rb (Z = 37) and Y (Z = 39) are
remarkably different, as reflected in their very different zero-
pressure bulk moduli (2.5 and 47 GPa, respectively), but
at 30 GPa, within the tI4 phase, the atomic volume of Rb
and Y not only become the same (22.1 Å3/atom), but they
then remain the same up to 100 GPa where Y undergoes a
1.8% volume change at its hR24 → oF16 transition, which is
accompanied by a change in Y’s electronic structure and its
compressibility [26].

C. Linearization and analysis

To fit the compression data, the adapted polynomial of
order L (APL) EoS formalism was used [53,54]:

P(x) = 3K0
(1 − x)

x5
e[c0(1−x)]

(
1 + x

L∑
k=2

ck (1 − x)k−1

)
, (1)

where K0 is the zero-pressure bulk modulus, K ′ is its pres-
sure derivative, x = (V/V0)1/3, c0 = − ln(3K0/PFG0), c2 =
(3/2)(K ′ − 3) − c0, ck are independent fitting parameters for
k ∈ [3 · · · L], PFG0 = aFG0(Z/V0)(5/3) is the Fermi-gas pres-
sure, Z is the atomic number, and aFG0 = 2337 GPa Å5 is a
constant. Note that in the lowest-order AP1 (L = 1) case, the
summation term is zero and the only refinable parameters are
the ambient volume (V0) and bulk modulus (K0), with K ′ being
calculated from K ′ = 3 + (2/3)c0.

In discussing the compressive behavior of elements with
very high or very low bulk moduli it is instructive to linearize
the compression curve to accentuate changes in behavior.
This is particularly informative for Rb which exhibits both
very high compressibility at low pressure and very low com-
pressibility at high pressure. In the APL formalism this
linearization results in

ηAPL(x) = ln

(
Px5

PFG0[1 − x]

)
, (2)

with variables and constants as in Eq. (1). In this work, in
order to better realize differences in behavior to the “ideal”
compressive behavior defined below, it is convenient to trans-
form this linearization into σ space, where σ = σ0x and σ0 is
the Thomas-Fermi radius (3ZV0/4π )1/3.

For full details of this method see [54], but in the APL
formalism an ideal or “simple” metal is well described by a
first-order AP1 EoS which appears as a linear plot with

lim
σ→σ0

ηAPL(σ ) = ln

(
3K0

PFG0

)
(3)
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and

lim
σ→0

ηAPL(σ0) = 0. (4)

Further distinction can be made between “regular” and “ir-
regular” EoSs, such that behavior can be classified as follows
[55].

(1) Ideal materials, e.g., Al, exhibit linear behavior and
are well described by an AP1 EoS with a slope equal to an
ideal value calculated solely from the ambient volume and the
atomic number.

(2) Simple materials, e.g., Cu or Au, also exhibit linear
behavior and are well described by an AP1 EoS, but the slope
of the line is nonideal.

(3) Regular materials exhibit slightly nonlinear behavior,
indicative of higher-order APL (L � 2) equations but with
small values of c2.

(4) Irregular materials, e.g., Sm, exhibit strongly nonlinear
behavior and require higher-order APL (L � 2) EoSs with
large values of c2 and higher order terms.

The linearized data for Rb are shown in Fig. 5. Note that
this type of plot is best “read” from right to left, with increas-
ing pressure. In the ultralow pressure domain (<0.6 GPa), the
highly nonlinear nature of ηAPL(σ ) yields significant uncer-
tainties even though �P/P < 1%. This makes the linearized
behavior difficult to interpret below P = 0.63 GPa (σ > 9).
However, above this, the bcc phase exhibits linear behavior,
although with a nonideal gradient and without the correct
limiting behavior of limσ→0 ηAPL(σ ) = 0. The transition to
the fcc phase marks a clear shift in compressive behavior
with ηAPL(σ ) decreasing with pressure, a trend that continues
monotonically in the oC52 and tI19* phases. This downward
turn of ηAPL(σ ) signifies a softening or reduction in stiffness
relative to that observed in the bcc phase.

The transition to the tI4 phase at 20 GPa (σ = 6.1 Å)
does not itself mark any change in the compressive behav-
ior. However, starting at 25 GPa (σ = 5.9 Å), within the tI4
phase, there is a marked change in compression such that at
30 GPa and above, in the tI4, oC16, and hP4 phases, Rb
exhibits simple linear compressive behavior with a gradient of
−0.75(2) Å−1, close to the ideal gradient of −0.663 Å−1 and
with the correct theoretical limit of ηAPL(0) = 0 (see Fig. 5).
We note that 30 GPa is exactly the same pressure at which the
compression curves of Rb and Y meet (see Fig. 4), confirming
that this is indeed a transition point for the material. This is in
line with recent DFT results which show that the s character
of the electronic wave functions begins to decrease in Rb
at 20 GPa, with the d character correspondingly increasing
[20]. These changes accelerate with pressure up to 27 GPa,
after which the band hybridization slows but continues up to
at least 40 GPa. Our data thus support the conclusion that
the s-d charge transfer is most apparent in the range 20 to
30 GPa, beyond which the dominance of the d bands cause
Rb to behave more like a classic d-type metal.

Rb continues to exhibit the compressibility of a sim-
ple metal up to the highest pressure reached in this
study, 264(8) GPa, where the volume of the hP4 phase is
11.29 Å3/atom, corresponding to a V/V0 of 0.121 or 8.26-fold
compression. This is the highest volume-compression ratio
yet achieved in a metal, and second only to x-ray measure-

TABLE IV. The parameters of the Vinet and AP1 EoSs fitted in
this work. For the high-pressures phases tI4 and oC16, the ambient
volume (V0) was fixed to the value obtained from the Vinet fit to the
bcc phase while K ′ was calculated from the values of Z , V0, and K0

[54,55].

Phase(s) EoS P (GPa) V0 (Å3/atom) K0 (GPa) K ′

bcc Vinet <7 92.9(4) 2.46(7) 4.12(6)
tI4-oC16 AP1 30–264 – 0.15(3) 7.66(15)

ments performed on hydrogen at V/V0 ∼ 0.094 at 190 GPa
[56]. For comparison, recent laser compression experiments
on Sn and Fe at the National Ignition Facility to 1.2 and
1.4 TPa, respectively, resulted in “only” ∼3.1- and ∼2.5-fold
volume compressions [57,58].

While both the oC16 and hP4 phases coexist above
201 GPa and both are plotted in Fig. 5, neither shows a diver-
gence from linear behavior implying no significant changes
in electronic structure at the transition between them. The
linearity of the compression above 30 GPa shown in Fig. 5
means that extrapolation to higher pressures is straightforward
and we estimate that a pressure of ∼530 GPa is required to
reach tenfold compression in Rb.

The linear behavior exhibited by Rb above 30 GPa in
Fig. 5 lends credence to the assertion that simple compres-
sive behavior is seen in elements that either do not undergo
pressure-induced changes in electronic structure such as Cu
and Au, or in elements that do undergo such changes but only
once they are complete, such as we have recently reported in
Sm and Y where regular behavior was observed above 65 and
100 GPa, respectively [26,37].

D. Equations of state

Attempts to fit a single EoS to the compressibility data
from Rb below 30 GPa were unsuccessful; various formalisms
were trialed but the irregular behavior illustrated in Fig. 5,
particularly the sharp bend at the bcc-fcc transition, made
it impossible to model the compression curve accurately.
However, above 30 GPa the behavior can be modeled with
the two-parameter AP1 EoS with V0 = 91(5) Å3/atom and
K0 = 0.17(4) GPa, giving a calculated K ′ = 7.62(16). While
this ambient volume is in good agreement with the V0 =
92.9(4) Å3/atom found from the fitting the bcc phase alone,
it has a substantial (±5 Å3) due to the absence of data below
30 GPa, and the resulting large correlation between V0 and K0.
For this reason we instead chose to fix the ambient volume
to V0 = 92.9(4) Å3/atom, the value determined from fitting
the data below 7 GPa, and then fitted only K0 to reduce the
uncertainty on both parameters.

The resulting fits to both the linearized and standard
P-V compression data for the tI4 and oC16 phases between
30–264 GPa are shown in Figs. 5 and 6, respectively, with
best-fitting parameters shown in Table IV. As expected, the fit
is excellent above 30 GPa in each case.

However, the AP1 value of K0 = 0.15(3) GPa, as deter-
mined from the ambient pressure electron density, is more
than 15-times smaller than the experimental value of 2.46 GPa
(see Sec. III B). The quality of the fit of the AP1 EoS to the
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FIG. 6. The compressibility of Rb to 264 GPa (symbols) and
the best-fitting AP1 EoS (solid line) to tI4 and oC16 from 30 to
264 GPa, the parameters of which are given in Table IV. It is clear
that this simple EoS accurately captures the compression behavior
of Rb above 30 GPa, including that of the oC16 phase. The inset
shows an enlarged view of the data and AP1 fit up to 40 GPa, as
well as the Vinet fit to the bcc data (dotted line) and compression
data of Y for comparison (dashed line [26]). The bcc phase is less
compressible than predicted by the AP1 EoS, while the fcc phase is
more compressible. As a result, the EoS and the data coincide above
30 GPa.

experimental data below 40 GPa is highlighted in the inset
to Fig. 6 and, as expected, it greatly overestimates the com-
pression of the bcc phase. However, the inset also highlights
the clear change in compression that occurs at the bcc-fcc
transition at 7.6 GPa, after which Rb is more compressible
than expected. This change is perhaps most evident in the fit
of the Vinet EoS to the bcc phase shown in the inset to Fig. 6,
where the experimental data for the fcc phase drop below the
extrapolated Vinet EoS. In other words, the fcc phase is more
compressible than the bcc phase. The subsequent f cc →oC52
transition at 13.6 GPa decreases the stiffness further, until
30 GPa where another change in compressive behavior aligns
the experimental P-V curve with the AP1 EoS. This reduction
in stiffness at 7.6 GPa corresponds to the decrease in ηAPL

in the fcc and oC52 phases evident in Fig. 5. Thus while
the AP1 EoS does not capture the complexity of behavior of
low-pressure phases of Rb, it is remarkably accurate across
the 30–264 GPa range.

IV. CONCLUSIONS

In summary, we have presented a 2.5-fold extension of the
phase diagram of Rb up to 264(8) GPa. We have confirmed
the transition to the hP4 phase, starting at 207(6) GPa, as ex-
pected from analogous behavior in Cs and DFT calculations,
which predicted the transition at 143 GPa. The oC16 → hP4
transition is slow relative to earlier phase transitions, and
diffraction peaks from the oC16 phase were observed to the
highest pressure reached. This sluggishness matches the anal-
ogous transition in Cs [32].

Examination of the compressive behavior of Rb indicates
a tendency towards d-like compression above 25 GPa, an
observation which supports the assertion that d-like electronic
states dominate at ultrahigh pressures. The sharp change in
compressibility noted within the tI4 phase at 30 GPa marks a
definite point where the d character of the electronic structure
becomes pronounced enough to determine the compressive
behavior. It is noteworthy that this is also the pressure where
the compression curves of Rb (Z = 37) and Y (Z = 39) coin-
cide, indicating that these two are analogs of each other at high
pressures. The regular d-like behavior of Rb subsequently per-
sists up to a compression ratio of V/V0 = 0.121, the highest
yet observed in any metal using x-ray diffraction.

Knowledge of the alkali metals’ behavior at the ultrahigh
compressions that are typically unachievable in other elemen-
tal metals has important implications for extreme states of
matter, including high density hydrogen [59], another Group
I element. Research on these high-density states of matter has
the potential to lead to a new view of the periodic table and
the discovery and control of new material properties both at
extreme and ambient conditions.
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