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Identification of superlattice structure c/16 in the P-VI phase of phosphorus at 340 GPa and room
temperature via x-ray diffraction
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The structural phase transitions of phosphorus (P) were investigated at pressures up to 340 GPa by a synchrotron
radiation x-ray powder diffraction technique at room temperature. The transition from the simple hexagonal P-V
to the P-VI phases was confirmed at 262 GPa. The results of full-profile Rietveld refinements indicate that the
structure of the P-VI phase is a 2 x 2 x 2 superlattice of the bec structure [c/16 (space group: /-43d)], which
is isotypic to high-pressure phases of Li and Na. This phase was found to be stable up to 340 GPa. The results
have demonstrated the extension of structure refinement to a complex high-pressure phase above 300 GPa by the

x-ray diffraction method.
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I. INTRODUCTION

Recently, the study of crystal phase stability in highly
compressed solids has progressed owing to the extension of
the accessible pressure range through advances in the high-
pressure x-ray diffraction technique, which uses a diamond
anvil cell (DAC) and a synchrotron radiation (SR) x-ray source.
The development of first-principles calculation methods has
also given a boost to the progress. Various structural phase
transitions under high-pressure conditions have been revealed
in low-Z elements, Hy,' Li,>? Na,*> AL,° P,/ Ca,!01! S¢,12-14
and Ti.'>16

For P, which is a group 15 element, a five-stage struc-
tural phase transition has been observed at pressures up to
280 GPa, and unique crystal structures have been found at the
higher-pressure range.”® Black P, which is the most stable
modification with the orthorhombic A17 structure (Cmca, P-I)
under ambient conditions,'” is known to transform into the
simple cubic (SC) phase (Pm-3m, P-III) at 10 GPa via the
rhombohedral A7 phase (R-3m, P-II).'® The SC phase under-
goes a structural transition to the simple hexagonal (SH) phase
(P6/mmm, P-V) at 132 GPa through an intermediate phase
(IM) with an incommensurate modulation (Cmmm(00y)s00,
P-IV).”% The SH phase further undergoes a structural phase
transition to the P-VI phase at 262 GPa, which is presently
the highest pressure observed for a structural transition in
elemental solids. A close-packed bcc (Im-3m) structure has
been proposed as a strong candidate for the P-VI phase.®
However, the x-ray diffraction profile at 280 GPa, which was
the maximum pressure in previous experiments, indicated
that a fairly large amount of the SH phase still coexisted
with the P-VI phase, and the possibility of other complex
structures such as a superlattice of the bcc structure could not
be ruled out. Therefore, to confirm the proposed structure, it is
essential to observe a high-quality pattern of the P-VI single
phase.

The successive structural phase transitions have attracted
much interest in the theoretical modeling of the phase stability
of group 15 elements under extreme conditions.'*2® Total
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energy calculations based on first-principles methods for the
phase transitions have been in accordance with the SC-
SH-bce structure sequence experimentally observed up to
280 GPa.?*?3:25 The structure of the IM phase (P-IV) has
also attracted special interest with respect to the mechanism
of the SC-SH transition.?!-2*26 First-principles calculations
by the metadynamics simulation method first predicted the
incommensurate modulated structure in the IM phase.?* More
recent first-principles calculations have further proposed that
the bce structure becomes unstable above 280 GPa and
transforms to a hcp structure (P63/mmc) via an IM with a
complex superlattice structure.?’

The aim of the present study is to test the theoretically
proposed high-pressure phase transitions above 280 GPa, as
well as to check the proposed close-packed bcc structure.
Herein, we present the results of x-ray powder diffraction
analysis of P at pressures up to 340 GPa and report the
unexpected finding that the P-VI phase has a distorted
2 x 2 x 2 superlattice structure of the bce structure.

II. EXPERIMENTAL

A DAC with a double bevel anvil geometry was used to
generate ultrahigh pressure. The anvils had a loading axis
along the [001] crystal direction, and the diameter of the
flat face of the diamond anvils was 25 um. The first and
second bevel diameters and angles were 250 um and 8.0°
and 450 pum and 15°, respectively. A rhenium (Re) metal
sheet gasket with a thickness of 250 um was preindented
to 6 um and was holed to obtain a sample chamber of 12 um
in diameter. The starting material, black P, was finely ground
from a high-purity single crystal?’ and placed into the hole of
the Re metal gasket without using a pressure medium. In the
experiment, the pressure in the sample chamber was estimated
from the pressure shift of the Raman band edge of the diamond
anvils, which was calibrated using a Pt scale.’® Pressure
uncertainty was estimated to be within + 3%. Raman spectra
were obtained using a micro-optical spectroscopic system.?
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The excitation source was a He-Ne laser of wavelength
632.8 nm.

X-ray diffraction experiments at high pressure were con-
ducted at room temperature by an angle dispersive method
using a monochromatic SR source (E = 30 keV) on the
BL10XU beamline at SPring-8. A compound refractive lens
made from glassy carbon and SU-8 polymer was used to
focus the x ray on the small sample in order to overcome
the low scattering efficiency due to the relatively low-Z
element P. Details of the beamline and the x-ray focusing
system have been described elsewhere.’ The full width of
half maximum of the x-ray beam was a 5x 5 um?. The
beam profile was shaped up using a Pt pinhole collimator
of 10 um in diameter placed just before the DAC. The stress
diamond emitted light when irradiated with the x rays. From
microscopic observation, we could then see the position of
the x-ray direct beam as a light spot on the culet. The x-ray
luminescence from the culet of the stressed diamond thus
enabled precise alignment of the x-ray beam on the sample.
The mechanism of the luminescence is under investigation
at present. Diffraction patterns were recorded on an image
plate detector. The 20-intensity profiles were obtained via
an integration of the recorded two-dimensional diffraction
images.’!

III. RESULTS AND DISCUSSION

Powder x-ray diffraction profiles of P were collected at
pressures up to 340 GPa. The structural transition from the
P-V(SH) to P-VI phases was reproduced with the appear-
ance of a new reflection around 26 =14° in the profile
at 262 GPa, whereas the transitions from the P-III(SC) to
P-IV(orthorhombic) phases and further to the PV(SH) phase
were observed over a lower-pressure range. The transition to
the P-VI phase was quite sluggish, and the P-V phase coexisted
with the P-VI phase over a wide pressure region between 262
and 322 GPa. The profile of the P-VI single phase was recorded
above 328 GPa, and this phase was stable at least up to 340 GPa.

The diffraction profile of the P-VI phase at 340 GPa is
shown in Fig. 1. The background Compton scattering from
the diamond anvils was numerically subtracted. From the
diffraction image shown in the inset, it was found that the
Debye rings are smooth and homogeneous, despite the limited
amount of the sample. In the profile, new weak diffraction
peaks were observed, in addition to the diffraction peaks of
the bee structure, which correspond to the 110, 200, 211,
and 220 reflections. It also includes extra diffraction peaks
with a relatively weak intensity and a wide peak width from
the Re gasket. The new weak peaks suggest that the P-VI
phase has a superlattice of the bce structure rather than the bee
structure.

All diffraction peaks, except for peaks from the Re gasket,
were completely indexed by a cubic lattice. The lattice
parameter was estimated as a = 4.778(2) A. This value is
twice that of the previously proposed bcc structure.® These
indices showed systematic absences that are consistent with
the space group I-43d under general conditions for the allowed
reflections: h + k +1 = 2n for (hkl), 2h+1 =4n, and [ = 2n
for (hhl), where h, k, and [ are Miller indices. Therefore, the
cubic cell was considered to be a 2 x 2 x 2 superlattice of
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FIG. 1. (Color online) The observed diffraction profile of phos-
phorus phase VI at 340 GPa (dots) and the calculated profile (curve)
after the Rietveld refinement. The profile was collected using an
x-ray wavelength of 0.4144 A. The asterisks represent peaks from
the Re gasket. The up and down tick marks show the calculated peak
positions for the I-43d structure (a = 4.778(2) A) with 16 P atoms in
the 16¢ Wyckoff positions (x, x, x) and the hcp-Re, respectively. The
differences between the observed and calculated profiles are shown
below the tick marks. The obtained value of x was 0.0244(3) with a
reliability factor of Ry, = 14.3%. The Sasa-Uda preferred orientation
function (Ref. 40) was used for fitting to the pattern of the Re gasket.
The inset in the figure presents a part of the diffraction image.

the bee structure containing 16 P atoms. The absence of a
420 peak satisfied the special condition of the 16¢ Wyckoff
positions (x, x, x): h +k + 1 = 4n when h and k (and /) = 2n.
The 420 peak is the only reflection in the observed range of
data that is able to discriminate between the 16¢ site and other
sites. This site is also the only solution that provides a sensible
density in the volume-pressure relationship (as will be seen in
Fig. 3). In the initial analysis, the relative intensities were well
explained as the I-43d structure with 16 P atoms in the /6¢
Wyckoff positions (x, x, x). Based on the Rietveld refinements
of the profile using the computer program RIETAN,*? the
positional parameter x was estimated to be 0.0244(3) with
a reliability factor of Ry, = 14.3% for the full profile and
Rr = 4.9% for the integrated intensity of the P-VI phase.
The simulated diffraction profile is shown by the solid line
in Fig. 1. Refinement was performed in combination with the
pattern of the Re gasket, which showed a strong preferred
orientation.

The relatively large value of Ry, mainly results from the
effect of uniaxial stress. Owing to this effect, the d spacings of
the diffraction peaks for a cubic lattice often show a systematic
deviation from that under hydrostatic conditions. In Fig. 2, the
lattice constant ayy calculated from the main diffraction peaks
at 340 GPa is plotted as a function of 3(1 — 3 sin? @)I"(hkl),
where T'(hkl) = (h*k* + K212 + I?h?)/(h> + k> +1?). The T’
plot indicates the above-mentioned effect, although it is
difficult to estimate the uniaxial stress component.>* The
deviations are clear in Fig. 1, where it can be seen from
the difference plot that the strong 220 is displaced to higher
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FIG. 2. The lattice constant calculated from the main reflection
lines is plotted as a function of 3(1 — 3 sin® @)I"(hkl), where I'(hkl) =
(h2k? + K212 + I?h®)/(h® 4+ k> + [%). The T'-plot provides evidence
for the uniaxial effect in the P-VI phase.

26 and the 310 and 400 are displaced to lower 26. These
displacements made the value of Ry, large. Therefore, in
order to test the positional parameter x and its standard
deviation obtained from the Rietveld refinements, the structure
refinement using SHELXL.97** was carried out on the basis
of observed integrated intensities, taking into account the
multiplicity of each reflection. The integrated intensities are
listed in Table I. The estimated x and its standard deviation
were 0.0244(7) with R = 5.9% and showed in good agreement
with the results of the Rietveld refinements.

Figure 3 shows the I-43d structure. The structure is a
body-centered unit cell with 16 atoms (Pearson’s notation
c116). The c116 structure isa 2 x 2 x 2 superlattice of the bcc
structure, which can be viewed as an arrangement of atomic
chains running parallel to the four differently oriented body
diagonals of a cubic lattice. The complex structure is derived
by displacing the linear atomic chains with respect to each
other along the (111) directions, as shown in Fig. 3(b). In
these chains, each P atom has two nearest-neighbor atoms at
a distance of 2.068(1) A at 340 GPa. Each P atom also has six
second nearest-neighbor atoms with a distance of 2.094(1) A,

TABLE 1. The 26, relative integrated intensity /(obs), and
multiplicity m of the observed diffraction peaks, and the calculated
intensity /(cal).

No h k l 260 1(obs) I(cal) m
1 2 1 1 12.198 8819 6558 24
2 2 2 0 14.093 100000 90200 12
3 3 1 0 15.767 14574 14330 24
4 3 2 1 18.680 3865 5029 48
5 4 0 0 19.982 12052 15064 6
6 4 2 0 22.369 0 0 24
7 3 3 2 23.476 6931 7954 24
8 4 2 2 24.536 21579 22209 24
9 5 1 0 25.555 2765 2722 24
10 4 3 1 25.555 5531 5540 48
11 5 2 1 27.486 7827 7174 48
12 4 4 0 28.406 4618 4051 12
13 5 3 0 29.299 3638 3472 24
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FIG. 3. (Color online) The structure model of the /-43d structure
of the P-VI phase at 340 GPa. (a) The structure can be considered to be
a2 x 2 x 2 superlattice of the bece structure with a small displacement
of the position of the atoms along the space diagonal. Each P atom
has a pseudocoordination number of 8; there are two nearest-neighbor
atoms at a distance of 2.068(1) A and six second nearest-neighbor
atoms at a distance of 2.094(1) A. (b) The different displacements of
nearest-neighbor chains along the (111) directions are illustrated.

which is 1.3% longer than the intrachain distance. Each atom
has a pseudocoordination number of 8 = 24 6. The x value
did not show any detectable change with pressure in the region
328-340 GPa.

The relationship between pressure and atomic volume is
illustrated in Fig. 4 along with our previous results.” Present
results are in good agreement with the previous results. The
P-V phase coexists with the P-VI phase over a wide pressure
region. From the results, the volume reduction (— AV') at the
transition pressure 262 GPa was estimated to be 0.30 A3, which
corresponds to 4.2% of the volume at the transition pressure.
Although the SH phase has the same pseudocoordination
number as the P-VI phase, i.e., 6 + 2, the ideal packing fraction
of the atoms for the SH lattice is 0.605. The ¢/ 16 structure is
approximately the bcc structure with the packing fraction of
0.680. The large volume reduction rate of 4.2% would be due to
an increase in the atomic packing fraction. The discontinuous
volume change indicates that the transition is of the first order.
The mechanism of the structural transition is not explained
as a martensitic transformation by a lattice distortion with
simple displacement of P atoms within a unit cell, such as is
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FIG. 4. The pressure dependence of the atomic volume of
phosphorus. The solid and open circles correspond to the present
results and our previous results (Refs. 7-9), respectively.

the case for other structural transitions of P73 that occur in
the lower-pressure range. Therefore, the transition should be
accompanied by diffusion of the atoms. The observation that
the transition to the P-VI phase was considerably sluggish
compared with the other transitions of P, is likely due to
the kinetics of the phase transition. With increasing pressure,
the atomic volume decreases and at the highest pressure of
340 GPa the volume reaches 6.8 A3, which corresponds to
36% of V; (18.96 A3®) at ambient pressure.

The cI16 structure was observed in the high-pressure
phases of the elemental materials of alkali metals Li’ and Na.*>
The values of the positional parameter x for Li and Na are
0.047-0.055 and 0.044, respectively, and are large compared
with those of the P-VI phase. In the case of x > 0.0366,
ie., (1 —1/4/2)/8, each atom has three nearest-neighbor
atoms and two second nearest-neighbor atoms. Thus, the
coordination relationship of the atoms is different from that
of the structure of the P-VI phase. Even so, it is interesting
that the ¢716 structure appears in P, which atom has different
electron configuration from alkali metal atoms.

In all previous total energy calculations for P phases, the
bce structure becomes energetically more stable than the SH
structure in the higher-pressure range.’’?*?> Because the
c116 structure can be interpreted as a slightly distorted bce
structure, the theoretical results would be basically consistent
with the present experimental results. The present results
suggest that the total energy of the crystal decreases with the
atomic displacement along the (111) directions. Indeed, recent
theoretical calculations of the phonon dispersion relationship
for the bec structure have revealed that the transverse mode
at the N point in the Brillouin zone softens with increasing
pressure, and above 285 GPa, the frequency of the mode
becomes imaginary.’>? In addition, they suggest that such
dynamical instability of the bcc structure induces the phase
transition to a bee superlattice structure. However, the pro-
posed structure is composed of a V2x/2x1 supercell of
the bec structure® and is different from the ¢/16 structure.
Nevertheless, the present experimental results support the
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theoretical result that the bec structure is unstable at ultrahigh
pressures.

In this study, P showed the following structural sequence;
A17(Cmca)-A7T(R-3m)-SC(Pm-3m)-IM(Cmmm(00y)s00)-
SH(P6/mmm)-cI116(I-43d). Other group 15 elements includ-
ing As, Sb, and Bi are known to show a different common struc-
tural sequence of phase transitions under higher pressures:
A7-(SC)-Ba-IV-type-bce.*03° Namely, after passing through
the SC structure, P and the other group 15 elements show a
different structural sequence. This difference probably results
from the fact that in the P atom, there are no d electrons in the
core. In general, it is well known that the s-d transition plays
a major role in structural phase transitions at higher pressures.
That is, under highly compressed conditions, the higher-lying
d bands hybridize with the sp bands, and sp electrons transfer
partly to the d states. In fact, recent first-principles calculations
have demonstrated an effectively higher sp-d hybridization
with the states at and below the Fermi level in P, compared with
the other group 15 elements. This is due to the absence of the d
electrons in the core because the 3d valence orbitals of P are not
constrained by repulsive core orthogonality requirements.?
Such highly hybridized 3d bands probably play a role in the
stability of unique and/or complex crystal structures.

In the case of P, the pressure-induced successive structural
transitions are accompanied by an increase in the packing
fraction of the atoms and/or the coordination number of the
atoms.”-¥ Therefore, the transition to a structure with a higher
packing fraction, such as the hcp and fcc structures would
be expected at higher pressures. Indeed, recent first-principles
calculations have predicted the phase transition to the hcp
structure at 346 GPa.>> For the experimental verification of
this prediction, more accurate information about the transition
pressure is indispensable and recalculations starting at the ¢/ 16
structure are required.

IV. CONCLUSION

This study confirmed a previously proposed structural
phase transition of P at 262 GPa. On the basis of the diffraction
profile of the P-VI single phase, the structure of the highest-
pressure phase of P was determined to be a body-centered
unit cell with the 16 atoms (with the space group /I-43d or
in Pearson’s notation, c/16), that is, a superlattice of the
simple bcc structure. The result of the present experiment
demonstrated that for low-Z elemental materials, it is possible
to determine a complex structure even at ultrahigh pressures
beyond 300 GPa. Although the structural stability of P at
ultrahigh pressures has been theoretically investigated, a
total energy calculation for the ¢/16 structure has not been
performed yet. Thus, the phase transition to the P-VI phase
would be a good target for state-of-the-art first-principles
calculation methods.
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