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Structural stability and equation of state of simple-hexagonal phosphorus to 280 GPa:
Phase transition at 262 GPa
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A structural phase transition and the equation of state of the simple-hexagbnahase,P-V, of phos-
phorus were investigated at pressures up to 280 GPa using monochromatic synchrotron x-ray diffraction. The
P-V phase, which was stable above 137 GPa, has shown a structural transition to a higher-pressure phase,
P-VI, above 262 GPa, while the/a ratio of the sh phase slightly increased with increasing pressure from
0.948 to 0.956. The structure of tiRe VI phase has been proposed to be bcc. The bulk modBlg)sand the
atomic volume at atmospheric pressuvg) of the sh phase were estimated to be 84.1 GPa and 1% ®ith
a fixed value of the pressure derivative of the bulk moduB) (

I. Introduction. Phosphorus of the grouygb elements ex- transitions in elemental materials up to now. These results
hibits a unique sequence of structural phase transitions undéave also demonstrated that a high-quality diffraction experi-
pressuré3At 4.5 GPa, black phosphorus, which is the mostment is possible for the relatively lo&-elements such as
stable form with the A17 structureCmcaP-1) at ambient ~phosphorus at multimegabar pressures. _ _
conditions, undergoes a structural transition to th@ Il. Experimental. The high-pressure x-ray-diffraction ex-
phase Rgm:P_”)l,z with a semiconductofsemjmetal periment for phosphorus to 280 GPa was developed using a
transition®® The A7 phase transforms to the simple cubic monochromatic x ray on the two-phase undulator beam line
(s9 phase Pm3m:P-111) at 10 GPa:2 The sc phase be- ID30 at the European Synchrotron Radiation Facility. A

haves as a metal with a superconducting transition temper%)e;mc%nd(;agvnecrgr:evr\]/?; lrjsss ffgrr tt:: :.']c?:r's:fs;#r.f gggrt:]r_a-
ture of about 10 K7 Recent structural studies have revealed- o1 ' WO €Xperl u . erent anvil g

that the sc phase transforms to the simple-hexagéstal etries listed in Table | were carried out in this study. A Re
phase P6/mmmP-V) at 137 GPa via an intermediate phasemfEtal sheet with a thickness of 2n was prelnde_nted tc_> a
(unknownP-1V).2 The fundamental transition from the sc to thickness of,, and holed for a sample chamber with a diam-

sh structure, which is the first observation in the monoatomi(g;[;r:kOf rHoI; V\;\%Sruissvc;siir?elgastceJEnghf?osntwaglns?nn}:tirrla;tgr
system, was accompanied by a relatively large volume re\?Vith aphi hp urity® and ac)((e% into the sam Iegcharr?ber
duction of 7.6% due to the result of an increase in the coor- ith g ph' p P b 100 GP P det ined
dination number from 6 to 8. with a ruby chip. Pressure above a was determine

; 7
The sh structure is rare in the Periodic Table and reportegotr.n tr:edequanon of statédE(l)(% gpthi Rtﬁ mRetaéO'ghe thod
only in the high-pressure phase of &efs. 8 and 9 and estimaled pressures aroun a by the re- metho

Gel0 A special feature of the structure is its lower packing agreed with those by the ruby fluorescence method within an

fraction of atoms, 0.605, compared with the 6680 and error of =2 GPa. With the present experimental technique,

the fcc(0.740 or hep structures. The sh phases of Si and Géghe uniaxial stress may cause a systematic error in calculat-
transform to the hcp structdf® via an intermediate ortho- ing the lattice constants of the sample and the Re gasket. The

thombic phase and for Si, further to the fcc structure estimated standard deviatiofesd’9 for the lattice constants

— 0, 1
Therefore, a structural transition to a structure with theOf the Re gasket were around 0.04-0.18 % and we estimated

higher packing fraction such as bcc, hcp or fcc has beeﬁhe. pressure uncertam_ty to be2 GPa Wh'Ch, will be de-
expected We have performed a high-pressure powderscr'bed in the next section. However, the esd’s for the sample
x-ray-diffraction experiment on phosphorus in an extremely ) ) )

high-pressure region near 300 GPa in order to determine the TABLE I. Geometries of diamond anvils and Re gaskets for two
equation of state of the sh phase and research the expectgfPerimental runsa is the top surface diameteb is the culet
structural transition. On the other hand, there are several th&2Meter/ is the bevel angle of anvils, is the sample chamber

. . - di ter, and is the thick f indented R kets.
oretical studie$~2°on the structural stability of phosphorus oo 8N7 1S the Thickness of preindented e gaskets

under pressure but only one report by Sasetkall® has Pressure  Anvil geometry ~ Gasket geometry
predicted a sc to bcc transition at 135 GPa. range a-b-8 r-t

In this paper, we report the observation of a new struc- Run No. (GPa (m)-(m)-(deg (m)-(m)
tural transition from the sh phase to tReVI phase at 262 1 150—200 100-300-7 35.15
GPa and propose the bcc structure for Brd/1 phase. The 2 120-280 50-300-8.5 20-10

transition pressure is the highest one for observed structural
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FIG. 1. The powder-diffraction patterns of the high-pressure
phases of phosphorus at room temperatayréhe mixture of the sh
phase,P-V, and a new high-pressure pha&e VI at 280 GPa. In
the pattern, thé-VI phase was defined as the bcc struct(sethe : .
sh phase at 207 GPa. Two patterns contain the diffraction peaks 6 10 15 20 25
from the hcp-Re gasket used as the pressure marker. A background 26 (deg) A=0.4246A
due to Compton scattering from the diamond anvils has been sub- FIG. 2. The pressure dependence of the diffraction patterns of
tracted. phosphorus in the higher-pressure region. A new diffraction peak,

which is denoted by an asterigk), appears aroundé2=14° above
were around 0.02% and no remarkable effect of the uniaxia?62 GPa. The result suggests that a structural transition from the sh

253

stress was observed. The powder patterns were obtained Ritase to a higher-pressure phaeyl, occurs at 2585 GPa.
room temperature by the angle-dispersive method with an

image plate(IP). The monochromatic x ray 0of=0.4246 A
was focused to a beam size of 285um? with two bent
mirrors. The beam was finally reduced to a size of 2@
with a pin-hole collimator. The diffraction images were read —d,J/dyps Of less than 0.13%. The obtained lattice con-
by the Fast-Scan IP read®and converted to intensity vs92
profiles by theriT2p software!® In the second run the typical The difference between the observed and calculated relative

exposure times were 40 min.

[ll. Results and discussiorfrigure 1b) shows a typical
diffraction pattern of the sh phase at 207 GPa in the secondalculated from the three strong peaks(d00), (101), and
run. Eight diffraction peaks of the sample are observed up t§4110, and from its unit-cell volume, pressure was deter-
20=28° except for five peaks from the Re gasket. These datmined. Since the estimated error WV, was 0.08%, the

TABLE II. The diffraction data of phosphorus at 207 GPa. The

are summarized in Table Il. These peaks of the sample,
which have a relatively small full width at half maximum of
0.17°, were well assigned to the sh structure withdg,(

stants around 150 GPa are consistent with our previous’data.

intensities in the table suggests the effect of preferred orien-
tation in the sample. For the hcp-Re, lattice constants were

uncertainty in pressure was2 GPa.
With increasing pressure, the patterns suggested a struc-

dopsandl o represent the observetivalues and relative intensities tyral phase transition around 262 GPa. Figure 2 shows the
of the diffraction lines. Thel., andl, are the calculated values

and relative intensities from the lattice constants for the sh phasgure region

and the Re gasket.

sh of phosphorus
a=2.1164+0.0004 A
¢=2.0203+0.0005 A

hcp of metal gasket
a=2.498+-0.001 A
c=4.017-0.007 A

dobs Iobs dcal I cal dcal
A) (%)  hkl A) (%) hk A)
2.1695 100 2.167
2.0185 100 001 2.0203 46.6
1.9070 101 1.907
1.8304 70 100 1.8329 100
1.3576 48 101 1.3575 58.7
1.2510 110 1.251
1.0811 200 1.083
1.0581 7 110 1.0582 8.6
1.0443 201 1.046
1.0094 5 002 1.0101 2.1
0.9379 4 111 0.9374 8.2
0.9161 3 200 0.9164 3.5
0.8851 9 102 0.8847 54

pressure change in the diffraction patterns in a higher pres-
In the pattern at 262 GPa, a weak diffraction
peak appears around214°. Upon further loading, the peak
intensity increases and at 280 GPa, the maximum pressure in
this study, it becomes a distinct diffraction line. Tealue

of the peak shows a pressure dependence and decreases from
1.724 to 1.711 A with increasing pressure from 262 to 280
GPa. The raw diffraction image of the diffraction peak re-
corded on IP was a smooth Debye ring. The result suggests
that a structural transition from the sh phase to a new high-
pressure phas®-VI, starts at 262 GPa and the sh phase still
coexists with theP-V1 phase at 280 GPa.

The pattern at 280 GPa is shown in Figal A back-
ground due to Compton scattering from the diamond anvils
was subtracted. It would be unlikely that the number of the
diffraction peak for theP-VI phase is only one in the
spacing. When compared with the pattern at 207 GPa, it was
found that the diffraction peaks from the sh phase decrease in
intensity. However, only th€002) peak around 2=25° in-
creases in intensity. This suggests that a diffraction peak
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TABLE lll. The diffraction data of phosphorus at 280 GPa.

3141

sh of phosphorus

bce of phosphorus

hcp of metal gasket

a=2.0644+0.0004 A a=2.420A a=2.4526+0.0004 A
¢=1.9755-0.0005 A c=3.941+0.007 A
dobs (A) Iobs (%) hkl dcal (A) Ical (%) hkl dcal (A) Ical (%) hkl dcal (A)
2.1226 100 2.1241
1.9753 100 001 1.9766 46.6
1.8697 101 1.8697
1.7868 49 100 1.7878 100
1.7110 36 110  1.7110 100
1.4415 102 1.4444
1.3263 32 101  1.3259 58.7
1.2264 200  1.2099 15 110 1.2263
1.1212 103 1.1171
1.0616 200 1.0620
1.0302 ~5 110 1.0322 8.6
1.0425 112 1.0411
0.9878 17 002 0.9883 2.1 211 0.9878 28
0.9144 2 111 0.9149 8.2
0.8942 2 200  0.8939 35

from the P-VI phase superimposes on tf@02) peak. The though the proposed bcc structure is consistent with the data
ratio of d values between the new diffraction peak and theand is the simplest and thus most elegant solution for all
(002 peak is 1.7321 and equals #3. Namely both peaks reasons discussed above, they cannot rule out the possibility
may be assigned to tH@10) and(211) diffraction peaks of of other simple structures except for fcc and hcp.

the body-centered-cubi®co structure. The expecte@00) Figure 3 shows the pressure dependence of the lattice
peak of the bcc structure, unfortunately, also superimposesonstantsa, candc/a of the sh phase. The results of the first
on the (110 peak of the Re gasket. These data are sumrun agreed with those of the second runs. The lattice constant
marized in Table Ill. The calculated lattice constants of thec was shorter thaa by 5.2% at 137 GPa that was mentioned
sh phase at 280 GPa ase=2.0644+0.0004 A, c=1.9755 in our previous repor.The present data are in good agree-
+0.0005A, andV=7.291+0.004 A%>. The lattice con- ment with the previous results. With increasing pressure
stant of the proposed bcc phase is also determined to Heom 132 to 280 GPaa contracts by 5.58% as doesby
a=2.420A andv=14.172 A. The atomic volume of the 4.74%. As a consequence, tt¥a ratio increases from 0.948
bce phase is 7.086 Aand consistent with the pressure vs to 0.956. The coordination number of the sh phase is 2 in the
volume relation shown in Fig. 4. This value was coincidentstrict sense. However, the effective coordination number is
with the theoretically predicted value of 7.05 for the bcc  2+6 since the axial ratio is close to 1. The coordination
phase at 280 GP&Ref. 20 (see Table IV. The estimated becomes more equivalent with pressure. In this connection,
volume reduction~ AV, of the transition is 0.204 Rand it since the coordination number of the bcc structure is 8, the
corresponds to 2.8% of the volume at the transition pressursh to bcc transition is not contradictory to the pressure-
These results suggest that the bcc structure is the strongesiordination rule. Thec/a ratio, with increasing pressure,
candidate for thé-VI phase. Therefore, we propose that theinitially increases and above 200 GPa, the tendency satu-
sh phase transforms to the bcc phase at pressure between 2a8s. This behavior may be related to the mechanism of the
and 262 GPa. We should also add that when the new peak

was assigned to the fcc or hep structure, an impossible value <, f@
in the P-V relation was given to the atomic volume. Al- z @
=
g 21
TABLE IV. Bulk modulus (By) and its pressure derivativéf) § ° c
at ambient conditions for th&17, A7, sc, sh, and bcc phas&8V, (A ° o ]
denotes the relative volume of each phase extrapolated to atmo- E ‘ ,
spheric pressure, whe¥g(19.03, A3) stands for the volume of the 0961 ) “
A17 phase at atmospheric pressure. E P g
= e
Phase VIV, B, (GPa By Ref. 085 el
Al7 1.000 362 4.5+0.5 Expt. 2 105 =55 =0
A7 0.872:0.01  46:4 3.0:0.6  Expt. 2 PRESSURE (GFa)
s¢ 8558%8829 ;&%0.9 gigtooslo E)):g,: g FIG. 3. The pressure dependence of the lattice constantdc
0.721 127.1 4.39 calc. 15 of the sh phase, and its axial rata. Open circles are the data
sh 0.746 84.+10 4.69 This study obtained in the present study. Solid circles show the previous data
bcc 0.690 108.2 3.84 Calc. 20 (Ref. 3. Error bars of the data are within the data points. The solid

line in the figure is a visual guide.
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' ' The equation of state of the sh phase of phosphorus is
A7 similar to that of the fcc phase of SRef. 23 (B;=82

o +2 GPa,B,=4.22+0.05, andV,=14.33+0.16 A% though

the atomic volume of the sh phase is slightly larger than that

of fcc-Si. TheP-V curve of the bcc phase joins well that of

fcc-Si. Both elements belong to the third period in the Peri-

odic Table and these metallic high-pressure phases would

behave as the so-callegh simple metal. These metals, that

is, Na, Mg, Al, and Si, at the same pressure show a tendency

that the smaller the ionic charge number, the larger the
~ . s : atomic volume. Therefore, the coincidence in the atomic vol-

0 100 200 300 . . . .
PRESSURE (GPs) ume between the bce-P and the fce-Si phases is an interesting

result.

FIG. 4. The pressure dependence of the atomic volume of phos- Th t It the structural fth
phorus up to 280 GPa. The open circles for the sh phase and solid € present results gave the structural sequence of the

squares for the bcc phase are the data obtained in the present Stu&;@sgre-induc_ed phase transitions, thatAs7-A7-simple )
The small solid circles show the data by Kikegawa and Iwasakicubic-intermediate-simple hexagonal-bcc. The sequence is

(Ref. 2 and the large solid circles are the previous d&ef. 3. different from other group/b elements. However, there is a
The sh to bec transition occurs at 268 GPa. The solid line for the  point in common with these elements such that the bcc struc-
sh phase represents the result of a least-squares fit of the Birchdre occurs as the highest pressure phase. On the other hand,
Murnaghan equation of statd®,=84.1GPa,B;,=4.69, andV, the simple-hexagonal phase of Si transforms to the hcp and
=142 8% further to the fcc phase as mentioned earlier. According to
structural transition to th®-V| phase similar to the case of the_ the_oret|ca| study by McMahan and Mof'a?ﬂ"he me-

tallic high-pressure phase of phosphorus is also a natural

the sh phase of St member of third-period simple metals. The same was ex-
Figure 4 shows the pressure dependence of the atomic P P '

volume together with the previous d&@The atomic vol- pected for phosphorus, but the post-simple hexagonal phase
ume of the bcc phase is also plotted. At 280 GPa, it contract f phosphorus was the bce and not the hcp or fcc structure.

to 7.08 A and corresponds to 37.3% of 19.03 & normal n order to understand the relative stability of the various
pressure. The bulk moduli, and the atomic volumy, of structures based on the electronic band theory, a theoretical

the sh phase at atmospheric pressure were estimated by f?‘[t_ul(\j)/ Icstc?rtlrc(?ggignd\?\/selzriive studied the crystal structure of
ting the P-V data with the Birch-Murnaghan equation of : ' Y

state?? Since the values of the pressure derivative of the bu”phosphorus up to 280 GPa at room temperaiure using pow-

; . der x-ray-diffraction techniques. The simple hexagonal
modulus,B;, andV, were highly correlated, the value Bf,
for the sc phas&4.69, was used for the fixed value Bf,. phase,P-V, transformed to th®-V| phase at 2585 GPa.

The B~ was calculated by a least-squares method with th The transition pressure is the highest one for observed struc-
fixed voalue of3” for variouysv As thg result. the estimated ural transitions in elemental materials up to now. The struc-

. O 0 ' &ure of the P-VI phase has been proposed to be the bcc
standard deviation of observed volumes from the calculate .
equation of state showed a minimum of 0.0256 \& Structure. The equation of state of the sh phase was deter-
_q142A3 and B.—84.1+-1.0GPa. The result .is listed in mined. The present data also demonstrated that a high-

Table IV together with those of other phases. The value Oguahty diffraction experiment is pOSSIb!e for relatively latv-
elements such as phosphorus at multimegabar pressures.

By for the sh phase is larger than our previous one of the s¢
phasé and this is consistent with the fact that the higher This work was partly supported by a Grant-in-Aid for
pressure phase is incompressible compared with the loweScience ResearcfGrant No. 10440093from the Ministry
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