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Polymeric liquid of phosphorus at high pressure: First-principles molecular-dynamics simulations
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Constant-pressure first-principles molecular-dynamics simulations were carried out to study structural and
electronic properties of the polymeric phase of liquid phosphorus at high pressures. It is found that, around 1
GPa, atoms are connected by covalent bonds byp electrons and accompany a Peierls distortion as in liquid
arsenic. This liquid structure reflects the rhombohedral~A7! structure of crystalline phosphorus in local atomic
configurations. Further compression increases the number of the first nearest neighbors and reduces the Peierls
distortion. It is considered that the reduction of the Peierls distortion in the liquid phase is closely related to the
transition from the A7 to simple cubic structures in crystalline phases. The characteristics of liquid phosphorus
around 25 GPa and over are similar to those of liquid antimony and bismuth.

DOI: 10.1103/PhysRevB.66.054204 PACS number~s!: 61.20.Ja, 61.25.2f, 71.15.Pd
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I. INTRODUCTION

Solid phosphorus has several allotropes, and black p
phorus ~P! is the most stable state at ambient condition1

Many experiments and theoretical calculations have b
performed to study its structural properties a
transformations.2–6 Black P takes the orthorhombic~A17!
structure at low pressure~less than 5 GPa!, but it is trans-
formed to the rhombohedral~A7! structure around 5 GPa
and to the simple cubic~sc! structure around 10 GPa.2 The
A7 structure is regarded as a distorted sc structure. T
structure is formed by an internal displacement of the
sublattice with a rhombohedral distortion. This is understo
as a Peierls distortion7 that stabilizes the A7 structure in
certain pressure range~5–10 GPa!.5,6 The distortion gener-
ates strong and weak atomic bonds, and this results
coordination numberNc of 3, while Nc in the sc structure is
6. The sc structure is stably observed in a fairly wide ran
of pressure~10–107 GPa!.3,4 Structures with highNc such as
the bcc and simple hexagonal~sh! structures are not ob
served, at least, under 107 GPa.4

In contrast with the solid phases, liquid black P (l -P! has
not been intensively studied so far. There was no experim
of l-P at high pressure until Katayamaet al. observed the
first-order liquid-liquid phase transition by pressu
changes.8 They observed drastic changes of density and
structure factorS(Q) in the transition around 1 GPa. Th
transition was also realized in first-principles molecular d
namics ~FPMD! simulations9 with the constant-pressur
technique.10 It is clearly shown that compression causes
transformation from a molecular liquid~a low-pressure
phase! to a polymeric liquid~a high-pressure phase! which is
characterized by the breakup of P4 tetrahedral molecules
with large volume contraction.9 The polymeric form is also
observed in liquid arsenic (l -As! at ambient pressure.11 It
seems that properties ofl-P andl-As are closely related, an
this is of use to understand the behavior of the polyme
liquids.

In this paper, structural and electronic properties of
polymeric l-P at high pressures were studied by consta
pressure FPMD simulations.12–14Since high-pressure exper
0163-1829/2002/66~5!/054204~7!/$20.00 66 0542
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ments on liquids cannot be easily performed at present, c
puter simulations play an important role to reveal or pred
physical properties of high-pressure liquids. By means
FPMD, we can investigate liquid structures which are sen
tive to changes of electronic states induced by press
and/or temperature changes.15–19 The constant-pressur
technique10 is desirable for simulations at various pressur
The combination of these two methods~constant-pressure
FPMD! enables us to study liquid properties in a wide ran
of pressure.

We investigate structural changes by compression foc
ing on the Peierls distortion in the polymericl-P. A classical
description of the Peierls distortion requires the periodic
However, it has been shown that the lattice periodicity is
necessary and that purely local considerations are suffic
for the Peierls distortion.20 In recent experimental and theo
retical studies, the survival of the Peierls distortion in liqui
such asl-As has been confirmed.11,15,21–25We now show the
existence of a Peierls distortion in the polymericl-P, and also
that it is gradually reduced by compression. Detailed stud
on the behavior of the Peierls distortion according to pr
sure lead to a deep understanding of polymeric liquids. T
relation of structural properties betweenl-P and crystalline P
or liquid in group-V elements such asl-As will be also dis-
cussed.

This paper is organized as follows. In Sec. II, the comp
tational method employed in this study is briefly shown. T
simulation results are presented in Sec. III, and the con
sion is drawn in Sec. IV.

II. COMPUTATIONAL METHOD

The Car-Parrinello method12 with the constant-pressur
technique10 was employed to perform constant-pressu
FPMD simulations.13,14 The simulation cell was cubic, con
taining 64 P atoms, and periodic boundary conditions w
imposed. The norm-conserving pseudopotential26 with ‘‘ s
nonlocality’’16 was employed to describe the electron-ion
teraction. The exchange-correlation energy was describe
the local density approximation~LDA ! and a parametrized
form by Perdew and Zunger27 was used. Wave functions fo
©2002 The American Physical Society04-1
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TETSUYA MORISHITA PHYSICAL REVIEW B 66, 054204 ~2002!
occupied valence states were expanded in a plane-wave
with a cutoff energyEcut of 24 Ry at a single point (G) in the
Brillouin zone~BZ!. It has been shown that the present co
ditions for the electronic state calculation are adequate
obtain accurate liquid structures.15,16,18,28–30 Two Nosé-
Hoover thermostats31,32 connected to ionic and electron
systems, respectively, were introduced33 to control the tem-
perature of the ionic system, and to avoid a large deviatio
the electronic states from the Born-Oppenheimer surface
tegrations of equations of motion were performed with
time step of 0.126 fs. A periodic resetting of total ionic m
mentum was performed to suppress the ionic flow due
thermostats.34

To see the dependence of the pressure values onEcut in
our system, we performed molecular dynamics~MD! runs of
the polymericl-P with Ecut of 18, 24, and 38 Ry, respectivel
under constant volume (r52.7 g/cm3) at 1400 K. In Fig.
1~a!, the dependence of the pressure values is shown.
corresponding experimental value (1.3860.1 GPa)~Ref. 8!
is also plotted for comparison. Each pressure was obtaine
a time average of the internal pressure10,13,14from the virial
theorem. With lowEcut ~18 Ry in this case!, a negative pres-
sure is obtained. This is consistent with previo
calculations.19,35A low Ecut tends to enhance a covalent cha
acter in the atomic bonding and generate a slightly c
tracted volume, or a lower pressure under constant volu
especially with the LDA.19,28However, other properties suc
as static structures converge well even with a lowEcut that

FIG. 1. ~a! Dependence of pressure on cutoff energyEcut . The
experimental value (3) is 1.3860.1 GPa~Ref. 8!. ~b! Pair corre-
lation functiong(r ) obtained in the same runs as in~a!.
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generates negative pressures. Figure 1~b! shows the pair cor-
relation functiong(r ) obtained in the same runs. It is con
firmed that anEcut of 18 Ry is sufficient forg(r ). Therefore,
a low Ecut is available if we focus on only static structures
our studies. In the present case, anEcut of 24 Ry is sufficient
for both structural properties and the internal pressure. T
all simulations in this paper were carried out with anEcut of
24 Ry. However, we would like to remark here that t
present computational conditions may not give pressu
consistent with experiments in other systems. The gene
ized gradient approximation~GGA! for the exchange-
correlation energy tends to favor a larger volume than
LDA.36,37This, in some cases, improves the pressure valu
but in other cases, causes overcorrections:36,38 LDA some-
times offers better properties due to the err
cancellation.38,39 Therefore, considering this large unce
tainty about pressure, we should be cautious of the pres
values in FPMD as in conventional classical MD.40

III. RESULTS AND DISCUSSION

A. Polymeric liquid at 1 GPa

In our previous simulation,9 we obtained the polymeric
phase ofl-P through the phase transition from the molecu
liquid phase. The present simulation started with the fi
atomic configuration of this polymeric liquid with the com
putational conditions described in Sec. II. After equilibrati

FIG. 2. ~a! Pair correlation functiong(r ) and~b! structure factor
S(Q) for the polymeric liquid at 1 GPa. Solid lines show th
present result. Dashed lines in~a! denote the ‘‘partial’’g(r ) ~see the
text!, and those in~b! denote the experimental result~Ref. 8!.
4-2
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POLYMERIC LIQUID OF PHOSPHORUS AT HIGH . . . PHYSICAL REVIEW B66, 054204 ~2002!
~over 5 ps!, the polymeric liquid with density r
;2.6 g/cm3 was obtained at 1 GPa and 1400 K. Figure 2~a!
showsg(r ) of the polymeric liquid at 1 GPa. Also shown b
dashed lines is the partial contribution from only three nei
bors, i.e., the first-, second-, and third-nearest-neighbor~NN!
atoms @‘‘partial’’ g(r )#.15 The characteristic feature of thi
g(r ) is the existence of a second peak which is not found
the molecular liquid.9 The coordination numberNc obtained
by integrating 4pr 2g(r ) up to the first minimumr m ~2.79 Å!
is 3.7. However, this strongly depends on the value ofr m due
to the rather vague first minimum. The overall shape andNc
are consistent with those ofl-As at ambient pressure whic
also has a polymeric form.11,15,21,22AlthoughNc is calculated
as 3.7, the ‘‘partial’’g(r ) containing three atoms is almo
coincident with the symmetric part of the first peak of t
total g(r ). This property is also found inl-As, in which
characteristics of the A7 structure still remain.15 In the A7
structure, the first nearest neighbors~NNs! of each atom are
composed of three atoms connected by covalent bonds,
the second NNs are composed of three other atoms
nected by long weak bonds. Taking account of these fa
the ‘‘practical’’ coordination number inl-P at 1 GPa is con-

FIG. 3. ~Color! ~a! Average distances of the nth~1-6! NN atom
at four different pressures. Short bars indicate the statistical e
and dashed lines are guides for the eyes.~b! Individual distributions
of the nth~1-6! NN’s positions at 1 GPa.
05420
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sidered to be 3.15 This is also supported by the average d
tance of the nth NN atom (n51 –6) from each atom in Fig
3~a!.22 At 1 GPa ~red circles!, the first three NNs show al
most linear dependence, but the three following NNs~fourth,
fifth, and sixth NNs! show a different behavior. The tendenc
clearly changes between the third and fourth NNs. Fig
3~b! shows the individual position distributions of the n
NN atom at 1 GPa. It is easily recognized that the first th
NNs have relatively high and narrow peaks, while the th
following NNs have less sharp distributions. The broaden
peak widths suggest the different bonding character co
pared with the first three NNs, which is consistent with t
A7 structure. Therefore, we consider that the characteri
change between the third and fourth NNs is meaningful a
that the first three NNs are connected by relatively stro
~covalent! bonds inl-P at 1 GPa. We note that the first fiv
NNs at 55 GPa have distributions with almost the same p
widths and heights in contrast to 1 GPa~see Sec. III B!. The
bond lengths of the first and second NNs in the A7 struct
at 5.5 GPa are 2.20 Å and 2.81 Å, respectively.2 These are
approximately coincident with the first peak and the mi
mum of theg(r ), respectively~although the position of the
first peak has slight uncertainty, see below!. Also, the fourth
and fifth NNs in Fig. 3~b! are mainly distributed around 2.
Å. Therefore, it is considered that the vague first minimum
due to the contribution of the weakly bonded atoms.
should be noted that LDA tends to exaggerate the strengt
such weak bonds and this is, in some cases, reflected ing(r )
as a vague first minimum.17 Therefore, GGA may more
clearly produce the first minimum of theg(r ) at 1 GPa and
thus, the value ofNc . However, the above issue tends to
less important in high-density phases. Thus we believe
the present results at higher pressures are not significa
influenced by GGA.

S(Q) is shown in Fig. 2~b!. The overall shape is in good
agreement with the experimental one. However, a slight
crepancy of the peak position is found around 6 Å21. We
have confirmed that this discrepancy is related to the posi

rs

FIG. 4. ~Color! Bond-angle distribution functionA(cosu) ~red
lines! and the partial contributionA3(cosu) from the first three NNs
~green lines! at 1 GPa.
4-3



r
t
i-
s

ro

i

id
lt
a

tw
a

s

.

is
tio

in

th

ie
n

ic

s.
rti
y
n

an

n

ak
ng
iso-
on

S
tate

ere

he
are

no
e

e

are

TETSUYA MORISHITA PHYSICAL REVIEW B 66, 054204 ~2002!
of the first peak of theg(r ) in Fig. 2~a!.15,21 In the pseudo-
potential electronic state calculation of P with ‘‘s nonlocal-
ity,’’ it is shown that the first-neighbor distance@the position
of the first peak ofg(r )# is estimated to be slightly longe
than the actual one.16 In fact, the position in the presen
result ~2.32 Å! is slightly shifted compared with the exper
mental one~2.28 Å!.8 This is consistent with the previou
report by Hohl and Jones.16 We found that the modifiedg(r )
with the first peak shifted to the shorter distance can rep
duce the experimental peak position around 6 Å21 by Fou-
rier transformation. Thus the origin of the discrepancy
considered to be the treatment of ‘‘s nonlocality.’’ The two
characteristic peaks~around 2.5 and 3.7 Å21) indicate more
complicated liquid structures than those of a simple liqu
They are more clearly reproduced than the previous resu
l-As,15 but not completely yet. This may be due to the sm
system size in our simulations.

The bond-angle distribution functionA(cosu) gives more
insight of the structures. It counts angles between the
vectors that join a central atom with two neighbors within
sphere of radiusr m. Figure 4 showsA(cosu) together with
the partial contributionA3(cosu) from the first three NNs.
The main peak is located around cosu520.1 (96°) and the
subpeak is around cosu50.5 (60°). This shows that atom
are mainly connected by covalent (s) bonds byp electrons
in the polymeric phase.A3(cosu) shows this more clearly
The peak position, cosu520.1 (96°), is slightly deviated
from cosu50 (90°) as in the A7 structure. This structure
regarded as a distorted sc structure by the Peierls distor
and the bond angle within the first NNs (Nc53) is ;97°.
Considering that the ‘‘practical’’ coordination number is 3
this liquid, the deviations inA(cosu) and A3(cosu) reflect
the Peierls distortion in the A7 structure.

The Peierls distortion is caused by a resolution of
degenerate states around the Fermi energyEF into bonding
and antibonding states. It has been shown that the Pe
distortion can be caused only by atomic interactions withi
certain local region around each atom, not periodicity.20 This
reminds us of the Jahn-Teller distortion in molecules, wh
is caused by essentially the same mechanism.41 In an isolated
P atom,p orbitals form along three orthogonal direction
However, the generation of bonding states causes disto
~symmetry breaking! in the corresponding local geometr
such as bond lengths or angles. Therefore, the deviatio

FIG. 5. Electronic density of states~DOS! for the polymeric
~solid lines! and molecular~dotted lines! liquids. The Fermi energy
EF is set to 0 eV.
05420
-

s

.
of
ll

o

n,

e

rls
a

h

on

of

the bond angles from 90° in this liquid can be regarded as
indication of the Peierls~or Jahn-Teller! distortion as well as
Nc and bond lengths.42 The existence of the Peierls distortio
is again confirmed by the electronic density of states~DOS!
below.

The subpeak inA(cosu) (;60°) is more clearly seen
than in A3(cosu). From this, we consider that the subpe
reflects the weakly bonded atoms which have relatively lo
bonds and favor a close-packed structure because of its
tropic interaction. This is consistent with the discussion
the vague first minimum of theg(r ) mentioned before.

In addition to the structural properties, the electronic DO
was also calculated. It was obtained by static electronic s
calculations with 14k points in the BZ for several atomic
configurations in the liquid phase. These calculations w
carried out by use of theCASTEPcode.43 In Fig. 5, the DOS
for the polymeric phase is shown together with that for t
molecular liquid phase. In the molecular phase, there
three separated bands belowEF accompanying a gap atEF .
On the other hand, the DOS in the polymeric phase has
gap aroundEF showing a metalliclike character. Valenc
bands are clearly separated intos andp bands~the lower and
upper parts, respectively!. This shows that atomic bonds ar

FIG. 6. g(r ) for l-P at 15, 25, 55, and 70 GPa. Dashed lines
the ‘‘partial’’ g(r ) as in Fig. 2.
4-4
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POLYMERIC LIQUID OF PHOSPHORUS AT HIGH . . . PHYSICAL REVIEW B66, 054204 ~2002!
mainly composed ofp electrons. There also exists a d
around EF which separates the bonding and antibond
states leading to thes bonds. This again confirms the exi
tence of the Peierls distortion.

FIG. 7. ~Color! Snapshots of typical atomic configurations at~a!
1, ~b! 25, and~c! 55 GPa.
05420
g

B. Polymeric liquid at higher pressures

Further compression on the polymeric liquid causes in
esting changes of structural and electronic properties.
high-pressure liquids were obtained by compressing
polymeric liquid of 1 GPa. During the simulation with com
pression, the external pressure was raised by 5 GPa eve
ps. Equilibration for 5 ps was performed at several pressu
to obtain various properties. Figure 6 showsg(r ) at four
pressures; 15, 25, and 55 GPa at 1400 K, and 70 GPa at
K, respectively. At the highest pressure 70 GPa, a press
induced crystallization occurs at 1400 K in our simulation44

so that properties at 70 GPa were calculated at 2000 K wh
the liquid stably exists. The first peak ofg(r ) is located
around 2.3 Å at any pressure, while the second peak gra
ally fades away and the position of the third peak~around 5.0
Å! is shifted to the shorter distance. From the ‘‘partial’’g(r )
for three nearest atoms~dashed lines!, it is found that the
number of atoms contained in the first peak is increasedNc
at each pressure is calculated as 5.5~15 GPa!, 5.9 ~25 GPa!,
7.0 ~55 GPa!, and 8.0~70 GPa!, where r m is assumed as
2.85, 2.80, 2.75, and 2.80 Å, respectively. It is obvious t
Nc is increased by compression. On the other hand, the
of the number of atoms under the first and second peak

FIG. 8. ~Color! ~a! A(cosu) and ~b! A3(cosu) at several pres-
sures. Only results at 1400 K are shown in~b! to show the reduction
of the Peierls distortion clearly.
4-5



t

th

th
en
n
ha
d

st

n

d.
ls
o

un
le

ct
ut

ds
t

with
d.

is
ame
om
on.
uc-

nd-

ince
re-
ism
at
cha-
rls
ld

uc-

-

eak

ns,

c
g-
n a
re,
in-
the
s in

ed

h
er-

lline

ed
e is

at of
line

or-
OS

A7

TETSUYA MORISHITA PHYSICAL REVIEW B 66, 054204 ~2002!
g(r ) ~integration up to;4 Å) is approximately constan
(;18) at all pressures. The overall shape ofg(r ) at 25 GPa
and over is similar to that of liquid Sb or Bi.22–24 In l-Sb or
Bi, Nc is much higher than 3 and the number of atoms in
first and second coordination shell is;18.22–24

The average distance of the nth NN atom also reflects
increase ofNc @Fig. 3~a!#. The characteristic change betwe
the third and fourth NN atoms at 1 GPa is not clearly see
higher pressures. The difference of the atomic bonding c
acter seems to be gradually reduced. This means the gra
incorporation of the fourth, fifth, and sixth NNs into the fir
coordination shell, which results in the increase ofNc .

Snapshots of typical atomic configurations at 1, 25, a
55 GPa are given in Fig. 7. The increase ofNc and the
complexity of the polymeric form can be clearly confirme

The increase ofNc indicates the reduction of the Peier
distortion. To confirm this, we pay attention to the change
the atomic bonding character. In Fig. 8~a!, A(cosu) at sev-
eral pressures is given. It is found that the peak aro
cosu50 (90°) is gradually shifted to the smaller ang
(cosu.0), and that around cosu50.5 (60°) grows up by
compression. This reflects the increase of atoms conne
by weak bonds in the first coordination shell, which are o

FIG. 9. DOS forl-P at 15, 25, 55, and 70 GPa.EF is set to 0 eV.
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side of the shell at low pressures.A3(cosu) at 1400 K are
given in Fig. 8~b! to show the change of the atomic bon
which originally form thes bonds at 1 GPa. This does no
show considerable changes by compression compared
A(cosu). However, a subtle but important change is foun
The peak location is slightly deviated from cosu50 (90°) at
low pressures as described in Sec. III A, but this deviation
gradually reduced. This seems to be essentially the s
phenomenon as found in the structural transformation fr
the A7 to sc structures: the reduction of the Peierls distorti
It has been shown that the transition from the A7 to sc str
tures is due to the increase of the mixing ofd orbitals into the
states aroundEF .6 This decreases the separation of the bo
ing and antibonding states atEF , and weakens thes bonds
by p electrons, leading to a less distorted sc structure. S
the characteristics of the crystalline structures are well p
served in the liquid, we consider that the same mechan
works in the polymeric liquid. In fact, the calculated DOS
high pressures shows a consistent behavior with this me
nism ~see below!. Therefore, we conclude that the Peie
distortion in the liquid is reduced by compression. It shou
be remarked that a continuous transition from A7 to sc str
tures is observed at high temperature~973 K, below the melt-
ing temperature!, while a discontinuous transition is ob
served at room temperature in experiment.45

It is also interesting that, even at high pressures, the p
around 90° is clearly found inA3(cosu), although the peak
around 60° is considerably enhanced inA(cosu). This indi-
cates that there are two characteristic atomic configuratio
short- and long-range orders,9,28,29 within the first coordina-
tion shell. The persistence of a sc-like structure~the short-
range order! is consistent with the strong stability of the s
structure in crystalline P. Atomic interactions in the lon
range order are rather isotropic, and close to those i
simple liquid. It is expected that, at extremely high pressu
the sc-like structure almost fades away, and an isotropic
teraction becomes more dominant by taking account of
structural transformations to more close-packed structure
crystals over 140 GPa (sc→ sh → bcc).3,4

The mentioned characteristics ofA(cosu) at high pres-
sures are also found inl-Sb and Bi.23,24The peak around 60°
is dominant in liquids of the heavy elements. It is report
that l-Sb has a quite weak Peierls distortion,24 while l-Bi
dose not contain such distortions.23 These are consistent wit
l-P at high pressures. The similarity of the structural prop
ties of high pressurel-P to those ofl-Sb or Bi at ambient
pressure is the same trend as observed in the crysta
phases.

The reduction of the Peierls distortion is also confirm
by the DOS at high pressures in Fig. 9. As the pressur
increased, the split of the valence bands found at 1 GPa~Fig.
5! is reduced, and the overall shape becomes close to th
a free-electron metal, or the sc or sh structures in crystal
P.6,46 It is found that the small dip aroundEF at 1 GPa is
filled at high pressures. This means the reduction of thes
bonds byp electrons and consequently, of the Peierls dist
tion. We note that these characteristic changes in the D
are also similar to those in the crystalline phases (
→ sc → sh).
4-6
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IV. CONCLUSION

Constant-pressure FPMD was applied to the polymericl-P
to investigate its structural and electronic properties at h
pressures. It is shown that, around 1 GPa, atoms are
nected by covalent bonds byp orbitals, and accompany
Peierls distortion as inl-As. However, in compression, struc
tural and electronic properties gradually change and
Peierls distortion is reduced. In the compressed liquid,
split of bonding and antibonding states atEF is reduced, and
the s bonds byp electrons are weakened as inl-Sb or Bi.
Consequently,l-P at high pressures (>25 GPa) shows a be
havior similar to that in liquids of heavy elements such as
or Bi at ambient pressure. We note that this tendency
rarely reported in contrast with in crystalline phases. T
reduction of the Peierls distortion in the polymeric liquid
considered to be closely related to the transition from the
to sc structures. Further compression enhances the chara
c

D

p

a

h

J

.

05420
h
n-

e
e

b
is
e

7
ter-

istics of a simple liquidlike structure (;70 GPa). The sec
ond peak ofg(r ) almost vanishes, andNc is significantly
increased. However, there is still a sc-like configuration
the short-range order within the first coordination shell. T
is consistent with the strong stability of the sc crystall
phase in a wide range of pressure.3,4 Our results suggest tha
much higher pressure (.70 GPa) generates more isotrop
atomic interactions, and leads to a more simple liquid
structure.
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