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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 bondg kjectrons and accompany a Peierls distortion as in liquid
arsenic. This liquid structure reflects the rhombohe@d) 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.
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[. INTRODUCTION ments on liquids cannot be easily performed at present, com-
puter simulations play an important role to reveal or predict
Solid phosphorus has several allotropes, and black phoghysical properties of high-pressure liquids. By means of
phorus (P) is the most stable state at ambient conditibns. FPMD, we can investigate liquid structures which are sensi-
Many experiments and theoretical calculations have beelive to changes of electronic states induced by pressure
performed to study its structural properties andand/or temperature chang®s!® The constant-pressure
transformation$-® Black P takes the orthorhombi@17) techniqué® is desirable for simulations at various pressures.
structure at low pressur@ess than 5 GPabut it is trans- The combination of these two methodsonstant-pressure
formed to the rhombohedrdlA7) structure around 5 GPa, FPMD) enables us to study liquid properties in a wide range
and to the simple cubi¢so structure around 10 GPdarhe  of pressure.
A7 structure is regarded as a distorted sc structure. This We investigate structural changes by compression focus-
structure is formed by an internal displacement of the fcdng on the Peierls distortion in the polymeti®. A classical
sublattice with a rhombohedral distortion. This is understoodlescription of the Peierls distortion requires the periodicity.
as a Peierls distortidrthat stabilizes the A7 structure in a However, it has been shown that the lattice periodicity is not
certain pressure rang&—10 GPa°® The distortion gener- necessary and that purely local considerations are sufficient
ates strong and weak atomic bonds, and this results in #r the Peierls distortio® In recent experimental and theo-
coordination numbeN, of 3, while N, in the sc structure is retical studies, the survival of the Peierls distortion in liquids
6. The sc structure is stably observed in a fairly wide rangeguch ad-As has been confirmed:*>?'~We now show the
of pressurg10-107 GPp>* Structures with highN, such as ~ €xistence of a Peierls distortion in the polymerf, and also
the bcc and simple hexagon&h) structures are not ob- thatitis gradually reduced by compression. Detailed studies
served, at least, under 107 GPa. on the behavior of the Peierls distortion according to pres-
In contrast with the solid phases, liquid blackIPR) has ~ sure lead to a deep understanding of polymeric liquids. The
not been intensively studied so far. There was no experimeriglation of structural properties betwekR and crystalline P
of I-P at high pressure until Katayane al. observed the Or liquid in group-V elements such &As will be also dis-
first-order liquid-liquid phase transition by pressure cussed.
change$. They observed drastic changes of density and the This paper is organized as follows. In Sec. II, the compu-
structure factorS(Q) in the transition around 1 GPa. This tational method employed in this study is briefly shown. The
transition was also realized in first-principles molecular dy-Simulation results are presented in Sec. I, and the conclu-
namics (FPMD) simulationg with the constant-pressure Sion is drawn in Sec. IV.
technique'® It is clearly shown that compression causes a
transformation from a _mole(_:ular liquida Iow-pre_ssgre Il COMPUTATIONAL METHOD
phase to a polymeric liquid(a high-pressure phasehich is
characterized by the breakup of, Retrahedral molecules The Car-Parrinello methd#l with the constant-pressure
with large volume contractiohThe polymeric form is also techniqué® was employed to perform constant-pressure
observed in liquid arsenicl{As) at ambient pressuré.it ~ FPMD simulations®!* The simulation cell was cubic, con-
seems that properties bP andl-As are closely related, and taining 64 P atoms, and periodic boundary conditions were
this is of use to understand the behavior of the polymeridmposed. The norm-conserving pseudopotefftialith “s
liquids. nonlocality”® was employed to describe the electron-ion in-
In this paper, structural and electronic properties of theteraction. The exchange-correlation energy was described in
polymeric I-P at high pressures were studied by constantthe local density approximatio(LDA) and a parametrized
pressure FPMD simulatiortd-2Since high-pressure experi- form by Perdew and Zung&rwas used. Wave functions for
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FIG. 2. (a) Pair correlation functiog(r) and(b) structure factor
FIG. 1. (a) Dependence of pressure on cutoff enegy;. The  5(Q) for the polymeric liquid at 1 GPa. Solid lines show the
experimental valueX) is 1.38-0.1 GPa(Ref. 8. (b) Pair corre-  present result. Dashed lines(@ denote the “partial’g(r) (see the
lation functiong(r) obtained in the same runs as(@. text), and those inb) denote the experimental res(Ref. 8.

occupied valence states were expanded in a plane-wave basis

with a cutoff energyE; of 24 Ry at a single pointl{) in the gengrates negative pressures. .Figl(té ghows the pai_r cor-
Brillouin zone (BZ). It has been shown that the present con-'€lation functiong(r) obtained in the same runs. It is con-

ditions for the electronic state calculation are adequate t§fmed that arke, of 18 Ry is sufficient fog(r). Therefore,
obtain accurate liquid structurds!61828-30Tyo Nose @ low Ecuis available if we focus on only static structures in
Hoover thermostaf$32 connected to ionic and electronic OUr Studies. In the present case By, of 24 Ry is sufficient
systems, respectively, were introdudatb control the tem- for bpth st.ructu.ral propemes and the !nternal pressure. Thus
perature of the ionic system, and to avoid a large deviation oftll Simulations in this paper were carried out with &g, of
the electronic states from the Born-Oppenheimer surface. Ir?4 Ry However, we would like to remark here that the
tegrations of equations of motion were performed with aPT€S€nt computational conditions may not give pressures
time step of 0.126 fs. A periodic resetting of total ionic mo- Consistent with experiments in other systems. The general-
mentum was performed to suppress the ionic flow due t¢?€d gradient approximatiofGGA) for the exchange-
thermostat& correlation energy tends to favor a larger volume than the
To see the dependence of the pressure valueg,grin  LDA- 3637 This, in some cases, improves the pressure values,
our system, we performed molecular dynamtD) runs of ~ Put in other cases, causes ove_rcorrectﬁ?rf’é:LDA some-
the polymerid-P with E of 18, 24, and 38 Ry, respectively mes offers —better —properties due to the error
cancellatior?®3® Therefore, considering this large uncer-
1(a), the dependence of the pressure values is shown. THainty a_bout pressure, we shogld be caut'ious of the pressure
corresponding experimental value (1:38.1 GPa)(Ref. § values in FPMD as in conventional classical M.
is also plotted for comparison. Each pressure was obtained as
a time average of the internal pressiré"!*from the virial Ill. RESULTS AND DISCUSSION
theorem. With lowE,; (18 Ry in this casg a negative pres-
sure is obtained. This is consistent with previous
calculationst®3°A low E tends to enhance a covalent char-  In our previous simulatiod,we obtained the polymeric
acter in the atomic bonding and generate a slightly conphase of-P through the phase transition from the molecular
tracted volume, or a lower pressure under constant volumdiquid phase. The present simulation started with the final
especially with the LDA®?8However, other properties such atomic configuration of this polymeric liquid with the com-
as static structures converge well even with a By that  putational conditions described in Sec. Il. After equilibration

A. Polymeric liquid at 1 GPa
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T 5l 5 NN 3(a).?? At 1 GPa(red circles, the first three NNs show al-
& "7 BthNN most linear dependence, but the three following Nfgsirth,
E 04 4 fifth, and sixth NN$ show a different behavior. The tendency
o | clearly changes between the third and fourth NNs. Figure
0.2 / 1 3(b) shows the individual position distributions of the nth
0 Y ' NN atom at 1 GPa. It is easily recognized that the first three
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NNs have relatively high and narrow peaks, while the three
following NNs have less sharp distributions. The broadened
peak widths suggest the different bonding character com-
FIG. 3. (Colon (a) Average distances of the ntti-6) NN atom  pared with the first three NNs, which is consistent with the
at four different pressures. Short bars indicate the statistical errord7 structure. Therefore, we consider that the characteristic
and dashed lines are guides for the eyBsIndividual distributions change between the third and fourth NNs is meaningful and
of the nth(1-6) NN's positions at 1 GPa. that the first three NNs are connected by relatively strong
(covaleni bonds inl-P at 1 GPa. We note that the first five
(over 5 p3, the polymeric liquid with densityp  NNs at 55 GPa have distributions with almost the same peak

~2.6 gl/cnt was obtained at 1 GPa and 1400 K. Figut@2 Widths and heights in contrast to 1 GBe Sec. Il B. The
showsg(r) of the polymeric liquid at 1 GPa. Also shown by bond lengths of the first and second NNs in the A7 structure
dashed lines is the partial contribution from only three neigh-at 5.5 GPa are 2.20 A and 2.81 A, respectivelhese are
bors, i.e., the first-, second-, and third-nearest-neigikiih approximately coincident with the first peak and the mini-
atoms[“partial” g(r)].}® The characteristic feature of this mum of theg(r), respectively(although the position of the
g(r) is the existence of a second peak which is not found irfirst peak has slight uncertainty, see beloiso, the fourth

the molecular quuic?. The coordination numbeX, obtained and fifth NNs in Fig. 8b) are mainly distributed around 2.8
by integrating 4rr?g(r) up to the first minimunt,, (2.79 &  A. Therefore, it is considered that the vague first minimum is
is 3.7. However, this strongly depends on the value,pflue  due to the contribution of the weakly bonded atoms. It
to the rather vague first minimum. The overall shape lpd should be noted that LDA tends to exaggerate the strength of
are consistent with those ®fAs at ambient pressure which such weak bonds and this is, in some cases, reflectg¢n
also has a polymeric forrt:*>?*?%Although N, is calculated as a vague first minimurl. Therefore, GGA may more
as 3.7, the “partial’g(r) containing three atoms is almost clearly produce the first minimum of ttggr) at 1 GPa and
coincident with the symmetric part of the first peak of thethus, the value oN.. However, the above issue tends to be
total g(r). This property is also found im-As, in which  less important in high-density phases. Thus we believe that
characteristics of the A7 structure still remamln the A7  the present results at higher pressures are not significantly
structure, the first nearest neighbokNs) of each atom are influenced by GGA.

composed of three atoms connected by covalent bonds, and S(Q) is shown in Fig. 20). The overall shape is in good
the second NNs are composed of three other atoms comgreement with the experimental one. However, a slight dis-
nected by long weak bonds. Taking account of these factgrepancy of the peak position is found around 6 AwWe

the “practical” coordination number iftP at 1 GPa is con- have confirmed that this discrepancy is related to the position
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of the first peak of they(r) in Fig. 2a).>?!In the pseudo- @ oL
potential electronic state calculation of P witls fionlocal-
ity,” it is shown that the first-neighbor distan¢the position 1.5
of the first peak ofg(r)] is estimated to be slightly longer 1
than the actual on®. In fact, the position in the present 05 F
result(2.32 A) is slightly shifted compared with the experi- )
mental one(2.28 A).2 This is consistent with the previous 0
report by Hohl and Joné§.We found that the modified(r) 2L
with the first peak shifted to the shorter distance can repro-
duce the experimental peak position around 6 Ay Fou- 1.5
rier transformation. Thus the origin of the discrepancy is 1F
considered to be the treatment of hionlocality.” The two 05 F
characteristic peak@round 2.5 and 3.7 Al) indicate more )
complicated liquid structures than those of a simple liquid. 0
They are more clearly reproduced than the previous result of 0

I-As,’® but not completely yet. This may be due to the small
system size in our simulations.

The bond-angle distribution functioh(cos#) gives more FIG. 6. g(r) for I-P at 15, 25, 55, and 70 GPa. Dashed lines are
insight of the structures. It counts angles between the twehe “partial” g(r) as in Fig. 2.
vectors that join a central atom with two neighbors within a
sphere of radius,,. Figure 4 showsA\(cosé) together with
the partial contributiomAs(cosé) from the first three NNs.
The main peak is located around azs—0.1 (96°) and the

k is aroun . °). This shows th ms . . . : .

?rJ:Fr)T?:inlys c%r?rl:egt;ﬁf c:sof/g?er)ﬁr)( bosn(?s?ayys) (ta|:(t:t?(§(r)15 S is again confirmed by the electronic density of std2©9)
in the polymeric phaseAs(cosé) shows this more clearly. PEIOW. _ o
The peak position, cog=—0.1 (96°), is slightly deviated  1he subpeak inA(cos6) (~60°) is more clearly seen
from cos#=0 (90°) as in the A7 structure. This structure is than inAg(cosd). From this, we consider that the subpeak
regarded as a distorted sc structure by the Peierls distortiofeflects the weakly bonded atoms which have relatively long
and the bond angle within the first NN&I{=3) is ~97°. bonds and favor a close-packed structure because of its iso-
Considering that the “practical” coordination number is 3 in tropic interaction. This is consistent with the discussion on
this liquid, the deviations ifA(cos#) and A;(cosé) reflect  the vague first minimum of thg(r) mentioned before.
the Peierls distortion in the A7 structure. In addition to the structural properties, the electronic DOS

The Peierls distortion is caused by a resolution of thewas also calculated. It was obtained by static electronic state
degenerate states around the Fermi en&gynto bonding  calculations with 14k points in the BZ for several atomic
and antibonding states. It has been shown that the Peiert®nfigurations in the liquid phase. These calculations were
distortion can be caused only by atomic interactions within aarried out by use of theasTep code?® In Fig. 5, the DOS
certain local region around each atom, not periodi@fyhis  for the polymeric phase is shown together with that for the
reminds us of the Jahn-Teller distortion in molecules, whichmolecular liquid phase. In the molecular phase, there are
is caused by essentially the same mecharfisiman isolated  three separated bands bel& accompanying a gap &.
P atom,p orbitals form along three orthogonal directions. On the other hand, the DOS in the polymeric phase has no
However, the generation of bonding states causes distortiopap aroundEr showing a metalliclike character. Valence
(symmetry breakingin the corresponding local geometry bands are clearly separated istandp bands(the lower and
such as bond lengths or angles. Therefore, the deviation afpper parts, respectivelyThis shows that atomic bonds are

the bond angles from 90° in this liquid can be regarded as an
indication of the Peierlgéor Jahn-Teller distortion as well as
N, and bond length& The existence of the Peierls distortion

054204-4



POLYMERIC LIQUID OF PHOSPHORUS AT HIGH . ..

(b)

(c)

FIG. 7. (Color) Snapshots of typical atomic configurationgat
1, (b) 25, and(c) 55 GPa.

PHYSICAL REVIEW B6, 054204 (2002

0.3 . . :
1GPa
e | 15GPa (a) |
— 025 I s5GPa
= 55GPa
5 0.2 + 70GPa .
e
S 015 i
z 0.1 f
2
0.05
G L 1 1
1 0.5 0 0.5 1
0.4 : :
— I (b) |
2 03¢ 1
E ke 4
& p2|
= I |
S 01t :
<
I:: 1 1 1
-1 05 0 0.5 1

cos 0

FIG. 8. (Color) (a) A(cos#) and (b) Az(cosé) at several pres-
sures. Only results at 1400 K are shownlinto show the reduction
of the Peierls distortion clearly.

B. Polymeric liquid at higher pressures

Further compression on the polymeric liquid causes inter-
esting changes of structural and electronic properties. The
high-pressure liquids were obtained by compressing the
polymeric liquid of 1 GPa. During the simulation with com-
pression, the external pressure was raised by 5 GPa every 2
ps. Equilibration for 5 ps was performed at several pressures
to obtain various properties. Figure 6 shog&) at four
pressures; 15, 25, and 55 GPa at 1400 K, and 70 GPa at 2000
K, respectively. At the highest pressure 70 GPa, a pressure-
induced crystallization occurs at 1400 K in our simulatf8n,
so that properties at 70 GPa were calculated at 2000 K where
the liquid stably exists. The first peak @f(r) is located
around 2.3 A at any pressure, while the second peak gradu-
ally fades away and the position of the third péakound 5.0
A) is shifted to the shorter distance. From the “partig(t)
for three nearest atomglashed lines it is found that the
number of atoms contained in the first peak is increabskd.
at each pressure is calculated as 3.5 GPa, 5.9(25 GP3,

mainly composed ofp electrons. There also exists a dip 7.0 (55 GPq, and 8.0(70 GPa, wherer,, is assumed as
around E¢ which separates the bonding and antibonding2.85, 2.80, 2.75, and 2.80 A, respectively. It is obvious that
states leading to the bonds. This again confirms the exis- N is increased by compression. On the other hand, the sum

tence of the Peierls distortion.

of the number of atoms under the first and second peaks of
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' ' ' ' side of the shell at low pressure&z(cosé) at 1400 K are

0.6 | 15GPa N given in Fig. 8b) to show the change of the atomic bonds
0.4 | which originally form theo bonds at 1 GPa. This does not
L show considerable changes by compression compared with
02 | A(cosfh). However, a subtle but important change is found.
B The peak location is slightly deviated from a#s0 (90°) at
0 low pressures as described in Sec. Il A, but this deviation is
06 | ' ' ' ' gradually reduced. This seems to be essentially the same
L phenomenon as found in the structural transformation from
’E‘ 0.4 the A7 to sc structures: the reduction of the Peierls distortion.
o ) It has been shown that the transition from the A7 to sc struc-
© 0.2 tures is due to the increase of the mixingdadrbitals into the
% ) states arouné.° This decreases the separation of the bond-
@ 0 ing and antibonding states Bt, and weakens the bonds
Q 0.6 | by p electrons, leading to a less distorted sc structure. Since
% i the characteristics of the crystalline structures are well pre-
=~ 04 served in the liquid, we consider that the same mechanism
8 ) works in the polymeric liquid. In fact, the calculated DOS at
o 0.2 high pressures shows a consistent behavior with this mecha-
nism (see below. Therefore, we conclude that the Peierls
0 distortion in the liquid is reduced by compression. It should
0.6 I be remarked that a continuous transition from A7 to sc struc-
’ tures is observed at high temperat(®&3 K, below the melt-
04 | ing temperaturg while a discontinuous transition is ob-
) served at room temperature in experimént.
0.2 It is also interesting that, even at high pressures, the peak
around 90° is clearly found ilz(cosé), although the peak
0 L ! L L around 60° is considerably enhancedAifcosé). This indi-
20 -15 -10 -5 0 cates that there are two characteristic atomic configurations,
short- and long-range ordet$®?within the first coordina-
energy (eV) tion shell. The persistence of a sc-like structiitee short-

) range orderis consistent with the strong stability of the sc

FIG. 9. DOS forl-P at 15, 25, 55, and 70 GPlr is setto 0 V. girycture in crystalline P. Atomic interactions in the long-

range order are rather isotropic, and close to those in a
simple liquid. It is expected that, at extremely high pressure,
the sc-like structure almost fades away, and an isotropic in-
g(r) (integration up to~4 A) is approximately constant teraction becomes more dominant by taking account of the
(~18) at all pressures. The overall shapeyff) at 25 GPa  structural transformations to more close-packed structures in
and over is similar to that of liquid Sb or Bf?*In I-Sb or  crystals over 140 GPa (se+ sh — bcc)3*
Bi, N is much higher than 3 and the number of atoms in the The mentioned characteristics #fcosé) at high pres-
first and second coordination shellis1822-24 sures are also found IrSb and B#*?*The peak around 60°

The average distance of the nth NN atom also reflects thig dominant in liquids of the heavy elements. It is reported
increase o, [Fig. 3(@]. The characteristic change betweenthat |-Sb has a quite weak Peierls distortdnwhile 1-Bi
the third and fourth NN atoms at 1 GPa is not clearly seen atlose not contain such distortiofisThese are consistent with
higher pressures. The difference of the atomic bonding chai-P at high pressures. The similarity of the structural proper-
acter seems to be gradually reduced. This means the gradu#s of high pressuré-P to those ofl-Sb or Bi at ambient
incorporation of the fourth, fifth, and sixth NNs into the first pressure is the same trend as observed in the crystalline
coordination shell, which results in the increase\pf phases.

Snapshots of typical atomic configurations at 1, 25, and The reduction of the Peierls distortion is also confirmed
55 GPa are given in Fig. 7. The increase M§ and the by the DOS at high pressures in Fig. 9. As the pressure is
complexity of the polymeric form can be clearly confirmed. increased, the split of the valence bands found at 1 GRg

The increase oN. indicates the reduction of the Peierls 5) is reduced, and the overall shape becomes close to that of
distortion. To confirm this, we pay attention to the change ofa free-electron metal, or the sc or sh structures in crystalline
the atomic bonding character. In Figag A(cos6) at sev- P®* It is found that the small dip arounB at 1 GPa is
eral pressures is given. It is found that the peak aroundilled at high pressures. This means the reduction ofdhe
cosf=0 (90°) is gradually shifted to the smaller angle bonds byp electrons and consequently, of the Peierls distor-
(cos#>0), and that around cas=0.5 (60°) grows up by tion. We note that these characteristic changes in the DOS
compression. This reflects the increase of atoms connectede also similar to those in the crystalline phases (A7
by weak bonds in the first coordination shell, which are out-— sc — sh).
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IV. CONCLUSION istics of a simple liquidlike structure~70 GPa). The sec-

ond peak ofg(r) almost vanishes, anll is significantly

anreased. However, there is still a sc-like configuration as
Hje short-range order within the first coordination shell. This
Is consistent with the strong stability of the sc crystalline

Constant-pressure FPMD was applied to the polyniefic
to investigate its structural and electronic properties at hig
pressures. It is shown that, around 1 GPa, atoms are co

nected by covalent bonds hy orbitals, and accompany a h . i ¢ 340 it t that
Peierls distortion as irAs. However, in compression, struc- phase In a wide range ol press ur resufts suggest tha

tural and electronic properties gradually change and thQWCh_ h|_gher pr_essure>(70 GPa) generates more Isotropic
Peierls distortion is reduced. In the compressed liquid, th&OMic interactions, and leads to a more simple liquidlike
split of bonding and antibonding stateskat is reduced, and structure.
the o bonds byp electrons are weakened asl#$b or Bi.
Consequentlyl-P at high pressuresx(25 GPa) shows a be-

havior similar to that in liquids of heavy elements such as Sb The author is grateful to Dr. T. litaka, Dr. Y. Katayama,
or Bi at ambient pressure. We note that this tendency isind Professor S. Noder valuable discussions, and to Pro-
rarely reported in contrast with in crystalline phases. Theessor D. M. Bird and Dr. T. Ebisuzaki for the use of the
reduction of the Peierls distortion in the polymeric liquid is CASTEP code. The computations were carried out at Com-
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