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Structure of Liquid As: A Peierls Distortion in a Liquid
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A neutron-diff'raction experiment (& =0.704 A) has been performed on liquid arsenic above the triple
point. The coordination number (Z=3) does not change thru the semimetal-to-semiconductor transition
pn melting. This is in sharp contrast to the elemental semiconductors (Si,CJe) that undergo a
semiconductor-to-metal transition upon melting, accompanied by an increase (4 6.4) of the coordina-
tion number. The nonmetallic behavior of As, which has a half-filled p band, can be understood as a
Peierls distortion in the p-bonding mechanism (three p-p bonds are reinforced; the others are consider-
ably weakened).

PACS numbers: 61.25.—f, 61.12.6z

The elemental group-IV semiconductors (Si,Ge)' and
their isoelectronic III-V compounds (InSb, GaAs )
drastically change their structural and electronic proper-
ties upon melting: Their coordination number increases
from four to six and they undergo a semiconductor-to-
metal transition associated with a high value of the en-
tropy of melting. In this paper, we show that arsenic, a
group-V semimetal, has a completely diAerent behavior
as it keeps its coordination number Z=3 in the liquid
state. Moreover liquid arsenic is semiconducting (Eg
=0.5 eV).

The valence three of group-V elements (P, As, Sb, and
Bi) in their crystalline structures can be simply explained
as the result of a Peierls distortion of p-bonded atoms.
Indeed, an atom of group-V element has an electronic
configuration s p . The s level lying far below (=8.4
eV) the p level, the fully occupied s band in the crystal
does not contribute to cohesion which is dominated by
the half-filled p shell. The six lobes of the p orbitals
pointing at right angles lead to a simple cubic (or relat-
ed) structure. However, such a structure is unstable
against doubling of the periodicity for a half-filled band.
Doubling of the periodicity in the three principal direc-
tions of the simple cubic structure can be achieved by the
alternation of short (covalent) bonds and long (weakly
covalent) van der Waals bonds: It leads to the A7 rhom-
bohedral structures for As, Sb, and Bi or to the ortho-
rhombic structure of P and As; both structures consist of

double layers of tricoordinated atoms. In addition to a
gain in the electronic energy, doubling of the periodicity
opens a gap at the Fermi level. (Group-V elements are
semiconductors or semimetals. ) In the crystal, the open-
ing of a gap results from the orthogonality of the disper-
sion relations at the Brillouin-zone boundaries. The clas-
sical explanation of the Peierls distortion mechanism re-
quires the periodicity. In this paper, we demonstrate for
the first time that a Peierls-type distortion may still exist
in a liquid. Indeed, we show that the coordination num-
ber of liquid arsenic is exactly three as in the crystal; the
absence of a Peierls-type distortion would have given a
sixfold-coordinated structure like that of polonium at
room temperature.

The difhculty in performing an experiment on liquid
As is due to the high pressure of its triple point which
prevents it from melting at atmospheric pressure. Arsen-
ic is known to sublimate around 610'C (p =1 atm); its
triple point lies at p =37 atm and T=817 C. The melt-
ing of As has been achieved in a sealed amorphous cylin-
drical quartz container (6 mm internal diam, 1 mm
thickness, and 100 mm length). The neutron-diA'raction
experiment has been performed on the hot source (neu-
tron thermalized in graphite at 1400 K) of the Orphee
reactor at Saclay (spectrometer 7C2 ) with a wave-
length X =0.704 A [Cu(111) Bragg reflection]. The
dift'raction spectrum is recorded on a multidetector [band
of 640 detectors, the aperture (angular step) of which is
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FIG. 2. The pair correlation function g(r) of liquid arsenic.

FIG. 1. The interference function S(q) of liquid arsenic.

0.2']; this corresponds to a k range 0.43 A ' & k & 16
The sample was slowly heated and then held in the

liquid state at 825'C (p =47 atm) in a vanadium fur-
nance made of a vertical cylindrical sheet of 0. 1 mm
width, the difference of temperature between the extrem-
ities of the ampule not exceeding 3 C. The raw data are
corrected the usual way: The furnace and empty-
container signals are subtracted, with transmission Pall-
man and Pings's corrections. The data are then correct-
ed for multiple scattering ( & 1%), inelasticity (Placzek,
& 1%), and detector efficiency. A subsequent diffraction

experiment on a piece of vanadium allows us to calibrate
(and renormalize) the response of all the detectors. The
corrected diA'raction data are shown in Fig. 1 in the k
range k & 15.5 A '. A small prepeak appears at 1.38
A ' followed by peaks at 2.45, 3.74, 5.86, and 8.00
A

The damping of the peak heights when k increases is

relatively fast, somewhat like in liquid metals. Figure 2
shows the pair correlation function g(r). The first peak
at r i =2.50 A is well defined (at least for a liquid at high
temperature). The experimental peak height (2.05) is

dependent on the k range (k,„). [E.g. , in the case of
amorphous arsenic, the maximum value of g(r) is 2.7 if
k,„=9.5 A ' and 4.6 if k,„=23.5 A '. ] The peak
of second neighbors contains two contributions: The
peak at rz =3.75 A corresponds to the six second neigh-
bors of the crystal at 3.77 A while the shoulder at
r2 =3.4 A has to be related to the interplanar nearest
distance of the crystal (three neighbors at 3.15 A in the
rhombohedric structure, 3.2 A and twice 3.56 A. in the
orthorhombic structure). The number of neighbors un-

der the double peak cannot be determined with an accu-
racy better than one. It is between eight and nine, the
crystalline value.

The angle of three covalently bonded atoms can be es-
timated from the ratio of the two peak positions r2 and
r]. It amounts to 97 in the liquid, a value indistinguish-
able from the rhombohedral value (97.2 ) and slightly
smaller than the amorphous value (98' to 103'),

TABLE I. Peak positions and coordination numbers for
rhombohedral (c), amorphous (a), and liquid (I) arsenic.

2.51
3.15/3. 77

2.47
7/3. 79

2.50
3.4/3. 75

3
3+6

3.07
9.8

3.00
8.9

which indicates also that the liquid structure is diferent
from the simple cubic structure.

After the third peak at r3=5.7 A, there is no subse-
quent structure, i.e., g(r)=1, above r =6.5 A, a com-
mon feature in noncompact structures. Indeed, in those
systems the structure is not "nested" shell by shell.
Above the third shell of neighbors, the atoms are ran-
domly distributed. This is also observed in liquid Si,
Ge, ' and GaAs, which are roughly hexavalent in the
melt. Table I shows the values of the peak positions and
coordination numbers in the crystalline (rhombohedral)
amorphous and liquid arsenic. An important result is
the coordination of three (ni =3.00) in the melt which
indicates that the Peierls distortion mechanism of the
simple cubic structure survives in the liquid. It can be
shown theoretically that the instability of a half-filled
band (such as polyacetylene or group-V elements) has a
local character and still exists in the absence of perio-
dicity.

Let us remark that liquid As is a semiconductor as
shown by the decrease of resistivity with temperature in

the melt. The electrical gap is found to be Eg
=0.5+ 0.05 eV just above T from the analysis of con-
ductivity, a value intermediate between the crystalline
structures [Eg =0 (rhombohedral) or Eg =0.3 eV (ortho-
rhombic)] and the amorphous structures (Eg =1.1 to 1.4
eV). It is a very unusual situation in which the conduc-
tivity is semimetallic (or small-gap semiconducting)
below T and semiconducting above. This has to be
contrasted with Si and Ge which behave inversely while
Se is semiconducting on both sides of T . On the other
hand, Te becomes more conducting in the melt with an
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increase of both the coordination number (2 2.8) and
the interatomic distance (2.87 2.92 A) upon melting.
By comparison, one observes that As behaves much more
like Se (coordination and interatomic distances un-

changed). In fact, this is just a question of temperature
scale; it is likely that for group-V, -VI, and -VII ele-
ments the Peierls distortion leading to the Z =8 —N rule
is destroyed by the temperature (also by pressure), so
that at high temperature these p-bonded systems tend to
a sixfold-coordinated structure like that of Po. It is sug-
gested that far above T, As should be sixfold coordinat-
ed, Se and Te as well, but only Te shows an increased
coordination number at T: The relevant parameter
should be AE, /kT, the dilference of cohesive energies be-
tween the Peierls-distorted and undistorted (six coordi-
nated) structures divided by the temperature. At ex-
tremely high temperatures, a close packed (Z =10)
liquid metallic structure should appear for As with larger
interatomic distances in analogy to Sb (Z =8.7) and Bi
(Z =8.8)."

Let us remark that As has an anomalously high melt-
ing entropy (5.51 cal/mol K), three times as much as the
melting entropy of metals (2 cal/mol K). It cannot be
obviously attributed to an electron delocalization mecha-
nism'' such as for Si and Ge.

A structural model of liquid As has still to be con-
structed. As a result of our diAraction data, we suggest
a model of randomly corrugated planes of tricoordinated
atoms similar to the models put forward for amorphous
As. Let us finally mention that models of dilated rhom-
bohedral or (better) orthorhombic structures correctly fit

the peaks of the interference function S(q) (with a suit-
able broadening of the interference peaks), showing
again the similarities of local structures of liquid and
crystalline arsenic.
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