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The purpose of the present article is to review our discovery concerning a completely new
mechanism of metal -nonmeta (M-NM) transition in expanded Se. Severa mechanisms were
previously proposed for M-NM transitions which includes the Bloch-Wilson transition, the
Mott-Hubbard transition and the Anderson transition. In each of these cases, a transition
takes place from meta to nonmeta when the system is expanded. This behavior is brought
about by the narrowing of bands on the increase of volume, which leads to the opening-up of
bands and the appearance of an energy gap at the Fermi level. On the other hand, atransition
occurs in expanded Se from nonmetal to metal on expansion, which is perfectly against the
common knowledge. In expanded Se, chains are fragmented into small sizes of 10, and
consequently some of bonds are streiched. We show that the energy splitting
Ez-5 = Ez — E5 corresponding to these stretched bonds becomes smaller, and eventually the
gap between the va ence band (composed of the lone-pair orbitals) and the conduction band
(composed of the anti-bonding 6* orbitals relevant to the stretched bonds) closes and the
system transforms from nonmetal to metd.
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1. Introduction

A metal-nonmetal (M-NM) transition is a macroscopically observable phenomenon of great
interest, from which the microscopic behaviors of dectronic properties are detected. Severa
mechanisms for M-NM transitions have been proposed so far, which include (1) the Bloch- Wilson
transition, (2) the Mott-Hubbard transition and (3) the Anderson transition. In these M-NM
transitions, the reative magnitudes of a characteristic parameter and the width W of the
corresponding bands play deciding roles.

(1) In the case of the Bloch-Wilson transition, the characteristic parameter is the energy
difference E;; = Ej-E; between the centers E; and E; of the two relevant bands. Schematic situation of
energy bands is presented in Fig. 1(a). Some typical materialsin connection with this mechanism are
elements in group lla or I1b such as Hg, for which E; = Eg, s and p denoting the s and p band,
respectively. Liquid Hg just above the meting temperature Tm, for example, has energy bands as
illustrated in the low volume regionin Fig. 1(b), where the s and p bands overlap and the density of
states (DOS) at the Fermi levd is finite, thus the system being metallic. When the volume is
increased, the band widths (W) are narrowed while the difference E;; remains almost constant. As a
result, there appears an energy gap between the s and p band as depicted in Fig. 1(b) and the
(M - NM) transformation occurs. The increase of volume over a wide range is rather dificult to
realize, but can be made possibl g, for instance, by applying high pressure and high temperature so as

" Corresponding author: yonezawa@xa2.s0-net.ne.jp



1708 F. Yonezawa, H. Ohtani, T. Yamaguchi

to bring the system from T, to the supercritical region as indicated by an arrow in the pressure-
temperature (P - T) plane as shownin Fig. 1(a).

(2) Inthe case of the Mott-Hubbard transition, the characteristic parameter is theintensity of
dectron corrdation, U, and an argument anal ogous to expanded Hg in terms of Figs. 1(a) and (b)
applies to this case as wdl, by using U instead of E;; and by employing the lower and upper Hubbard
band instead of the s and p band. Liquid dkali metas are practical materials in which the expansion
of the system leads to the (M — NM) transition due to eectron correation. (3) In the Anderson
transition, the characteristic parameter is the degree of randomness, I', which defines the width of
the mobility gap.

high P
high T

p-band
upper Hubbard band

s-band

lower Hubbard band

Hig E —r V=0 e
alkali metals

Fig. 1. (&) Schematic illugraion of experimental results in the pressure-temperature(P -T)

space in the cases of Hg and alkali metals. (b) A schematic explanation of the mechanism for

M-NM transitions of the Bloch-Wilson type or the Mott-Hubbard type presented in the

volumeenergy (v - E) plane. In the Bloch-Wilson mechanism, the two bands arethe s- and

p-band, while in the Mott - Hubbard mechanism, the two bands arethe lower and upper
Hubbard band. The levelsin the shaded region are occupied.

The details about these three kinds of mechanisms for M-NM transitions are listed in the
three corresponding rows in Table 1. As the system is expanded in each of these cases, the band
width W is increased while the magnitude of the respective characteristic parameter is hardly
influenced. As a consequence, the ratio (W/E;j), (W/U) or (W/T') decreases accompanying the
increase of volume V (or equivaently to the decrease of densityp) so that the open-up of the bands
takes place, and, accordingly the system transforms from a metallic to nonmetallic state. Actualy, in
al previously known examples, a metal-to-nonmetal (M - NM) transition always takes place when
V isincreased.

On the other hand, a nonmeta-to-metd (NM — M) transition is observed experimentally on
the increase of V in expanded liquid sdenium (Se) redlized under high pressure and high
temperature, which is precisdy the other way around judging from the common knowledge. Despite
some intensive study, this unexpected phenomenon was left unsolved for some time since no
traditional ideas worked, but severa years ago we discovered a completely novel mechanism for
M-NM transitions which successfully ducidated this unprecedented problem about the M-NM
transition in expanded Se. The purpose of the present articleis to give a fundamenta review on this
discovery of ours. (All therdated information is obtained in refs. [1-11]).

In section 2, experimenta results about expanded Se are presented. In section 3, we propose
a structura model for expanded Se in 1D and discuss the results of our energy cal culations for this
model. The essential aspects of our new mechanism for M-NM transitions are found even in our 1D
model. In section 4, we present our 3D modd and show that the results of energy analyses reinforce
the vaidity of our new mechanism. In section 5 are given discussions and conclusions.
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Table 1. Mechanisms for M-NM transitions.
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2. Experimental results for expanded selenium

The experiments due to Tamura et a. show that the dc conductivity o of liquid Se increases
by 8 orders of magnitude when the temperature T is increased a ong the iso-pressure line as denoted
by a rightward arrow in the P -T plane in Fig. 2(a), while the system is expanded as much as the
20% increase of volume. Note that the horizontal dotted line denotes the critical conductivity which
separates a metdlic and nonmetdlic region. This critica conductivity here is chosen to be Mott's
minimum metallic conductivity o, for liquids, its value being 30 Q*cm™. The condudtivity beyond
Omin IS @ most a few hundreds in Q*cm™, which is comparable with o of a semimeta. This fact
indicates that Sein this metallic phasein the supercritical regionis not highly metallic.

As shown in Fig. 2(b), some other physical properties such as the optical absorption and ac
conductivity o(w) aso lend support to the occurrence of the NM - M transition a the volume
(indicated by a vertical broken line) corresponding to 6,,n. The absorption edge appears at Tyw _m
and the ac conductivity o(w) changes from semiconducting behavior to the Drude behavior
characteristic of metallic phases.
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Fig. 2. (a) In the top is shown a schematic illustration in the P -T space of the iso-pressure
line for expanded Se al ong which the experiments have been carried out, whilein the bottom
is presented the change of conductivity dong the iso-pressure line e P = 1400 bar. The dotted
line denotes Mott’s minimum metallic conductivity o, for liquid metals, which separates
metdlic and nonmetdlic region. (b) The changes of various physica propertiesin liquid Se
from the mdting temperature to the temperature region in the vicinity of the critical point.
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The atomic structures also have been studied experimentally by means of X-ray diffraction
measurements, the X-ray absorption fine structure (XAFS), the extended X-ray absorption fine
structure (EXAFS), and the nuclear magnetic resonance (NMR). As demonstrated in Fig. 2(b), the
coordination number n; decreases from n, = 2 typical to a norma chain structure to n; = 1.8 which
corresponds to the situation that 10 % of the Se bonds are terminated while the underlying chain
structureis maintained.

The number of unpaired spins estimated from the measurements of NMR indi cates that the
chain length n changes from n ~ 10° just above T, to n ~ 10 in the supercritical region, which is
consistent with the conclusi on drawn from the change of the coordination number n;.

3. Structural model and calculational method

From the experimental results presented in the preceding section, it is expected that
supercritica Seis composed of fragmented chains of approximately size 10 distributed randomly as
schematically illustrated in Fig. 3. Various kinds of disorder would exist such as disorder in chain
size, chain shape, entanglements of chains and chain distributions. Thermal effects also exist. In
spite of al these complex aspects, the most essentia factor is that the chains are fragmented. By
taking this point into account, we construct a structural model as presented in Fig. 4. Our model
system is composed of finite chains, each of which has the rotation angle ¢ = 120° as shown in Fig.
4(a). We arrange the finite chains of the same sizein a regular manner as presented in Figs. 4(b) and
(c), which are the schematic illustration as viewed from the side and top respectivey. Although an
exampl e of finite chains with size 6 is given in Figs. 4(a) and (b), the chains can be of any size. The
bond length is r; and the separation between finite chains is rs, along the chain axis, while the inter-
chain distanceis a. We note here again that the regularity of chain configurationsis only for the sake
of computational convenience and it does not spoil the generality of our argument because the most
important factor is that the chains are fragmented.

Fig. 4. Our structurad model for liquid Se near the critical point; a 3D assembly of fractured

Se chains where each fractured chain is of size 6 and @is the rotational angle, which is 120°

in the present case. The length of a stretched bond is expressed by rg, > r;, which measures

the separation distance between the terminal atoms of two verticaly adjacent chains; a

represents inter-chain distance, and c is the lattice constant. (8) A schematic illustration of

vertically aligned chains, (b) and (c) respectively depict the schematic situation when the
modd structure is viewed from the side and the top.
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We caculate both eigenvalues and eigenfunctions. From the knowledge concerning
elgenvalues, we can derive band structures, band gaps Eg, and the band overlap Egyens. On the other
hand, e genfunctions are used to obtain the constant-density surfaces of the eectron density, which
gives an idea about the ways how the wave functions are extended in the red space

Eigenvalues are calculated in the density functional theory with the locd-density
approximation, by means of the smulated annealing method, where we perform the norm-
conserving pseudopotential dueto Bachdet, Hamann and Schiiter. A simulation box istakento bea
primitive cell of hexagona close-packed structure, and the energy cutoff is chosen to be 10 Ry. In
our simulations, periodic boundary conditions are adopted. The size of a simulation box is chosen
appropriatdy for the values of re, and a
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Fig. 5. Band structures and schematic densities of states for 3D crystalline Se (1€ft) with
trigonal structure and a 1D crystalline Se of hdlical chain (right) with 3-fold symmetry.

4. Results
4.1 Crystalline Se— 1D and 3D

Before studying the results of our energy calculations for general cases, let us first discuss
the energy bands for crystalline structures. A three-dimensional (3D) is realized when we take
I/ro = rplfo = &8 = 1 in our structural model presented in Fig. 4. Hererpand &, are respectively the
bond length and the inter-chain distance of a crystalline Se with a trigonal structure, which is
referred to as trigonal Se (often abbreviated ast-Se).

The band structure is shown on the left of Fig. 5, together with the schematic illustration of
the DOS. For comparison’s sake, we present on the right of Fig. 5 the band structure and the
corresponding DOS for a one-dimensiona (1D) crystd of an infinite helica chain with 3-fold
symmetry. This 1D crystaline structure is realized by taking ri/ro = rsp/fo = 1 and a/ay = o in our
structura modd explained in Fig. 4.

For both 1D and 3D crystals, the bands are fully occupied up to the lone-pair (LP) bands
while the o* bands composed of anti-bonding €éectrons are empty, thus the systems being
semiconducting or nonmetallic (NM). The band widths are narrower for the 1D crystd than for the
3D crysta, since the eectron wavefunctions for the former case extend only in the 1D space while
they extend in the 3D space. Accordingly the energy gap E, of about 1.5 eV for t-Seis smaller than
Eg of about 2 eV for 1D crystal. Note that the caculated value of E; ~ 1.5 eV for t-Se is in fair
agreement with the experimental value of E; ~ 1.8 eV, showing the validity of our ca culational
method.

4.2 Expanded Se— 1D
Now we calculate the energy leves of 1D expanded Se which corresponds to taking

I'ep/f1 > 1 and alay = oo in our structural model. For our energy calcul ations, we choose size of each
fragmented chain to be six. The calculated band energies are demonstrated in Fig. 6. We can see
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that, when rey/r; is increased from unity, one branch out of 6 anti-bonding (o*) bands starts being
detached from the other 5 anti-bonding branches and shifting into the energy gap as shown in
Fig. 6(b).

This result is explained as follows. As we can see from our structural model in Fig. 4, the
increase of rep/r1 indicates that one bond out of 6 bondsin a unit cdl is stretched, and consequently
the energy splitting AE = E;._5 = E;« - E; between the bonding level E; and the anti-bonding level
Es corresponding to that the stretched bond is decreased. This reduction of the energy splitting

causes the downward shifting of the 6* branch rdativeto the other bands. Here, we use the notation
tilde to describe that any quantity described with atilde isrelated to the stretched bond.
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Fig. 6. Band energies for our 1D structural modd presented in Fig. 4(8), the results being
presented for (&) reg/r1 = 1 (which corresponds to a 1D crystaline Se), (b) reg/ri=1.2
and (C) regp/r1 = 2.0.

When the bond in question is stretched further, the splitting E;._s becomes smaller and the
corresponding anti-bonding branch *finally merges with the LP band as shown in Fig. 6(c), which
yields the combination of the 6*levels and the LP levels to be unfulfilled and the system to be
metallic.

Concerning the explanation of the M-NM transition in terms of the relative magnitudes of a
characteristic parameter and the width W of the bands, the characteristic parameter is the energy
splitting Ez._s of the bonding (6*) and anti-bonding (6*) level. In spite of the fact that the band
width W is decreased on the volume expansion, the decrease of the energy splitting Es._5iS SO
distinguished that the ratio W/ Ez._zincreases as the system is expanded. This is exactly the

mechanism of the M — NM transition in expanded Se, which is a completdy new type.
4.3 Expanded Se— 3D

The same situation takes place in the band structures of 3D expanded Se as shown in Fig. 7,
in which the results for (v/ug) = 1.3 and 1.4, where v and v, are respectively the volume of the
extended system and of t-Se. In case of (L/ug) = 1.3 (Fig. 7(a)), there exists an energy gap between
the highest LP band and the lowest 6* band, showing that the system is still nonmetallic. In case of
(v/ug) = 1.4 (Fig. 7(b)), on the other hand, the 6* band and the L P band are overlapping each other,
and accordingly the system is metallic.

The energy regions for bands are presented in Fig. 8 as functions of volume. In the same
way as for 1D cases, the band gap decreases as (V/V,) increases from unity, and disappears a a
criticd volume between 1.3 and 1.4. In this way, the mechanism for M - NM transition
experimentally observed in expanded Se under high temperature and high pressure is confirmed to
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be the decrease of the energy splitting Es._; as the volume of the system isincreased. A remarkable
point is that the essential aspect of this mechanism is detected even in 1D systems as explained in

Fig. 6.
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Fig. 7. Band energies for our 3D structural model defined in Fig. 4, the results being shown

for, (a) (L/vg) = 1.3 and (b) (L/vg) = 1.4. Thedotted line in (&) represents the position of the
chemical potential, while the dotted linein (b) corresponds to the Fermi
energy.

5. Discussion

A remarkable point about liquid Se under high temperature and high pressure is that the
expansion of the system can be achieved over a wide range of volume so that both nonmetallic and
metallic phase are realized in one materidl.

If it is possible to find a situation that a practical increase of volume is fulfilled through a
group of materias that have the same atomic configurations with different lattice constants. As such
an example, we can pick up group IV dements in the periodic table, i.e. C(diamond), Si, Ge and
a-Sn. All of them have a diamond crystaline structure, and the cohesion is covaent via sp’
hybridized orbitals.

As schematicdly illustrated by Fig. 9(a) and (b), the valence band (v-band) and the
conduction band (c-band) are, respectively, formed of the bonding (o) and anti-bonding (o*) band of
Sps orbitals. The energy gap (Ey) is the difference between the bottom leve of the c-band (o* band)
and the top leve of the v-band (o band). As we go down the Periodic Table aong group IV
elements, the nearest-neighbor inter-atomic ry (the length of an sp® covalent bond) increases from
1.51 A for C, through 2.35 A for Si, and 2.45 A for Ge, down to 2.81 A for a-Sn. Thisisbecause, in
group 1V, the lower an dement in the Periodic Table, the bigger the core region and consequently
the larger the bond length r; becomes.

This situation is as though the same materia is uniformly expanded by keeping the diamond
structure. The expansion rate from C to a-Snis 1.86 timesin length and 6.45 times in volume. Since
it is practicaly impossible to expand the volume of a crystal of the same material as much as 6.4
times without causing any transformation in atomic configurations, group 1V dements are a very
rare and valuable entity concerning which a systematic investigation is possible to €ucidate the
influence of significant volume change on physical properties.

In relation to our discussion, the change of Eg is an issue of interest. The band gap E, at
room temperature is 5.4 eV for V, thus confirming C of the diamond structure as a wel-defined
insulator; Eg for Si and Ge are, respectively 1.17 eV and 0.774 €V, the values characteristic of
semiconductors. On the other hand, Eyis zero for a-Sn, showing clearly that a-Snis ametal.

Fig. 9(b) is drawn on the basis of this information. As in the case of liquid Se, it is clear
from Fig. 9(c) that the energy splitting Es-_; between the 6*and 6 bands decreases drasticaly asr;

increases. From the figures, we observe an M - NM transition of a new type which we have



1714 F. Yonezawa, H. Ohtani, T. Yamaguchi

proposed, or in other words, the band-overlap occurs when the bond length is increased or
equivalently when the volume is expanded.

4
" : o i I+h
o I} - o

o]

Energy/eV

LP LP Lp

2 Lp 2
- _JJ i
I& e Ts
Al .
o 0 ' o . ‘|:T —I;
|.0 l.1 2 1.3 I .4 53] |.6
Biv,

Fig. 8. Energy regions of bands calculated for several values of (u/ug). The horizontal dotted
line denotes the position of the chemical potential in the case of nonmetal, or the
position of the Fermi level in the case of metal.

E E(eV) £

aFEpt ) 4
c-band

AE  E

LP

F Eom 0~

=

v-hang |

alsp’ )

DOS 30 r A r
Fig. 9. (a) Schematic illustration of the density of states (DOS) for the valence band (vband)
and the conduction band (c-band) in a system with the diamond structure; (b) the relation
between the bond length r1 (the horizontal axis) and the relative positions of the both bands;
in comparison with (c) schematic explanation of the bands for our structural

mode of expanded Se.

6. Summary

The results achieved by a series of our works are summarized as follows. We have proposed
a completdy new mechanism of atransition between metal and nonmetal which explains an unusual
behavior of dectronic conductivity observed in liquid Se under high temperature and high pressure,
being unusua because a transition from nonmetal to metal takes place according to the increase of
volume. This behavior is perfectly the other way around when compared to the ordinary mechanisms
of metal-nonmetal (M-NM) transitions, in which a transition from metal to nonmetal occurs when
the volumeis increased.

The key quantity to determine the phenomena of M-NM transition is the ratio of the band
width W and a characteristic parameter specific to each mechanism. As listed in the first three rows
of Table 1, the characteristic parameters for usual transitions such as (1) the Bloch-Wilson transition,
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(2) the Mott-Hubbard transition and (3) the Anderson transition are respectively (1) the energy
difference E;j = E-E; between the centers E; and E; of the two relevant bands, (2) the intensity of
dectron corrdation, U, and (3) the degree of randomness, I".

As the volume of the system is increased, the band width W increases, while these
characteristic parameters remain amost fixed. As a consequence, the ratio (W/E;), (W/U) or (W/T')
decreases accompanying the increase of volume V so that the open-up of the bands takes place, and
accordingly the system transforms from a metallic to nonmetallic stete.

For expanded Se, the characteristic parameter is the energy splitting between the bonding
levd E;and the anti-bonding level E;. corresponding to the stretched bond. The volume expansion

causes the stretching or weakening of some bonds, which in turn serves to reduce the energy
splitting Es«_z = Ez« — E5 . As aresult, the gap between the lone-pair band and the anti-bonding (G*)
band closes and the band-overlap appears. The situation is explained in the last row of Table 1.
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