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Pressure-Driven ‘“Molecular Metal”’ to ‘“Atomic Metal’’ Transition in Crystalline Ga
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We present the ultrasonic study of gallium (Ga I) under high pressure up to 1.7 GPa, including the
measurements of the density and elastic properties during phase transitions to Ga II and to a liquid state.
The observed large drop of both bulk and shear moduli (by 30% and 55%, correspondingly) during the
phase transition to Ga II, as well as the increase of the Poisson’s ratio from typically “covalent” (=0.22)
to “metallic”” (=0.32) values, experimentally testifies to the coexistence of a molecular and metallic
behavior in Ga I and to the disappearance of the “covalency’” during the transition to Ga II. A high value
of the pressure derivative of the bulk modulus for Ga I and the increase in the Poisson’s ratio can be
associated with the weakening of the covalency in compressed Ga I and considered as a precursor of the

transition to normal metal.
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Elementary gallium has a great many unique properties
as a substance. Low melting temperature and high boiling
temperature of gallium at normal pressure account for an
exceptionally wide stability range of liquid gallium (from
303 K to 2478 K). Single crystals of the stable phase Ga I
show one of the highest thermal and electroconductivity
anisotropies [1] among elementary metals. Unlike most
metals, the melting of Ga I is accompanied by the density
increase (=~3.2%) [2]. At atmospheric pressure, the Ga
melt can be easily undercooled and conserved in the meta-
stable state for months, which is impossible for any other
metal. All these uncommon properties can be clearly re-
lated to the coexistence of a covalent and metallic bonding
in Ga I [3-7].

At normal conditions Ga I has the base-centered orthor-
ombic structure with eight atoms per unit cell (space group
Cmca, a = 45192 A, b = 7.6586 A, and ¢ = 4.5258 A)
[8]. Within the framework of the Ga I unit cell it is possible
to set off conditionally the Ga, dimers (“molecules™) with
interatomic distance of 2.44 A being the shortest among
other atomic pairs. Each of the next three shells contains
two atoms, which are 0.27 A, 0.3 A, and 0.39 A further
apart the first monoatomic shell. An alternative interpreta-
tion of the Ga I structure considers strongly buckled par-
allel planes connected by short bonds between the first
neighbor atoms that lie in different planes. Electrical and
thermal conductivity is much greater in the (010) buckled
planes than along the [010] direction, to which the shortest
Ga, dimers are angled quite close. Theoretical calculations
suggest a strongly nonuniform distribution of the electron
density in Ga I and the existence of the Ga, quasimolecules
with a strong contribution of covalent interaction [3,5]. The
force constant between the nearest neighbors in a Ga,
quasimolecule is twice as strong as on average in the
structure [3,5]. Experimentally, the existence of Ga, mole-
cules in solid gallium was also verified by means of optic
measurements [9], scanning tunneling microscopy [4], and
surface x-ray diffraction [6].
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Being stable at normal conditions, Ga I substance under-
goes a number of phase transitions at high pressures (see
the inset in Fig. 1). Depending on the pressure-temperature
paths, Ga I can transform either to Ga II (a phase with a
complex structure that can be recognized as distorted bcc)
or (through the melt) to Ga III (bct), and at further com-
pression to Ga IV (fcc), and Ga V (hR6) [10-15]. There are
several known metastable forms of gallium [11]. The
structures of high-pressure phases are typical for normal
metals (taking into account the coordination numbers and a
bond length), and one should expect a loss of pseudocova-
lency in gallium during the reconstruction of the quasimo-
lecular structure of Ga I to a typical atomic metal under
compression.

It is well known that the change of the bond type has an
effect on all physical and chemical properties of a sub-
stance, among them the elastic characteristics which are
very sensitive to the bond type and to the electronic density
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FIG. 1. The relative volume-versus-pressure dependencies for

Ga at different temperatures. Curve 1 (IJ) is for T = 247 K,
curve 2 (O) is for T = 259.5 K, and curve 3 (A) is for T =
285 K. The inset shows the pressure-temperature phase diagram
of Ga from Ref. [10].
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distribution in materials. Particularly, the bulk B and shear
G moduli are mainly defined by the electron density as well
as by the degree of space anisotropy of the electron density
[16]. Usually the bulk modulus increases at phase transi-
tion to denser structures; however, in some rare cases of the
network substances the decrease of the bulk modulus can
occur [17]. The value of the shear modulus (or the G/B
ratio) is more sensitive to a directional anisotropy of the
electron density along the bonds. The electron density in
turn directly related to a covalency degree. The G values
for high-pressure phases are usually higher than those for
low-pressure phases, although in the case of transitions
accompanied by the decrease of covalency, the G value
can go down [18-20]. In this respect the Poisson ratio
[c = (3B — 2G)/(6B + 2G) for isotropic substance] can
be considered as an indicator of the degree of covalency.
For the pair central-forces interaction, o = 0.25; for the
majority of metals o varied in the interval 0.3—0.45 (with
the exception of Be), and for covalent substances o varied
in the interval 0.05-0.3 [16].

To our knowledge, the elastic properties of gallium have
not been studied at high pressures previously, whereas the
study of the pressure derivative of the bulk modulus for Ga
1 [10,21,22] has produced discrepant results. At the same
time, the elastic properties, being a direct macroscopic
manifestation of the microscopic interatomic forces, are
very important for a deeper insight into the bonding nature
of Ga I and for the verification of theoretical results
[3,5,22]. In experiments, the molecular nature of Ga I
was basically attested by the study of surface structure
and electronic properties (see Refs. [1,4,6,9] and referen-
ces therein). The inelastic neutron scattering [23] revealed
that Ga I has high energy (as compared, e.g., with the
highest frequency in the phonon spectrum of the meta-
stable ordinary-metallic 8-Ga [24]) optic phonon modes
for all k vectors along the [010] direction associated with
the preferable orientations of the Ga, molecules. Still, the
study of gallium elasticity can provide experimental data
on the contribution of metallic and covalent forces in Ga |
under pressure. Particularly, one can expect considerable
changes of the bulk and shear moduli, as well as of the
Poisson’s ratio, to occur during phase transition from ‘‘mo-
lecular” to “‘atomic’ metal.

In this work we present the ultrasonic and volumetric
study of Ga upon compression and heating, including Ga I,
Ga II, and liquid phases. This study is the first to provide
accurate data (including direct volume measurements) on
the elastic characteristics of these phases under pressure
and to present an exotic example of significant drop of
both bulk and shear moduli with the increase in density
during the Ga I-Ga II transition. As it seems, the obtained
results can be of considerable importance in understanding
the nature of other very rare examples of ‘“‘molecular
metals’ like high-pressure phases of I,, Br,, and O, [25-
217].

To obtain a homogeneous polycrystalline sample, a thin-
walled duralumin capsule was filled with liquid gallium of
99.99% purity and then rapidly cooled in liquid nitrogen.
The samples obtained were cylinders of 7-10 mm in height
and 16 mm in diameter. The measurements were carried
out using an ultrasonic piezometer at pressures up to
1.7 GPa in the temperature range 240—360 K in accor-
dance with the procedure described in [28]. The travel
time of an ultrasonic wave was directly measured (with
an accuracy of 1 ns) by a MATEK equipment-based
“Akustomer-1 device designed in the Institute for High
Pressure Physics of the Russian Academy of Sciences.
Quartz plates with a carrier frequency of 5 MHz were
employed as piezogauges. The variations of the ultrasonic
signal travel path were also measured to an accuracy of
0.005 mm by means of a displacement indicating gauge.
The work resulted in deducing pressure and temperature
dependencies of the longitudinal and transversal wave
velocities and of the relative volume in gallium. We esti-
mated the accuracy of determining the bulk and shear
moduli as 1.5%. The excellent reproducibility of the ex-
perimental data both in the compression and decompres-
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FIG. 2. Pressure dependencies of the bulk modulus (B), the
shear modulus (G), and the Poisson’s ratio (o) of Ga at different

temperatures. Curve 1 (OJ) is for T = 247 K, curve 2 (O) is for
T = 259.5 K, and curve 3 (V) is for T = 268 K.
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sion cycles gives the evidence of the absence of significant
texture in the gallium samples under investigation.

The typical pressure-versus-volume dependencies are
presented in Fig. 1. Curve 3 shows the gallium compres-
sion including melting, whereas curves 1 and 2 correspond
to the Ga I-Ga II transition. The values of the volume
jumps (3.5% and 5.7%, correspondingly) are in good
agreement with the results [29-31]. The pressure depen-
dencies of the bulk and shear moduli are shown in Fig. 2.
Both moduli for the Ga I phase have a linear pressure
dependence without any pretransitional effects, although
a strong decrease of the shear ultrasonic wave amplitude
was detected. The B;, value is rather large (=7.8-8.0),
which does not agree with the data obtained in [21] and
in the theoretical calculations [5,22], but does agree with
the one estimated in [10]. The value va =~ 2.3 is in agree-
ment with the results [21]. The phase transition Ga [-Ga Il
manifests a large drop of both bulk (=30%) and shear
moduli (=55%). Such behavior of the moduli is very
unusual as it happens during the transition to a denser
modification.

The value o obtained for Ga I at atmospheric pressure
ranging from =0.22 to =(.25 is typical for covalent sub-
stances (Fig. 2). The high-pressure phase Ga II is charac-
terized by the pressure derivative of the bulk modulus
~4.6-4.8 and the Poisson ratio o = 0.32, which are typi-
cal for metals and implies a more isotropic electronic
density in this phase. A large drop of B and even larger
drop of G during the Ga I-Ga II transition mean a loss in
the covalency. Up to date such significant drops of the
shear modulus have been experimentally observed only
in InSb and Bi [19,20]; according to the calculation data,
they take place at the a-Sn-to-S-Sn phase transition [18].
The detected significant drop of the bulk modulus at phase
transition has not been observed earlier for any metal.

The increase of the Poisson’s ratio of Ga I with pressure
(Fig. 2) agrees with the assumption that the covalency of
gallium decreases with pressure. It is worth noting that this
increase directly relates to a high value of the pressure
derivative of the bulk modulus (=7.8-8), and there are no
pretransitional effects (i.e., the changes of the pressure
derivative of elastic characteristics) in the behavior of
elasticity of Ga I up to the point of phase transition. Such
behavior can be associated with specific features of elec-
tronic density and structure of Ga I. Indeed, although the
(010) buckled planes are considered to be metallic ones,
when a molecular structure of gallium is discussed, the
electron density of the bonds forming the buckled planes is
still quite anisotropic and yields to the electron density in
the shortest Ga, dimers only by factor =1.5 [3,5]. So, the
contribution of covalent bonding in Ga I has a three-
dimensional nature that clarifies the high values of elastic
moduli in Ga I with respect to normal metal Ga II having a
more uniform distribution of electron density [3,5]. As it
was pointed above, each atom in Ga I has 7 neighbors in

the first 4 shells being array from the central atom by 2.44—
2.83A. Thus, the lattice of Ga I is intermediate between the
open packed structures with the first coordination numbers
n = 6 and closed packed lattices of typical metals with
n = 8. The substances with open packed structures tend to
collapse under pressure and often demonstrate the negative
derivatives of elastic constants as precursor of a lattice
instability [32]. In this respect the fast increase of the
bulk modulus in Ga I is a demonstration of the contribution
of covalent bonding in nonopen packed structure that still
tends to transit to more close packed normal metals Ga Il or
Ga III [33].

In the present work the ultrasonic measurements under
pressure have proved to be of much promise for studying
the changes of the nature of bonding in elementary gal-
lium. We believe that the experimental and theoretical
studies of the elastic characteristics of various substances
under compression can give much more evidence of bond
type changes in materials under pressure.

We thank S.M. Stishov and S.V. Popova for helpful
discussions and A. Sinyakov for technical assistance.
This work was supported by The Russian Foundation for
Basic Research (Project No. 05-02-16596; No. 07-02-
01275), by The Russian Science Support Foundation, and
by Programs of the Presidium of Russian Academy of
Sciences.

*Electronic address: grom@hppi.troitsk.ru
[1] R.W. Powell, M.J. Woodman, and R. P. Tye, Br. J. Appl.
Phys. 14, 432 (1963).
[2] A.R. Ubbelohde, The Molten State of Matter (Wiley,
New York, 1978).
[3] X.G. Gong, G.L. Chiarotti, M. Parrinello, and E. Tosatti,
Phys. Rev. B 43, 14277 (1991).
[4] O. Zuger and U. Durig, Phys. Rev. B 46, 7319 (1992).
[5] M. Bernasconi, G.L. Chiarotti, and E. Tosatti, Phys. Rev.
B 52, 9988 (1995).
[6] D.A. Walko, I. K. Robinson, C. Grutter, and J. H. Bilgram,
Phys. Rev. Lett. 81, 626 (1998).
[7]1 U. Haussermann, S.I. Simak, I.A. Abrikosov, and S.
Lidin, Chem. Eur. J. 3, 904 (2000).
[8] J. Donohue, The Structure of the Elements (Wiley,
New York, 1974).
[9] R. Kofman, P. Cheyssac, and J. Richard, Phys. Rev. B 16,
5216 (1977).
[10] O. Schulte and W.B. Holzapfel, Phys. Rev. B 55, 8122
(1997).
[11] L. Bosio, J. Chem. Phys. 68, 1221 (1978).
[12] K. Takemura, K. Kobayashi, and M. Arai, Phys. Rev. B 58,
2482 (1998).
[13] Z. Li and J.S. Tse, Phys. Rev. B 62, 9900 (2000).
[14] L. Comez, A. DiCicco, J.P. Itie, and A. Polian, Phys.
Rev. B 65, 014114 (2001).
[15] O. Degtyareva, M.1. McMahon, D.R. Allan, and R.J.
Nelmes, Phys. Rev. Lett. 93, 205502 (2004).

165503-3



PRL 98, 165503 (2007)

PHYSICAL REVIEW LETTERS

week ending
20 APRIL 2007

[16]
(17]
(18]
[19]

(20]

V. V. Brazhkin, A.G. Lyapin, and R.J. Hemley, Philos.
Mag. A 82, 231 (2002).

E.L. Gromnitskaya, O. V. Stalgorova, A.G. Lyapin, V. V.
Brazhkin, and O.B. Tarutin, JETP Lett. 78, 488 (2003).
R. Ravelo and M. Baskes, Phys. Rev. Lett. 79, 2482
(1997).

FE.F. Voronov and O.V. Stalgorova, Fizika tverdogo tela
(Physics of the Solid State) 33, 386 (1991).

V. A. Goncharova and E. V. Chernyshova, Fizika tverdogo
tela (Physics of the Solid State) 36, 2539 (1994).

M. W. Guinan and D.J. Steinberg, J. Phys. Chem. Solids
35, 1501 (1974).

K. Albe, K. Nordlund, J. Nord, and A. Kuronen, Phys.
Rev. B 66, 035205 (2002).

W.B. Waeber, J. Phys. C 2, 903 (1969).

L. Bosio, R. Cortes, J.R.D. Copley, W.D. Teuchert, and
J. Lefebvre, J. Phys. F 11, 2261 (1981).

M. Pasternak, J. N. Farrell, and R.D. Taylor, Phys. Rev.
Lett. 58, 575 (1987).

[26]

(27]

(28]
[29]
[30]
(31]
(32]

(33]

165503-4

A. San Miguel, H. Libotte, J. P. Gaspard, M. Gauthier, J. P.
Itie, and A. Polian, Eur. Phys. J. B 17, 227 (2000).

Y. Akahama, H. Kawamura, D. Hausermann, M.
Hanfland, and O. Shimomura, Phys. Rev. Lett. 74, 4690
(1995).

E.L. Gromnitskaya, O. V. Stalgorova, V. V. Brazhkin, and
A.G. Lyapin, Phys. Rev. B 64, 094205 (2001).

A. Jayaraman, W. Klement Jr., R.C. Newton, and G.C.
Kennedy, J. Phys. Chem. Solids 24, 7 (1963).

P. W. Bridgman, Phys. Rev. 48, 893 (1935).

L.F. Vereschagin, S.S. Kabalkina, and Z. V. Troitskaya,
Dokl. Akad. Nauk SSSR 158, 1061 (1964) [Sov. Phys.
Dokl. 9, 894 (1965)].

A.G. Lyapin and V. V. Brazhkin, Phys. Rev. B 54, 12036
(1996).

In the Ga II structure each atom has 8 nearest neighbors at
2.78 A, and in the Ga III structure each atom has 4 nearest
neighbors at 2.81 Aand 8 s neighbors at 2.99 A[11].



