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1. An investigation has been made of the electron-para- Lomonosov Moscow State Received 5th April 1960
magnetic-resonance spectrum of peroxide-radical con- University

densates prepared both from dissociated water vapour
and by the interaction of liquid 100% ozone with atomic
hydrogen. Considerable paramagnetic absorption is
observed in both cases, the electron-paramagnetic-
-resonance spectra being identical and having a complex
form apparently connected with the anisotropy of the

g factor of solid condensates.

2. The concentration of radicals in the peroxide-radical
condensate obtained from dissociated water vapour can
fluctate considerably, owing to the inhomogeneity of the
condensate itself. This complication does not arise with
the condensate prepared from liquid ozone and atomic
hydrogen, where the radical concentrations are quite THE STATE OF ANODICALLY POLARISED
stable. : GERMANIUM SURFACE IN ACID SOLUTIONS

3. Comparison of the present results with those obtained
for peroxide~radical and similar systems by electron-
-paramagnetic-resonance and other methods shows that
the condensates apparently contain the HO, radical, not The electrical properties, reliability, and stability of
the OH radical. ' semiconductor devices are determined largely by the treat-

"4, The maximum concentration of the HO, radical is ment of the semiconductor surface, such as electro-

" E.A.Efimov and 1.G., Erusalimchik

~ 0.4 wt.% with respect to the total weight of the con- chemical etching. Very few papers have been published on
densate, and differs little with the method of prepara- the state of the surface of a germanium electrode in the
tion. process of anoc_iic dissolution.
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Formation of a film of GeO type on a germanium anode
at high current densities was first observed visually by -
Jirsa!. Turner? in his study of electrochemical dissolu-
tion of germanium concluded that as a result of anodic
polarisation with = 0.3 mA cm~2 an oxide film forms on
germanium, which can be cathodically reduced with the
consumption of 4 X 10~4C cm~2. Similar results were
obtained by Bardeleben?®, who found that the quantity of
electricity required to remove oxygen from a germanium
surface was independent of the type of the semiconductor
conductivity and amounted to ~10-? C cm™2 when the cur-
rent density of the preliminary anodic polarisation was
1074 A cm™2,

In this work the state of the surface of a germanium
‘anode was studied over a wide range of current densities
(10-5—10-! A c¢m~2) in 0.1 N H,SO, at 20°. All the experi-
ments were made with polycrystalline degenerate german-
ium without semiconductor properties. The concentration
of impurities was about 0.01%, so the germanium was very
pure from the chemical point of view. Degenerate german-
ium was used in order to exclude the possible complica~
tions in the electrode processes arising from the passage
of current through a semiconductor electrode. Preliminary
experiments have shown that the kinetics of anodic dissolu-
tion and the structure of the electrical double layer at the
electrolyte boundary were identical for the degenerate and
p-type germanium, Thus the ¢—log I and ¢— ¢ curves
were practically coincident for the two forms of germanium,
This is to be expected since anodic dissolution of p-type
germanium is not retarded by a deficiency of holes at the’
semiconductor—electrolyte boundary.

EXPERIMENTAL

The state of the surface of anodically polarised ger-
manium was investigated by the charging curve-method
using an ENO-1 oscillograph,

The germanium electrode was subjected to anodic
polarisation of predetermined duration at various current
densities, after which the ¢—@ curves were obtained at a
cathodic current density of 103 A cm~2, Particular pre-
cautions were taken to ensure that the electrolyte contained
no dissolved oxygen. Before each experiment the german-
ium electrode was etched in CP-4 and then brought to a
" steady potential by careful cathodic polarisation.

Fig.1 shows the cathodic charging curves obtained after
preliminary polarisation for 10, 20, and 60 sec at ¢ =
=035V (I =5x10*Acm™). Inall cases an arrest in
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Fig.1l. Charging curves obtained after a
preliminary anodic polarisation at ¢ =035V

for:
1) 10 sec; 2) 20 sec; 3) 60 sec.
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o~ 1-13 monolayers of oxygen.

the rise of potential was observedat ~ -0,13 V whichwas
to the removal of oxygen from the germanium surface:
The quantity of electricity required for this purpose in
creased with the duration of the preliminary anodic polart
sationamountingto ~10-3, ~3 X 10~%, and ~6 X 10~3Cc
for 10, 20, and 60 sec respectively. The potential of
~0.,75 V corresponds to the evolution of hydrogen at the +:
pure germanium surface at I, = 10~ A cm™2. The shaj
the curves in Fig.1 shows that all the oxygen present on
germanium surface is removed in the cathodic polarisat
and that its quantity depends on the duration of the anod
polarisation. The absence of horizontal portions on the .
curves in Fig,1 implies that no specific chemical surface
compound forms at 0,350V, According to Law and Mei
1 cm? of the apparent germanium surface (assuming a
roughness factor of 1.3—1,5) contains, on average, 1.2
X 10!® atoms, .

In our case 10-3—6 x 10~% C cm™2 is required to remov
oxygen, corresponding to 2—13 oxygen atoms per surface
atom of germanium. Evidently several monolayers of bol
adsorbed oxygen and oxide phase form on the surface of th
germantum anode at a potential of 0.35 V, since it is aiffi-
cult to imagine 13 monolayers of oxygen bonded with the -
surface by adsorption forces alone. T

Apart from the curves in Fig.1; cathodic charging
curves were obtained for anodic polarisation at potential
of 0.15V (I =10-% A cm=2), 0,30 V (f = 10-4 A cm™?), an
0.33V (I =2,5x% 104 A cm~2), ' All these curves are .
similar to those of Fig.1, They likewise have no hori-
zontal portions and the removal of adsorbed oxygen beging
at a potential of ~-0.13 V. The quantity of oxygen in thes
cases also increases with the duration of the preliminar:
polarisation. Moreover, the quantity of electricity con
sumed in the removal of oxygen depends also on the poten
tial of the anodic polarisation. Thus with anodic polarisas
tion of 60 sec duration the quantity of electricity amounts
to 4 x 1074, 2 x 10~3, and 6 x 102 C cm-? at potentials of
0.15, 0.30, and 0.33 V respeetively, corresponding to

The nature of the charging curves obtained after a
preliminary anodic polarisation at 0,38 V is different
(Fig.2). In this case there is an arrest resembling a «
plateau at a potential of - 0,13 V when the duration of polari~
sation exceeds 60 sec., When the potential of the pre~
liminary anodic polarisation is higher still, the arrest.
occurs also after a shorter duration of polarisation.

The quantity of electricity required to remove all the
adsorbed oxygen (for a duration of polarisation of 60 sec)
is in this case also ~6 X 102 C cm=-2. This value remains
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Fig.2. Charging curves obtained after &
preliminary anodic polarisation at ¢ = 0.38V
for:

1) 10 sec; 2) and 2') 60 sec.
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practically unaltered when the potential of the anodic
polarisation is increased from 0.38 to 0.51 V.,

The appearance of the horizontal arrest on the charging
curves at a potential of ~ - 0,13 V suggests that, with
anodic potentials higher than 0.38 V, part of the electro-
chemically adsorbed oxygen becomes more stronglybonded
with the surface until a surface chemical compound is
formed. The quantity of electricity consumed during this
horizontal arrest, at potentials from 0.38 to 0.51 V, in-
creases with the duration of the preliminary anodic polari-
sation until it reaches 4,5—5 X 10=* C em~2, and then does
not change any further. This shows that 2 monolayer of a
chemical compound forms on the germanium surface involv-
ing one atom of oxygen per surface atom of germanium.

Fig.3 shows the charging curves obtained after pre-
liminary anodic polarisationat ¢ = 0.57V (I =2,5 x
x 102 A cm~2), In this case the horizontal arrest at a
potential of -0.13 V is observed only when the duration of
the anodic polarisation is very short (~ 1 sec), The curves
for polarisations of 10, 20, and 60 sec display overpotential
showing that for some time the potential corresponding to
hydrogen evolution becomes lower than - 0.75 V, This is
probably due to the formation on the surface of germanium,
in the anodic polarisation at 0.57 V, of a more stable oxide
which is difficult to reduce in the cathodic polarisation.
Apart from reduction, hydrogen is evolved on the surface
of this oxide — at more negative potentials than in the
case of the pure germanium surface. The quantity of
electricity required to remove oxygen rapidly increases
in this case (for example for a duration of 60 sec it
amounts to ~ 2.3 X 1072 C cm™2) and does not tend to any
limiting value when the duration of the anodic polarisation

increases.

The charging curves have also been obtained after
anodic polarisation at potentials of 0.61 V (1 =5 x
% 10-2 A cm™2) and 0.65 V (I =10-* A ecm=2), They are
similar to the curves in Fig.3. The difficulty of reducing
the oxide increases considerably and the potential corres-
ponding to hydrogen evolution at the oxidised germanium
surface becomes still more negative. After anodicpolari-
sation at ¢ = 0.65 V, it is not possible to decrease the
potential of hydrogen evolution to - 0.75 V corresponding to
the clean germanium surface. In this case a yellowish-
_prown oxide film, reminiscent of GeO in appearance, may
be observed visually on the electrode surface.

The conclusions based on the charging curves agree
well with the results of the capacitance measurements.
The differential capacitances and resistance of the german-
ium electrode are plotted in Fig. 4.
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Fig.3. Charging curves obtained after a
preliminary anodic polarisation at ¢ = 0.67 V

for:
1) 10 sec; 2) 20 sec; 3) 60 sec; 4) 1 sec.
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Fig.4. Capacitance and resistance of a
germanium electrode in 0,1 N HpSOq4 at
various frequencies:

1) capacitance at 60 c¢/s; 2) capacitance
at 200 c/s; 3) capacitance at 1000 c/s;

4) capacitance at 5000 ¢/s; 5) resistance
at 60 c/s.

The low capacitance at potentials less positive than
0.35 V confirms the conclusion reached above regarding
the presence of electrochemically adsorbed oxygen on the
surface. This is very plausible because the zero-charge
point of germanium in acid solutions is close to - 0.6 V,

The potential of 0.38 V at which a horizontal arrest is
observed, after polarisation, on the curves in Fig.2 coin-
cides almost exactly with the minimum in the capacity and
the maximum in the resistance of the germanium electrode
(Fig. 4).

The potential of 0.57 V at which more stable and thick
oxide layers begin to form on the electrode surface is close
to the range 0.60-0.65 V in Fig. 4 where the electrode
resistance acquires a constant minimum value and the
capacitance falls rapidly. The capacitance in the range
0.38-0.57 V is a pseudocapacitance determined by the
anodic dissolution of germanium which proceeds rapidly.

SUMMARY

1. The state of the surface of anodically polarised german-
ium in 0.1 N H,SO, has been investigated by the charging
curve and capacitance methods.

2. It has been concluded that electrochemical adsorption
of oxygen takes place on the germanium surface in the
process of anodic polarisation at potentials less positive
than 0.38 V.. The quantity of adsorbed oxygen increases
with an increase in the potential and the duration of the
anodic polarisation. At the same time the bonding of
oxygen with germanium becomes stronger and an oxide
phase is formed.
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3. At potentials more positive than 0.38 V a monolayer of
a definite surface chemical compound begins to form on
germanium involving one oxygen atom per germanium
atom. This compound has a high resistance and can be
completely reduced cathodically.

4. At potentials of 0.57 V and higher thick layers of oxide
similar to GeO form on the surface of the germanium
anode. The thickness of this oxide film increases with
an increase in the potential and the duration of the
polarisation. The oxide cannot be completely reduced
in the cathodic polarisation. The potential of hydrogen
evolution is greater on this oxide than on the clean ger-
manium surface.

1. F.Jirsa, Z.anorg.Chem., 268, 84 (1952),

2. D.R.Turner, J.Electrochem. Soc., 103, 252 (1956).

3. J.Bardeleben, Z.phys.Chem. (Frankfurt), 17, 39 (1958),

4. J.T.Law and P. 8. Meigs, “Semiconductor Surface Physics”,
New York, 1957; p.383.

5. E.A.Efimov and L G. Erusalimchik, Zhur. Fiz.Khim., 33, 441
(1959) [Russ,J. Phys.Chem., Abs.10., (1959)].

Moscow Received 6th April 1960

ANGULAR MEAN VALUES IN THE LATTICE
THEORY OF LIQUIDS

Yu.V. Gurikov

The lattice theory of liquids, while possessing neither
the rigour nor the generality of the method of integral
equations, does give, at the present time at any rate,
better quantitative results, especially at high densities of
the material.

The free-volume theory in its original form! was
especially successful in predicting the critical temperature
of several inert gases and in providing a qualitative ex-
planation of some well-known empirical rules, such as
those of Guldberg and Guye and of Trouton.

It was later established? that, even if allowance is made
for the force fields due to the second and subsequent layers
of neighbouring molecules, the free-volume theory leadsto
a considerable difference (about twofold) between theore-
tical and experimental values of critical volumes and coef-
ficients PYRT. It must be emphasised that the critical
pressure is overestimated by a factor of 4. Calculated
values of the internal energy, on the other hand, are some-
what lower than the corresponding experimental values.
This suggests that the theory gives an incorrect idea of the
relation between repulsive and attractive forces among the
molecules in a liquid. It may be supposed that the free-
-volume theory owes its success to the cancelling of errors
resulting from simplifying assumptions.
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In addition to the hypothesis that a liquid has a quasi-
-crystalline structure, the following assumptions are made:
(1) a molecule in a cell is subject on the average to a
spherically symmetrical force field produced by the remain-
ing molecules in the liquid; (2) the potential energy of a
molecule in a cell can be obtained by finding the unweighted
mean w.r.t. theangular coordinates of this molecule, which
is equivalent to the hypothesis of the independent motion of
molecules in neighbouring cells, and tends to increase the
repulsive contribution to the thermodynamic properties of
a liquid; (3) the potential energy of a molecule in a cell is
calculated on the agsumption that neighbouring molecules
are located in their mean positions, i.e. at the centres of
the corresponding cells, but this takes no account of many
configurations in which molecules are very close together
in a liquid; (4) interaction between molecules which are not
nearest neighbours can be neglected. The original theory
of Lennard-Jones and Devonshire is to some extent incon-
sistent, in that the calculation of the free volume takes
account only of the interaction with the first shell of
nearest neighbours, while the zero-point energy (when all
the molecules are located at the centres of their cells) is
calculated exactly. Hirschfelder and his collaborators?®
based their calculations on three shells. The present
calculations of the corresponding integrals are based on
only two shells..

The present paper proposes a stricter correlation
between the motion of molecules in neighbouring cells.
Asgsumption (3) is retained in order to simplify the analysis,
although formally, following an idea of Kirkwood's3, the
theory can easily be generalised to include the effect of the
vibration of molecules in neighbouring cells. '

Angular Averaging

Let us consider two neighbouring cells, numbered 1 and
2, with the distance a between their centres unambiguously
defined by the volume of the liquid per molecule. @ Witha
face-centred lattice v = {a®., The molecule in cell 2 is
fixed at the centre of this cell. Letdw, =73sin 6, d6, d¢,
be an element of area on the surface of a sphere of radius
7, within cell No. 1, the centre of which is taken as the
origin, while the line passing through the centres of the two
cells is chosen as the z axis. If we denote integration over
the surface of the whole sphere of fixed radius 7, by the
symbol §, we can represent the process of angular averag-
ing introduced by Lennard-Jones and Devonshire as

Y(ry, a)= ‘§ U (rys)do, /‘&d‘“x.

where 7y, = (a® +7? - 2ar, cos 91)* is the distance between
the molecules in cells 1 and 2, )

According to Eqn. (1), all positions of the molecule on
the sphere of radius », are equally probable. Ina physically
more soundly based process of angular averaging, different
points on this sphere should be weighted differently, maxi-
mum probability being assigned to those points whose dis-
tance from the molecule in cell 2 corresponds to the first
maximum of the radial distribution function. Recently
Dahler ef al .* proposed a new method for angular averag-

ingt:
exp {(— ¥ (11, @)/ uT} = $oxp {—u (rug) (T} doy/ f o (2)

t A more general method of angular averaging is suggested in
ref.4, for the case in which the motion of the molecule in cell 2 is

taken into account.



