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Transport Properties of Si and Ge Liquid Semiconductor Metals
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Abstract In the present article, we study the electrical resistivity p, the thermoelectric power (TEP) «, thermal
conductivity o, Knight-Shifts and temperature coefficient of the Knight-Shifts of the liquid Si and Ge using the well
known model potential for the first time. The structure factor used in the present work is derived from the Percus—Yevick
(PY) theory. Various local field correction functions are used to study the screening influence. The present results of
resistivity are found in qualitative agreement with available experimental and theoretical whenever exists.
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1 Introduction

During the last several years there has been an in-
creasing interest in the properties of non-crystalline con-
ductors such as liquid metals and liquid metallic alloys.
Such a liquid exhibits metallic as well as fluid-like be-
havior and hence can help to make a link between the
theory of the liquid states and the theory of the elec-
tronic states in metals. And hence the study of electrical
transport properties of liquid metals and their alloys re-
main one of the favourite quantities either experimentally
or theoretically.! =16l The physical properties of complex
systems are a subject of considerable interest in both fun-
damental and applied physics. A large work of research
has been focused on semiconductors in general Ge and Si
in particular. This is because of its importance in techno-
logical applications such as electronic devices. Despite the
rich accumulation of experimental studies, the atomistic
approach to the problem of the liquid metals had been

very slow in progress, until Ziman(¥

proposed the theory
of electrical resistivity of liquid metals.

Recently, the dc electrical resistivities of liquid Ga-Sb
and In-Sb alloys have been reported by Aoki et al.l'% ex-
perimentally. Also, the electrical resistivity and the ther-
moelectric power of liquid Au-Si alloys have been mea-

sured by Tatsuya and Satorul'!l

as a function of temper-
ature using Faber-Ziman theory.['=16] The electrical re-
sistivity of liquid Rb-Pb and Cs-Pb alloys as a function
of composition and temperature are reported by Meijer
et al.'? Mott!*3] has studied electrical resistivity of some
liquid metals and this alloys using model potential for-
malism. Grosdidier et al.¥ have studied the structure
and electrical resistivity of liquid Ni-Ge alloys using neu-

tron diffraction method. Schnyders and Zytveld'®! have

very carefully measured the electrical resistivity and ther-
moelectric power of liquid Ge and Si using the Ziman for-
malism, with a recent pseudopotential and the experimen-
tal structure factor. They found that the thermoelectric
power calculations are much more sensitive to the struc-
ture factor and evaluated this property using experimental
structure factor but their results were very poor while the
resistivity deviates about 38% for Ge and 11% for Si, from
the experimental data. Bose et al.['9l have reported the
transport properties of liquid Si and Ge semiconductors.
Also, very recently we have reported electrical and mag-
netic transport properties of some liquid metals and liquid
alloys.[7—9]

During the last several decades the concepts of pseu-
dopotential have played an important role in the theory
of liquid metals and their alloys.!'=161 Also, to the best
of our knowledge after 1993, the transport properties of
such type of the liquid metals of the different groups of
the periodic table have been reported by researchers very
rare in the literature. Keeping in mind the cardinal fea-
tures of this developments, in the present article we are
intended to report the transport properties viz. electrical
resistivity p, the thermoelectric power (TEP) «, thermal
conductivity o, Knight-Shifts and temperature coefficient
of the Knight-Shifts of liquid Si and Ge semiconductors
based on the well known empty core model EMC po-
tential of Ashcroft.!7l In the present work, the theoret-
ical structure factors are computed from the well known
Percus—Yevic PY hard sphere model with proper pack-
ing density.!'8] Seven different types of the local field cor-
rection functions proposed by Taylor (T),[lg] Ichimaru—
Utsumi (IU),% Farid et al. (F)?Y and Sarkar et al.
()% are employed for the first time to investigate the
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influence of exchange and correlation effects with refer-
ence to the static Hartree (H)[??l screening function in the
present computations.

2 Theoretical Methodology
The Faber!¥ approach of investigating electrical resis-
tivity of liquid metals assumes the model of a gas of con-
duction electrons which interact with and are scattered
by irregularly placed metal ions. As an external electric
field drives the electron through the disordered medium,
the scattering determines the electrical resistance, which
can be calculated using perturbation theory: the transi-
tion rate from an initial state |k) to the final state |k + q)
on the Fermi level with the density of state is given by
27 1
P(6) = 5=k +a| W |k)|* 5 Nri(Er), (1)
where 6 is the angle between k and k + g, the factor 1/2
arises from the fact that electron spin does not change on
scattering. Now the conductivity in the relaxation time
approximation is given by
1
o= §€2U%TNFE(EF) ) (2)
Here e is electronic charge, v, velocity of the electrons at
the Fermi level and 7 the relaxation time. The relaxation
time 7 is given by
1
- = / (1 —cos@)P(6)dS2, (3)

.
where 0 is scattering angle, € is solid angle and P(0) is
probability for scattering through the angle 6.

Now assuming the free-electron distribution, an ex-
pression for the electrical resistivity of liquid metal in
terms of the average of the product of the structure fac-
tor and pseudopotential matrix element can be written

asl1—16]

37w m?2

P= 373 16
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where n the electron density is related to Fermi wave
number and 6 is the unit step function that cuts of the
g-integration at 2k, corresponding to a perfectly sharp
Fermi surface. Also, S(g) is the PY-structure factor and
V' (q) the screened ion pseudopotential form factor.

The expression of the thermoelectric power (TEP) «
is given byl34

k2T
N
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It is well known that if a temperature gradient is ap-

with

(6)

plied to a metal the conduction electrons will carry a heat

current along it even though an electric current is pre-
vented from flowing and that indeed they are responsi-
ble for the major part of the thermal conductivity. The
expression of the thermal conductivity (o) for the liquid
metal can be written as(*
o= (LkgT) . 1)
3lelp

Here, e E, Er, T, kg, and x are the electronic charge, en-
ergy, Fermi energy, temperature (in K), the Boltzmann’s
constants and the term of dimensionless thermoelectric
power.

In the free electron approximation the temperature de-
pendence of the Knight-Shifts at a constant volume in the
liquid phase is given by!®!

alanTK - 4T;zik§ / “(q)W(Q)(i)
xln‘gi—zlzd(i), (8)

and the Knight-Shift of a liquid metal is given by!®!
K -3Z2 [ g
Ko  AEpkZ /“(Q)W(Q)(m)
0

% d (i) . 9)

Here a(q) is the structure factor derived via the Percus—
Yevic (PY) hard sphere model!*®! and depends only on the
packing fraction 7, W(q) the form factor, Th; the melt-
ing temperature, Er = (hk2/2m) the Fermi energy and
kr = (372Z/Q0)'/? the Fermi wave vector with Qo the
atomic volume of the liquid metals.

In the present work, we have used Ashcroft’s well
known empty core (EMC) model potential’™ includ-
ing seven different types of the local field correlation
functions.9=23] The form factor explored in the present

x In

investigation is of the form!!”]

—4dnZe?
Wi(q) = m cos(qre) ,

where Z is the valence, Q0o the atomic volume, r. the
parameter of the potential and (¢) the modified Hartree
dielectric function.?3] The parameter of the potential, r
may be set from appropriate experimental information
(e.g., the Fermi surface or ionization energy). In this in-
stance, it was determined by the known electrical resistiv-
ities of the liquid metals at the melting points.

(10)

3 Results and Discussion

The input parameters and constants viz. valance Z,
atomic volume 0, melting temperature 7', packing frac-
tion 7, and potential parameter r. of the liquid metals
used in the present computations are narrated in Table 1.
The input parameters are taken from the literature.”—9!
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The presently computed results of electrical transport
properties viz. electrical resistivity p, the thermoelectric
power (TEP) «, thermal conductivity o and Knight-Shifts
liquid Si and Ge semiconductors are narrated in Tables 2
and 3 with available experimentall*® or theoretical(t5:16]
data whenever exists in the literature.

Table 1 The input parameters and constants.

Metals Z Qo (au)? T (K) n rc (au)
Si 4 121.48 1733 0.38 0.97
Ge 4 146.25 1253 0.38 1.007

The comparisons for the presently calculated electri-
cal resistivity p of Si and Ge liquid metals with available
experimental™® or theoreticall!51% yielding are narrated
in Tables 2 and 3. From Tables 2 and 3 it is noticed
that, the present results of the electrical resistivity p of

the liquid metals are found in qualitative agreement with
the experimental or theoretical findings. Also, it is noted
that among the five employed local filed correction func-
tions, the local field correction function due to H (without
exchange and correlation) gives the minimum numerical
value of the electrical resistivity, while the local field cor-
rection function due to F gives the maximum value. The
present results of the electrical resistivity p obtained from
S-local field correction function are found very close to the
experimental or theoretical data. In comparison with the
presently computed results of the electrical resistivity p
from static H-function, the percentile influences for Si and
Ge liquid metals of T, IU, F and S-functions are of the or-
der of 36.71%175.60% and 18.35%-69.42%, respectively.
The calculated electrical resistivity p of Si and Ge liquid
metals deviate in the range of 5.36%52.86% and 1.15%—
44.80% from the experimental data,*?! respectively.

Table 2 Various properties of Si.

Properties Prosent results Exp.!17] Others[4:18]
H T IU F S
p (in p - cm) 37.05 89.23 99.11 102.11 63.22 66.8, 80 41.2, 45.5, 55, 57.4, 66.2, 75.9
a (in pV-K) —13.82 —13.76 —14.06 —13.99 —13.89 —-0.3 —1.4, —2.2, —3.5,-3.3, —6.4
o (in watt/K - cm) 0.21 0.09 0.08 0.08 0.12 - —
Ki/Ko 0.10 0.12 0.10 0.10 0.10 - -
K% 0.141 0.167 0.146 0.146 0.147 — -
9K (in 10-* K1) 0.57 0.68 0.59 0.59 0.60 - -
Table 3 Verius propertie of Ge.
Properties Present results Exp.[”] Others!418]
H T IU F S
p (in pf2-cm) 51.28 81.07 84.88 86.88 64.90 60, 75.2 46.3, 57, 66.6,57, 67.3, 69, 180
a (in pV-K) —15.00 —15.29 —15.67 —15.59 —15.29 —2.1 -1.1, -3.6, —10.1
o (in watt/K - cm) 1.06 0.67 0.64 0.63 0.84 — -
Ki/Ko —0.35 —0.43 —0.37 —0.37 —0.36 - —
K% 0.330 0.399 0.345 0.345 0.344 - —
2K (in 107 K1) 1.68 1.90 2.02 2.03 1.76 - -

The comparisons for the presently calculated thermo-
electric power (TEP) « of Si and Ge liquid metals with
experimental™® or theoreticall!51% yielding are narrated
in Tables 2 and 3. From Tables 2 and 3 it is noticed that,
the present results of the thermoelectric power (TEP) of
liquid metals are found in qualitative agreement with the
Also, it is noted
that, among the seven employed local filed correction func-

experimental or theoretical findings.

tions, the local field correction function due to H (without
exchange and correlation) gives the minimum numerical
value of the thermoelectric power (TEP) «, while the lo-
cal field correction function due to IU gives the maximum

value. The computed data of the thermoelectric power

(TEP) « are found higher than available experimental
results. The percentile influences from static H-function
on the thermoelectric power (TEP) « for Si and Ge lig-
uid metals of various local field correction functions are
found of the order of 0.43%—-1.74% and 1.67%—4.47%, re-
spectively. Large percentile deviation are found from the
experimental data in the computed results of the thermo-
electric power (TEP) « for Si and Ge liquid metals. The
higher values of the computed TEP for liquid metals seems
impossible to be predicted in terms of the usual pseudopo-
tential formalism for simple metals, since the effect of the
d-resonance above the Fermi level appears to give rise to
the significant increase in the scattering amplitude in this



No. 3

Transport Properties of Si and Ge Liquid Semiconductor Metals 553

metal.

The comparisons for the computed thermal conductiv-
ity o of Si and Ge liquid metals are reported in Tables 2
and 3. From Tables 2 and 3 it is noticed that, among
the five employed local filed correction functions, the lo-
cal field correction function due to F gives the minimum
numerical value of the thermal conductivity o, while the
local field correction function due to H (without exchange
and correlation) gives the maximum value. The experi-
mental or theoretical data of the thermal conductivity o
is not available in the literature for further comparisons.
In comparison with the presently computed results of the
thermal conductivity o from static H-function, the per-
centile influences for Si and Ge liquid metals of various
local field correction functions are of the order of 23.81%—
61.90% and 15.09%-40.57%, respectively.

From Tables 2 and 3, it can be noted that among
the five employed local field correction functions, the lo-
cal field correction function due to H (without exchange
and correlation) gives minimum value of the Knight-Shifts
(K1/Ko) of liquid metals at melting point while the local
field correction function due to T gives maximum value.
In comparison with the presently computed results of the
Knight-Shifts (K7/Kp) of various local field correction
functions with respect to static H-function, the percentile
influences for Si and Ge liquid metals are of the order of
5.06%-29.21% and 4.26%-29.79%, respectively. The ex-
perimental or theoretical data of the thermal conductivity
o is not available in the literature for further comparisons.

From Tables 2 and 3, it is noticed that among all the
employed local field correction functions, the local field
correction function due to H (without exchange and cor-
relation) gives minimum value of the Knight-Shifts (K %)
of liquid metals at melting point while the local field cor-
rection function due to T gives maximum value. In com-
parison with the presently computed results of the tem-
perature coefficients of Knight-Shift of various local field
correction functions with respect to static H-function, the
percentile influences for Si and Ge liquid metals are of the
order of 4.69%-29.72% and 4.26%18.44%, respectively.
The experimental or theoretical data of the thermal con-
ductivity o is not available in the literature for further
comparisons.

The temperature coefficients of the Knight-Shifts of
liquid metals are narrated in Tables 2 and 3. From Tables
2 and 3, it is noticed that among all the employed local
field correction functions, the local field correction func-
tion due to H (without exchange and correlation) gives
minimum value of temperature coefficients Knight-Shifts
of liquid metals at melting point while the local field cor-
rection function due to T gives maximum value. The ex-
perimental or theoretical data of the thermal conductivity

o is not available in the literature for further comparisons.
In comparison with the presently computed results of the
temperature coefficients of Knight-Shift of various local
field correction functions with respect to static H-function,
the percentile influences for Si and Ge liquid metals are
of the order of 4.85%-29.48% and 5.26%-19.30%, respec-
tively.

The numerical values of the transport properties viz.
electrical resistivity p, the thermoelectric power (TEP) «,
thermal conductivity o, Knight-Shifts and temperature
coefficient of the Knight-Shifts are found to be quite sen-
sitive to the selection of the local field correction function
and showing a significant variation with the change in the
function. Thus, the calculations of the transport proper-
ties viz. electrical resistivity p, the thermoelectric power
(TEP) a, thermal conductivity o, Knight-Shifts and tem-
perature coefficient of the Knight-Shifts are one of the sen-
sitive tests for the proper assessment of the form factor of
the model potential and in the absence of experimental
information such calculations may be considered as one of
the guidelines for further investigations either theoretical
or experimental. This is very much essential for obtaining
concrete conclusions.

It is apparent that for all liquid metals, using the resis-
tivity model of Ziman,¥ better calculated agreement with
experimental values was obtained by allowing variation in
atomic volume. One could conclude from this information
that structure information in resistivity models seems to
be required. In the preset work it has been found that
one can try a well known local EMC pseudopotential in
the theory of the liquid metals. This EMC model poten-
tial is capable of giving satisfactory results for electrical
transport properties of some liquid metals. But, it is abso-
lutely necessary to examine the stability of the form factor
against various local field correction functions before its
application for the comprehensive study of metallic prop-
erties. This can give a unique combination of the bare-ion
pseudopotential with a proper local field correction func-
tion and hence one can also decide the nature of screening
in the particular metal.

The improvement in the present findings may be
achieved either by incorporating other forms of exchange
and correlation effects or by suggesting the modifica-
tion in determining the parameter of the potential. As
the structure factor plays an important role in deter-
mining these properties, one can also include one com-
ponent plasma approximation,?¥ charge hard sphere

n,[24,25]

approximatio soft sphere approximation®l in the

present calculations.

4 Conclusions
Lastly we concluded that, the transport properties viz.
the electrical resistivity p, the thermoelectric power (TEP)
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a, thermal conductivity o, Knight-Shifts and temperature
coefficient of the Knight-Shifts of Si and Ge liquid metals
using EMC model potential and Percus—Yevic (PY) hard
sphere model with five different types of local field cor-
rection functions is reported for the first time. The EMC
model potential with more advanced IU, F, and S-local
field correction functions generate consistent results re-

garding the transport properties. Hence, the EMC model
potential is found suitable for studying the transport prop-
erties of liquid metals. Also, the present investigation pre-
dicts that the present study of the transport properties is
sensitive to the selection of the proper local field correction

function.
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