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Electrical conductivity and thermoelectric power measurements were performed for liquid semi-
conductor alloys Seg.5 Tep.5 doped with 3d metals in a wide temperature range (up to 1600 K) under
ambient pressures of argon gas (up to 35 MPa). The structural changes were studied by means of the
X-ray diffraction method. The structure factors are analyzed. The 3d metal admixtures increase
the electrical conductivity, decrease the thermoelectric power and affect the temperature of the
semiconductor—metal transition. The results are interpreted in the frame of the model describing a
mechanism of the electron spectrum evolution in liquid semiconductors, which takes into account
the charge resonance scattering on the virtual bound states, occurring due to the 3d admixture

metal states in the semiconductor matrix.
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I. INTRODUCTION

It was shown recently that transition to metal con-
ductivity in liquid semiconductors in a high temperature
region above a melting point occurs [1-4]. The Mott con-
cept on the energy electron spectrum in the thermody-
namic homogeneous semiconductors was used for the in-
terpretation of this semiconductor—metal transition [5].
According to this theory, a pseudogap narrows linear-
ly with the temperature increasing. When a pseudogap
width reaches kT, the semiconductor-to-metal transition
takes place. Moreover, the onset of this transition deter-
mined both from the electrical conductivity, o(T"), and
thermoelectric power, S(7T'), measurements should be ob-
served at the same temperatures. Nevertheless, the com-
plex o(T) and S(T) experimental data obtained did not
prove this expectation [4]. Contrary to theoretical pre-
dictions, parameters of an electron energy spectrum de-
termined separately from o(7T) and S(T") measurements
do not coincide. It was found that: 1) the metalliza-
tion temperature T2 =~ < T  : 2) the activation en-
ergy E°(0) does not coincide with £5(0); 3) a condition
E°(0) > ES(0) in the vicinity of the semiconductor—
metal transition takes place; the points of inflexion on
logo = f(T!) curves reflect the activation energy in-
creasing from E7(0); to E7(0)q at constant E°(0).

The first three points were explained in the frame of
the model developed in [6,7]. This model deals with the
ideas of the percolation theory and suggests the exis-
tence of two percolation thresholds, high and low, in the
three-dimensional space [7]. Two respective energy levels
E® and EZ have been entered [6]. Similar to the mobil-
ity edge, EYJ, the concept of a formal “density of states
edge”, ES, in the energy spectrum of thermodynamically

v
homogeneous semiconductors has been introduced. This
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edge is shifted towards the Fermi level, E, relative to
E¢. From this it follows that during the semiconductor—
metal transition the “mobility pseudogap” determining
an activation character of conductivity is always larger
than the “density of states pseudogap”, which is respon-
sible for the thermoelectric power.

At the same time, the model proposed was not able to
explain the drastic activation energy E7(0) increasing for
some semiconductors. Another model for thermodynam-
ically homogeneous semiconductors based on the delocal-
ization mechanism of the electron bonded states was pro-
posed recently [8]. The electron state delocalization was
considered as the pseudogap vanishing leading in turn to
metal conductivity. From the thermodynamic viewpoint
a correction for the “enthalpy pseudogap” is introduced.
On this basis it looks reasonable to enlarge the number
of liquid semiconductors in order to study their metal-
lization peculiarities. Thermodynamically homogeneous
melts Seg 5Teq s doped by transition metals admixtures
with localized d-states were chosen for this purpose. The
common theoretical models for such systems are general-
ly developed [9,10], and a procedure based on the virtual
bonded states proposed in [11] can be used for describing
the electrophysical properties of the d states in similar
admixture states. Such a procedure has been developed
also for describing magnetic properties of the admixture
atoms, but it is also important for understanding the
electron scattering processes in similar systems.

II. EXPERIMENTAL DETAILS

Diffraction studies were carried out using a high-
temperature diffractometer with a special attachment
that allows to investigate the solid and liquid samples
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at different temperatures up to 1800 K. The chamber
of the X-ray diffractometer was filled with pure helium
(above 0.1 MPa) in order to avoid the sample oxidation
and vaporization during the experiment. Cu-K, radi-
ation monochromatized by means of LiF single crystal
as a monochromator and Breg—Brentano focusing geom-
etry were used. The scattered intensities as a function
of the scattering angle were recorded within the range
AT <k < 7A71, with a different angular step, which
was equal to 0.05° within the region of the principal peak
and 0.5° at the remaining values of wave vectors. The
measuring of scattered intensity was done with accuracy
higher than 2%. In order to obtain the more accurate
scattered intensities, the scan time was equal to 100 s.
The diffracted intensity was recorded using a Nal(Tl)
scintillator detector in conjunction with an amplification
system. The sample was placed in a rounded cup of 20
mm diameter. Intensity curves were corrected on polar-
ization, absorption and incoherent scattering [12]. After
this procedure they were normalized to electron units
by the Krogh-Moe method [13]. The obtained intensity
curves were used to calculate the SF and then the pair
correlation function PCF.

The measurements of the electrical conductivity and
thermoelectric power have been carried out by a con-
tact method in accordance with the 4-point scheme as
described elsewhere [14]. The samples were contained in
the measuring cells manufactured of BN ceramics in the
form of vertical cylinders with an operating cavity height
of 60 mm. Six graphite electrodes, two for the current
and four for the potential measurements, were insert-
ed into the wall of the container along its vertical axis.
The potential electrodes were provided with WRe-5/20
thermocouples. This permitted simultaneous determina-
tion of the temperature as well as measurement of the
electrical conductivity and thermoelectric power in one
run. Moreover, the cell construction allowed eliminat-
ing analytically jamming and noise signals arising due
to contact wires as well as a systematic device devia-
tion. Temperature gradients of 15-20 K along the cell
were additionally controlled to within 0.1 K by prelimi-
nary calibrated five-point differential thermocouple. The
experiments were performed under Ar gas pressures of
up to 30 MPa. The sample compositions were accurate
within 0.02 wt.%. The resultant error of the electrical
conductivity is about 2% and 5% of the thermoelectric
power.

III. RESULTS

The influence of Ti and V admixtures on the structure
of liquid Seg 5Tey.5 has been studied. The alloy exhibits
a random atomic distribution with a similar to liquid tel-
lurium topology. As seen from Fig. 1, where the structure
factors for Seg 5Teg 5 and Seg 5Teg 5 + 2 at.%Ti are com-
pared, significant changes in the short range order struc-
ture occur. Particularly, a pre-peak is significantly lower.
The principal maximum increases and slightly shifts to
the large ¢q values. It is suggested that the Ti-admixture

promotes changes in the Seg 5Teqy 5 atomic topology and
a transformation from the covalent to metallic chemi-
cal bonds as well as an increase of the structural units
size. Note that other Se—Te compositions with the Ti-
admixture revealed similar peculiarities.
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Fig. 1. Structure factors of liquid Sep.5Teg.s and with Ti
admixture.

More significant structural changes are observed up-
on V-atoms addition (Fig. 2). Pre-peak in a structure
factor reduces its height and becomes more symmetric.
The main maximum significantly decreases its width and
looks sharper. Consequently, as a result of the V-atoms
addition to the Seq 5Teq 5 molten alloy the correlation ra-
dius increases, indicating an increase of the topological
ordering degree.
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Fig. 2. Structure factors of liquid Seo.5Tegp.5 and that with
V admixture.

Typical temperature dependencies of electrical con-
ductivity and thermoelectric power are presented in
Fig. 3,4 for SeysTegs doped with titanium and in
Fig. 5,6 for Seg.5Teg.5 doped with vanadium. Similar de-
pendencies were revealed for the liquid Seq.5Teq 5 alloys
with cobalt and samarium admixtures. Same common
peculiarities for all the alloys are aparently valid. The
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exponential temperature dependence of electrical con-
ductivity is typical of the intrinsic conductivity of semi-
conductors. A saturation of the electrical conductivity
exponential curve log o(T) is observed with heating. Ad-
mixtures of the transition metals increase the absolute
conductivity values but do not change the trend of the
curve. As shown for pure SeTe alloys [1,2], upon reach-
ing the temperature peculiar for each alloy an inflexion
on the logo = f(1000/T) curves reflecting an increase of
the activation energy from E?(0); to E7(0)2 at constant
E%(0) occurs.
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Fig. 3. Electrical conductivity as a function of reciprocal
temperature for liquid Sep.5Teo.s and with Ti admixture.
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Fig. 4. Thermoelectric power as a function of reciprocal
temperature for liquid Sep.5Teo s and with Ti admixture.

Some deviation from a linearity of the
logo = f(1000/T) dependence towards decreasing
(semiconductor—metal transition) has been observed for
SepsTeps at T2, = 1037 K, at 952 K for Seg5Tep 5
+ Ti, 1020 K for SegsTegs+ Co, 961 K for SegsTeq 5
+ V, and 1000 K for SegsTegs + Sm (see Table 1).
Further o(T') increasing up to the saturation above the
mentioned temperatures is obviously caused by a tem-
perature dependent increasing of the density of states at
the Fermi level. The later has been calculated from the
Mott equation [5]:
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The values of the density of states at 1100 K are listed
in Table 1.

Based on [3] the temperatures of the semiconductor—
metal transition 7;°  were also evaluated from the S(T")
data (Table 1).

| Aoy [N(Ep), 10|17 K|[TS ,, K]
Seo.5Te 5 0.64 1037 | 893
Seg.5Teg.s5 + Ti 0.7 952 873
Seg.5Teg.s + Co 0.98 1020 892
SegsTeps + V 0.65 961 887
Seg.sTegs + Sm|  0.79 1000 | 890

Table 1. Density of states at the Fermi level, eV ~1m =3
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Fig. 5. Electrical conductivity as a function of reciprocal
temperature for liquid Seg.5Teg.5 and with V admixture.
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Fig. 6. Thermoelectric power as a function of reciprocal
temperature for liquid Sep.5Tep.s and with V admixture.
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IV. DISCUSSION

The peculiarities of the semiconductor-metal transi-
tion studied were discussed in detail elsewhere [3]. A
drastic increase of the conduction activation energy or,
in other words, an increase of the pseudogap tailing has
been also discussed [8]. In our case, however, the energy
spectrum of the Seg sTeg s matrix solvent is perturbed
by Ti, V, Co or Sm admixtures with localized 3d states.

The temperature dependence of electrical conductivi-
ty, o(T), and thermopower, S(T), are described by well-
known equations [5]:

o(T) = o0 exp <_E2;TE> )
S(T) = —’Z(ECQ;TEwA) (3)

where gy is a minimum metallic conductivity, E. and
FE, are energies at the mobility edges of conduction and
valence bands correspondingly, and the scattering pa-
rameter A equals 1.

The calculations according to equations (1) and (2)
revealed a drastic increase of the conduction activation
energy until the temperature peculiar for each alloy has
been reached: from 0.87 to 1.43 eV for Seq.5Teq 5, from
1.03 to 1.75 eV for Seg 5Teq. s + Ti, and from 0.86 to 1.9
eV Seg.5Teg.5 + Co. The activation energies determined
from S(T) are constant and their values are 0.7 €V, 0.78
eV and 1 €V correspondingly. Doping by admixtures leads
to an increase both of the conduction and thermopower
activation energies.

Taking into account the Mott theory about a linear
decrease of the pseudogap with heating according to

E(T) = E(0) — v T [5], the temperature coefficient of
the pseudogap tailing, v, can be determined according to
the procedure proposed in [3]. The following increasing
of v has been observed: from 1.12x1073 to 1.38x1073
eV /K for Seg 5Teg 5, from 1.2601073 to 1.84x1073 eV /K
for Seg.sTegs + Ti, and from 1.10x1073 to 1.87x1073
Seg.5Teg.5 + Co. The temperature coefficient of the pseu-
dogap tailing determined from the S data has lower val-
ues and equals to 0.78x1073, 0.89x 1073 and 1.12x10~3
eV /K, respectively. It could be stated therefore that the
process of the semiconductor-metal transition generally
corresponds to the concept proposed in [15] taking in-
to account the many electron mechanism of the electron
states delocalization. The Doping of the 3d admixture
leads to an increase of density of states at the Fermi level
and acceleration of the delocalization process. The lat-
er leads in turn to the shift of the semiconductor—metal
transition temperature. A number of the electrons at the
d shell (2 for Ti or 7 for Co) is also important, but it
requires more detailed studies.

V. CONCLUSION

Admixtures of the 3d metals to the liquid Segs5Teq 5
alloys change the shape of the principle maximum of
the structure factor. The pseudogap at the Fermi level
remains and the conductivity and thermoelectric pow-
er changes due to the increase of the common density
of states at the Fermi level if the sp—d mixes. A shift
of the semiconductor—metal transition temperature, the
changes of the activation energy and of the pseudogap
tailing velocity are explained by the changes of the den-
sity of states at the Fermi level.
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ITEPEXIO METAJI-HEMETAJI ¥V HAIIIBITPOBIZIHUKOBUX PO3IIJIABAX
I3 JOMIIITKAMMW 3d METAJIIB

B. Ckaspuyk, 0. IlneBauyk, C. Myupuit, 1. Illtabiasunit
JIvsiscvruti nayionasvhul yrisepcumem iment leana Ppanka,
rxagedpa Pizuru memanis,
eya. Kupuaa © Megpodia, 8, JIveis, 79005, Vrpaina

¥ mupokoMy TemneparypHomy iHrepsasi (mo 1600 K) B ymoBax Bucokoro tucky aprony (mo 35 MIla) su-
MIpSTHO eJIEKTPOIPOBIIHICTE Ta TEpMO-€.p.C. HAINIBIPOBITHUKOBUX PO3ILIABIB Seg.51€.5 3 momimkamu 3d MeTaJiB.
Metomom audpaxkiiii peHTI'eHIBCbKUX IIPOMEHIB IPOBEIEHO CTPYKTYPHI TOCTiIyKEHHS 1 TPOaHAaIi30BaHO CTPYKTYP-
Hi ynHHUKU. JJomimku 3d MeTasiB HMiBUIIYIOTH €JI€KTPOIPOBIIHICTH, 3HUKYIOTH TEPMO-€.p.C. i BIJIMBAIOTH Ha
TEMIIEPATypy IepeXoLy MeTajJ—HeMeTaJl. Pe3ybraTu iHTeprpeToBaHO B MeXKax MOJEJI, IO OIUCYE MEXaHi3M €BO-
JIIONT €JIEKTPOHHOT'O CIEKTPa B PiKUX HAIBIPOBIIHUKAX, 13 ypaxyBaHHAM PE30HAHCHOI'O PO3CISIHHS 3apsiay Ha
BIpTyaJIbHUX CTaHAX YHAC/IIIOK MOSABH JOMINIKOBUX CTAHIB 3d MeTasiB y HAIMIBIPOBIIHUKOBIN MaTpwILi.



