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Abstract. The article analyses the existing set of data on the temperature dependences of the main kinetic
coefficients and the IR-reflection spectra R(v) of the PbSb, Te, crystals. The form of the Fermi surface is
discussed. The anisotropy of holes’ effective mass and relaxation time is estimated. The complex structure
of the valence zone is confirmed, the values of these parameters are refined.

Complex X-ray studies of the structure and composition of PbSb, Te, samples gave the possibilities to clarify

the real crystal structure and explain the number of features in the IR-reflection spectra.

Keywords: crystal PbSb, Te,, semiconductor, transport properties, temperature, band structure, Fermi surface,
IR-reflection, X-ray investigations.

Introduction

PbSb, Te, crystals belong to the class of layered tetradymite-like chalcogenides having a rhombohedral
symmetry. The typical examples of this class are well-studied thermoelectric materials: bismuth (Bi,Te,)
and antimony (Sb,Te,) tellurids (Goltsman et al. 1972).

PbSb,Te, crystals usually grow with a significant deviation from the stoichiometric composition.
The main feature of the samples is a large number of different electrically active point defects leading to
the hole conductivity (Shelimova et al. 2004; 2007). Most of the studied crystals according to the data
from the Hall effect have high concentrations of holes p ~ 1 x 10* cm~ (Zhitinskaya et al. 2008).

The strong anisotropy of the crystal lattice determines the anisotropy in the physical properties that
are described by the tensors. In particular, the electrical conductivity and the Seebeck effect are described
by the second rank tensors 0, and S, respectively, which have two independent components along the
inversion-rotary axis 3 (0,,and S,,) and in the plane cleavage of crystals (5, and §,). The Hall and Nernst-
Ettingshausen effects are characterized by the third rank tensors (R, and Q,, coefficients, respectively).

In (Nemov et al. 2013; 2014; Shelimova et al. 2007; Zhitinskaya et al. 2008), the electrophysical prop-
erties of PbSb, Te, crystals were studied. PbSb,Te, optical properties were not studied well. Only reflection
spectra were measured (Nemov et al. 2016) and their anisotropy (Nemov et al. 2020).
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The greatest anisotropy of the electrophysical properties of PbSb,Te, crystals detected among the
layered thermoelectricity of the anisotropy of PbSb, Te, crystals (lead-antimony telluride) (Shelimova et
al. 2007) is very interesting for the scientific research and from the point of view of the possible practical
applications. In particular, the crystals have a significant anisotropy of the thermopower coefficients
AS =S,, - §,, reaching 75 uV/K at room temperature.

Crystals

The studied PbSb,Te, crystals were synthesized at the Baikov Institute of Metallurgy and Material
Science, Russian Academy of Sciences. Their physical, chemical and electrophysical properties were
studied in (Shelimova et al. 2004; 2007).

The PbSb,Te, crystal lattice has rhombohedral symmetry. The crystals have a layered structure, which
is based on the seven-layer packets of the atomic planes TeSbTePbTeSbTe. Those packets orderly alternate
in the direction of the inversion-rotary axis of the third order 3.

Usually, the hexagonal elementary cell, containing 3 seven-layer packages is used. It has the following
parameters: 2 = 0.4350 nm and ¢ = 4.1712 nm, spatial symmetry R3m (Shelimova et al. 2004; 2007).

The chemical bond between atoms inside the seven-layer packages is ion-covalent, and between the
edge tellurium atoms (Te-Te)—weak van der Waals forces.

We studied 4 PbSb,Te, monocrystals with rather large geometric dimensions of 4 x 4 x 20 mm,
including along the 3 axis.

Radiographs were got with the help of Bruker D8 Advance diffractometer, in monochromated Cu, -
radiation at the bundle width of 15 mm, with the divergence of 1 degree, which ensured a wide coverage
of the surface.

We studied PbSb, Te, samples in the direction of the inversion-rotary axis corresponding to the per-
pendicular direction of the cleavage plane in the monocrystal, and PbSb,Te, and PbSb,Te,:Cu doped
with copper (up to 0.1%) in the direction of the cleavage plane.

All studied crystals have the rhombohedral symmetry and structural parameters close to their values
in (Shelimova et al. 2004; 2007). However, our results suggest that in PbSb, Te, crystals there are two
structures close in parameters with the symmetry R3m and R32, and R3m phase dominates. Figure 1
shows our results.
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Fig. 1. Radiographs of the PbSb, Te,:Cu sample from the chip surface (1); the same (2) and the sample
without copper (3) in the perpendicular C3 axis direction

The strong effect of preferential orientation of crystals in the direction 001 plane of the cleavage is
visible on radiographs.

According to the calculation by Rietveld, it has been found that the content of the phase R32 with the
lattice parameters a = 0.435 nm, ¢ = 4.171 nm does not exceed 2.5-3 wt.% in samples with Cu, and less
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than 1% in the sample without Cu. The amount of Sb, Te, with the structure R3m in all the samples is at
the level of several percent. Copper atoms having minimal dimensions (0.071 nm against 0.090 nm for
Pb and Sb, and 0.111 nm for Te) during the doping of the monocrystal are embedded in the form of ions
mostly between the cleavage planes. This leads to local microdeformations of the crystal lattice R3m
in the perpendicular direction to the trigonal axis C, as evidenced by significant, up to almost complete
disappearance on the radiograph, broadening lines 110 (curves 2 and 3, 20 = 40—43°, Fig. 1). Relative
microdeformations in these directions are 0.27% and 0.35% in five-layer Sb,Te,and seven-layer PbSb,Te,
structures, respectively. The ratio ¢/a decreases from 7.15 to 7.12 for Sb,Te, and from 9.62 to 9.57 for
PbSb,Te,, which also indicates a less strong effect of copper atoms to change the parameter c than a (the
introduction of Cu atoms into interlayer spaces of singlets has a relatively smaller effect on the dimen-
sional characteristics of the crystalline cell than their location in more packed planes perpendicular to
the C, axes).

Energy spectrum of holes

This section summarizes the results of transfer phenomena studies (Nemov et al. 2013; 2014; Sheli-
mova et al. 2007; Zhitinskaya et al. 2008); the energy spectrum of holes and the parameters of current
carriers are clarified.

Additional measurements of the kinetic coefficients on PbSb, Te, crystals with the same composition
as in the works (Nemov et al. 2013; 2014; Shelimova et al. 2004; 2007; Zhitinskaya et al. 2008) showed
that they have similar magnitudes and temperature dependencies. So, let us go directly to the discussion
of the results.

In the works (Nemov et al. 2013; 2014; Shelimova et al. 2007; Zhitinskaya et al. 2008), the valence
zone structure of PbSb, Te, and the scattering mechanisms were studied by measuring the temperature
dependences of four kinetic coefficients: electrical conductivity (o), Hall coefficients (R), thermopower
(S) and transverse effect of Firstly, at the temperatures 7' = 120 K from 4 kinetic coefficients, the r, scat-
tering parameter was determined in the k direction with the help of the formula:

Ouw 1= 0.5 ,

R 0uSu  Tutl

where indices i,k,/ denote the direction of measuring the electric field (EMF) Ei’ Hall and Nernst-
Ettingshausen effects(i) , k-components of the current density j, and the temperature gradient 5; ,lis H,
component of the external magnetic field. '

Further, from the data on the thermopower coefficient of S
determine the reduced chemical potential 1" = %} r

with the known I it is possible to

(T):ﬁ“_2 kT
e 3 p(T)

(r+1), (1)

where: k is the Boltzmann constant, e is an electron charge module.

(Q) their anisotropy in temperature range 77-450 K.

Holes’ concentration (p) in the studied crystals was determined from the greater component of Hall
Tensor R, at the temperature of 77 K, as adopted in the study of layered anisotropic materials properties
of A,B’; (type Bi,Te,) (Golzman et al. 1972).

In PbSb,Te, rystals, there is a number of features in the temperature dependences of the kinetic
coefficients, in particular, both components of Hall TensorR and R, are characterized by the constant
growth by 1.5-2 times at the range of 77-300 K. The ratio of the thermopower coefficient (S) to the
temperature ;(T) strongly depends on the temperature, which should be approximately constant at the
temperature range 77—450 in one zone model (Nemov et al. 2013).

So, the results of the transfer phenomena indicate the complexity of the zone structure scattering
PbSb,Te,and participating in transfer phenomena several types of charge carriers.
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It should be noted that the analysis of experimental data was difficult because of almost the same high
concentration of holes p ~ 3.2 x 10* cm~3. Doping with a donor copper admixture (Shelimova et al. 2004;
2007) made it possible to reduce the concentration of holes by about 2 times to p = 3.2 x 10"°cm™
at the temperatures near the liquid nitrogen temperature 77 K. Kinetic coefficients for this crystal
qualitatively and quantitatively can be described in the framework of the one zone model (one variety
of current carriers and a quadratic dispersion law). This circumstance, taking into account the strong
degeneration of the hole gas, made it possible to determine the parameters of zone spectrum of holes
in PbSb,Te, sample with the minimum concentration of holes.

Estimates of the parameters of the zone spectrum were carried out as follows.

Firstly, at the temperatures 7' = 120 K from 4 kinetic coefficients, the r,, scattering parameter was
determined in the k direction with the help of the formula:

Quw  _1u—0.5 ,

RiouSu  Tutl

where indices i, k, [ are denoted the direction of measuring the electric field (EMF) E, Hall and Nernst—
Ettingshausen effects(i), k-components of the current density j,
component of the external magnetic field.

Further, from the data on the thermopower coefficient of S with the known r o it s possible to
determine the reduced chemical potential p” = ¥ kT

o _k® &I
B3 H(T)(rkk+ )’ (2)

where & is the Boltzmann constant and e is an electron charge module.

Knowing the value of u'(7) and using the formula

k,T
M(T)—uo I—E[T] 5 (3)

where p = (0 K), Fermi level E, equal from the determination to the chemical potential at zero tem-
perature E,_ = p, was determined. It turned out to be 0.23 eV.
Then, from the formula for holes concentration

8n

3 3
—(2m,)

pP=

the effective mass of the holes state density m1, ~ 0.5 m (m, is a mass of free electron) was determined.

At higher temperatures, Hall coefficient grows noticeably. In semiconductor physics this growth is
traditionally associated with the redistribution of current carriers between non-equivalent extremums.
So, calculations in this temperature area must be carried out with at least two varieties of free charge
carriers, i. e., within a two-zone model.

Preliminary calculations in this model were performed in our work (Nemov et al. 2013), in which the
calculation procedure was described in detail. In this work, numerical calculations have been performed
within the system of equations for 4 coefficients (R, S, o, Q) in a two-zone model. The following values
of the model parameters were obtained:

The ratio of mobility of light and heavy holes b ~ 4—6, the effective mass of m, ~ 1 m,, the energy gap
between zones AE with i 1ncreasmg temperature decreases from the value of AE 0.24 eV (at T— 0K)
with the approx1mate spee

The qualitative nature of changmg the PbszTe ,Zone structure with temperature is shown in Fig. 2.
It should be noted that the nature of the evaluations of heavy holes parameters is approximate because
of the large number of unknown model parameters.
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Fig. 2. Temperature displacement of zones V,, V, and chemical potential u

Fermi surface

To estimate effective mass anisotropy, it is necessary to know the type of Fermi surface.

Because of the lack of information in the scientific literature about the form of Fermi surface
in p-PbSb, Te, and extremum place in the Brillouin zone, let us suppose that the maximum in the valence
zone is in the center, i. e., in G-point.

As the crystal lattice has symmetry on Neiman principle, Fermi surface should be the ellipsoid of
rotation with the rotational axis going parallel to the symmetry axis 3, and effective mass tensor will
have two components: longitudinal m, (oriented along the symmetry axis) and transverse m, (perpen-
dicular to 3).

Apparently, the ellipsoids are elongated, m, > m, since the longitudinal component of the thermo-
power S (along the C, axis) is larger than the transverse component S, in the plane cleavage, perpen-
dicular to C, In this case, effective mass anisotropy can be characterized by the parameter R3m.

It should be noted that more complex types of Fermi surface are also possible—two ellipsoids on the
symmetry axis 3, located symmetrically relative to G-point, as well as the combination of ellipsoids,
symmetrically located relative to the axis 3.

Unfortunately, from the available data about kinetic coefficients (R, S, o, Q) there is no possibility to
determine effective mass components 72", in particular from the electrical conductivity coefficient, since
the formula includes the ratio of time relaxation to efficient mass:

2
nt

O_=€

*
m

Evaluation of effective mass anisotropy and relaxation time of holes

Taking into account the strong anisotropy of PbSb,Te, hysical properties, and also observing the
significant anisotropy of the thermopower, it gives us a p0551b111ty to suggest the presence of the hole
scattering anisotropy. In this case, the relaxation time will be described by the second rank tensor 1.

In the case when both tensors of the effective mass 71, and relaxation time 1, are diagonal in the same
coordinate axes, the relaxation time will have two independent components—the longitudinal r,and T,
The relaxation time anisotropy will be characterized by the coefficient

Recent research of the anisotropy of PbSb, Te, crystal reflection spectra, doped by Cu (Nemov et al.
2020) in the plasma reflection area, allows us to estimate the relaxation time anisotropy. The fact is that
the experimental IR reflection spectra are well described in the framework of Drude-Lorentz model
(Nemov et al. 2016; 2020) with the help of the dielectric function containing the parameter attenuation
(damping) of the plasma oscillations y, which is equal to y = 1/1.
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From the data (Nemov et al. 2020) we get:

kT:T—":thﬁzO.47.
T, yp 94

The received value of k indicates a strong anisotropy of hole scattering compared to other semiconductors.
The frequency of plasma oscillations w ,is determined by the formula:

2
» _4mpl
e om*

)

where € is a high-frequency dielectric constant.

That is why the ratio of squares of the frequency of plasma oscillations at two orientations of light
wave electrical vector E along the axis 3 and the plane cleavage make it possible to evaluate the anisot-
ropy coefficient of the effective conductivity mass of k

’ 0.52Y
k, = Lol 222 217
w 0.40
I Jpi

The received value confirms the elongated form of Fermi surface along the symmetry axis 3.
The ratio of conductors in the chip plane o, to the conductivity o,along the axis 3 is:

T, m k
L m_ K

6 T m
Substituting certain values of the anisotropy coefficients k and k will get:

O L7 36
o, 047

that is satisfactorily conforms with the data of electrical measuring.

As it was mentioned earlier, the studied crystals are not perfect. There are inclusions of the second
phase of different composition and crystal lattice distortion. This circumstance explains some features
of PbSb, Te, crystal reflection spectra, that was impossible to describe with the help of the complex di-
electric function e(v) within the framework of Drude-Lorenz models. These include the existence of the
inflection point on the dependence R(v) in the edge of plasma reflection area and the second small
minimum in the area of 2300 cm™ (see Fig. 3).

Conclusion

So, as a result of X-ray studies of PbSb,Te, crystals and the analysis of the previously obtained
experimental data on kinetic phenomena and IR reflections, the clarified valence zone structure and its
parameters (effective weights of light and heavy holes, the temperature dependence of the energy gap
between AE (T) zones) were clarified.

We have also made the estimates of the anisotropy of effective mass of holes and relaxation time,
indicating their strong anisotropy.
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Fig. 3. Reflection spectra from the crystal chip PbSb, Te, (a) and PbSb,Te,:Cu (b): 1 -T=300K;2-T=77K
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