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In this paper we investigate thermodynamic functions of quantum electron gas in
strongly anisotropic materials and compare them with the same functions obtained for
isotropic material with quadratic dependence of energy on momentum. Our results are in
a good agreement with theoretical conclusions of other authors and they help to explain a
number of known experimental data obtained for these materials.
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Hccnepyiorca TepmonmHaMudecKkue PyHKIIMM KBAHTOBOTO Iasa JEKTPOHOB B CHJIBHO aHUSO-
TPOIIHBIX MAaTEePHAJAX, KOTOPbIE CPABHUBAIOTCA C TAKUMU JKe (PYHKIUSAMU, IIOJYUYCHHBIMU IJIA
MB30TPOIIHLIX MATEPUAJIOB ¢ KBaAPATUYHOM 3aBUCHMOCTBIO 9HEPTHU OT HMIIyJbca. llosydueHHBbIE
pesyJbTAThI COIVIACYIOTCSA C TEOPEeTUUYECKMMU BBIBOJAMU IPYIUX aBTOPOB U IIOSBOJAIOT OOBAC-
HUTb PAJ USBECTHBIX SKCIIEPUMEHTAJBHBIX MAHHBIX, IIOJYYEHHBIX [JI TAKUX MATEePUAJIOB.

Tepmoagunamiuni GPyHKIii KBAHTOBOIO €JEKTPOHHOTO ra3y y CHJIBHO aHi30TPONHMX Ma-
repianax. K.K.Toecmiok.

Hocaimxeno repmoxuHaMiuHi (GYHKIIT KBAHTOBOI'O €JeKTPOHHOTO rasgy y CHJBHO aHiso-
TpoHUX Marepiasix i sictaBieHo ix i3 TakumMm K (PyHKOiAMH, OTpUMaHUMHU AJd caabo
isorpomHoro marepiaay i3 KBajgpaTHuHOKI 3anexHicTioO eHepril Bix immyabcy. Orpumani pe-
3YJABTATU Y3TOMMKYIOTHCH 13 TEOPETUUYHMMY BHCHOBKAMM IHIIUX aBTOPIB TA J03BOJHIOTH II0C-

HUATY HUBKY BilOMHX eKCIIepUMEHTAJBHUX JaHNX, OTPUMAHUX Y TAKHUX MaTepiajax.

1. Introduction

Rapid progress of materials science in-
herent in this century forced researchers to
engineering and developing the new
nanomaterials. For such purposes the inter-
calation method (introduction of atoms and
ions into Van der Waals gap of layered ma-
terials) seems to be very promising. Inter-
calation as nanotechnology instrument in
various spheres of the modern science and
technology is hard to overestimate. Thermo-
dynamic (TD) investigations of the interca-
lation processes were carried out in [1-4].
But to understand the effects which take
place after intercalation we need to know
the TD functions and their peculiarities for

Functional materials, 23, 1, 2016

electron gas in initial material ("host™).
Here we cannot use the classical expressions
because these materials are close to two di-
mensional structures. They consist of layers
where structure units are binding with co-
valent and ion-covalent bounds and Van-der-
Waals binding between the layers [5, 6].
Layered materials YTe;, LaTes, CeTes [7],
InSe [8], as well as a number of organic
conductors [9] belong to such structures.
Electron band calculations for organic
conductors indicated the coexistence of
equipotential surfaces in the form of corru-
gated cylinders and corrugated sheets [10].
In YTes, LaTe;, CeTe; equipotential energy
surface, calculated from the first principles
[11] contains weak dispersion along one di-
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rection. Two-dimensional metallic conduc-
tivity at the low temperatures in InSe was
experimentally confirmed by quantum oscil-
lations of magnetoresistance in [8].

Thermodynamic functions of the electron
gas obtained in [12] revealed some differ-
ences from such functions in isotropic crys-
tals, even for quasi-classical electron gas.
Quasi-classical approximation is not applica-
ble to materials with a high concentration
of carriers and low temperatures. This case
we consider in this paper.

2. Approximations and
expressions

The layered crystals contain atoms of
two or more layers in their unit cell with
weak Van-der-Waals binding, which intro-
duce, according to [18], only 2-3 % of the
whole boundary forces between the struc-
ture units. To consider this feature authors
of [14—-16] developed the expression for en-
ergy as quasimomentum function for strongly
anisotropic materials (SAM), which is:

E(k) = ok? + y(1 - cosz), @

h2 h2n2

(x: b - b
th Y 4m||d2

where m, is effective mass of current car-
rier in the plane of the layers, y is half-
width of the conduction band in the [001]
direction, z = k,d, d is lattice translation
this direction. Expression (1) determines
the coexistence of open and closed equipo-
tential surfaces for three- and two-dimen-
sional electron gas. We compare the thermo-
dynamic functions (TDF) for SAM with (1)
and materials, in which energy depends on
square momentum (PM). The TDF expres-
sions for PM are known for example from
[17]. For both examined cases we used the
same parameters (effective mass and lattice
translation) for GaSe from [18]. We found
the density of states at the equipotential sur-
face using the inversion theorem for the par-
tition function [19]. The partition function
for SAM was obtained in [20] and looks like:

Z(6) = ABexp|-3|I4(3), (2)
4VL,m,
e

where Iy(8) is the modified Bessel function.
The resulting density of states (DS) coin-
cides with the expressions obtained in [21].
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Fig. 1. Rate of concentration change with
temperature for SAM (k1) and PM(£2).

Comparing the DS obtained for SAM with

the DS for PM, we can see that:
e DS in SAM is substantially greater

than the DS in PM for the small energies

(low frequencies);
e DS in SAM is constant and signifi-

cantly less than DS in PM (which is increas-
ing with energy as \e) for the high energies

(frequencies).
The following calculations were carried

out for expressions [22]:

2 (3)
N = J. g fppe)de,
0

E = [ eg@©f ppe)de,

0
o= 1.{1 + exp{“—_e}]g(e)ds.
. 0

Heat capacity and entropy were calcu-
lated as derivative from energy and thermo-

dynamic potential in temperature:

S(T) =k jg(s)lr{l + e%)ds -
0

- g(s)fFD(e)(” 5 8]dss ,
0

(4)

o) = kf eg(ﬁ)fFD(S)(l - pr(E){8 e_zu]ds'
0

Calculations were performed for the elec-
tron gas in 1 em?® sample of B-GaSe, which
is 0.034 mol.
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Fig. 2. Electron gas entropy for SAM (S;) and PM (S,) for a) E; = 0.014 eV (closed); b) Ep =1 eV

(open equipotential surfaces).
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Fig. 3. Electron gas heat capacity for SAM (C,) and PM (C,) for a) E; = 0.014 eV (closed);

b) E; =1 eV (open equipotential surfaces).

3. Results and discussions

Data of the concentration of current car-
riers obtained from (8) shows that for the
low temperatures in SAM number of elec-
trons increases with temperature faster
than in PM (Fig. 1, where k= dn/dT).
Number of experimental works researching
resistivity of GaSe at the low temperatures
[28, 24] confirmed with this result. It is
used in [25] for creation of the temperature
sensor based on GaSe.

Heat capacity, received from (4), is a lin-
ear function of temperature with the ineli-
nation angle tangent of 0.053 mdJ/(mol-K2).

Entropy and heat capacity are well inter-
polated by linear dependence on tempera-
ture with different tangent angles, depend-
ing on the Fermi energy. Fig. 2 and Fig. 3
show the dependences of entropy and heat
capacity on the temperature for the Fermi
energy of (a) 0.014 eV and (b) 1 eV. As we
see from Fig. 2, 3a), at the low Fermi ener-
gies (FE) the entropy and heat capacity of
the electron gas SAM increases faster with
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temperature than for the PM. For large val-
ues of FE (Fig. 2, 3b) — on the contrary.
These contradictory dependings we explain
by the Lifshitz’s phase transition — the
transition from closed to open equipotential
surfaces [26]. To better analyze the impact
of this transition on the electron gas, we
investigated thermodynamic functions de-
pendence on the Fermi level. In result we
did not note that any peculiarity in the
thermodynamic potential and internal en-
ergy temperature dependences. Their abso-
lute values grow with the temperature.
However, the specific heat and entropy de-
pending on the Fermi energy include the
particular points for opening equipotential
surfaces (Ep = 2v).

Thus, our study explains a number of
experimental works, for example, [27],
where the heat capacity for SAM is meas-
ured. Authors of [27] received special points
and concluded the limitations of the Debye
model for such materials. These conclusions
agree with the results of [28-30] where
phonon spectra of SAM was researched. The
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Fig. 4. Heat capacity (a) and entropy (b) of electron gas in SAM, depending on Fermi energy for T = 10 K.

obtained dependence of the entropy on the
Fermi energy agrees with the conclusions of
[31] made for the entropy in two-dimen-
sional gas.

4. Conclusions

The analysis of thermodynamic functions
for electron gas in SAM and comparing
with the same functions in PM showed.
Rapid increase in the number of carriers
with temperature at the low temperatures
in the SAM. The rate of entropy and heat
capacity increases have contradictory
trends: dominates for SAM at closed equipo-
tential surfaces (low energies, frequencies)
and higher for the PM on open equipoten-
tial surfaces (high energies, frequencies).
Thermodynamic potential and internal en-
ergy depend monotony on the Fermi energy
(concentration of particles) both for the PM
and SAM. Heat capacity and entropy de-
pendences on the Fermi energy have special
points in the transition from the closed to
open equipotential surfaces.

Our results allowed to explain a number
of the experimental data and agree with the
conclusions of other authors for vibrational
spectra and analytical investigations for the
two-dimensional gas.
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