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Abstract. The inverse relaxation time tensor in quasi-two-dimensional systems is calcuiated
for elastic electron scattering by both acoustic and optical phonons. It is shown that in the
general case the relaxation time is anisotropic. Also, on the basis of the Boltzmann equation
in the anisotropic relaxation time approximation the electrical conductivity in these systems is
calculated. It is found that anisotropy of the conductivity is defined not only by the anisotropy
of effective mass and the relaxation time but also by the ratio of the Fermi level to the one-
dimensional conduction band half-width. A comparison with available experimental data has
been carried ont, Qualitative agreement of theory with experiment was obtained.

1. Introduction

The extensive use of layered materials of the transition-metal dichalcogenide type in modern
applications as well as the observation of new physical properties due to the specific
crystalline structure have led to active investigation of these materials in recent years [1-3].
The transport phenomena in such compounds with a quasi-two-dimensional {Q2D) electron
gas have not been sufficiently well studied. This is because of the severe problem of charge
carrier scattering. Thus, in [4], galvanomagnetic phenomena in layered conductors were
investigated, but anisotropy of scattering was not taken into account and the relaxation time
was assumed to be independent of energy.

In this paper the inverse relaxation time tensor is obtained for elastic electron scattering
by acoustic and optical phonons. It is shown that, when electrons are scattered by polar
optical and piezoacoustic phonons, the relaxation time in Q2D systems 15 anisotropic whereas,
when electrons are scattered by acoustic and non-polar optical phonons, it is isotropic. Also
the electrical conductivity in' Q2D systems is calculated in the absence of a magnetic field.
The conductivity is anisotropic too; the ratio of the conductivity in the plane of the layers
to the conductivity in the direction normal to the plane of the layers depends on the ratio of
the corresponding inverse effective-mass tensor components. Anisotropy of the conductivity
also depends on the scattering mechanism and on the degree of conduction band filling.

2. Density of states and concentration
‘We consider the conductor with the Q2D dispersion relation having the following form [1, 5}:
e(k) = ey (kr) + £, (k2). - 0
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Here £y (k1) = %3 /2my, k3 = k2 + K, £.(k;) = &[l — cos(ak;)], s is the one-
dimensional conduction band half-width in the direction of &,, k(%;, k;, k) is the wavevector
of conduction electrons and g is the lattice constant in the direction perpendicular to the
plane of the layers. In Q2D systems the effective mass is anisotropic and may be represented

in the diagonal tensor form with the components m! = m;’ = m7!, corresponding to the

motion in the plane of the layers and m;' = m' = A~%ga’ cos(ak;) corresponding to
motion in the direction normal to the plane of the layers.
‘The density of energy states in this case is given by [5]

my
gle) = mz(&‘)- )
- ]
_ B ¢ £ > 28y
z(e) [ cos ™! (1 - g) for [e < 2gq. 3

The equafion giving the relationship of the chemical potential 4 to the concentration
is obtained in the form

m_]_kDT f"/a I M — &g
= dk,.
n ol A Inil4exp %ol . {4)

The integration in (4) can be performed analytically for a strong degenerate electron gas and
a non-degenerate electron gas. In the case of the strong degenerate electron gas, equation
(4) gives

micp , .
n = ———(sinzp — zp cOS Z0)- (5
wha :

Here zp = z(it) 1s given by (3} at £ = L.
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Figure 1. Dependence of the anisotropy of conductivity on zp and on the ratio /ey for 2
systems: curve 1, scattering by acoustic and non-polar optical phonons; curve 2, scattering by
polar and piezoacoustic phonons; & = na’w>.

In the case of the non-degenerate electron gas, equation (4) gives

m_LkoT H—E&p £y
B VI — . 6
"t Ha exP( T ) (ch'r) ©

&0 % £
I|—]= —_
(kgT) j; exp (koT cos zg) dz

is the Bessel integral at zg = .

where
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3. Relaxation time

In accordance with [6) the inverse relaxation time diagonal tensor components are
1oy
T; T

where Wy is the probability of a transition from the &’ state to the k state, i = x, v, 7.
_ In the case when electrons are scattered by acoustic and non-polar optical phonons the
probability of a transition is given by [7, 8]

k
I - _[ W ;
% | )]

Wir = Cod(er — &), - 8)

Here Cy = Q2a/MN )(Elz/hvg)koT for acoustic phonons, where E; is the deformation
potential constant, M is the mass of an elementary cell, A/ is the number of elementary
cells, and vy is the velocity of sound; Cy = (7w E2/ANyMa,) (7 /a)? for non-polar optical
phonons, where E, is the optical deformation potential constant and N, is the number of
optical phonons with the maximum frequency w, at the temperature T,

In the case when electrons are scattered by polar optical and piezoacoustic phonons the
probability of a transition is {7,9]

S(er — &)
Wiw = Ct e : - 9)
Here C) = (8w2e?/ Vic*)(koT /h) for polar optical phonons, where x*~! =k} — 5 I koo
and kg are the high-frequency and static permittivity and 'V is the volume of the sample;
C) = ZnezEgzkoT/KzN Mulh for piezoacoustic phonons, where Ey, is the piezoacoustic
constant.
Equations (7)—{9) are satisfied in the approximation of an elastic process for electron—
phonon interaction. The applicability of this approximation has been discussed in [7].
Inserting equations (8) and (9) into equation (7) and performing the integration over
cylindrical coordinates &', ¢', k, convenient for this dispersion relation we obtain diagonal
components of the relaxation time on the scattering by acoustic and non-polar optical
phonons, given by

1 1 1 ._,FT'J-COV

= 5 n 10

T T 24t (10)
and on the scattering by polar optical and piezoacoustic phonons, given by

1_1_1 mLaV./”“( A J

—m = - = = I — 9 8 _ I dk

ot TL 8atE Sz (A2 + B2)L2 (= — &) dk; o

1 myCiVa® (™% |k —k|6(e — &) dk;

1 —

T ARkl S (AP BRI

where A = 2y[cos(ak]) — coslak;)] + a*(k, — k)%, y = my/mqp, My = 72 /ega?,
B=2ak (k. ~k;), 0le —&ly=1fore —&, >0,8(c —¢&)=0forz~¢} <0.
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Analytical expressions for the relaxation time in the second case can be obtained with
the approximation lagq.| = la(k, — k)| € L:
1 1 1 mGV 1
wn o 4rihlald ( e a%i/wsinzcakz)]}m) ¢
i m GV
% T Ak |y sint(ak,) + atC ]2

(12)

The parameter y = m, /m;y may be assumed to be small in the sense that the motion normal
to the layers plane is limited. Using this, equations (12) can be written as

1 1 1 mGV
™ Tt anfRlakL
1 1 m GV

% T Anthalkks]

(13)

It should be noted that equations (11) and (13} for the relaxation time are obtained on
account of the anisotropy of spectrum (1) only in the density of states.
Equations (11) and (13) can be represented in the general form

L, 8@
% = Tk a9

where r = ( corresponds to the acoustic and non-polar optical phonon scattering, r = 1
corresponds to the polar optical and piezoacoustic phonon scattering, o =1, z and k,(k, , ;)
denctes the longitudinal and the transverse components of wavevector. The values of A,
kave been given in [7].

As seen from (14) the inverse relaxation time tensor components are proportional to
the density of states. In the case when electrons are scattered by acoustic and non-polar
optical phonons the energy dependence of the relaxation time is defined by the density of
states g(g) and the relaxation time is isotropic, which corresponds to the result obtained in
[10,113. In the other case when electrons are scattered by polar optical and piezoacoustic
phonons, an additional dependence on wavevector components appears and the relaxation
time becomes anisotropic.

4. Conductivity

Now, using the solution of the Boltzmann eguation in the anisotropic relaxation time
approximation for the components of the current density, one can obtain the following
expression:

v

Ji = —eng (Pr‘—) (13)
&1

where p; are the components of the vector p{e), which has the meaning of a generalized

impulse force p(g) = (k)P () (B(e) is the generalized disturbing force causing a deviation

from the equilibrium distribution and (k) is the relaxation time tensor with the components

defined by (7)), —e is the charge on an electron, v; is the electron velocity component,
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i =1x,y,2, and ng is given by ng = m (1 — ao)/rrzhza. The angular brackets ({}) have
the following meaning:

(A} = Nthanof dzf dqof g (——)Ad 25 (16)

where fp is the distribution function.
Using (15) for the diagonal tensor components of the electrical conductivity in the
absence of magnetic field we have

2 [ vt
o= no(rf_). (17)
&1

Inserting (14) into (16) for the conductivity components in the case of a degenerate electron
gas after integration over £, and ¢, we obtain

‘ kT Topr+1 )
Oy =0y = 0, __cro,x“_so_zo_
(18)
T2 :
Op = O = Oprzd
20
Here
2 ,
€ RoTori £o
Oy = 6=
m;  — &
7% 2mi kTN T2R2 2m ko T\7?
Tore = Tory = Torz = -
Orx Ory Arm.l. FLZ Orz ArmJ_ar_I ﬁz

Z0 A " . s ZO' m 'u, 80
'Ee,:,m=]; z"sm‘z[u — 2¢; sin® (5)] dz = =Wl &= T

One can obtain analytical expressions for the diagonal tensor components of the
conductivity in the form

*

nz 62 sin(2zp)

- —or — o f(zo) [ 2 sin (zo)]rﬂ - r+1 sin(2zo)'+rsinzzo
L Gy =o = 0rz.2 2 u* 0 2 220 Zg RE

(19)

On caleulation of o, the integration in (18) can be performed approximately.

As seen from these expressions the ratio of the conductivity o along the layers to the
conductwnty o across the layers depends on the ratio of the corresponding inverse effective
masses m7' tomy: :

1—-r/2
A_e (’"20) | (20)
ay my .

where C, is a coefficient depending on the scattering mechanism and on the degree of
conduction band filling, i.e. the anisotropy of conductivity is defined not only by the
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anisotropy of effective mass and the relaxation time but also by the ratio of the Fermi
level to the one-dimensional conduction band half-width. When the Fermi level lies above
the one-dimensional conduction band top for the ratio o1 foy (1 > 280) we have

T4rf2 l—rf2
m
()62
o) £0 me
When the Fermi level lies within the one-dimensional conduction band (u < 2eg), the

ratio o) /oy can be written

oy M0 $In Zg — 29 COS 29

= - @)
a| M, Zop— CcOSzpsinzg ] _

oL _ (@)”2 2o + 279 cos? zo — 3cos Zp sin Zg 23
oy  \my sin(zo/M[1 + 2 cos(zo/2)) /222 — z0 5in(220) + sin” zo}

Equations (20)-(23) allow us to define such important physical magnitudes as the
parameter £y of the energy spectrum, the effective-mass components m and my and the
parameter r of scattering in layered compounds from the measurements of conductivity
anisotropy.

Using equations (3), (22) and (23) the ratio o /oy can be represented as a function of
zo only. Graphical representation of the dependence (o1 /o) (zo) and the formula

m,y lanzg —2p

my wina’

will be informative for explicit determination of the effective-mass ratio.

The anisotropy of the effective mass in transition-metal dichalcogenides is large, e.g.
maofmy = 46 for NbSe and mo/m; = 11 for TaS; [12], which comesponds to our
approximation. The anistropy of conductivity is also large: o3 /oy = 20 and & /oy = 50
for NbSe and TaS,, respectively; o) /oy = 200 for MoS; [13]. Using equation (21) for
mep/my = 10 we obtain o /oy = 10%, which is in qualitative agreement with the above
experimental data,
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