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A linear response of the electron system of a layered conductor in the presence of a temperature
gradient is investigated theoretically. We have found the dependencies of the thermo-emf on the
temperature and on an external magnetic field, the experimental study of which allows to deter-
mine the structure of charge carriers energy spectrum as well as to examine different relaxation

mechanisms in the system of conduction electrons.
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Investigations of the thermoelectric effect in layered
conductors placed in a strong magnetic field B allow to
study in detail their electron energy spectrum [1,2].

Within the framework of the linear theory the electric
current in a conductor

oT
Ji = 0iEj — o, (1)
is related to an electric field E and a temperature gradi-
ent VT by the conductivity tensor o;; and the thermo-
electric tensor «;y.
In the case of nonuniform temperature distribution in
a specimen, even in the absence of current-conducting
contacts (j = 0), the thermoelectric field

oT
E; = pi Qjgs (2)
J

unavoidably appears. Here p;; is the resistivity tensor
which is inverse to the conductivity tensor o;;.

Some important information about relaxation process-
es in the electron system may be extracted from the T-
dependence of the thermoelectric field. The reason is that
the kinetic coefficients
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describe different relaxation processes in the charge car-
riers system. The components of the conductivity tensor
are connected to the momentum relaxation of electrons
which is characterized by the time 7,, and the compo-
nents of the tensor «;; depend on the energy relaxation

the time 7.. Here e, v, pp, € are the charge, velocity, mo-
mentum projection onto B-direction, and energy of a
conduction electron, respectively; fo(e) is the equilibri-
um Fermi distribution function, p is the chemical poten-
tial of the electron system, c is the velocity of light, & is
the Planck constant, ¢ is the time of charge motion in a
magnetic field according to the equation

op e
% cv x B.
In case of a periodic motion of an electron in the mag-
netic field the magnitude T’g is the period of motion. If
an electron executes an unperiodic motion along an open
trajectory, T is the time that characterizes its displace-
ment per period of the inverse lattice.

In the absence of the magnetic field the thermoelectric

field
A (Na=f

Tp (9(13J

is proportional to the ratio of the relaxation times 7. /7,.
Here the dimensionless tensor ();; does not depend on
temperature.

We consider the thermoelectric effect in a quasi-two-
dimensional conductor at temperature that is much be-
low the Debye temperature 7, when the T-dependencies
of the relaxation times 7. and 7, are essentially different.
When the temperature is close to zero, the relaxation
in electron system of a degenerated conductor is real-
ized mainly by the charge carriers scattering at impurity
centers and other crystal defects. This is the case when
the relaxation times 7, and 7. are of the same order
of magnitude. With the temperature increasing an ex-
tra mechanism of relaxation connected to electron scat-
tering by crystal lattice vibrations sets off. According
to Matthiessen’s rule each of the scattering mechanisms
makes an additive contribution into the relaxation pro-
cess, SO

1 1
7 7Gm) T (eph)’ (6)
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where 1/ 7(ePh) js the frequency of charge carriers colli-
sions with phonons. At T' <« Tp because of the small-
angle scattering of electrons by phonons, a number of
collisions with phonons, necessary for the electron mo-
mentum relaxation, is much greater than that for the
energy relaxation. As a result, 7. decreases more rapidly
with temperature than 7, . The T-dependence of 7. has

the form
1 1 -1"!
Te = : + — Tn 9 (7)
T(lm) T0

where T = TLD, To is the time characterizing the ener-
gy relaxation of electrons due to their collisions with
phonons at the Debye temperature. The power n is de-
termined by the dimensionality of the system, n equals
3 for 3D metals and n equals 2 in the case of 2D conduc-
tors [3].

At sufficiently low temperatures, when the momentum
relaxation is realized mainly due to the charge carriers
collisions with impurities (i.e. 7, coincides with (™))
and account of the interaction with phonons affects es-
sentially the energy relaxation, the T-dependence of the
thermoelectric field at B = 0 can be presented as

Qi f(T) oL

8$k7

7T2TD
3ep
~ T

ST = 14 (rGm) /7o) ®

E; =

At T < (1p/7™)/" the field E; is proportional to
T, but with the temperature increasing the frequency
of charge carriers collisions with phonons 1/Tg(eph)
1/(70)T" becomes comparable to the frequency of their
collisions with impurities 1/70™) and the growth with
temperature gives place to decreasing as T~™). The
maximum is attained at

TE(eph) =(n-— l)T(im).

In layered conducting structures with the Q2D ener-
gy spectrum at temperature that is much less than the
overlap integral ¢ for the wave functions of electrons be-

longing to neighboring layers, the T-dependence of TE(EPh)

Voo — v%0.. tan? 0 + oy cos? o
oik = | —yo2+ 0. tan? 6 + oy cospsinp

Yo, tan @

y209 + 0., tan® 0 4 o sin? ¢

is basically the same as in 3D metals. In layered organ-
ic conductors the overlap integral ¢, is of the order of
the Debye temperature. Thus in the whole of the range
where T is less than the Debye temperature, 1 /TE(Cph) is
proportional to T3, and in accordance with the Bloch

law, 7, is of the form

1 1 1 -
—=—4— 175 (9)

T, Tm) o

In certain organic conductors there are several groups
of charge carriers that are responsible for the electron
transport. The Fermi surface in such conductors may
consist of topologically different elements: weekly cor-
rugated cylinders and planes [4, 5].

An external magnetic field affects differently the mo-
tion of charge carriers whose states belong to the weakly
corrugated cylinder and to the plane sheet of the Fermi
surface. Just for this reason the presence of such plane
sheets of the Fermi surface may be revealed most easy in
a conductor placed in a magnetic field.

As an example, consider the conductor with two
groups of charge carriers, in a magnetic field B =
(0, Bsinf, Bcosf). It is assumed that the preferred di-
rections of the mean velocities +v; of electrons belong-
ing to the plane sheets, are determined by the angle ¢,
SO V14 = Fv;1 €OS @, V1, = Fv;1singp, and the dispersion
law for the other charge carriers group is of the form

v

e(p) S

— 2t cos %, (10)

where m = const, a is the separation between the layers,
t) is much less than the Fermi energy ep.

We shall assume that the angle € is not near 7/2, so
all orbits of electrons with the Q2D dispersion law are
closed. At cosf > mc/eBt the condition of the strong
magnetic field (Tp/7) < 1 is fulfilled automatically.

The components of the kinetic coefficients for the con-
ductor oy, and «;p, are the sums of the contributions of
each group of charge carriers, and, in particular, it is as
easy to make sure that

Yoy — Y0, tan? 0 + oy cos psinp —yo ., tan f

o..tanf | . (11)

0., tan 6 Oz

Here 07 and o9 = (62€FTp /mh?a) are the contributions to the conductivity along the layers at B = 0 made by
charge carriers belonging to the plane sheets of the Fermi surface and to the corrugated cylinder, respectively;

v =me/(eBt,cos0) = 1/(werp) < 1.

Account of the contribution to o, of charge carriers with Q1D energy spectrum does not affect the T-dependence

of the thermoelectric field. The component

Ozz =
wht
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in the main approximation in the quasi-two-dimensionality parameter ¢, /erp = n < 1 is quadratic in 7, and at
1 <« tanf < eB7,/mc this component oscillates as 6 varies. Here J,(z) is the Bessel function, pp is the Fermi
momentum.

At v <« 1 the asymptotic expression for the resistivity tensor is

) . .
sin® ¢ 1 sin 2¢ 1 sin 2¢
1+g¢ ———q <—|—q tan 6
72 v 2y v 2y
1 sin 2¢p 14 cos? cos? ¢ tan 0 (13)
Pik = PO ~— 9 q —q an )
' v o2y '6 72
1 in?2 2 1 2
(— + qsm ;0) tan 6 —qCOS2 14 tan 6 ®) + qCOS2 14 tan? 0
Y 2y v o7 po Y

where pg = 1/(01 + 02), ¢ = 01/03.

[

The thermoelectric effect depends essentially on the  differ from zero if only the magnetic field deviates from
presence of the plane sheet of the Fermi surface, and the  the normal to the layers,
distinct components of the field
7T2TD 6T PZZ = T(d + b)v (19)

FE,= ——P.(1T)— 14
' 3epu ik )&rk (14)

and the magnitudes P,., Py, are proportional to n2.

be}laviin differ;nt Wayls' b ) 4h th Here b = (u/7.)(07./0p) ~ 1, and the coefficient d =
n the case of a single charge carriers group with the (11/S.)(8S./p) is of the form

Q2D dispersion law, in the main approximation in the
small parameters v and 7 the diagonal components

~ d— 2umatand
Py =Py =T (15) - prh

exceed significantly the components 7 ( ap% tan 9) Jo ( ap% tan 9)
o (L _1-b . X —apr : (20)

zy = Ly = weT, - wor. ) (16) J§ (7 tan@) + $172 + dan?

so the field in the layers plane is directed mainly along
VT and grows linearly with T, when a conductor is heat- ~ where ¢; and ¢2 are the magnitudes of the order of unit
ed along the layers. The components which allow for corrections to S, omitted in the main
approximation in the small parameters n and v. As a
p.— _F (1 —b _ d ) tan, (17) result, the dependence of the components P,; upon the
WeTe  WeTp angle 0 takes form of giant oscillations. The dependence
and of the nondiagonal components of the tensor P;; on the
temperature is determined by the T-dependence of the
- d b . . . . . L .
P, =T(-1+ (d+b)Te tan 0 (18) relaxation times, and taking into consideration (7) and
™ (9),we have

|

T ~ . T ~5
Px =———1b—(1-0 Tg’ Ui ) 21
Y wer(im) { ( ) 7o " 7o ] .
- ’T(im) B T(im) -
Pop=——|d+b—1-(1-b)—7T3%+d— 77| tano, (22)
wCT(lm) T0 70
(im) _
) 14— 7"
Py,=T|-1+(d+b) # tan 6. (23)
14— 73
To
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In the presence of the Q1D charge carriers group the components of the tensor P;; contain the terms, that grow
linearly with B increasing. These terms vanish at certain values of the angle ¢, in the remaining cases they are
dominant and determine the thermoelectric effect in the strong magnetic field (w.7 > 1). When VT is oriented in
the plane of the layers the linear growth with B of the components

P, = pOT [02 + 01 ((1 — b)—Tp sin? o + a—TE cos® ¢ + we(mp — at.) sin ¢ cos @)} , (24)
P,, = poT [02 + o4 <(1 —b) P os? o+ a = sin? © — we(Tp — at:) sin g cos @)] (25)
Te Tp

takes place when both projections (v1, and vy, ) of the electron velocity at the plane sheet of the Fermi surface vanish
simultaneously. This is the case when the T-dependence of the components P,;, P,, in the main approximation in
the parameter v has the form

S 1
Ppy =—Py, = poo1wr M T ) Zm) sin ¢ cos . (26)
1+ =7 14—
70 70
Here a = (p/01)(001/0p) = 1.
When sin2¢ = 0, the magnitudes Py, Py, do not depend on the magnetic field.
The nondiagonal components
- 1 1-b
Py = —poT {02 (wch — o ) — o1we(Tp — aty) cos> gp] , (27)
- 1 1-b
Py = poT [02 ( — ) — o1we(Tp — ate) sin? 4 , (28)
WeTp  WeTe
- d 1-b d
P., = poT [02 ( — ) + oy (wc(Tp —ar.) cos® ¢ + )} tand, (29)
WeTp  WeTe WTp
P,, = poT {02 (—1 + (d+ b):s) + o4 (wc(rp —at:)singcos p + (d + b)cj-:_)} tan 6 (30)
P P
[
also contain great terms proportional to 4~ !, the 7-  parameter the conductivity component o,, is
dependence of which is described by the expression anal- 9 9
T2z =1 70902, (31)

ogous to formula (26).
where ¢ is the number of the order of unity. This is the
case when the components of the tensor P;, determining
the thermoelectric field along the normal to the layers,

(32)

It is easy to see that the Nernst—Ettingshausen effect is
most pronounced when the temperature gradient is not
orthogonal to the velocity v;. ~

P,y =T |werp — pooa(l + b)w.Te] sin o,

The electric field along the normal to the layers grows

with the angle 6 increasing and exceeds the electric field P, = _ [wery — (1 + b)wer:] cos @, (33)
along the layers at tanf > 1.
grow linearly with the magnetic field increasing, while

When tanf > eBt/mc = 1/v0, an electron has no  the components

time to perform a complete revolution along the closed

- T,
cross-section of the Fermi surface during its free path Piw = poT [02(1+b) + o1(a+b)] = (34)
time. An electron drifts to a small distance along the p

normal direction, and at § = 7/2 its mean velocity along  and

the normal to the layers equals to zero. As a result, in - Te

the main approximation in the quasi-two dimensionality Py =T(1+b) g (35)
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come up to saturation in the strong magnetic field. The
electric field in the layers plane is directed mainly along
the temperature gradient because the components

Pye = Puy(1+4q)

=Tn?g {(1 + b):i - 1} sin @ cos (36)
P
are proportional to n? and, similarly to the diagonal com-
ponents, tend to saturation at vy < 1.

The presence of the charge carriers group with
quasi-one-dimensional dispersion law does not influence
markedly the thermoelectric effect when the magnetic

field is almost parallel to the layers plane. If the vector
B is deviated from the plane, both the T-dependence and
the dependence on the magnetic field of the thermoemf
prove to be essentially different for the conductor with
one quasi-two-dimensional charge carriers group and for
the conductor whose Fermi surface contains the plane
sheets as well. The variety of these dependencies gives
rich material for studying theproperties of charge carri-
ers in low dimensional conductors and allows to reveal
not only the presence of the plane sheets of the Fermi
surface, but to determine the preferred direction of the
velocity of electrons whose states belong to these sheets.
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EJIEKTPOHHUUN TPAHCIIOPT ¥V CUJIbHO AHI3OTPOIIHNX CTPYKTYPAX
Y MATHITHOMY IIOJII

O. B. Kupmruenko', B. I. [Timancskuii', O. Tan6osa?
L @isuxo-meznivnud incmumym nusvkur memnepamyp im. B. I. Bepxina
Hauionaavroi axademii nayk Yxpainu, npocnexm Jlewina, 47, Xapxis, 61103, Yrkpaina
2 Paxyavmem npupooruNUT HaYK | mamemamuky, disuwnud icmumym, Cxon’e, Maxedonin

Teopernyuno mocmimkeHo JTiHIMHUI BIATYK €J€KTPOHHOI CHCTEMH ITAPYBATOrO MPOBIIHWKA HA HASABHICTH I'Da-
Jli€HTa TeMIIepaTypH. SHANIEHO 3a/Ie’KHICTh TEPMOE/IC BiJl TEMIIEPATYPHU Ta 30BHIIIHHOIO MArHiTHOTO IOJIs, JTOCIi-
JPKEHHS fIKOI TaCTh 3MOI'y BUBYMTH Pi3HI MeXaHI3MU peJsiakcalil B CHCTeMi eJIeKTPOHIB IPOBiHOCT] Ta BU3HAYUTHU

CTPYKTYPY €JIEKTPOHHOTO €HEPI'€THYIHOI'O CIIEKTPA.
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