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A linear thermoelectric generation of a longitudinal ultrasonic wave in organic con-

ductors with two conducting channels, quasi-one dimensional (q1D) and quasi-two
dimensional (q2D), is investigated theoretically. The magnetic field and temperature

dependences of the amplitude of generated through Nernst effect wave in α− (BEDT−
TTF)2KHg(SCN)4 for two boundary conditions, isothermal and adiabatic are obtained.
Findings show a preference of one type of a boundary over another in the wave generation

and propagation depending on the magnetic field strength and temperature. At lower

temperatures and above B = 4 T, the wave amplitude for adiabatic boundary is smaller
compared to the one for isothermal boundary although there is a heat flux through the

conductor’s surface in the latter. Both the q1D and q2D charge carriers contribute to the

observation of the effect but with different magnitude due to the different drift velocity
along the direction of wave propagation.

Keywords: Two-band organic conductors; ultrasonic waves generation; Nernst effect.

PACS numbers: 43.20.+g, 72.15.Eb, 72.15.Jf

1. Introduction

In recent decades the interest in investigations of electron phenomena in multi-

layered structures of organic origin rose considerably because of their great impor-

tance for applied sciences. For understanding electron processes in such structures

information about the energy spectrum of the charge carriers is necessary. A con-

siderable group of layered organic conductors has multi-sheeted Fermi surface (FS),
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and therefore consists of various topological elements such as a weakly corrugated

quasi-two-dimensional (q2D) cylinder of holes and a pair of quasi-one-dimensional

(q1D) electron sheets, for example, the FS of organic conductors based on tetrathi-

afulvalene κ − (BEDT − TTF)2Cu(SCN)2 and α − (BEDT − TTF)2MHg(SCN)4
where M is one of the metals K, Rb, Tl or NH4. The energy spectrum of these con-

ductors is quite complicated as two charge carrier groups with q1D and q2D energy

spectra are responsible for the charge transport.1,2 These crystalline organic met-

als, being very clean and having extremely large anisotropy of electronic properties,

have attracted much attention as excellent objects for studying specific features of

certain phenomena including the thermoelectric generation of ultrasonic waves by

using noncontact ultrasonic techniques.

Electromagnetic, thermal and acoustic waves form a coupled system that per-

mits their mutual transformation.3,4 When an electromagnetic wave of frequency

ω is incident on the surface of the conductor, nonuniform temperature oscillations

of the same frequency ω appear due to the thermoelectric force.5 The temperature

oscillations generate thermoelectric stresses which in turn induce in the conductor

acoustic oscillations with the same frequency.6 This phenomenon is known as a

thermoelectric generation of acoustic waves. It is manifested only under the con-

ditions of normal skin effect, when the electron mean-free path length l is much

smaller than the penetration depth of both the electromagnetic δE and thermal

field δT in the conductor, l� δE , δT .

Thermoelectric generation of ultrasonic waves is of interest for studying the

acoustic properties of conductors as well as for determining the coupling parameters

between the electronic, ionic and spin subsystems.

In isotropic metals, the thermoelectric generation of acoustic waves has been

studied in number of papers5,7–11 but in organic conductors it has been considered

in those with only one conducting channel, i.e., in organic conductors with q2D

group of charge carriers.12 Their FS is by far simpler than the FS of two-band

organic conductors and consists of a corrugated cylinder open in the direction of

the normal with respect to the layers.

In this work, the generation of ultrasonic waves due to Nernst effect for both

isothermal and adiabatic boundary thermal conditions is studied. To clarify the

specific features of the generation and propagation of ultrasonic waves in low-

dimensional conductors excited by the Nernst effect, two-band layered organic con-

ductors (with two conducting channels, q1D and q2D), are considered. The role

played by the constant, relatively high, but nonquantizing magnetic field in the lin-

ear thermoelastic generation of ultrasonic waves has been investigated. The purpose

of this study is to explore the changes in the amplitude of the generated ultrasonic

wave with the magnetic field and its orientation in multi-layered systems through

how the thermoelectric properties change with the magnetic field’s magnitude and

direction. This work uses and complements the study of magnetic-field and angle-

dependent Nernst effect in two-band organic conductors arising from the q1D and

q2D FS.
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2. Theoretical Model for Linear Thermoelectric Generation

of Ultrasonic Waves

In a conducting medium, the temperature oscillations induce only longitudinal

acoustic oscillations. Suppose that an electromagnetic wave (Ex = Ez = 0, Ey = E)

of frequency ω is incident normally on a surface along the less conductivity axis

(z-axis) i.e., k = (0, 0, k) of a two-band organic conductor. The magnetic field is

applied along an arbitrary angle, i.e., B = (B cosφ sin θ,B sinφ sin θ,B cos θ) and

its orientation is varied from the z-axis to the conducting plane, xy-plane. θ rep-

resents the angle between the z-axis and xy-plane and φ represents the angle from

the x-axis in the xy-plane.

In order to calculate the amplitude of the generated by Nernst effect longitudinal

ultrasonic wave, the temperature distribution associated with the oscillations of the

electromagnetic field must be determined first. The temperature distribution within

the conductor can be obtained by using the thermal conduction equation

C
∂Θ

∂t
+ divq = 0, (1)

where Θ is the high-frequency addition to the equilibrium temperature T , C is the

volumetric heat capacity and q is the heat flux.

The equation for the heat flux q, which takes into account the thermoelectric

effects, has the form

q = kBTαj− κ∇Θ +NkBT [Bj] + L[B∇Θ]. (2)

Here kB is the Boltzmann constant, α is the thermoelectric power coefficient, j

is the current density, κ is the thermal conductivity coefficient, N is the Nernst

coefficient, L is the Righi–Leduc coefficient.

The temperature oscillations lead to thermoelectric stresses σTik in the conductor

σTik = −%s2βΘ(z, t)δik, (3)

where ρ is the density of the crystal, s is the acoustic wave velocity and β is the

volumetric thermal expansion coefficient and δik is the Kronecker delta.

These stresses induce longitudinal acoustic oscillations which amplitude is de-

termined by means of the equation of the theory of elasticity for ionic displacement

U = (0, 0, U)

%
∂2Ui
∂t2

− λiklm
∂Ulm
∂xk

= −%s2βδik
∂Θ

∂xk
. (4)

Here, Ulm = (1/2)(∂Ul/∂xm + ∂Um/∂xl) is the deformation tensor and λiklm are

components of the elastic tensor of the crystal. The subscripts in U and x describe

the wave polarization and direction of wave propagation, respectively.

As the electric field of the incident electromagnetic wave is along the y-axis the

only nonzero component of the current density is the y-component, j = (0, j, 0).

The frequency of the electromagnetic field is constraint with the condition ωτ � 1

where τ is the relaxation time of the conduction electrons.
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Since divj = 0, and ∇Θ is along the z-axis (when the electromagnetic wave

incidents normally on the surface of the conductor all of the quantities depend only

on z) then by substituting Eq. (2) in Eq. (1) the following differential equation for

the temperature distribution Θ in the conductor is obtained

C
∂Θ

∂t
− κzz

∂2Θ

∂z2
= −NkBT

∂

∂z
[Bj]z, (5)

where κzz is the inter-layer thermal conductivity. The wave is taken to be monochro-

matic, so the differentiation with respect to the time variable is equivalent to mul-

tiplication by (−iω). The current density, obtained from Maxwell’s equations, has

the form

jy = − ik2

ωµ0
ei(kz−ωt), (6)

where µ0 is the magnetic permeability of the vacuum and

k =
1 + i

δE
, δE =

√
2ρyy
ωµ0

. (7)

k and δE are the electromagnetic field wavenumber and penetration depth. ρyy is

the in-plane component of the electric resistivity tensor ρij . Consequently, Eq. (5)

is rewritten in the following form

∂2Θ

∂z2
+ k2TΘ = −kBTNzyk

3B cosφ sin θ

ωµ0κzz
eikz, (8)

where

kT =
1 + i

δT
, δT =

√
2κzz
ωC

. (9)

kT and δT are the thermal field wavenumber and penetration depth, respectively.

Equation (8) should be supplemented with the boundary conditions that describe

the heat flow from the conductor. The isothermal and adiabatic boundary condi-

tions for the temperature are

Θ|z=0 = 0, and
∂Θ

∂z
|z=0 = 0. (10)

The amplitude of the generated longitudinal wave in the conductor is calculated

from the equation of the theory of elasticity [(Eq. (4)] with s = (λzzzz/ρ)1/2

∂2Uzl
∂z2

+ q2Uzl = β
dΘ

dz
, (11)

where q = ω/s is the wave vector of the ultrasonic wave at frequency ω. The

corresponding boundary conditions are

∂Uzl
∂z
|z=0 = 0, and

∂Uzl
∂z
|z=0 + βΘ|z=0 = 0. (12)
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3. Generation of a Longitudinal Ultrasonic Wave: Calculation

of the Amplitude Uzl

The solution of Eq. (8), satisfying the boundary conditions (10), is given by

Θ(z) = −kBTNzyk
3B cosφ sin θ

ωµ0κzz

1

k2T − k2
(eikz − aeikT z), (13)

where a = 1 for the isothermal and a = k/kT for the adiabatic boundary con-

dition. It follows from Eq. (13) that for the adiabatic boundary the temperature

distribution at the conductor’s surface is nonzero

Θ|z=0 = −kBTNzyk
3B cosφ sin θ

ωµ0κzz

1

kT (kT + k)
. (14)

Assuming both groups of charge carriers have the same mean-free path length

l, the effectiveness of the wave generation by Nernst effect is maximum when

qδE , qδT � 1 until the conditions kl� 1 and kT l� 1 are satisfied and for not very

strong corrugation of the FS belonging to both the q1D and q2D charge carriers.

In that case, substituting Eq. (13) in Eq. (11), and using the boundary conditions

(12), the following expressions for the complex amplitude of the ultrasonic wave

Uzl, for both isothermal and adiabatic boundary, are obtained

U izl =
i

1 + i

kBTNzyβkB cosφ sin θ

ωµ0κzz

δ2T
δT + δE

, (15)

Uazl = −2i
kBTNzyβkB cosφ sin θ

ωµ0κzzq

δ2T
δE(δT + δE)

. (16)

The amplitude of the generated wave is a function of the frequency of the inci-

dent electromagnetic wave ω, magnetic field B, the angle between the normal to the

layers plane and the magnetic field θ, the in-plane angle φ as well as the characteris-

tics of the conductor (resistivity, Nernst coefficient and thermal conductivity). The

transport coefficients ρyy, Nzy and κzz will be calculated for the simplest model of

a conductor with two groups of charge carriers. We assume that the FS consists of a

pair of q1D corrugated sheets in the pypz plane and a corrugated cylinder extending

along pz. Represent the corresponding dispersion law of the q1D and q2D charge

carriers, ε1(p) and ε2(p), in the form

ε1(p) = vF (|px| − pF )− 2tb cos

(
bpy
~

)
− 2tc1 cos

(cpz
~

)
, (17)

ε2(p) =
p2x + p2y

2m∗
− 2tc2 cos

(cpz
~

)
. (18)

Here, x- and z-axes are associated with the most and the least conducting directions,

respectively. The dispersion along the x-axis is often approximated to be linear near

the Fermi level [the first term in Eq. (17)] so that vF and pF are the Fermi velocity

and momentum of electrons belonging to the q1D sheet of the FS at tb = tc1 = 0.

b and c are the corresponding lattice constants, tb, tc1 and tc2 are the transfer

integrals, ~ is Planck’s constant and m∗ is the charge carrier effective mass.
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For the transport coefficients to be calculated, the components of both the

electrical conductivity tensor σij and thermoelectric coefficients tensor αij must be

determined first. These coefficients connect the current density j with the electric

field E and temperature gradient ∇T . In order to find the relation among the

current density, the electric field and the temperature gradient,

ji =
e

2π~3

∫
vif(p)d3p = σijEj + αij

∂T

∂xj
, (19)

where e is the charge of the conduction electrons, Boltzmann transport equation for

the charge carrier distribution function f(p), based on the tight binding approxi-

mation band structure within the single relaxation time approximation τ , must be

solved.13 In Eq. (19), one must integrate over all electron states and account of

the contributions into the conductivity made by each of the charge carrier groups

σij = σ
(1)
ij + σ

(2)
ij , where σ

(1)
ij is the contribution in the conductivity from charge

carriers whose states belong to the plane sheet of the FS and σ
(2)
ij takes into account

the contribution into σij made by the rest of the carriers.

In the presence of a weak electric field and temperature gradient along the z-axis

of the conductor the transport equation assumes the following form

∂Ψ

∂tB
+

Ψ

τ
= eEv +

ε− µ
kBT

v∇T , (20)

where Ψ∂f0
∂ε is the nonequilibrium correction to the equilibrium electron distribution

function f0(ε), µ is the chemical potential of the electron system and tB is the time

of motion of the conduction electrons in a magnetic field with a period Tp = 2π/ωc
and cyclotron frequency ωc = eB cos θ/m∗.

The solution of Eq. (20) is written in the following form

Ψi = eEi

∫ t

−∞
dt′vi(t

′)e
t′−t
τ − ∂T

∂xi

∫ t

−∞
dt′
ε− µ
kBT

vi(t
′)e

t′−t
τ (21)

and makes it possible to determine the electrical conductivity tensor components

σij =
2e3B

(2π~)3

∫
∂f0
∂ε

dε

∫
dpB

∫ Tp

0

dtvi(t)Ψj (22)

as well as the thermoelectric tensor components

αij =
2e2B

(2π~)3

∫
ε− µ
kBT

∂f0
∂ε

dε

∫
dpB

∫ Tp

0

dtvi(t)Ψj . (23)

Here, pB = px sin θ cosφ+ py sin θ sinφ+ pz cos θ = const is the momentum compo-

nent along the magnetic field B.

The motion of the conduction electrons in a magnetic field is described by the

following equations of motion

∂px
∂t

= eµ0B cos θ(vy − vz sinφ tan θ), (24)

∂py
∂t

= eµ0B cos θ(vz cosφ tan θ − vx), (25)

1750250-6

In
t. 

J.
 M

od
. P

hy
s.

 B
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 P

U
R

D
U

E
 U

N
IV

E
R

SI
T

Y
 o

n 
08

/1
0/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



July 25, 2017 17:37 IJMPB S0217979217502502 page 7

Ultrasonic wave generation in two-band organic conductors

∂pz
∂t

= eµ0B sin θ(vx sinφ− vy cosφ). (26)

The electrical conductivity σzz and thermoelectric coefficient αzz across the

layers

σzz = − 2e2

(2π~)3

∫
∂f0
∂ε

dε

∫ 2π~ cos θ
c

0

dpB2πm∗v̄2zτ , (27)

αzz =
2e

(2π~)3

∫
ε− µ
kBT

∂f0
∂ε

dε

∫ 2π~ cos θ
c

0

dpB2πm∗v̄2zτ , (28)

depend substantially on the average inter-layer electron velocity v̄z on an electron

orbit ε = const and pB = const.

In τ -approximation, it is sufficient to calculate the components of the electrical

conductivity tensor and the rest of the kinetic coefficients, describing the heat flux

and thermoelectric effects, are obtained from the following relations:

αzz =
π2kBT

3e

∂σzz
∂ε

∣∣∣∣
ε=µ

, (29)

κzz =
π2k2BT

3e2
σzz, (30)

Nzy =
αzz
σzy

. (31)

After averaging Eq. (24) over a sufficiently long time interval about the order of

the mean free time of electron, one obtains the following relation for the in-plane

electron velocity vy from both the q1D and q2D charge carriers

v̄q1D, q2Dy = v̄q1D, q2Dz sinφ tan θ. (32)

The inter-layer velocity of the q1D and q2D charge carriers is calculated by

using the corresponding energy dispersion law [Eqs. (17) and (18)]

v q1D, q2D
z =

2ctc1,2
~
{sin ξ[cos(ζx) cos(ηx)− sin(ζx) sin(ηx)]

− cos ξ[sin(ζx) cos(ηx) + cos(ζx) sin(ηx)]}, (33)

and is much less than the maximal velocity in the plane of the layers vF . In Eq. (33),

the following notations are used

ξ =
cpB

~ cos θ
, ζ =

cpF
~

cosφ, η =
cpF
~

sinφ, x = tan θ. (34)

By substituting Eq. (33) in Eq. (27) the following expression for the inter-layer

electrical conductivity σzz is obtained

σq1D, q2D
zz

= σ1,2

{
J2
0 (ζx)J2

0 (ηx) +
2h2

B2

(
J2
0 (ζx)

∞∑
k=1

J2
k (ηx)

h2

B2 + k2
+ J2

0 (ηx)

∞∑
n=1

J2
k (ζx)

h2

B2 + k2

)}
.

(35)
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Here, σ1 and σ2 are the contributions to the conductivity in the plane of the layers

from q1D and q2D carriers in the absence of a magnetic field. Jk is the k-order

Bessel function and h = m∗

eτ

√
1 + x2.

Keeping in mind the relation (32), it is not hard to show that the contribution

to the σyy and σzy components of conductivity tensor from the q1D charge carriers

is

σ(1)
yy = γ2σ1 + σzz

q1D sin2 φ tan2 θ (36)

and

σ(1)
zy = σq1D

zz sinφ tan θ, (37)

where γ = 1/ωcτ .

By making use of Eqs. (24), (25) and (32), one can also find the contribution to

the σyy and σzy components of conductivity tensor from the charge carriers whose

states belong to the cylindrical FS

σ(2)
yy = γ2σ2 + σq2D

zz tan2 θ(sin2 φ− γ2 cos2 φ), (38)

σ(2)
zy = σq2D

zz tan θ(sinφ− γ cosφ). (39)

4. Discussion

In two-band conductors an external magnetic field affects differently the motion of

charge carriers whose states belong to the weakly corrugated cylinder or corrugated

plane sheets of the FS. This is why the presence of such open plane sheets of the

FS is most easily revealed in a conductor placed in a magnetic field. Similarly, the

contributions from different conducting channels can be detected and separated

by studying thermoelectric generation of ultrasonic waves experimentally in such

conductors. By far, there is no experimental evidence of this phenomenon in layered

organic conductors. The present work intention is to shed light on this phenomenon

in such materials and motivate new experimental research.

Below a detailed description of the evolution of Nernst effect induced ul-

trasonic waves (ω = 109 Hz) with magnetic field strength, orientation and

temperature presented using the parameters for the organic conductor α−(BEDT−
TTF)2KHg(SCN)4. Along the z-axis the FS is slightly corrugated as a result of

the finite dispersion between the layers perpendicular to the xy-plane. In the xy-

plane, the FS consists of open sheets and closed cylindrical parts, from which

q1D and q2D behaviors of the electronic system evolves, respectively. The re-

sults are obtained for T = 20 K to fields of 8 T in the normal (metallic) state

of α− (BEDT− TTF)2KHg(SCN)4 and the strength of the two conducting chan-

nels is taken to be σ1/σ2 = 2.14

4.1. Boundary conditions and wave generation

Figure 1 shows the amplitude of the generated due to Nernst effect wave as a func-

tion of a magnetic field for both isothermal and adiabatic boundary at T = 20 K and
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several field directions from the normal to the layers: θ = 3◦, 16◦, 28◦, 47◦, 60◦ and

85◦. The in-plane angle is fixed to 89◦ so that the field rotation is in the yz-plane.

It can be seen from Fig. 1 that the Uzl(B) curves do not increase with increasing

angle θ between the normal to the layers and magnetic field but rather show a

periodic dependence of the amplitude on the tilt angle. This is correlated with the

magnetic field and angular behavior of Nernst effect Nzy (Fig. 4) as discussed below.

Magnetic field dependences reveal distinct boundary preferences for the longitu-

dinal wave generation. In the case of an isothermal boundary (solid curves in Fig. 1),

the wave generation starts at zero magnetic field, reaches a clearly marked maxi-

mum at B ∼ 2.6 T for all field directions θ from the normal to the layers and then

decreases monotonically. Below the maximum value, the amplitude assumes linear

in field dependence, Uzl(B) ∼ B while above it decreases in proportion to B−1.

For an adiabatic boundary (dashed curves), the generation is largest at B = 0 for

all θ due to the nonzero temperature distribution at z = 0. With increasing field,

the amplitude is decreasing as B−1 in the whole range of magnetic fields. Most

strikingly, at B > 4 T, the amplitude for the adiabatic boundary is smaller than

the amplitude for the isothermal boundary for all field directions despite the ex-

istence of a heat flux through the conductor’s surface in the latter case. Thus, by

comparing the influence of boundary conditions, both mechanical and thermal, the

efficiency of the linear thermoelectric ultrasonic wave generation can be estimated.

This would be useful when performing experiments for explaining the magnitude of

experimentally measured efficiency or amplitude of the generated wave in the case

of different boundaries. If the boundary is mechanically free (as considered here),

the case of an adiabatic boundary is preferable at low fields (below B = 4 T) while

16

28

47

60

85

3 deg

0 2 4 6 8
0

10

20

30

40

B T

U
zl

nm

Fig. 1. (Color online) The magnetic field dependence of the longitudinal ultrasonic wave am-

plitude Uzl(B) excited by the Nernst effect for isothermal (solid curves) and adiabatic boundary

(dashed curves) at T = 20 K, φ = 89◦ and several field directions from the normal to the layers:
θ = 3◦, 16◦, 28◦, 47◦, 60◦ and 85◦. The curves for θ = 16◦, 28◦ and 60◦ obtained for adiabatic

boundary are scaled for clarity.
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isothermal boundary is preferable for fields B > 4 T. This behavior is completely

different in comparison to the conductors with only q2D charge carriers12 where the

acoustic wave is attenuated at low fields (B ∼ 0.6 T) and the adiabatic amplitude

exceeds the isothermal in the whole range of B.

4.2. Temperature dependent wave amplitude

The preference of one type of boundary over another is as well reflected in the

temperature dependence of the wave amplitude Uzl(T ) as both the field and angle

are changed (Fig. 2). The wave amplitude and thermal skin depth are temperature

dependent as Uzl(T ) ∼ T 2 and δT (T ) ∼ T 1/2 (inset in Fig. 2).

Below T = 20 K, Uzl(T ) is negligibly small and close in value for each B and

θ (for T ≤ 10 K the amplitude is the same for each B and θ) and δT (T ) tends to

collapse into one curve. This could suggest an existence of a specific behavior of the

organic conductors at low temperatures (T ≤ 10). For example, organic conductors

of the family α − (BEDT − TTF)2MHg(SCN)4 exhibit a phase transition from

normal to a charge density wave state at T ≤ 10 (T = 8 K for M = K15 and 10 K

for M = Tl,16 Rb17).

At B ∼ 4 T both amplitudes are equal as shown in Fig. 2 for B = 4.05 T,

θ = 16◦ (blue curve) and B = 3.93 T, θ = 47◦ (magenta curve). Below (above) this

field the adiabatic amplitude Uzl(T ) is always larger (smaller) than the isothermal.

At lower temperatures, when |kT | � |k| or δT � δE , the temperature distribu-

tion at large distance from the conductor’s surface is determined by the thermal,

and not electrodynamic characteristics of the conductor. The thermal field attenu-

ates at distance δT within the conductor and, when δT � δE , the coupling between

0 20 40 60 80 100
0.0
0.2
0.4
0.6
0.8
1.0
1.2

T K

δ
T

m
m

T2

T1 2

0 20 40 60 80 100
0

50

100

150

200

250

300

350

T K

U
zl

nm

Fig. 2. (Color online) The temperature dependence of the amplitude of the ultrasonic wave
Uzl(T ) for isothermal (solid curves) and adiabatic boundary (dashed curves) at φ = 89◦ and the

following set of fields B and angles θ: B = 2.6 T, θ = 16◦ (purple); B = 4.05 T, θ = 16◦ (blue);

B = 8 T, θ = 16◦ (red); B = 2.6 T, θ = 47◦ (brown); B = 3.93 T, θ = 47◦ (magenta); B = 8 T,
θ = 47◦ (cyan). The inset shows the temperature dependence of the thermal skin depth δT(T ) for

the same set of fields and angles. The colors of the curves are the same as in the main panel.
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the electromagnetic and thermal oscillations is weak which in turn decreases the

wave amplitude. In the case of an adiabatic boundary, due to the fixed boundary

condition, a large part of the heat source energy remains in the electromagnetic wave

and dissipates at distance ∼ δE . Therefore, the wave amplitude for the adiabatic

boundary, Uazl ' 1
qδE

U izl, decreases faster than the amplitude for the isothermal

boundary above certain field.

4.3. Electromagnetic and thermal skin depth in two-band

organic conductors

In presence of an additional group of charge carriers with a q1D energy spectrum,

high-frequency properties of the layered organic conductors are quite sensitive not

only to the polarization of the incident wave but also to the direction of propagation

of electromagnetic field in the plane of the layers. Both the electromagnetic δE and

thermal δT skin depth are plotted as a function of the magnetic field in Fig. 3.

The electromagnetic skin depth δE ∼ B
h ( 2

ωµ0(σ1+σ2)
)1/2 increases as magnetic

field increases with proportion to B1. The thermal skin depth δT ∼ 2 hB (σ1+σ2

ωC )1/2

decreases with field approximately proportional to B−1. This corroborates the

above observed behavior of the ultrasonic wave amplitude with increasing field.

For isothermal boundary, due to the zero temperature distribution (Θ|z=0 = 0)

at the surface, at low fields the wave is transmitted by the electromagnetic field

propagating along the y-axis and Uzl(B) increases with field as δE(B) ∼ B1. With

increasing field, as the temperature distribution for z > 0 increases, the Uzl(B)

dependence is determined by the thermal field along the z-axis and decreases as

δT (B) ∼ B−1. For adiabatic boundary, due to nonzero temperature distribution

at the surface, the wave is transmitted by the thermal field in a wide range of

magnetic fields and Uzl(B) decreases with increasing field as δT (B) ∼ B−1. In

16 deg

89 deg

δ
δ

δ

δ

δ

δ

δ
δ

T

T
q1D

T
q2D

E

E
q1D

E
q2D

0 2 4 6 8
0.0

0.1

0.2

0.3

0.4

0.5

B T

T
,

E
m

m

Fig. 3. (Color online) Magnetic field dependence of the electromagnetic δE(B) and thermal δT (B)

skin depths for T = 20 K, θ = 16◦ and φ = 89◦. Black curves represent the total electromagnetic
and thermal depth. Blue and red curves represent the contributions to δE(B) and δT (B) from the

q1D and q2D charge carriers, respectively. The curves for δE(B) are scaled by factor 3 for clarity.
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α − (BEDT− TTF)2KHg(SCN)4, δE is linear in field (dashed curves in Fig. 3) in

agreement with the experiment18 while δT decreases slightly with increasing field to

B = 4 T above which is weakly field dependent. This coincides with a field at which

both amplitudes are the same as evident from the magnetic field and temperature

dependence of Uzl. Above B = 4 T, the small change in δT indicates that the acous-

tic wave is not strongly attenuated with increasing field as observed from Uzl(B)

curves in Fig. 1. In addition, the calculated contributions to δE and δT from the two

conducting channels show that when σ1 > σ2 then δq1DE < δq2DE and δq1DT > δq2DT .

It follows that the presence of a group of charge carriers with q1D energy spectrum

does not affect significantly the attenuation length of an electromagnetic wave that

propagates along the y-axis but does affect the attenuation length of the thermal

field along the z-axis in the conductor.

4.4. The role of Nernst effect in wave generation

The ultrasonic waves are generated due to the Nernst effect Nzy and therefore, it

is instructive to discuss the results for the amplitude through how Nernst effect

changes with field and angle (Fig. 4).

For the given magnetic field in-plane direction, φ = 89◦, Nzy(B) curves calcu-

lated for the same field directions θ as in Fig. 1 are close to each other which means

that in the metallic state the Nernst effect does not change much with the angle

θ. However, we found that there is a grouping of the Nzy(B) curves with the angle

θ which is also observed in the Uzl(B) dependence (Fig. 1). The reason for this

behavior is the periodic oscillations of the Nernst effect when a constant magnetic

field is turned from the direction normal to conducting layers toward the plane of

the layers.19–21 In layered organic conductors, numerous drastic deviations from

the conventional three-dimensional behavior and even qualitatively new effects, in

47 deg
Uzl

Uzl
q1D

Uzl
q2D

Nzy
Nzy

q2D

Nzy
q1D

0 2 4 6 8

2
1
0
1
2
3
4

B T

U
zl

,N
zy

0 2 4 6 8

2.0

1.5

1.0

0.5

0.0

B T

N
zy

µV
K

Fig. 4. (Color online) The magnetic field dependence of the Nernst effect Nzy at T = 20 K,

φ = 89◦ and the same field directions θ as in Fig. 1. The inset shows the ultrasonic wave amplitude

Uzl for isothermal boundary condition (solid black curve) and Nernst effect Nzy (dashed black
curve) at θ = 47◦ and the corresponding contributions from the q1D (blue curves) and q2D charge

carriers (red curves).
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particular related to the field orientation, have been found. Among them are the

angular oscillations of the kinetic and thermoelectric coefficients associated with

the periodic dependence of the average electron velocity along the z-axis, v̄z, on the

tilt angle θ. Since the ultrasonic waves are generated due to thermoelectric effect,

it is also expected the angular oscillations of the wave amplitude to emerge when

tilting the field from the normal to the layers. Hence for some angles, the Nernst

effect could be zero, but for other angles, it has maximum or minimum depending

on the value of the average electron velocity v̄z. This implies that the interaction of

charge carriers with the wave will be effectively different for different angles θ and

the Uzl(B) curves (Fig. 1) would exhibit periodic dependence with increasing angle.

Here, Nzy(B) is negative, i.e., electron-like for each field direction from the

normal to the layers implying that the contribution of the q1D electron-like carriers

in both the Nernst effect and wave amplitude is significant. In that respect, the

inset in Fig. 4 shows the corresponding contributions to Uzl(B) and Nzy(B) from

the two conducting channels. As expected, the presence of q1D charge carriers

changes the entire picture of the propagation of ultrasonic wave in a magnetic

field tilted away from the plane of the layers. Moreover, in the case of isothermal

boundary, Uzl(B) does not reach a maximum at the same magnetic field for the

two conducting channels. This is correlated with a change of the slope of δq1DT

and δq2DT which occurs at different magnetic field for both thermal skin depths.

The field at which the change of the slope in thermal skin depths occurs can be

identified by a maximum in Uq1D
zl (B) and Uq2D

zl (B), respectively. The total wave

amplitude Uzl(B) reaches a maximum at the mid-field (B ∼ 2.6 T) between the

two maxima of Uq1D
zl (B) and Uq2D

zl (B), as seen from the inset in Fig. 4. However, an

experimental research is necessary in order to reveal if this behavior is a common

feature of two-band organic conductors due to the coexistence of a q2D cylinder and

q1D sheets.

4.5. Possibilities for experimental studies of linear thermoelectric

wave generation in two-band organic conductors

The observation of thermoelectric generation of ultrasonic waves is constraint by the

condition ωτ � 1. In two-band organic conductors α−(BEDT−TTF)2MHg(SCN)4
this condition is always fulfilled as the relaxation time τ is very small (for α −
(BEDT − TTF)2KHg(SCN)4, τ = 2 × 10−12 s22). In addition, for the generation

of ultrasonic waves to be most effective, other conditions must be satisfied. This

includes fulfillment of qδE , qδT � 1 as long as the conditions for normal skin effect

kl, kT l� 1 are satisfied. In the present case, for α− (BEDT−TTF)2KHg(SCN)4,

following values are obtained: δE = 25 µm and δT ∼ 0.5 mm at B = 8 T . Since

the Fermi velocity is of order vF = 6.5 × 104 m/s23 the electron mean free-path

is l = vF τ = 130 nm. It is evident that the necessary conditions are fulfilled even

at higher fields providing the ultrasonic wave generation to be studied in detail

experimentally in a wide range of magnetic fields.

1750250-13

In
t. 

J.
 M

od
. P

hy
s.

 B
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 P

U
R

D
U

E
 U

N
IV

E
R

SI
T

Y
 o

n 
08

/1
0/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



July 25, 2017 17:37 IJMPB S0217979217502502 page 14

D. Krstovska

Experiments on thermoelectric generation of ultrasonic waves in layered organic

conductors would be favorable for a number of reasons. First, these compounds are

highly pure that makes them very convenient for performing experiments. Second,

samples are usually small in size (several millimeters) and fragile. Therefore, us-

ing couplants can be very cumbersome to deal with especially when performing

experimental measurements on thermoelectric coefficients in the presence of a tem-

perature gradient. In thermoelectric measurements, there is always the possibility

of random diffusion of heat along the sample due to a misalignment between the

heat current and the crystal axes. Also, the total thermopower and Nernst ef-

fect may involve a mixing of contributions from several bands since in a two-band

system there is a mixing between the states on the two FS sections. Using noncon-

tact ultrasonic techniques involving thermoelectric generation of ultrasonic waves

would make it possible to obtain the magnetic field and angular dependences of

Nernst effect especially in complex systems as κ− (BEDT−TTF)2Cu(SCN)2 and

α − (BEDT − TTF)2MHg(SCN)4 from the field and angular dependences of de-

tected ultrasound. Third, ultrasonic measurements are known to be a powerful tool

for studying magnetic phase transitions in materials. This can be used to study the

complex ground state in α− (BEDT−TTF)2KHg(SCN)4 which develops at lower

temperatures due to a phase transition from a metallic to an insulating density

wave state. The true nature of the low temperature ground state of this conductor

is still a subject of contemporary debate. Fourth, ultrasonic measurements can be

used to study the gap in the electronic structure as well as the inter- and in-plane

electronic anisotropy in these materials arising from their complex structure. Fifth,

by studying the changes in field and angular dependences of the attenuation and

efficiency of the linear thermoelectric ultrasonic wave generation one can obtain

the contributions from different groups of charge carriers in the effect for different

geometries, i.e., different polarization and direction of propagation of the wave. For

example, in α− (BEDT−TTF)2KHg(SCN)4 the x-axis is the most and the z-axis

is the least conducting directions so that it is expected that the amplitude of the

generated wave and thus the efficiency of the effect would be completely different

for both directions. In the former it is expected the q1D conducting channel to

dominate by far the effect that would lead to distinct acoustic properties compared

to those observed in the latter.

5. Conclusions

The linear thermoelectric generation of ultrasonic waves (ω = 109 Hz) in layered

organic conductors with two groups of charge carriers (q1D and q2D) is considered.

The amplitude of the generated wave due to Nernst effect is analyzed as a function

of the magnetic field B, the temperature T , the angle between the normal to the

layers and the magnetic field θ as well as of the characteristics of the conductor: elec-

tromagnetic δE and thermal δT skin depth, Nernst effect Nzy and inverse thermal

conductivity κ−1zz . Specifically, the parameters for the two-band organic conductor
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α−(BEDT−TTF)2KHg(SCN)4 are used to obtain the wave amplitude in its normal

(metallic) state. It has been shown that the necessary conditions for observing the

linear thermoelectric generation are fulfilled even in relatively high but nonquan-

tizing magnetic fields to 8 T. In addition, the changes in the amplitude are studied

through how Nernst effect changes with the magnetic field strength. The magnetic

field dependence reveals different behavior of the wave amplitude depending on the

boundary conditions. For isothermal boundary, the amplitude is increasing linearly

in field up to B ∼ 2.6 T and then decreases approximately as B−1 for each field

direction. For adiabatic boundary, the amplitude is decreasing following the B−1

dependence. This behavior is correlated with the boundary conditions at the surface

and the corresponding field dependence of the electromagnetic δE(B) and thermal

skin depth δT (B).

An important feature to emphasize is that at B = 4 T both amplitudes are equal

in value but above this field the amplitude for the adiabatic boundary becomes

smaller than the one for the isothermal boundary although there is a presence

of a heat flux in the latter. This defines the preference of one type of a boundary

over another which is significant when performing experimental measurements. The

temperature dependence confirms this unusual behavior of the generated ultrasonic

wave. For the adiabatic case, the acoustic wave is dragged by the thermal field

in a wide range of magnetic fields but due to the fixed boundary condition, a

part of the heat source energy is “captured” by the electromagnetic field which

dissipates at distance of order of the electromagnetic skin depth δE . In comparison,

for the isothermal case, due to the nonfixed boundary condition, the acoustic wave

is transmitted by the thermal wave which dissipates at distance of order of the

thermal skin depth δT .

The calculated contributions from the two groups of charge carriers to the wave

amplitude, Nernst effect as well as the skin depths show that both carriers are

involved in the thermoelectric generation of ultrasonic waves and the presence of

a group of charge carriers with q1D energy spectrum affects significantly the at-

tenuation of both the thermal field and ultrasonic wave along the z-axis. Another

important feature to emphasize is that, for the isothermal case, the magnetic field

at which the amplitude is maximum differs for the two groups of carriers. As a

result, the total amplitude reaches a maximum at the mid-field between these two

maxima. This is associated with the complex Fermi surface in two-band organic

conductors.

In two-band organic conductors, the conditions for thermoelectric generation of

ultrasonic waves are fulfilled for a wide range of magnetic fields. This could allow to

investigate existing problems in these materials through experimental studies that

involve linear wave generation using noncontact ultrasonic techniques.
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