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Abstract: The resonance spectrum of surface resistance derivative in quasi-two dimensional layered
organic conductors has been calculated numerically for the out-of-plane and in-plane magnetic
field. Not all but some of the resonances in a given series of transitions are present in the spectra.
They are observed at the positions corresponding to the maxima in the surface resistance derivative
curve and are in a good agreement with previously calculated magnetic field resonance positions.
For tilted magnetic fields, there are more resonances present in the spectrum than in the case of a
non-tilted field. Apart from the resonances corresponding to the transitions between the adjacent
surface states there also appear resonances involving the transitions between the more distant surface
states. This is correlated with the specific topology of Fermi surface of the organic conductors. The
presented calculations will allow correct interpretation of the experimental curves for the resonance
spectrum, and also to obtain information on the surface properties of these materials for their possible
implementation in fabrication of devices based on organic molecular conductors.

Keywords: organic conductors; surface resistance derivative; resonances; oscillation spectrum; tilted
magnetic field.

1. Introduction

Surface effects are important for characterization of the surface properties that are essentially
different from those observed in the bulk of the material, and are significant since the materials interact
with the environments through their surfaces. In strongly anisotropic systems, the surface effects
behave quite differently and are more complex than in isotropic systems. For example, the layered
organic materials are characterized with a strong anisotropy due to their reduced dimensionality which
makes them interesting for studying the surface phenomena, especially in tilted magnetic fields, since
their properties strongly depend on the plane of field rotation. The interest in investigation of rather
complex surfaces of such materials is increasing mostly due to their importance for various scientific
and industrial applications. The investigation of the surface influence in anisotropic layered materials
will allow not only for more accurate determination of characteristic parameters necessary for more
precise Fermi surface reconstruction in such materials but also for determining some of the quantities
typical for surface electrons. This refers to a wide class of materials such as organic conductors, high-Tc
cuprates, dichalcogenides of transition metals and other similar materials with a layered structure.
The surface electrons are moving along so called skipping trajectories positioned very closely to the
surface itself in the skin layer of the conductor. Their velocity is essentially parallel to the surface thus
having an important contribution to the surface currents.

Organic layered conductors, based on charge transfers salts and known for its rich physics and
multi-functionalities,[1] represent a large class of materials utilized for building organic electronic
devices. Their interest for applications is increasing significantly due to their importance as an
active layer in fabrication of the organic bilayer films used for development of flexible electronic
sensors. These films are simple and low-cost to fabricate, and are characterized with a high-performing
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multi-functionality at room temperatures. By far, several charge transfer salts have been confirmed
to act as active materials including but not limited to those based on BEDT-TTF[2,3], BEDO-TTF[4,5],
MDE-TSF[6] donor molecules with various possible acceptors such as I3[2,3], IyBr; _«[7], IxBr3_«[8]. As
the size of the devices developed nowadays reduces, the surface-environment interactions become
crucial for the device performance. As in that case the surface effects become more prominent, this
emphasizes even more the need for studying these effects. Some of them can be beneficial for applying
in organic electronic devices which can pave the way for realization of new applications that will
create opportunities for development of new technology based on the organic layered compounds. In
order to understand and properly exploit the surface transport phenomena in organic bilayer films
for achieving better device performance, the behaviour of these effects in the organic material itself
which is used as an active layer in fabrication of the bilayer films must be understood well. Indeed,
the experimental investigation of photoemission spectra of quasi-1D organic conductors has shown
that electronic correlations in the valence band spectra are strongly affected by surface effects and may
even be completely obscured [9].

The surface impedance of the material is the proper quantity to measure in order to describe
the material’s response to an external electromagnetic microwave/millimeter field. For molecular
conductors, such measurements might give further insights in the understanding of the rapid
oscillations of the magnetoresistance as well as additional information on the dynamical properties of
various ordered states occurring in these materials. For example, some previous works on microwave
surface impedance measurements performed in the quasi-1D organic conductor (TMTSF),ClO, at 16.5
GHz show that the transition from the metallic to the field-induced spin-density-wave state is not as
sharp as previously observed in the dc regime (see Ref. [10] and references therein).

In this letter, we investigate the microwave properties of layered organic conductors through the
numerical analysis of the surface resistance derivative for both out-of plane and in-plane magnetic
field. The differences in surface properties in these materials in correlation to the different planes
of rotation of the magnetic field are discussed through the changes in resonance spectra of surface
resistance derivative.

2. Theoretical aspects of the surface impedance derivative calculation

The magnetic oscillation spectrum of surface resistance derivative in a non-tilted in-plane magnetic
field has been recently studied in detail in Ref. [11]. Here we extend the calculations to the case of a
tilted magnetic field in order to examine how the change of the surface-state energies and geometric
characteristics of the skipping trajectory affect the appearance of the resonances in the spectrum. The
expressions for the surface resistance derivative for two magnetic field geometries, out-of-plane and
in-plane field rotations, will be given. The corresponding surface-state energies and wave functions
necessary to numerically calculate the oscillation spectrum are taken from Ref. [12,13]. We will first
calculate the surface resistance derivative for an out-of-plane magnetic field as this configuration
involves more steps to determine the matrix elements of the electric field due to their dependence on
the electron momentum projection on the magnetic field pg.[12] This dependence significantly affects
both the shape and amplitude of the resonances in the spectrum. The corresponding expression in case
of a tilted in-plane magnetic field is similar to that obtained for a non-tilted in-plane field[11] due to
negligibly small dependence of matrix elements on pp. The angular dependence of matrix elements is
determined only by the angular dependence of the surface wave functions at a given plane of rotation
of the magnetic field [12,13].

The surface impedance derivative for an electric field polarized in the x direction and propagating
along the normal to the plane of the layers in an organic conductor, E(z) = (Ex(z),0,0), is calculated
using the formula[14-18]
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Here Zyx(0) = iwpo(Ex(0)/E%(0)) is the non-resonant part of surface impedance where E(0), E%(0)
are the electric field strength and its derivative at the surface, y is the vacuum permeability. pr is the
Fermi momentum. The term 1/ takes into account the effect of finite lifetime on the surface states due
to phonon scattering.[18] In that regard, T is the mean-free time between successive phonon scattering
events. w and wy,;, are the frequency of the incident electric field and the difference frequency of
two surface states with quantum numbers m and n. The sum over m and n takes into account the
contribution from all pairs of surface states involved in the formation of the resonance spectrum.
&y are the matrix elements of the electric field Ey(z) that depend on the form of the electric field
and surface wave functions ® which are in general functions of the distance from the surface z, the
magnetic field magnitude B and the tilt angle between the magnetic field and conductor’s surface 6,
B = (0,Bcosf,Bsin6),

1 (o]
G = oy ) ®n(E B O)Ex(2)0n(z, B, 0)dz. @)
Ex(o) 0
In addition to the above equations, the complete system of equations necessary to obtain the
expression for the surface resistance derivative consists of the equation for the electric field, the
Boltzmann's transport equation[19] and the equation for the current density

d’Ey o
dz2(Z) = iwpojx(z), ©)]
(1/7—iw)¥ + Uzaa—‘j + % = evyEx(2), 4)
) 2 %)
(=) =~ | 0e D0 (2)dp = ocel2) ©)

where t3 is a coordinate in momentum space, which indicates the position of a charge on its trajectory
in a magnetic field in accordance with the equations of motion dp/dt = e(v x B) and ¥ is the
non-equilibrium correction to the equilibrium Fermi distribution function fy(¢) [19].

We consider an electric field propagating along the normal to the surface of a conductor in the
half-space z > 0. Using the Fourier method, we continue the electric field E(z) evenly to the region of
negative values of z and obtain the following relation for the Fourier component Ey (k)

—2E"(0)

Ex(k) = k2 —icwpooyx (k)

(6)

The Fourier component of the in-plane electrical conductivity oxx (k) can be obtained by using the
Fourier component of the transport equation solution (Eq. 4)

¥(k) = eEr(k) L L [ o () Nar 7
()_ex()2+k2,(72 —oovx( )e ’ ()
where v = —iw +1/7.
The corresponding expression that determines the in-plane electrical conductivity is then written
as
_ 2¢? v vdfo 3 ! (=) 341
o (k) = — )’ / 7 —|—k2172¥d p/_oo vy (t)e dat’. 8)

To further proceed with the calculations, it is convenient to transfer to new variables, i.e., from
px, py and p; to those that describe electron’s motion in the presence of an external magnetic field such
as the energy ¢, electron momentum projection on the magnetic field direction pp and time ¢. This is
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correlated with the specific form of the energy spectrum of quasi-two dimensional organic conductors
in the form

pi+py
e(p) = me* Yt cos( gz) )

as obtained by using the tight-binding approximation [1]. The introduction of the new variables is
indeed convenient, as in a tilted magnetic field the closed orbits on Fermi surface are obtained as
cross-sections on the Fermi surface by the plane ¢(p) = ¢, pp = const. In the above equation, px
and py are the electron momenta components in the plane of the layers, and p; is the momentum
component along the least conductive axis of the conductor that is normal to the plane of the layers.
m* is the electron effective mass in the plane of the layers, f. is the hopping transfer integral in the
interlayer direction, c is the interlayer distance and 7: is the Planck constant divided by 27t.

The change of variables yields the term eB in the expression for oy, (k) thus transforming Eq. 8
into the following one

2B T 0 1 * dfo
Jxx(k) - _Wm /77'rhsin9 1T%”172dp3 /700 gdg x
¢ (1—iwT)?

/ £)dt / V(=) gy (10)

where () = ¢Bsinf js the electron cyclotron frequency and pp = py cos 8 + p; sin 6. The integration over
e yields -1 since f 0 = —§(e — ) where p is the chemical potential. In addition, since vy = v, cos(Qt),
v, = p/m¥, vz = —%esin(F2) = —Yesin[£(LE — p, cotf)] and p? = 2m* (e — tcos[§ (LE; —

py cotf)] one can calculate the integrals over pp and t and arrive to the following relation for oy (k)

2

e“tsinf

xx(k) =
7l (ﬂh)z((l—in)z-i-QzTZ)C

(L + I), (11)

where

nhsme 1 +k212 sin’ [%(LQ Py Cot@)] 1+k212

Arctan( /1 + k212 cot Y cot) ) 4 Arctan (/1 + k212 tan Py cotp (12)
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Herel = m,
In order to calculate the matrix elements &, the form of the electric field E,(z)

_2E (0 cos(kz)
Bi(z) = - / k2 — zwyoaxx(k)dk (14

lo = vrT where vr is the Fermi velocity.

appropriate for the moderate anomalous skin-effect regime (kI > 1) is required. This is because, in
organic conductors, the electronic surface states are in general confined in the thin layer of a width J
near the surface. Their wave functions are attenuated at a distance smaller than 4 [12,13,20] signifying
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that the condition kI > 1 is satisfied, in general, but constrained only to the small region close to the
surface. This allows to keep only the term (kI)? in the square root and the terms up to kI in the power
series expansion of the function Arctan in kI. Considering a specular reflection of the electrons from
the surface, the expression for the Fourier component of electrical conductivity, oxx(k), is obtained as

follows
Cen (k) = e?Tsin @ (1-— i;u*f)z
(7th)? ((1 —iwT)? + 0272> cly
<1ynfclo +y<tan§+cot§> —i—tc(csc@—sec@)) (15)
where ¢ = %.

Using Egs. (2), (14) and (15) and making the corresponding substitution into Eq. (1), the following
relation for the surface impedance derivative in the case of an out-of-plane magnetic field is obtained

0Zyx(B)  e*tophx wyo 2 8 1
0B (mh)%c ( T _ar gzz(wmn 0T+l
2
( /oo /oo k2 cos(kz)®y (z, B, 0) @ (z, B, 0)dkdz ) 16
iwTHpe2x 7T ’
3 i - (50 4 pE() + 1E(Q))
(7th)? (w2+(QT)2> V1+x2

where E(&) = tan¢ + cot§, £(§) = csc & —sec, @ = 1 —iwT and x = tan .

A similar procedure is also applied to obtain the formula for the surface impedance derivative in
case of an in-plane magnetic field rotation at angle ¢, B = (Bsin ¢, B cos ¢, 0). The difference is that, in
this case the corresponding matrix elements «;,;;, do not depended on the momentum projection on the
magnetic field pp (since pp ~ pr). The corresponding formula is simpler for numerical calculations, it
is similar to the one obtained for a non-tilted in-plane magnetic field[11] and reads as

0Zxx(B) 2€2T€F(wll0)2i 1 X
0B B (77-'7’1)2 T 0B mn i(w’"” o w)T +1
2
2
([ [ Eenprticpmonteor ). v
27‘(h) OCZZ (70(]’1 - C) + 2tc

3. Results and Discussion

In the following, the magnetic resonance spectra of surface resistance derivative (real parts of
the Eq. 16 and 17) are calculated numerically for the two magnetic field geometries. The general
features of the calculated curves are analyzed and then compared in order to obtain a perspective
on how the rotation of the field in different planes affects the appearance of the resonances in the
spectrum. The numerical analysis of the theoretical formulas might give insights of what is expected
to be observed in the experimental curves for the surface resistance derivative once they would be
obtained. The experimental data are very much desirable since they will allow the values of parameters
that characterize the electrons moving in the very small region near the surface to be derived. The
frequency of the external electric field w can be changed but wy,, is fixed in order to obtain the
resonance fields for all the transitions from the six series. For obtaining the resonance spectra in this
work we use w /27w = 80 GHz and wy,;, /27t = 46 GHz in order for more resonances from the six series
to be visible in the spectrum. For a given tilt angle, the resonances take place by varying the magnetic
field because the magnetic field dependence of matrix elements «y,, (B) is mainly determined by the
field dependence of surface wave functions ®,(B).
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3.1. Oscillations of the surface resistance derivative in an out-of-plane magnetic field

In Figure 1 numerically calculated curves for the surface resistance derivative are shown, as a
sum of six series of transitions between the surface quantum states and for magnetic field orientations
f = 16.7° and 0 = 40°. The corresponding surface-state energies and wave functions used to obtain
the resonances are given in Ref. [12]. The resonance curves are obtained for a field resolution of
AB = 0.003 T. The numerically determined positions of some of the representative resonances in the
spectrum, which correspond to the maxima in the dR/9B curve, are in a good agreement with the
calculated resonance positions for the out-of-plane magnetic field geometry (Table 2 in Ref. [12]).
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Figure 1. Magnetic oscillations of the surface resistance derivative for the sum of six series and
magnetic field rotated from the surface at a) 6 = 16.7° and b) 6 = 40°. The resonances that appear in
the oscillation spectrum, representing the possible transitions for the out-of-plane magnetic field, are
indicated on the calculated 0R /0B curve. The change in the shape, width and the number of resonances
with increasing the tilt angle from the surface is evident.

We find that, the number of resonances appearing in the spectrum for higher tilt angle is reduced
compared to that for smaller angles when the magnetic field is close to the surface. The amplitude
of the resonances is also decreasing with increasing the tilt angle. This is expected as the electrons
responsible for the transitions between the surface states are moving along skipping trajectories located


https://doi.org/10.20944/preprints202309.1456.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2023 doi:10.20944/preprints202309.1456.v1

7 of 10

very closely to the surface. These comprise from elliptical parts that are tilted in the direction of the
field and become more elongated as the field is rotated away from the surface (see Fig. 1c in Ref.
[12]). In that case, the trajectories have larger dimensions (compared to those for a non-tilted and
a tilted in-plane magnetic field) especially those of the higher-lying states, and thus are positioned
at larger distance from the surface. Hence, the electrons spend more time in the conductor’s skin
layer than in the case of smaller tilt angles before reaching the surface again where they are specularly
reflected several times. While spending more time in the skin layer, the electrons are more prone to the
phonon scattering and scattering from the bulk electrons situated in the vicinity to the thin skin layer.
This decreases their effective interaction with the incident electric field leading to a reduced number
of possible transitions between the states and therefore less resonances are visible in the oscillation
spectrum.

The increased scattering can be one of the reasons for a reduced amplitude and increased width
of the observed peaks although the dependence of the matrix element «,,, on the electron projection
on the magnetic field direction pp has also a significant role in the observed behaviour. As evident
from Figure 1a,b the scattering mostly affects the peaks corresponding to transitions between the
lower-lying states, as some of the transitions are completely absent at higher tilt angles although they
are dominant at smaller angles. This is correlated to the fact that the skipping trajectories for these
states are the closest to the surface and the electrons responsible for the transitions between these states
are more prone to the scattering from the surface phonons.

Another aspect to emphasize is that while the spectrum obtained at smaller tilt angles is
characterized with a plethora of peaks nevertheless the dominant transitions are mainly those between
the adjacent lower-lying states for which the corresponding matrix elements are the largest. On the
contrary, at higher angles one can say that dominant transitions are those between the higher-lying
states. Moreover, there is an unusual change in the peak height observed in Figure 1b. Indeed, the
peak 6—4 is much higher than the peaks 4—3 and 2—1, which contradicts the general trend that the
transitions between adjacent surface levels are expected to be the dominant ones in the resonance
spectrum. The rather unusual peak heights seen in Figure 1b might be due to a number of reasons.
First, the non-monotonic dependence of the peak height on the field might indicate that it depends
principally on the probability of the transitions between levels, determined by the density of the
states and their population. Second, the interference between the series also significantly affects the
appearance of the peaks in the sum curve in a sense of their width, shape and amplitude. Third,
the matrix elements a,,;, depend on the range of penetration of the electric field, i.e., on the skin
depth ¢ which influences largely the relative amplitude of different peaks in the sum oscillatory curve.
Fourth, the apparent larger amplitude of the Bg4 peak might be due to the decrease in the amplitude of
neighbouring resonances on the low-field side (such is the significant reduction of the amplitude of
By1 resonance).

3.2. Surface resistance derivative oscillations in an in-plane magnetic field

We present in Figure 2 the calculated sum curve of surface resistance derivative of six series and
in-plane magnetic field orientations ¢ = 10° and ¢ = 20°. Not all but some of the transitions within
a given series with a quantum number 7 are present in the dR/dB curve. The field resolution used
to numerically calculate the curves is AB = 0.0055 T. The position of the resonances observed in the
spectrum are in a very good agreement with the previously obtained values for the resonance fields
for this field geometry (Table 3 in Ref. [13]).
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Figure 2. Magnetic oscillations of the surface resistance derivative for the sum of six series and magnetic
field rotated in the plane of the surface at a) ¢ = 10° and b) ¢ = 20°. The resonances that appear in the
sum spectrum, representing the possible transitions between the surface states in organic conductors
for an in-plane magnetic field, are indicated on the calculated 0R /0B curve.

The general feature of the oscillation spectra for the in-plane field rotation is that resonances
corresponding to the transitions between the adjacent surface states are those that are mainly present
in the sum spectrum. However, similar to the case of out-of-plane magnetic field, the resonances
corresponding to the transitions between more distant states are also present in the spectra for the
given magnetic field directions. Interestingly, we find that, independently on the plane of magnetic
field rotation, similar transitions in a given series with a quantum number 7 are present in the sum
spectra, as evident form Figures 1 and 2.

In further comparing the numerical aspects of the spectra for different planes of field rotation,
we notice that there is a difference in the width of the observed resonances. This characteristic
differentiates the spectra for which p, is strongly dependent on the momentum projection pp from
those where p,, is almost independent on pp. Additionally, the unusual peak heights is also evident
in the resonance spectra for the in-plane magnetic field, moreover, here it is more pronounced than
in the case of out-of-plane field rotations. Indeed, instead observing the highest peak heights for
the resonances between the lowest-lying states, the opposite is seen as those corresponding to the
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transitions between the highest-lying states are dominant in the spectra. Aside for the possible above
mentioned reasons for this scenario, we also would like to note that the strong anisotropy in q2D
organic conductors with regard to the crystal planes as a source for observing the different behaviour
also cannot be neglected. Indeed, in both cases of field rotations there is a strong dependence of the
distance between the surface levels on the angle of magnetic field rotation. By considering the schematic
representation of the surface levels at different tilt angles for out-of-plane[12] and in-plane[13] rotations
one can see that some of the higher lying states are closer to each other than the lower lying ones.
This means that the distance between the higher lying surface states can be smaller, for a given tilt
angle and frequency of the incident electric field, which increases the probability for the transitions
between these states to occur. Moreover, some of these transitions appear to be dominant over those
occurring between the lower states although the opposite is expected. Obviously, the non-equidistant
distribution of the surface levels is even more prominent when there is a significant dependence of p;
on the momentum projection pp. Therefore, apart from the interference effects between the surface
states on the appearance of the sum spectrum, the strong angular dependence of the surface levels
distribution in a magnetic field has also an important contribution in the outlook of spectra.

Another observation for the in-plane field rotation is that, some peaks in the final curve may occur
very closely to each other because of a possible overlap of the wave functions of the corresponding
surface states with the electric field in the skin layer. This will also affect the amplitude and shape
of the resonances. In q2D organic conductors, this is much more possible than in ordinary metals
because the closed electron orbits, responsible for the observed transitions, are located in the belly
part of the Fermi surface (Fig. 1a in Ref. [13]) and are not only small but also very close to each other.
Thus transitions with different quantum numbers, n and m, might have very close resonance positions
Byun. Such are the 3 — 2, 4 — 2 transitions occurring at Bz = 2.08 T, Bgp = 2 T (for ¢ = 10°) and
4 — 3,6 — 4 transitions occurring at Bys = 2.84 T, Bgy = 2.86 T (for ¢ = 20°). This is because, the
closed orbits on Fermi surface, involved in the transitions between the states for larger tilt angles
have similar area. These orbits are located in the more inner part of the belly of the corrugated Fermi
cylinder. Therefore, the resonances in the spectrum corresponding to these transitions appear with
similar amplitude for the given numerical resolution.

4. Conclusions

With the development of organic bilayer films of molecular conductors for building various
efficient and eco-friendly devices, the surface properties of molecular conductors are becoming more
important for obtaining devices with improved performances for their utilization in various sensing
applications. By far, several molecular conductors with a quasi-2D energy spectrum have been used for
this purpose. We investigate the behaviour of the surface resistance oscillations in such conductors in
order to obtain information on the important processes occurring in the region close to the surface. In a
presence of a magnetic field, the transitions between the quantum surface states appear as resonances
in the surface resistance derivative spectrum. The resonance spectra of six series of transitions have
been obtained numerically for rotations of the magnetic field in different planes with respect to the
surface, i.e., for field rotations away from the surface and rotations in the plane of the surface. We find
that in a tilted magnetic field, the resonance spectra consist of more resonances than in the case of a
non-tilted magnetic field. Although all of the resonances corresponding to the transitions in the six
series are not visible in the spectra, the presence of those arising as a result of transitions between more
distant states, in addition to those between the adjacent surface states, is evident. We suggest that the
observed behaviour is mainly due to interference effects and angular dependence of the surface levels
distribution. The former is expected when more series are represented together in a spectrum and the
latter arises from the specific topology of the Fermi surface of organic conductors in a form of a weakly
corrugated cylinder which is reflected in the different shape of the skipping orbits near the surface for
magnetic field rotations in different crystal planes.
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