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Article
Quantum Theory of Lee-Naughton-Lebed’s Angular
Effect in Strong Electric Fields

A.G. Lebed

Department of Physics, University of Arizona, 1118 E. 4-th Street, Tucson, AZ 85721, USA

Abstract: Some time ago, Kobayashi et al. experimentally studied the so-called Lee-Naughton-Lebed’s (LNL)
angular effect in strong electric fields [K. Kobayashi, M. Saito, E. Omichi, and T. Osada, Phys. Rev. Lett. 96,
126601 (2006)]. They found that strong electric fields split the LNL conductivity maxima in a-(ET),-based organic
conductor and hypothetically introduced the corresponding equation for conductivity. In this Letter, for the
first time we suggest quantum mechanical theory of the LNL angular oscillations in moderately strong electric
fields. In particular, we demonstrate that the obtained by us approximate theoretical formula coincides with the

hypothetical one and well describes the above mentioned experiments.

Keywords: quantum mechanics; high magnetic fields

It is well known that organic conductors, having quasi-one-dimensional (Q1D) pieces of the
Fermi surfaces (FS’s), demonstrate unique magnetic properties due to the Bragg reflections of moving
electrons from the Brillouin zones boundaries in moderate and strong magnetic fields [1-5]. Among
them, are Field-Induced Spin(Charge)-Density-Wave (FIS(C)DW) phase diagrams [3-15], 3D Quantum
Hall Effect (3D QHE) [14-16], the so-called Lebed’s Magic Angles (LMA) [17-40], the Lee-Naughton-
Lebed’s (LNL) angular oscillations [41-47], and some others. Note the LMA phenomena [17-40] seem
to be very complicated and in most cases possess some non Fermi liquid (FL) properties [27,29,1],
whereas the FIS(C)DW, 3D QHE, and LNL phenomena were successfully explained in the framework
of the Landau FL approach [1,2]. In particular, the LNL phenomenon was successfully theoretically
explained in Refs. [48-54]. Indeed, in Refs. [48-54] there was considered layered Q1D conductor with
the electron spectrum,

eat(p) = 2oup(px F pr) + 2t cos(pyb”) + 2t cos(pzc®), 1)
where vrpr > t, > t, in an inclined magnetic field,
H = H (sin6 cos ¢, sin 0 sin ¢, cos 0) ()

(see Fig.1). Note that in Eq.(1) the upper sign stands for the right piece of the Q1D FS and the lower
sign stands for the left one. In the quasi-classical approximation, the following expression for the LNL
conductivity was derived by several methods:

- o0 J%[w? (0, ¢)/wy(6))]
=(H00)=0=0) V. 15 20006,0) - Nay@F

©)

Note that in Eq.(3) the so-called electron cyclotron frequencies can be expressed as [54]:

evpHb* cos 6 evrHc* sin 0 sin ¢

, we(0,¢) = / (4)

wy(0) = :

0 * o
ev, Hc" sin 6 cos ¢

wi(6,¢) = , vy =2bb". (5)

c

More recently, Kobayashi et al. [55] experimentally studied the LNL phenomenon in rather strong
electric fields and found that the strong electric field splits the LNL maxima of conductivity (3). What is
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also important they suggested a hypothetical theoretical formula which described the above mentioned
experimental splitting.

The goal of our paper is to derive the quasi-classical expression for conductivity in moderately
strong electric and strong magnetic fields which describes the experimentally observed splitting of
the LNL maxima of conductivity [55]. In particular, we show that our equation has a limited area of
applicability and is not applicable in very strong electric fields.

First, let us perform the quasi-classical Peierls substitution [56,57] for motion along the conducting
chains in Eq.(1),

. d
pxFPr=—ir, (6)

in the absence of both magnetic and electric fields:

. o d x *
eat(x, Py, Pz) = ¢1vp% + 2t cos(pyb*) + 2t cos(pzc*). (7)

The solution of the corresponding Schrodinger equation is

+ ~ exp i X 2K
Yo (x, py, pz) = exp (j:zvp)exp |:¥l or cos(pyb )]exp {% or cos(pzc”)|, (8)

where energy € is counted from the Fermi level, er = pror.
Then we introduce the electric field applied along the least conducting z axis as a small perturba-
tion to the Hamiltonian (7),
0é(z) = eEz, 9)

and perform the one more quasi-classical Peierls substitution [56,57]:

0é(p;) = eEz = —ieE d

. 10
T (10)
In this case application of the perturbation (10) to the free electron wave function (8) gives
A + eEx * e * +
0é(p2)¥y (x, py, pz) = iIZtCC sin(p.c* )Yy (x, py, pz)- (11)

It is easy to prove that for not extremely strong electric fields the total Hamiltonian in the electric field
can be written as

R .od . eEc*x
ei(x, Py pz) = $wp% + 2t cos(pyb ) + 2t cos (pzc* F or > (12)

Here, we introduce the magnetic field (2) in the electron Hamiltonian and the electron velocity
operator along z axis. For the further development, it is convenient to choose vector potential of the
magnetic field in the following form:

A = (0,xcosf, —xsinfsin¢$ + ysinb cos¢p) H. (13)

To define the corresponding electron wave functions for the case, where t, > t., as shown in Ref.[51],
it is necessary to take into account only two first terms in Hamiltonian (12) and to perform in the
second term the following quasi-classical Peierls substitution,

e
Py — Py — EAy. (14)
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Figure 1. Definition of the azimuthal angle 6 and polar angle ¢ for the typical Lee-Naughton-Lebed’s
experiment, where z is the least conducting axis.

In this case wave function in the mixed (x, py ) representation obeys the following Schrodinger equation
[3,51]:

.od «  wp(0)x
<:prd + 2t} cos {pyb — h()] ) DF(x, py) = edF(x, Py), (15)
X or
where the two wave functions (8) and (15) are related by the following equation:

Y2 (x, py) = exp(Lippx) D2 (x, py). (16)

It is important that Eq.(15) can be exactly solved,

4 L€ 2ity, . " wb(f))x . b
— — - . 17
D (x, py) = exp <:tz or x> exp{:l: ) <sm {pyb or sin[p,b*] (17)
Let us apply the quasi-classical Peierls substitution to energy dependence (12) on momentum

component along z axis:

eEc*x
OF

>% 2t. cos {pzc* F eEcx + we(6,¢)x _ wé‘(@(,)qb)y} (18)

At *
E(x,y, = 2t. cos c

z ( y.p Z) ¢ <P 2 F UF or Oy
Taking into account that in the quasi-classical approximation

03 (x,y, p2) = dl&; (x,y, p2)] /dpz, y =i(d/dpy), (19)
it is possible to write the velocity component operator along z axis in the form:

eEc*x N we(0,¢)x iw:(ez ¢)(d/dpy)

05 (x,y,pz) = —2tcc*sin | pc* F or or = (20)
In Eq.(20) for the further development, we introduce
w(0,¢) = we(6,$) F eEc*. (21)

It is important that wave functions (17) are eigenfunctions of velocity operator along z axis
(20),(21) with the following eigenvalues:

WO, 9)x , wi(e
X

% (x,y, p2)PE (x, py) = —2t.c” sin{pzc* + or ”

X (cos [Pyb* - w”sz)x] - cos[rfyb*]) }qf(x, Py)- (22)
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Let us apply the Kubo formula for conductivity [58,51]. We can do this because the electron wave
functions (17) and the eigenvalues of velocity operators (22) are known. The total conductivity along z
axis can be represented as a summation of the following two contributions: one from the right sheet of
the FS (1) and another from the left sheet,

022(H,0,¢) = 0,5, (H,0,¢) +0.,(H,0,p). (23)

By means of the Kubo formalism [58,51] we obtain

0 (H,0,) ~ /f d(pyb*)/ooodx exp<—x)

OFT
w:(6,¢)x  wi(6,¢9) . wp(0)x .
X cos{ or + w,(0) (cos [pyb — UF:| — cos[pyb ]) }, (24)

where 7 is an electron relaxation time. Complicated double integration in Eq.(24) can be simplified
using definitions of the Bessel functions of the N-th order, y(x) [59,51],

L@ & Rl 06)/w(0)]
M 09) =57 X T (6,9) - Nan@FF )

where 0, (0) - conductivity along z axis in low electric fields in the absence of the magnetic field. If we
make use of the Eq.(23), we finally obtain for the total conductivity in moderately strong electric fields
in the presence of the inclined magnetic field (2):

_ 0:2(0) i{ Rlwe (0,9)/wn®)]  JRlwz(6,¢)/wy(6)] } (26)

0=(H,6,¢) = =5 1+ 2wl (0,¢) — Nap(0))2 1+ 22[w; (6,9) — Newop(0)]2

N=—c0

We stress that Eq.(26) is the main result of our Letter, whereas in Ref.[55] this equation was
just guessed. Moreover, we have shown that it is not exact and has to be used for not too high (i.e.,
moderately high) electric fields. Indeed, let us discuss its applicability. We recall that we have derived
Eq.(26) using some approximation: we have suggested that we can use Eq.(12), instead of Eq.(11). It is
easy to prove that this can be done under the condition that

eEc*xg

<1, (27)
UF
where x is characteristic length where the integral (24) converges. Since, as follows from (24), xo ~ vrT
the condition (27) can be written as
eEc* < 1/7. (28)

If we take the lowest experimentally used electric field, Vo = Ed = 2V, d = 0.2mm [55], and /T =2K
[1], we obtain the inequality (28) in the form

0.25K < 2K, (29)

which shows that at lowest voltages analysis [55] is correct, whereas at higher experimental voltages,
Vo = 20V [55], Eq.(26) must be used with a great caution, since Eq.(28) gives quantities of the same
orders of magnitudes for the left side and for the write one.

Let us briefly discuss one important consequence of Eq.(26) - the splitting of the LNL maxima of
conductivity in moderately strong electric field [55]. In the limit of zero electric field at the following
typical experimental conditions, where

wp(0)T>1, we(0,¢)T>1, (30)

d0i:10.20944/preprints202405.2005.v1
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maxima of conductivity, as follows from Eq.(3), appear at
we(0,¢) = Nwy(0), (31)

where N is an arbitrary integer. Under the experimental condition (30), Eq.(26) splits each maximum
into two ones which are defined by the following equations

we(0,¢) = Nwy(0) F wg, wg = eEc™. (32)

The effect of splitting was experimentally observed in Ref.[55]. Our analysis of the applicability of
Eq.(26), as we discussed above, has shown that Eqs. (32) are valid for lower experimentally used
voltages, Vy =~ 2V, and become controversial at higher ones, V >~ 20V.

The author is thankful to N.N. Bagmet (Lebed) for useful discussions.

*Also at: L.D. Landau Institute for Theoretical Physics, RAS, 2 Kosygina Street, Moscow 117334,
Russia.
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