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The electron—electron interaction in two-dimensional systems subjected to quantizing magnetic
fields is shown to cause the qualitatively new mechanisms of electron scattering by impurities and
by medium vibrations (phonons, ripplons). With allowance for these mechanisms, the kinetics of
the electron liquid and Wigner crystal are considered and the halfwidth and shift of the cyclotron
resonance peak are obtained in the explicit form.

The effects of interaction between two-dimensional (2D) electrons are
especially interesting for the electron systems subjected to quantizing trans-
verse magnetic field. In this case, in the single-electron approximation, the’
energy spectrum is discrete and presents a set of degenerate Landau levels. The
electron—electron interaction lifts the level degeneracy. Thus it may influence
extremely strongly both the state and the kinetics of the system.

The continuity of the energy spectrum of the electrons interacting one with
another provides the possibility of their elastic scattering by impurities or
quasielastic scattering by medium vibrations (for low impurity densities and

~weak coupling to the vibrations such types of scattering are forbidden in the

single-electron approximation because of the spectrum discreteness). There-

fore, there may be changed qualitatively as compared to the single-electron

case, even the characteristics which are not influenced by the electron—electron -
interaction directly, in particular, magnetoconductivity and the cyclotron reso-

nance spectrum. o

In the range of relatively low electron densities N or strong magnetic fields
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the kinetics of nondegenerate electrons may be investigated without determina-
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tion of the elementary excitation spectrum for the many-electron system itself.
The scattering by impurities and by low-frequency (w(g) < w,) medium
vibrations (MV) is due here to the electron drift under the electric field
resulting from the electron density fluctuations. The fluctuational field E
acting on each individual electron is homogeneous over the magnetic length /
when (1) is fulfilled, and the drift is quasiclassical (see ref. [1]) The quasielastic
scattering by MV takes place when the drift velocity vy = cE/H exceeds the
MYV phase velocity.

The consistent (nonperturbative in the electron-electron interaction) analy-
sis shows that the cyclotron resonance (CR) peak is Lorentzian when electrons
are scattered elastically or quasielastically. The halfwidth of the peak for the
case of coupling to MV is

I'=2aTY (3%%)" 1%, |* 0™ '(q) exp(-11%?)
~ 2

x(8{cHq[Ex H,]-o(q)}),. L

- Here V, is the matrix element of coupling, ¢ is the 2D momentum of the MV,
( -+ e denotes the averaging over the electron configurations with the weight
exp( —H ee/ T )’

=12 17 pep - _ 19H.
Hee 2€ ,,Z:mlrn rml ’ E E;r e a'; (3)
(the value of I in (2) is evidently independent of the electron number s in (3)).

In the important case of relatively soft MV,

o(@)r<1 (gs17), =((eEN)") =(l/v5)., (4)

the expression (2) takes the form |

I=4rTL 1% 1>« '(q) (lg)° exp(~11%?). | (5)
q .

Eq. (5) holds also in the case of scattering by impurities if one replaces
2T |V, |* w~'(q) by the Fourier component of the static random field correla-
tor.

The parameter 7, in (4) and (5) determines the characteristic duration of the
scattering process. When there is the short-range order in the electron system
T~ (Tw}/w,)"'/%, and T follows the power dependence on density and
temperature, I' & N™3/4T1/2, In the range (1), (4), the magnetoconductivity
o~e’NI'/mw T« NV/4AT-1/2,

The sharp CR peak narrowing with increasing density, obvious from (5),
was observed by Edel’'man [2] for 2D electrons above the helium surface. A
comparison of the present theory with the experiment [2] is given in fig. 1. It
should be noted that the theory does not contain adjustable parameters.



110 M.1. Dykman / CR of interacting nondegenerate 2D electrons

rvl

1 2 ,
Fig. 1. The dependence of the reduced CR peak halfwidth on the field E, pressing electrons to
the liquid helium surface. The full curve is calculated by eq. (5), the broken curve shows
Edel’'man’s experimental data [2] for the range (1) (the inequalities (1) correspond to E’, %« 2.2),
E, =2eN, I"'=T/I'y, E', =E, /Ey, T'y=24x107% TV%(e2/1)3%(0l%)"}, Ey =0.69%
1073 ¢/1? (o is the surface tension).

In the range of densities where e?(7N)!/2/T > 137, the interaction between
2D electrons was found by Grimes and Adams [3] to cause their crystallization.
The investigation of the kinetics of the electrons that form a Wigner solid (WS)
and interact with MV comes to the investigation of the WS phonon kinetics.
The latter differs substantially from the kinetics of “traditional” phonon
systems. One of the main features is due to the essential nonlinearity of
coupling to MV. This nonlinearity is obvious (cf. ref. [4]) from the Hamiltonian
of coupling ‘

H=Y )y Ve exp(iqr,) G G=b+ bt" | (©)
. n g . ‘

(¢, denotes the MV field operator), if one expresses the electron coordinates 7,
in terms of the WS phonon creation and annihilation operators af,, a,,:

r=R,+u, u,=> u,exp(ikR,), u=Anan+A%nal,, . Y
kX

(A and k label the phonon branches and wavevectors, A = +1). Since the
mean-square displacement (u?) diverges for a 2D solid at T # 0, the nonlin-
earity of H, in u,, must be taken into account to all orders of the perturbation
theory. It follows also from (6) and (7) that H; cannot be put into the form of
"a series in relative displacements u, — u,,,. Therefore the dynamic renormaliza-
tion of WS phonons appears finite even if k — 0. Since the MV wavenumber ¢
may exceed substantially &, ~ N/, the Umklapp processes may be essential
for relaxation. :
With the aid of a certain special method, the long-wavelength WS phonon
Green function could be found explicitly, including the essential corrections to
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the Born approximation. This allowed us to describe the CR spectrum in
particular. In the range (1), the results coincide with those obtained above
using a quite different approach (but (2) and (3) are valid also in the absence
of long-range order). In the range of relatively high densities where w, > «,
and at exp(w,/T) > 1, the halfwidth I" and shift P of the CR peak are

I~T,=(16mc?N) "' Tug*(27,+1), P=P,+P, (8)
q

. _ 2 -
Po=Yu,07'(q), P=—T (/&) u,=1¥,|*’q* exp(—nq*),
q v

n,= [exp( » 7?)
& =max(T, w(n™'?),2).

Here ¢, is the WS transverse sound velocity, £ is the frequency of those
lower-branch (A = —1) phonons whose spectrum renormalization due to cou-
pling to MV is of the order of their initial frequency.

The CR peak broadening I is determined by the probability of the
MV-induced decays of long-wavelength “optical” WS phonons (w,, = w.) into
the phonons of the branch A = —1 with k = w_ /c,. At w, > «,, the CR peak
shift P> I' (in the range (1), | P| << I'). The expressions (8) for I and P
qualitatively and quantitatively agree with Edel’'man’s data [2] referring to the
range w, = 1.5a,. )

At T>> w,, w, the dynamics of WS coupled to MV are analogous to some’
extent to the dynamics of the crystal formed by Brownian particles, and the
CR spectrum is described by the results of the classical single-electron theory.

The good agreement of the present theory with experiment confirms the
essential role of the suggested many-electron mechanisms of scattering: by
impurities and medium vibrations in quantizing magnetic fields. At the same
time, the above consideration shows that cyclotron resonance may be used to
determine not only kinetic characteristics but also some other properties of the
electron system. In particular, it follows from the data given in fig. 1 that in
quantizing magnetic fields the short-range order exists up to such densities that
eX(wN)V/2T~1 ~ 30.
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