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It is demonstrated that in describing quantum cyclotron resonance of two-dimensional electrons on a helium
surface in the one-electron approximation, the interaction with ripplons cannot be considered weak. The
cyclotron resonance peak in this approximation is formed because of transitions between Landau levels with
generation or annihilation of large numbers of ripplons. The method of moments is used to calculate the peak
halfwidth. General expressions for the cyclotron resonance peak halfwidth and shift, as obtained in Refs. 1, 2
in the one-electron approximation (for weak and strong coupling to oscillations of the medium), and in Ref. 3
in many electron theory (for the relatively weak concentration range), are compared. An explanation is offered
for the qualitative peculiarities of the peak halfwidth and shift which appeared in the experiments of Ref. 4 at

low concentration levels.

PACS numbers: 67.40.Db, 76.40. + b, 73.20, —r

Cyclotron resonance is now widely used to study the
dynamics of electrons located in a thin surface layer of
semiconductors or near the phase boundary between liquid
and gaseous helium, The two-dimensional electron sys-
tems in crystals and on liquid helium surfaces differ
markedly., On a crystal surface, the majority of experi-
ments the electron gas is degenerate, and scattering is
produced by impurities, On the other hand, on a liquid .
helium surface the electron gas is far from degeneration,
and at sufficiently low temperatures (T < 1°K) scattering
is produced by surface oscillations (ripplons). An inter-
esting peculiarity of this system is the possibility of
changing the ripplon interaction constant by varying the
value of the electric field E, which presses the electrons
to the surface,’ A dependence of relaxation parameters
upon E; was observed experimentally,% %7 with Refs, 4
and 7 using cyclotron resonance.

In a transverse magnetic field the energy spectrum
of the two-dimensional electrons is converted into a set
of equidistant Landau levels, Single-electron scaftering
is then possible only on ripplons, the frequency of which
w(q) is an integral multiple of the cyclotron frequency
we = eH/me, Inasmuch as to observe cyclotron res-
onance it is necessary that wg>» I' (where T’ is the half-
width of the cyclotron resonance peak), and in the system
under considerationT' > 108 sec™! (see Refs, 4~7), inde~
pendent of the ratio of the quantity kT to Kwer for T £
0.5°K, single ripplon decays produce a small contribution
to the peak width, In fact, it is evident from the explicit
expression for the transition probability matrix elements!
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that the characteristic momentum of a ripplon, upon which
an electron with energy € > fwe may scatter, is limited
by the same inequality as in the absence of a magnetic
field: ¢<<q. =07V 8me, and if & ~ fiwe then q € 7-1,
where (= (bymo)':. At T % 0,5°K for capillary waves
on a thick helium film w(gep) < 10° sec~!, and even for
Hwe < KT the chain of inequalities w(qy) > we » I is
fulfilled for only a small portion of the electrons, while
for kT € fiwe and wgy » 10 sec™ the ripplon frequency
w(l ™) « wg, and the concept of single-ripplon scattering
in the one-electron approximation is inapplicable,

A theoretical approach to the determination of the
form of the cyclotron resonance peak depends significantly
on the relationship of several characteristic system pa-
rameters: kT, fiwe, Hwg, €®N!/2, and C, where wg=w@ )
N is the two-dimensional electron concentration, and C
is the characteristic ripplon coupling constant, The most
detailed experimental data presently available are con-
tained in Refs, 4, 7, for T m 0.4°K, wg ~ 10% sec™ (wg ~
3.10% sec™!), It is thus of interest to study the form of
the cyclotron resonance peak at

ho, € ho,, AT; C K ho, )

{the second inequality is necessary for observation of
cyclotron resonance), Below we will consider the range
of relatively low electron concentrations, in which wp «

Yy,
welw, = (27,‘”—z N ’) *the characteristic plasma frequency)-
However, it happens that even at such concentrations in”
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terelectron interactions can lead to qualitatively new ef-
fects. one of which was apparently observed in Ref. 4,

1. ONE-ELECTRON THEORY OF THE FORM OF THE
CYCLOTRON RESONANCE PEAK FOR WEAK
AND STRONG COUPLING

The frequency dependence of the conductivity of two-
dimensional electrons interacting with surface and vol-
ume oscillations was found for N — 0 in Refs, 1, 2, 8, and
has been analyzed for semiconductors. It has been shown
that ‘when Eq. (1) is satisfied the form of the resonance
peak is determined by the ratio of the interaction constant
C and Hwg. For C «fiwg the peak appears as a narrow
zero-phononline, somewhat shifted relative to w}, Ata
distance ~ wg from this line wings are distributed, cor-
responding to optical transfers between Landau levels with
creation or destruction of a phonon (ripplon) and with rel-
ative intensity ~&TC*/h*w!. The basic contribution to the
width of this zero~-phononline is produced by a term which
is fourth order in C. It is produced not by electron scat-
tering on ripplons, but on the the contrary, by ripplon scat-
tering on electrons, and is defined by Eq. (10) of Ref, 8.
We note that in the case of weak coupling an important
contribution to the broadening of the cyclotron resonance
peak because of such scattering can be produced by two-
ripplon interaction,?+® the parameters of which were de~
termined in Ref. 9.

However, for electrons on a helium surface weak
coupling is not realized over a wide range of tempera-
ture and magnetic field, as will be shown below, If we

" write the single-ripplon interaction Hamiltooian in the

standard form
H = ; Vqexp (iqr) (bq + bf_q). @)

where l‘.\l, bY are the ripplon creation and annihilation
operators, using V4 from Ref. 5, the expression for the
characteristic cougling constant C in a sufficiently strong
clamping field E; can be represented in the following
form:

C = S 1V} | i = €E (200,117,

qomi—1

- 3)
i =ch/eH, o,=0(g=I[").

Here p is the density of the liquid He and S is the area
of the system. For E; ~ 0.5 cgs units [in weaker fields
Eq. (3) is inapplicable] and for wy »~ 10! sec™!, we have
C/fi ~1,5-10°% sec!, whence C/fiwg ~ 0.6 ~ 1,

A single-electron theory of the cyclotron resonance
spectrum for intermediate values of C/fiwg > 1 canbe con~
structed due to the inequality kT » hwg specific to elec~
trons on the helium surface in the region

ho,» CVET/Ha,» C. bo, @

using the method of moments developed in Ref, 8. The
method is based on separation from ripplon interaction
operator of the "slow" (adiabatic) component, which does
not produce transitions between Landau levels. The re-
maining component of the interaction can be considered
by perturbation theory; itleads to a peak shift Pp ~
(C*/h%ws) (kT /hor) (see Refs, 2, 8), The explicit form of

TABLE L, Expressions of Half -width exp (tw, /KT) » 1 and Shift P-of the Cyclotron Res-

onance Peak for KT » twg

Model ) r ]
: 1Vai?
One~electron ) ?-;\!! E] Vol t2q 2 W, 22 (l —— l‘-\qt)
theory (weak q Q
coupling) % e~ Biw, — 0) =0 % exp (_% 1=q2) +p,
LT
=~ 8aah \ hug
- 2 'Vt \
One~electron [fT“ E .!i_'_ 14gs : E T\-‘":T' I%4g2 exp <_ ..lz_ [zqa)
theory (strong B Y a 4 Eﬂ.
coupung) —re2 Y , e ( k‘_r)
e thrmn tThe
eE
= = (kT /4na)' /2
Many-electron k1<, v "Vait A N e’E’_L AT
theory (quasi- w e, 7= Tk her
elastic scattering) q \
—pgya "¢ ElkT't,
X 8V Zxan? }
l V K3 : 1 2
o] BT ) )
Tansitions be~ ‘ ]
tween different 3 /1 ™
Landau levels -2 2 (? liq'-’) [(m— 1) (m—2) ml]"‘}
mmd
SO AT
~ 4aah huw,
—————
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the expression for Pmfor exp (houkT) > s presented inthe
last column of Table I, for which the electron concentration N
is assumed low, N  (mo}/2ne*)*s, and the electron— ripplon
interaction is taken in the form of Ref. 5. The explicit
form of the integrals is presented for the ¢ase of strong
pressing fields E ; « is the surface tension coefficient,

In order to separate the adiabatic (diagonal) com~
ponent M,(q) of the operator exp (iqr), it is convenient
to express the two-dimensional vector r = (x, y) in terms
of the operators py:
te = =il VI pa + Rar o =x— ivy,
Re = X—iaV,

where

®)

(1=_-!-1,

mt A —ia(—ig +EAM)]. @=L,
[Py Px] =1, {pa Ra)=0. (6)
Here A(r) is the vector potential of the transverse mag-

netic field, H = (curlA),. The commutation of the oper-
ators R, and py follows from their definition, Eq. (5).

Since the operator p;(py) acting on an electron wave
function increases (decreases) the number of the Landau
level by unity, it follows from Eq, (6) that the operator
Ry is diagonal in level number, Substituting r from Eq,
(5) in exp (iqr), we obtain with consideration of Eq. (6)

M, (q) = lexp (iqr)],
= exp(—/uPg exp(iqR)Z Elr (L rg) oon, @

In the frequency range w ~ we the form of the two-
dimensional electron absorption peak is defined by the
function (see Refs. 1, 2, 8)

Q (@) = [7 (©) + 1§~ Re § dte'=t (p_y (1) py (0)),
7 (@) = [exp (hofkT) — 14, @)

where the angular brackets denote statistical averaging.
On considering only the slow component of Hj the second
moment of the distribution of Eq. (8) is equal to

¥ = 5 do Q (0) <m—mc)=[j_dw0(w)]'l

= _h'_ {n (o) +1)72 2 ‘-—;)%!—e—"f"q’

([[p-x. M, (@), 1o, Mo (—a)ID)

m+1

N 2 —hmw‘_/kT(m_L 1)[2(1‘121)(—” (1/2 g )] ’~ 9

The quantity v to an accuracy of a factor of ~1 is equal
to the width of the cyclotron resonance peak, From analy-
sis of higher moments of Q(w) it is evident that the form
of the peak is close to Gaussian; the asymmetry is pro-
portional to (C/hwg) (kT /he) Y2 1. In fact, the distribu-
tion Q(w) upon fulfillment of Eq. (4) represents the en~
velope of a large number of absorption lines, correspond-
ing to transition of an electron to the next higher Landau
level with simultaneous generation or annihilation of sev-
eral ripplons, The characteristic number of ripplons
participating in peak formation is equal to y/ho, ~ (C/hw;) *
(RT/hwg) 2> 1. Thus, even for C/ho,~ ! strong coupling
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is realized for two-dimensional electrons on a helium
surface in the one-electron approximation,

Explicit expressions for the characteristic half-
width and shift of the cyclotron resonance peak on ful-
fillment of Eq. (4) and for exp (hw/kT) > | are presented
in the second column of Table I, For comparison, the
first column presents the expression for the peak shift
in the weak coupling case (which, however, is very diffi-
cult to realize in practice), The first term in this ex-
pression coincides with the results of Refs, 10, 11, which
were actually obtained with the assumption that inter-
action was weak,

2. MANY-ELECTRON EFFECTS AT LOW °
CONCENTRATIONS

In Ref, 3 it was shown that consideration of inter-

. actionof nondegenerate two~-dimensional electrons can

qualitatively change the character of their scattering even
at wp <wg. The cause of this is drift in the electric

field, produced by fluctuations in the electron concentra-
tion. In order of magnitude, for e**N%1 kT < hw, such a
field is equal to N¥«(kTW2. The characteristic electron
drift velocity cNY4(KT)Y%/H proves to be significantly high-

er than the ripplon phase velocity lwg over a widerange .
of magnetic field, concentration, and temperature (kT «hwg). .
Therefore the electron emits or absorbs a Cerenkov ripplon,
i.e., normalquasielastic scattering occurs, The correspond-"
ing expressions for the half-width and peak shift are given -
in column three of Table I, The parameter 7¢ defines the
characteristic duration of the scattering act (the "transit
time" for a magnetic length ! due to drift) and in order of -
magnitude is

1, ~ h[elN¥a (RT)/2)"1,

o} = 2ne*N*¥t/m.

(kT)2 > (hwi/o )2,
(10)

Together with Eq, (10), a condition for applicability
of the theory of Ref. 3 is the inequality I'm elTe « 1
(where T el is the peak half-width in the many-electron
theory). This means that the duration of the scattering
act is a small value in comparison to the reciprocal to
the scattering probability. Since I'y o] ~ r? sbTe (Where
Ty, is the peak half-width in the strong couplmg model),
the theory of Ref, 3 is applicable only in the case where
Tm.el ¥T'sb. From Table I (see also Ref, 8) it is evident
that T" sh < Eyin strong pressing ﬁelds for a concenira~
tion independent of E, , Ty ¢ « E? '{» while for a maximally
charged 8 /face (E; = 27eN) with consideration of Eq. (10)
el = E%/4. Therefore, in sufficiently strong fields the
inequality rm.el «Tg}, is destroyed, and the form of the
cyclotron resonance peak becomes significantly non-
Lorentzian and is described by strong coupling theory.
Since 7, increases with increase in N, in the region of
very small N, as would be expected, one-electron theory
is also applicable gy — const for E, — 0),

We note that upon transition with change in E, to the
region of applicability of the strong coupling theory, as is
evident from Table I, not only the half-width, but the ex~
pression for the shift of the peak change significantly.

In order to reach the region of applicability of strong
coupling theory for high E; in experiment, it is neces~
sary to increase E with a sufficiently low fixed electron
concentration N. In the region of high concentrations,
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where wp> Wes and consequently, the criterion of Eq. (10)is

not fulfilled, the mechanism for cyclotron resonance peak
broadening is significantly multi-electronic (and not one-
electronic, as in strong coupling theory), However, the
expressions for the half-width and shift in this region dif-
fer significantly from the results of Ref, 3 presented in
the third column of Table I, while, as will be demonstrated
in a separate study, I' © TE? /aw, which corresponds to
the experimental data of Ref. 4.

Under the experimental conditions of Ref, 4 (E; =
27eN; T ~ 0.4°K; we ~ 1.2 101! gec™) the most severe
limitation on the region of applicability of the many-
electron theory of Ref. 3 is imposed by inequality (10):
E; < (kT/I1*Ve)?/? ~ 0.8 cgs units, Analysis reveals that
it must be satisfied with a large reserve. In correspond-.
ing pressing fields it is necessary to consider the polari-
zation interaction with ripplons (change in image forces
upon surface curvature), If we use the approximation of
Ref, 5, then o

T ~ RTT,.0%
m.el™ g Vi
he v )

(29} 15 (1n (4 — 1)* — 27 (1n () — 1) + 131},

{E’i + £, 25 (6 (In (4y,0) — 1) — 4.2
(11)

where « is the surface tension coefficient of the helium;
v, is the reciprocal of the electron localization length in
the direction perpendicular to the surface, and v, ~ 1.3
106 em™,

Inasmuch as according to Eq, (10), 1,0 N*¥e o ET¥4,
from Eq. (11) there follows the qualitative result: T'y, ¢}
as a function of E; has a minimum, and for E; < E;min
the half-width T’y ¢) increases with decrease in E;. A
similar minimum and increase in I‘m_el(E_,_) was actually
observed in Ref. 4. Calculation with Egs, (10), (11) re~
veals that the position of the minimum depends on the
magunetic field, and E| min ~0.4 cgs units for wy ~ 1,2+
101! sec~!, However such a field evidently corresponds
to a concentration at which the theory of Ref. 3 is still in~-
applicable, and in actuality the minimum should be ob-
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served in weaker fields. In experiment the minimum was
observed at E; ~ 0.2 cgs units. Estimates of 7o based on
the data of Ref, 4 and use of Eq. (11) coincide with Eq.
(10), Equations (10), (11) properly describe the character
of the E; dependence of I' at low E; . The field depen-
dence of the cyclotron resonance peak observed in Ref, 4
agrees within the limits of experimental error for low

E, with the results of Ref. 3, as presented in Table L

Thus, the general theory of cyclotron resonance of
two-dimensional electrons at low concentration levels
developedinRefs. 1, 2, 3, and 8 when applied to two~dimen~-
sional electrons on a helium surface, explains the quali-
tative features observed in experiment, and also permits
a description of the dependence of the form of the cyclo-
tron resonance peak on electron concentration, pressing
field, and temperature, '

NOTA TION

Here wg is the cyclotron resonance frequency; ',
cyclotron resonance peak width; P, CR peak shift; N, elec-
tron concentration; I, quantum magnetic length; wg, char-
acteristic frequency of ripplons coupled to electrons; C,
coupling parameter; E, , electric field clamping electrons
to helium surface; a, helium surface tension.
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