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CYCLOTRON RESONANCE OF TWO-DIMENSIONAL ELECTRONS FORMING WIGNER CRYSTAL
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The cyclotron resonance peak shape is analysed for two-
dimensional .electrons interacting with surface vibrations
of a medium. Explicit expressions for the broadening and
shift of the peak are obtained at low and high electron

- dengities..

Cyclotron resonance (CR) is widely
used now for the investigation of two-
dimensional (2D) electrons localized in

the semiconductor surface inversion la- °

yers or above the liquid-helium surface.
The CR spectrum was shown experimental-
ly to depend strongly on the electron
areal density N. Therefore in the theo-
ry of CR the meany-body effects are to
be taken into aceount. It is interesting
that the electron-electron interastion
may change the ghepe and position of the
CR peak even at relatively smell N when
the system is far from degeneration, be-
cauge this interasction influences stron-
gly the scattering of electrons by impu-
rities or by vibrations of a medium in
quantizing transverse magnetic field.
The correaponding change of the scatte-
ring was considered earlier’ at low den-
: ‘ 2y3/2, 1/2

sities when Wy &K Wy (W, =(27e“N"/ “/m)
is the characteristic frequency of 2D
plasmons, Wy is the oyclotron frequen~
" cy). Tais allowed to explain® the inte-
resting experimental reaul‘bs3 on CR of
2D electrons sbove a helium surface in
the corresponding density range.

In what follows the CR peak shape is
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investigated for a wide density range
including Dby e To copsider many~body
effects the electrona are supposed to
form a crystal. The 2D Wigner crystalli-
zation takes place when the Coulomb po-
tential energy per particle ezVﬁ' ex-
ceeds substantially the characteristic
kinetic energy T. It was observed re-
cently4 for electirons on helium surface
at e2VN/T ;,102 and H=0 (H is the trans-
verse magnetic field strength). There was
shown in Refs.’”! that megnetic field
promotes the crystallization. Since the
condition e2VN/T>10% is fulfilled fre-
quently in experiments on CR of 2D elec~
trons the theoretical analysis of CR for
Wigner crystal seems to be important.
Such analysis is carried out below sup~
posing the relaxation of the total mo-
mentum of electrons to be due to the
scatferdng by vibrations of a medium
(phonons in semiconductors or ripplons,
i.e. helium surface capillary waves).

I. General Expression
for the CR Peak Shape

The energy spectrum of 2D Wigner
crystal in magnetic field consist58 of
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two phonon branchesol= +I. At small wave
number K the phonons of the branchol= I
present magnetoplasme waves with the
dispersion law wk =W +(wp/2w Yk/VE,
The existence of the branch o/==1 ig con~
nected with the ordering of electrons,
and at small k wk,-INk3 2, Cyclotron
regonance is caused by the excitation of
the long-wavelength phonons of the branch
=] by an outer electric field with a
frequencyw~wc,. Therefore according to
the linear-response theory the CR peak
‘shape ig determined by the correlator of
the creation and annihilation operators
/;aE-“, ag, for correeponding vibrations.
Usging the explicit expressione7 for
the coefficients Kl&' of the expansaion of
electron ooordinates r in Bose opera-

tors afa, aik‘

rn- Kn"' é‘(Aqup(iiﬁn)a&m.o. ) (1)

(ﬁn is the lattice vector) the following
expression for the conductivity 6u(1?,w)
of nondegenerate 2D electrons near the
CR peak may be obtained

QW) = 1fu- o, ~-Nw)] =%

ﬂq(w-exp(w' (62) Y (6) - cecus

Ny@)=- %1 %1242 Ivql? { at exp(1 W) Ml o),

Py (6= (B + Doxp (~1uyt) + Bgoxp (10, )3

' » e2N ‘
G (kW)= 5= Re Q(w), W, k-0, 2)

QW)= fdt oxp(:lﬂt)([af (%), ﬂg 1(0)]>

whero(... ) denotes the statistical ave-
raging. The spatial dispersion of the
conductivity is neglected below (it
should be noted that Bq.(2) coincides
with the expression tor 2D plasme con~
ductivity).

The interaction between 2D elect-
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rong and surface vibrations of a medium
is given by a Hamiltonien

Hy= % ;quxp(iﬁfn) (bq + btﬁ) (3)

~where b is the annihilation operator

for a surface vibration with 2D wave
vector § (the generalization on the case
of coupling to volume vibrations of a
medium is obvious, cf. Refs,”’I),

It follows from Eq.(I) that the in-
terasction (3) is essentially nonlinear
in the Wigner crystal phonons. Since the
characteristic wave number q s of the vibra-
tions of a medium providing for relaxa-
tion is given by the inverse electron
displacement over the time equalling to
the duration of a collision (this defi-
nition of g is valid both for electron
gas and solid), it is necessary to take
into account in Hi all terms in the ex-
pansion of exp(:l.ﬁi';) in i’(i"n-ﬁn).

To calculate Q(w) the method of
double-time Green functions® may be
used. Then to the second order in Vq.

M= My @)+ Ny@), M@= Mp@-w,);

Imw-»+0; 1= 7&3 fi=I;

“)

q(t)- - é_ IMZ{( ap D) [I-erp(-iwg )) + B [I"°Q(Wk j}
B = 8(w), Bp, =8, n(w)-(exp((dlﬂ )-nt

The expression for the polarization
operator [1(W) in Bq.(4) contains the
surface vibrations Green function 'fq(t)
weighted with a specific factor
exp(W_(t)). The latter describes the in-
fluence of the Wigner crystal phonons
(and hence of the electron-electron in-
teraction) on the long-wavelength maegne-
toplasma mode seattering, i.e. on the
broadening and shift of the CR peak. The
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factor analogous to exp(W_(t)) is well-
known in the MBssbauer effect theory.

Strictly speaking, according to
BEq.(3) the expression for [](W) to the
second order in Hi ought to present the
double sum over the electron labels n,
m. In Eq.(4) there are kept only diago-
nal termes (with n=m) in this sum. The
nondiagonal onea contain an additional
factor exp(i&’(&-?lm)) which is fastos-
cillating in the range qvag since qs»
» VN (the latter inequality follows
from the fact that the electron vibrati-
ons amplitude is small as compared with
the lattlice constant). The correction
to [T() due to nondiagonal terms appe-
ars to be ~ exp(- %- qg g-ﬁm)z)«l.

The termes of the higher order in V
may be neglected in Bq.(4) if ,ﬂ(w))«
'Bn(w)/ Jet, o= w410, These conditione
are fulfilled w:l.tt:l.ngly when the charac-
teristic frequency of surface we.veew =
=W (q,) exceeds| Nw)|. Nevertheless in
a numbor of cases (sees below) the eppro-
ximation (4) ho ‘and the CR peak shape

is Lorentzien even at W, « ’n(w)l As a
rule9’2 the frequency w is very small
and it is most mteresting to investi-

gate CR in the range

W KT, W (5)

°0
We shall suppose also that T« wo.

2. CR Peak Broadening at Low Densities

The expression for [l(w) is substan-
tially simplified :Ln the density range
where W, W, and wp/w «T, The quantity
wp/w at wp«a determines the widths of
the phonon branches and hence the maxi-
mum frequency of the brenoh «= =TI,

In the range $«KW, /w2 one may ex-
pand exp(*:wg _It) in L t) in a series

'q(t)-- lﬁ- é&— exp(-iwiv’ It)] -

7"(3- + tz)
41:

T = WA72D ( éle,-:['z“’i’,-l y-1/2

[/%)
"'“Z)':{‘ (6)
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Here S is the area and the equality

| Xz (1%21%/88 valid st W« is used.
It is obvious from Eq.{(4) that the

renge of integration over § and t in

'TKw) is limited by the condition W_(t)~

~I. Then from Bg,(6) follows a%q, =1-%,
2T (TW /w 2w /wp The 1atter
inequality Juetiﬁee the ‘expansion (6)
(this expansion is “self-consistent’).
Substituting Eq.(6) into Eq.(4) and
integrating over time one obtains for
the CR peak halfwidth the expression

Me -In Mwg+i0), [ =@z /2% (1)

2.2

2
Wy T»op/wc.

With an accuracy to the second addend
in the exponent Eq.(7) coincides with

' the results obtained eariier® at W T¢I

(when this addend is negligible) by
quite another method (in perticular the
electrons in Ref.I were not supposed to
form a crystal). The expression for the
CR peak shift following from Eqs.(4),
(6) also coincides with the resulta of
Ref.I.

According to Eqs.(6),(7) at Wy > >
)Uglu the CR broadening is due to the
decay of the long-wavelength magneto-
plasma mode to another (short-wavelength)
mode of the same branch (X=I) accompani-
ed by birth or death of the great number
e, /w z >>I) of short-wavelength (k~VN)

_1ow-frequency ({==I) phonons. Obviously

the short-range order only is essential
for such decays.

3. CR Peak Shape at High Densities

In a density range where W, W, the
widths of the both phonon bands X=t I
exceed substantially Wy Then the main
contribution to the integral over time
(4) determining ﬂI(wc) comes from the
range téw‘cx where the function exp(iwt)
under the integral is not fastoscilla-
ting. In this time range to zeroth order
in ‘I/L-.)c
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W (t) -wq +w (t), td‘T'I

(8)
wg-wq(o). wq(t)- ;_'QAE," e:v:p(-:i.wk e

Thus the W:Lgner crystal thermal vibrati-
ons do not affect ﬂI (with en accuracy
to T /w

To calculate /7 (w +10) one is to ex-
pand exp(w (t)) in wq(t) At W LD, 1t
is eufficient to keep only linear term
in this expansion. Then the imaginary
part of ﬂI is given by

[ élzqzlva“aw
+ e Z R P~ 0 = o/ emo,

where oy denotes the transverse sound ve-
locity at H = 0.

According to Eq.(9) the CR peak bro-—
adening at & »w is due to decays of
long-wavelength magnetoplasma modes(w=X)
to the phonons. witho =-I, k=W, /c . These
~ decays are induced by vibrationa of a
mediumn

The addend ﬂ (@) 1in Bq,.(4) does not
contribute to the CR peak decay broade-

I o
q exp(" q)fqg
(9)

ning, but it is essential when the shif¥ =

P=Re[l(w,+10) is calculated. To evaluate
ﬂ W) "slow'* and "fast™ processes are to
be distinguished. The latter are those
processes where phondns with frequencies
wg “»T participate. Therefore to find
the "fast"™ processes contribution Pf to
the CR peak shift Eq.(8) for W (t) may
be used. This gives. -

Pgn2T % 12 Z\Vq\"’u'-lexp(-ﬂ)f (10)
£ = v.p. %lﬂ’*w«|z< UIZR 6(4;) E-w))N
o«

= ®1n (W, /5)/47mo 2N,

In £ the correctionlaowg/wz. are omit-
ted, It is seen from Bq.(I0) that Py _
weakly depend on the frequency cutoffly.
The "slow" processes contribution to
ﬂa(w) depends on the ratio of the cont-
ributions of thermal and szero-point
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fluctuations to the electron displace-
ment over the time t =max(w ] "I, P'I).
This ratio is characterized by a para-
meter

r=2 ée(w&to-x) |Kg¢|2 ﬁﬁdx
(2R g )'I':-*(Tw/zﬁcfn)ln(mt )

(t determines the range of integration
over time in” (W), the "alow" processes
only having beeu taken into account).

If T>w, > Pp the most essential
"glow" processes contributing ton (w)
are the virtual processes of creation
and annihilation of surface vibrations
at fixed occupation numbers of the elec-
tron vibrations, and

exp[- ]

P- ;12 2lvd|2

Corcect ‘;zxpw;;.:w‘rs

éiv% (A SP"‘%C >
1297 ((95’25

(11)

(12)

It follows from the results of the
present paper that the electron relaxa-
tion at T»wﬁ/wo is determined by a
short-range order in the electron system.
At higher densities (wp)wc,‘l‘) the cor-
relation over large distance becomes
essential (e.g. to obtein Eq.(9) the cor-
relation radius was supposed to exceed
2Me/w,)+ Hence CR may be used to detect
the 2D Wigner crystallization. It should
be noted in the conclusion that our the-
ory allows to describe quantitatively
the experimental dependences3 of the CR
peak broadening and shift on concentra-~
tion, magnetic field strength, tempera-
ture and coupling parameter for 2D elec-
trons above the helium surface.
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Wigner crystal thermal fluctuations
do not contribute to the decay broa-
dening (9). They may be shown in ge-
neral to influence weakly the demping
of high-frequency (w&»m) modes at

W »T. R.Mehrotra and A.J.Dahm(Phys.
Rev. Lett.,43, 467 (I979)) obtained
a different result (the case Hs0 was
considered) since: they used the ex-~
pansion of oxp(iﬁin) in off-diagonal
(in the occupation number representa-
tion) part of the operator q(¥,-K ).



