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Filling-factor-dependent electron correlations observed in cyclotron resonance

M. Manger,1 E. Batke,1 R. Hey,2 K. J. Friedland,2 K. Köhler,3 and P. Ganser3

1Physikalisches Institut der Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany
2Paul-Drude-Institut fu¨r Festkörperelektronik, Hausvogteiplatz 5-7, D-10117 Berlin, Germany

3Fraunhofer-Institut fu¨r Angewandte Festko¨rperphysik, Tullastrasse 72, D-79108 Freiburg, Germany
~Received 16 January 2001; published 13 March 2001!

Cyclotron resonances of electron space-charge layers in GaAs were studied at3He temperatures covering a
density regime from 2 to 1331011 cm22. For densities higher than about 631011 cm22 many-body influ-
ences are sufficiently reduced such that line splittings due to band-structure influences were involved. At
integer filling factors the spin-up and spin-down electrons are not completely decoupled as predicted by theory.
Inter Landau-level optical gaps are renormalized at odd fillings, and there is a correlation gap between spin-
and charge-density excitations in the long-wavelength limit.
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The influence of many-body effects on the cyclotron re
nance ~CR! is a fascinating topic that still has not bee
settled properly. According to Kohn1 the CR frequency of a
translational invariant carrier system is not influenced
many-body effects. This is due to the fact that the excit
electric dipole field couples only to the center-of-mass m
tion of a one-component system leaving the internal for
unaffected. Under such circumstances the experiment refl
the single-particle CR position. Impurity or band-structu
influences can break the translational invariance and rein
duce many-body effects as is well known from many expe
ments performed on space-charge layers
semiconductors.2–8 One then faces a multicomponent syste
where the internal forces cannot be neglected.9–14Each com-
ponent represents an oscillator with a characteristic sin
particle frequency, and many-body effects couple the os
lators in a manner that has not been explored
satisfactorily. In sufficiently high-mobility carrier system
impurity influences are suppressed, and the band-struc
mediated interaction coupling will dominate. Previously, th
coupling was studied only on dilute electron space-cha
layers in GaAs. A limit fairly well understood today. Fo
samples with surface electron densitiesNs of the order of
1011 cm22 the coupling has not been explored yet. Due t
strong interaction influence previous experiments could
reveal split CR lines that are essential to analyze the c
pling quantitatively. We report here a detailed CR investig
tion of high-mobility electron space-charge layers in Ga
that gives first insight in the band-structure-mediated in
action coupling at high densities. At integer filling facto
n52p l 2Ns @ l 5(\/eB)1/2# when a two-component electro
system is present the spin-up and spin-down electrons are
decoupled. A result presently not matched by calculatio
We also provide information on the inter-Landau-level op
cal gaps and the spin- and charge-density excitations in
long-wavelength limit.

We studied electron space-charge layers with mobili
in the million cm2 V21 s21 range in modulation doped
Al0.3Ga0.7As-GaAs single heterostructures and in 10 n
wide GaAs quantum wells covering a density regime from
to 1331011 cm22. CR was studied in Faraday geometry
transmission with unpolarized far-infrared radiation with
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set up incorporating a rapid-scan Fourier transform sp
trometer, a 17 T magnet system and a3H insert. CR lines
were obtained from the relative change in transmiss
2DT/T512T(B)/T(Bref), whereB and Bref are the mea-
surement and reference magnetic-field strengths, res
tively.

Figure 1 provides an overview of resonances observed
a quantum well withNs510.6531011 cm22 at 1.4 K in a
magnetic-field regime from 2.2 to 17 T. CR traces at inte
filling factors are featured by bold lines. Pronounced C
splittings are observed at the odd filling factorsn53 and 5.
At noninteger fillings a more or less asymmetric single li

FIG. 1. Cyclotron resonances for a 10 nm wide GaAs quant
well with Ns510.6531011 cm22 at 1.4 K in the magnetic-field
regime from 2.2 to 17 T~field increment50.2 T!. At integer filling
factorsn the traces are featured by bold lines.
©2001 The American Physical Society03-1
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dominates. There is essentially no difference between m
surements at 400 mK and 1.4 K, however, all splittings
quenched at higher temperatures. We like to note, that qu
tatively similar line-shape variations could not be resolv
for the electron systems withNs<5.8031011 cm22. Even at
the lowest temperatures an essentially symmetric single
line was observed.

For n52, 3, 5, and 7 the evolution of the CR line sha
with Ns is shown in Fig. 2. Traces are for single heterostr
tures and quantum wells for theNs regime below and above
about 6.531011 cm22, respectively. Forn52 a symmetric
single line at lower densities develops in an asymmetric
with low energy shoulder at higher densities. For the ev
fillings n>4 no evolution of the line shape withNs was
observed. For all densities an essentially symmetric sin
line was present. At the odd fillings the changes in line sh
with density are more dramatic. A well-resolved splitting
observed forn53 and 5 increasing withNs . A similar be-
havior is found also forn57, however, the degree of spli

FIG. 2. Evolution of the CR line shape with density for~a! n
52, ~b! 3, ~c!, 5, and~d! 7. The dashed and dotted lines are fits
the experiment as described in the text.
12120
a-
e
li-
d

R

-

e
n

le
e

ting is less pronounced. At fixed integern the splitting in-
creases with increasingNs and the resonance with lowe
transition frequency gains in strength.

In Fig. 3 the allowed single-particle electrical dipole tra
sitions at integer and noninteger fillings are depicted sc
matically. Three transitions are allowed at noninteger a
two at integer fillings, which will have different transitio
frequencies in a nonparabolic system. Our assignment is
sen such that the frequenciesv i ( i 51 – 3) decrease with
increasing indexi. At odd fillings the difference in the tran
sition frequenciesDv5v12v2 is essentially ruled by the
difference in the Landau gaps, whereas at even fillings
difference in the comparatively smaller Zeeman-gaps cou
Qualitatively this can explain why we observe more pr
nounced line splittings at odd fillings. Since the difference
the gap sizes increases withB, which at fixed integer filling
is proportional toNs , one can also understand why the lin
splitting increases with increasingNs . Eventually, at fixed
Ns the reduction of the splitting with increasing odd filling
also in qualitative agreement with the expectation. Howev
the single-particle picture is not appropriate to analyze
experiment quantitatively. This becomes immediately e
dent if we compare the experimental oscillator streng
with the predicted ones. In single-particle approximation
oscillator strength of a CR transitionN→N11 for
spin-up or spin-down electrons is ruled by the expressiof
5(N11)(nN2nN11)/Ns wherenN andnN11 are the popu-
lations of the initial and final steps, respectively. At ev
fillings initial and final states for both spin orientations a
equally populated and the two transitions should have
same strength. The asymmetry of the lines observed in
2~a! for n52 at the higher densities does not support t
point of view. The asymmetry is a strong indication for th
presence of two lines with different strengths. At odd fillin
the relative strength of the spin-up to the spin-down tran
tions should scale according toN11/N5n11/n21. Thus,
the lower energy transitionv2 should always be stronge
than the higher onev1 . In contrast, it is evident from Figs
2~b! and 2~c! that the strength of the transition with lowe
frequency is mostly smaller than the one with higher f
quency. The transition with lower frequency gains in weig

FIG. 3. Schematic sketch of the density of states for a tw
dimensional electron system subject to a perpendicular magn
field for integer and noninteger filling factors. The possible sing
particle CR transitions with frequenciesv i ( i 51 – 3) are indicated
by arrows.N is the Landau-level quantum number and the sm
arrows indicate the spin orientation.
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with increasingNs , and can eventually exceed the streng
of the transition with higher frequency as in the case in F
2~b! for B514.7 T. However, this simply indicates that th
single-particle limit is approached.

The inadequacy of the single-particle picture to pred
the oscillator strength provides a clear indication that
interaction coupling rules the experiment. The respo
theory for CR incorporating the coupling was develop
previously.7,8,10–12,14If we restrict the discussion to the mo
simple case of a two-component system, i.e., integer fillin
then one has to solve the eigenvalue problem of the Her
ian 232 matrix

S v11 f 2v I 2Af 1f 2v I

2Af 1f 2v I v21 f 1v I
D . ~1!

v i and f i ( i 51,2) are, respectively, the single-particle tra
sition frequencies and oscillator strength for the spin-up
spin-down electrons, andv I is the term that rules the cou
pling. In a Hartree-Fock treatment of the coupling the int
action vanishes at integer fillings.12 This is due to the fact
that the two-spin states are completely decoupled within
approximation. Only components with the same spin can
teract. Also a finite-size study of a two-component syst
for the casen52 could not reproduce a finite coupling.14

Present theoretical treatments cannot account for the resu
our experiment. It is necessary to go beyond existing th
retical approaches. With regard to the previous Hartree-F
calculation, we will refer to the observed coupling of th
spin-up and spin-down electrons as a correlation effect.

Though refined theoretical approaches are required to
count for the coupling term, its experimental determination
straightforward. Solving the eigenvalue problem Eq.~1! pre-
dicts collective mode frequencies (i 51,2):

V i5v11
X212~21! iA~12X!214Xr

2
Dv ~2!

and oscillator strengths

Fi5
A~12X!214Xr1~21! i~X2112r!

2A~12X!214Xr
. ~3!

We used abbreviationsX5v I /Dv and r5 f 2 /( f 11 f 2)
51/2@(n11)/2n# for even@odd# fillings. The prediction of
the single-particle picture is recovered forv I50. We then
haveV15v1 , V25v2 , andF1 /F25 f 1 / f 251 for even and
F1 /F25 f 1 / f 25(n21)/(n11) for odd fillings.

Oscillator strengths and resonance positions were a
lyzed by calculating the relative change in transmiss
2DT/T taking into account all dielectric layers of th
samples and the contribution of the electron space-ch
layer via a complex high-frequency conductivity. With th
usual Drude-type high-frequency conductivity alone, wh
gives a Lorentzian line, a satisfactory fit of the line shap
was not possible. For best agreement also a contribu
whose real part follows a Gaussian-type frequency dep
dence had to be considered. The result of the fitting pro
dure is shown in Fig. 2 by dashed lines.
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Comparing the experimental values to the predicted o
by Eqs.~2! and ~3! we obtain the difference in the single
particle transition frequenciesDv and the coupling fre-
quencyv I as shown in Fig. 4 for odd and even fillings. Not
that the interaction term is negative and follows a relat
CnB1/2 with a filling-factor-dependent scaling factorCn . The
square-root dependence inB is expected, since any interac
tion energy scales with the inverse of the magnetic lengthl in
the strictly two-dimensional limit. We obtainCn

'20.5 T21/2 cm21 and20.35 T21/2 cm21 for the odd fill-
ings n53 and 5 and the even fillingn52, respectively.
Within the experimental accuracy we cannot resolve a p
sible difference forn53 and 5. The difference in the single
particle transitionsDv increases proportionalB2. Such a de-
pendence can be expected from the nonparabolicity of
GaAs conduction band. To first order in the nonparabolic
at even fillingsDv is given by g1mBB2, whereg1 is the
nonparabolicity correction to the Lande´ g factor andmB is
the Bohr magneton. The experimental data are well
scribed byg1'0.0105 T21 determined previously for dilute
quasi-two-dimensional electron systems7,8 and bulk GaAs.15

At odd fillings Dv can be parametrized in the framework
the two-band model in the form

F 2\

Eg*
S e

m0*
D 2

2g1mBGB2,

wherem0* is the effective mass at the subband edge andEg*
an effective gap between the conduction and valence b
edges. Since far band contributions cannot be neglected
GaAs, the effective gap is smaller than the fundamental g
The dotted line in Fig. 4~a! was calculated withEg* 51.0 eV,
which is the appropriate value for bulk samples and su

FIG. 4. ExperimentalDv andv1 values for the~a! odd fillings
n53, 5, 7 and~b! n52. The solid, dashed, and dotted lines a
calculated according to the given equations.
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ciently dilute electron space-charge layers in GaAs. Ho
ever, best agreement with the experiment is obtained with
effective gap value of 1.7 eV as shown with a dashed li
Obviously, in the high-density limit the difference in the in
ter Landau-level optical gaps is reduced compared to
dilute and bulk case. We attribute the reduction to a ma
body induced renormalization of the inter-Landau-level o
tical gaps.

Equations~1!–~3! formally also describe the coupling o
electrical dipole transitions in the dilute limit (Ns
,1011 cm22), however, with different values forv I and
r.7,8 In the dilute limit the coupling term is positive. Mos
interestingly, there is a sign reversal of the interaction term
one switches between the high and low density limits. Th
is a vivid interpretation forv I . In the parabolic limit Eqs.~2!
and ~3! predict V15v15v2 with F151 andV25v11v I
with F250. If we consider a finite wave vectorq parallel to
the interface the excitations close to the cyclotron freque
can be classified as charge-density~CDW! and spin-density
waves10,11 ~SDW!. The CDW and SDW frequencies ap
proach the cyclotron frequency in theq→0 limit for a para-
bolic system with the SDW not being dipole active. In o
treatment of a parabolic systemV1 andV2 represent, respec
tively, the CDW and SDW frequencies, however, their d
generacy is lifted in theq→0 limit. The mode energies diffe
by a correlation gap of size\v I . According to the sign ofv I
the CDW energy is larger than the SDW energy in the h
density limit, whereas in the dilute limit we have a revers
situation. Due to band-structure influences both char
density and spin-density excitations mix. Experimental e
dence for the mixing can be derived from the line shape
the collective CR transitions shown in Fig. 2. The resona
with higher energy, which carries most of the strength,
essentially described by a Lorentzian line. In contrast,
resonance with lower energy and smaller strength could o
be described well by considering a superposition of a Dru
and a Gaussian-type high-frequency conductivity. T
Gaussian contribution increases with decreasing oscill
strength. We expect that transitions with reduced oscilla
strength are likely to possess more spin-density chara
s

,
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CDW are influenced by an average scattering potential, s
the electrons are locked together by an internal electric fi
generated by the spatial displacement with respect to a p
tive background. This scattering potential can, in princip
cause a frequency shift of the collective mode, however,
break-up in several collective excitations with different fr
quencies can occur. Thus, we expect only the homogene
broadening for this type of excitation. In the case of SD
the electrons are coupled by the short-range exchange
and will pick up more local properties of the scattering p
tential. This excitation should be more sensitive to the inh
mogeneous broadening.

For the quantum wells atn>3 a third resonance had to b
considered for best agreement with the experiment a
shown by dotted lines in Fig. 2. Those resonant structures
shifted considerably to higher energies with respect to
mean position of the CR line and are about an order of m
nitude broader than the collective CR. At fixed density t
separation with respect to the mean CR position increa
and the strength decreases with increasingB. It could well be
that we face here a scatterer-induced excitation to the ro
type minimum in the dispersion of the CDW.16 The experi-
mental shift agrees surprisingly well with the predicted sh
DE'(0.1– 0.2)e2/4pee0l .

In summary, we studied the interaction coupling of C
transitions for high-density electron space-charge layers
GaAs. Line splittings that could be traced back to the no
parabolicity of the GaAs conduction band were observed
densities above about 5.831011 cm22. The split resonances
represent mixed modes of CDW and SDW. There is stro
evidence that the degeneracy of CDW and SDW of non
rabolic systems is lifted in the long-wavelength limit. At in
teger filling factors there is no complete decoupling of t
spin-up and spin-down electrons as predicted by pres
theories. We hope that our experiment might initiate cal
lations to better account for the influence of the electron sp

We would like to gratefully acknowledge financial su
port by the Deutsche Forschungsgemeinschaft and the V
Stiftung.
tt.
1W. Kohn, Phys. Rev.123, 1242~1961!.
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