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The cyclotron resonance of high-mobility GaAs/&a; ,As heterojunctions displays both a temperature
and Landau-level occupanay dependence. For occupancies belevt/10, the behavior is identical to that
found in high-purity bulk GaAs with spin splitting of the resonance. The position of the two peaks changes
only slightly as the temperature is raised from 0.1 to 2 K. lﬁ;ﬁ S % the peak position and relative peak
intensity of the two peaks shifts radically as the temperature is raised or the density varied. At integral and
greater occupancies only a single cyclotron resonance peak is observed whose position changes very little with
temperature. Finally, the fractional regime with occupancies betvﬁemd 1 shows only a single cyclotron
resonance with a slight temperature dependence and provides no evidence that the many-body interactions
responsible for the fractional quantum Hall effect influence the cyclotron resonance. The experimental cyclo-
tron resonance behavior can be explained by a recently published theory by Cooper and Chalker which models
the system in terms of the Coulomb interaction and the thermal population of both spin states. A rigorous
comparison between data taken over a wide range of densities and temperatures and the theoretical model
establishes the validity of this explanatid®0163-182@6)03843-X]

[. INTRODUCTION ond peak was initially cited as evidence for the magnetically
induced Wigner solid:’ Further work suggested that the ori-
Cyclotron resonancgCR) has proved to be a very gin of the two peaks was due to the spin splitting of the
useful experimental technique in the study of the two-Landau levels rather than formation of the Wigner Cry%'fal.
dimensional electron systen{2DES in high-mobility ~ The unusual temperature and density dependence, however,
GaAs/Ga _,Al ,As heterojunctions, providing valuable in- could not be explained by a single-particle picture. One pos-
formation on, e.g., carrier scattering mechanisms, electrorfibility suggested to explain this behaviowas electron-
optic phonon coupling effects, and the shape and width oflectron interactiorfsor mode coupling.In a detailed expla-

the confining potential. Recently, however, CR has also beef@tion, however, Cooper and ChalkéCC) (Ref. 10
.considered the extreme quantum limit and modeled the

used as an indirect probe of electron-electron interactions i ; -
the 2DES at very low Landau-level filling factor DES_ as two c_omp_ressﬂ?le states composed of_electrons in
»(=Ngh/eB), ie., conditions of low carrier density th(—g different spin orientations. The cyclot_ron motions o_f thg
S o . . S spin states couple through the Coulomb interaction which is
and/or high magnetic field und_er. which electrllcal traljsport a function of the total electron density. The temperature of
measurements become very difficult or even impossi#e, o ystem sets the population of the two spin states through
e.g., Refs. 1-B Most of the latter studies focus on manifes- yq gojtzmann distribution function. With the system’s tem-
tations of effects due to the Zeeman splitting of individual yeratyre and electron density as the only entered variables,
Landau levels. CR is a spin-conserving effect and becausge cC calculation gave computationally generated spectra
theg factor in GaAs is energy dependent, the observation ofyhich reproduced the features of the experimental data for
two distinct transitions might be expected when both spinsimilar occupancies and temperatures.
split halves of the lower Landau level involved are In this paper, we report a systematic study of the CR of
populated? Initial experiment$ looked for the expected the 2DES over a filling factor range that extends from
splitting of CR in the region ¥ v<<2; however, no splitting »=1/17 up to occupancies greater than 2. Changes in the
was observed. This negative observation was interpreted ascupancy are made by using a series of high-mobility het-
the result of electron-electron interactions, and later in thigrojunctions and with continuous illumination from a visible
paper we shall demonstrate that this surmise is correct. Howaser, which results in a dynamic depopulation of the 2DES.
ever, similar experiments in the extreme quantum limit re-The temperature of the system is varied from 0.05 to 14 K
vealed a splitting that was occupancy and temperaturéhrough the use of several experimental configurations in-
dependent;® only becoming resolved for<<1/6. This sec- cluding a specially modified Helium dilution refrigerator, ca-
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pable of holding temperatures below that at which the eleclarge increase of the CR effective mass was observed where
trons are predicted to condense into an ordered solid or the population of higher subbands with a different effective
Wigner crystaft! These experimental results demonstratemass occurred due to higher temperattfres with the ap-
that the CC model not only accurately predicts the observeglication of uniaxial strain which lowers the higher effective
behavior of the CR in the extreme quantum limit but alsomass subbandg. These data were explained using either
allows the mean position of the CR to be used as a direanode coupling theoryin which the different masses were
measure of the spin polarization, even above integral occuwzoupled through mutual Coulomb interactions, or by
pancies. electron-electron scatterifign which the CR modes merge
The paper is organized as follows. Section Il provides adue to motional narrowing in the limit of strong scattering.
brief review of cyclotron resonance in the 2DES and intro- Predictions of possible Wigner crystallization at low fill-
duces the elements of the CC model which are necessary tng factors have led to very recent studies of the magneto-
interpret the experimental data presented. Section Il deplasmon where the magnetic length is kept small relative to
scribes the experimental apparatus, and Sec. IV provides the interparticle spacing. lordanskii and MuzykantSMiiave
systematic comparison between the data obtained and thpredicted additional structure in the absorption spectrum due
predictions of the CC model. A summary is given in Sec. V.to the pinning of the periodic crystal potential by potential
fluctuations. Cte and MacDonald find that for<3 ex-
Il. CYCLOTRON RESONANCE OF 2D SYSTEMS change effects become small and the strength of the collec-
AND THE COOPER-CHALKER MODEL tive excitation decreases as the occupancy is redficed

) The most recent theoretical approach to explain the CR
Cyclotron resonance is detected through the resonant apectra of a two 2DES has been made by Cooper and

sorption of far-infrared radiation at the cyclotron frequencychalker® Their formalism is a marked departure from pre-
given by w.=eB/m*, wherem* is the single carrier effec- yjous studies in that they considereccampressibleegime
tive mass. lllumination with the far-infrared constitutes awhere Cou'omb interaction between excitations of the two
long wavelengtiismallk) perturbation of the electron gas or (different spin states is taken into account. MacDonald and
plasma. The collective response of an electron plasma tRallin only considered incompressible systems where a Lan-
such a disturbance occurs at the plasma frequeagy,For  dau level(or spin statgwas completely filled. The calcula-
bulk semiconductors, the plasma frequency approaches a fion of CC has since been extended to include broadening
nite value ask goes to zero. In two dimensions, however, effects on the CR from radiation damping and thermal mo-
wp—0 whenk—0. When a 2D electron system is placed in tion of the electron&! Similar theory has also been used to
a magnetic field, Landau quantization of the energy levelgxplain behavior of the CR where electron-electron interac-
occurs and the plasma excitation modes occur close to intgjons between the ground and higher thermally populated
gral multiples ofw.. At long wavelengths, the lowest of |Landau levels causes shifts in the resonance position.
these modes is plasmonlike and is referred to as the magne- The CC model places electrons on the sites of a triangular
toplasmon. The magnetoplasmon mode is equivalent to thiittice and assigns a spin to each with the spin population set
formation of amagnetic excitopwhich would correspond to by the physical temperature of the system through the
the energy required to promote an electron from an occupie@oltzmann distribution function. The negati factor of
Landau level to an unoccupied Landau level leaving a hol€saAs results in the spifi electrons lying lowest in energy,
behind in the lower level. As a result, the dispersion relationmaking this the majority spin state. At a fixed magnetic field,
of a 2DES in a perpendicular magnetic field can be expresseginority spins undergo CR at a lower frequency, which may
as be thought of as arising from a slightly larger cyclotron
mass. The two spin states couple with each other through the
E(k)=fiwc+ SE(k), 1) coulomb force; the strength of the interactidn,is propor-

with 7w, the cyclotron energy andE(k) the energy of the tional to the carrier densityl ¢N*?) and is given by
magnetoexciton which is due to the correlation between elec-
trons. Pure cyclotron resonance corresponds to the zero _ e?? 1 e V3ve| ¥
k-vector limit of this dispersion.  8meepa’ hdw, meegk | 8hB !
For a system that is translationally invariant, cyclotron
resonance is independent of any electron-electron interaavherea(=[(/3/2)Ns]~*?) is the interparticle spacind, is
tions: the system resonates at a single frequencyhe Larmor radius, andw.(=xB?) is the difference in en-
w.=eB/m*. This result is known as Kohn’s theoréhand  ergy of the two transitions. Beginning with these assump-
follows from the fact that the long wavelength electric field tions, CC calculate the normal modes of an interacting two-
couples only to the center of mass motion. Kohn's theorentomponent plasma with frequencies near the cyclotron
leads to the conclusion thatE(k)—0 ask—0. This has frequency. It is important to stress that the CC model is an
been confirmed by several calculations of the magnetoplasbsolute calculation of the energy levels of an interacting
mon mode made by various authd?s? However, transla- plasma that is dependent on only two experimental param-
tional invariance can be broken by dopant impurifies,  eters: the spin population determined from the system tem-
lattice defects or nonparabolicity of the conduction b&hd, perature and the interaction strength determined from the
which could cause thk+# 0 modes to mix with the cyclotron density.
mode atk=0. Mode mixing can lead to changes in the ef- It was also shown that the detailed numerical results could
fective mass and resonance linewidth. An early example obe simulated by a simplified model in which each electron
this behavior occurred in silicon inversion layers, where awas coupled equally to all others, with a coupling constant
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inversely proportional to the total number of particles. Ana-frequency or magnetic field, using either a far-infrared laser
lytic expressions for the two supported frequency mode®r Fourier transform spectrometer. A helium dilution refrig-
from this model enable a quantitative evaluation of the ex-erator, 3He system, and standh® K cryostat were alter-
perimental data within the CC framework. The simplified nately used in order to take readings over a temperature
model supports two optically active modes which representange from 0.05 to 14 K. The samples consist of a series of
the in-phase and out-of-phase oscillations of the two spirnigh-mobility GaAs/Ga_,Al ,As heterojunctions grown by

populations, with frequencies molecular beam epitaxy at Philips Research Laboratory,
Redhill?* The samples had spacer layer thicknesses of 4800,
wn=[a—1-(1-a)*+4ap]/2, (3) 2400, 1600, and 1200 A with carrier densities after illumina-
tion from 3 to 12< 10 cm~2. Reduction of the density by
wou=[a—1+(1-a)*+4ap]/2, (4)  up to 70% was also achieved situ by using continuous

r{'Ilumination from a red HeNe laser carried to the sample by
a 1 mm silica optical fiber. With energy greater than the
(Ga,A)As band gap, the light depopulates the 208 %
power density of 10° W/cm? reduced the lower bound on
the carrier concentration t0x110'° cm™2. The power den-
wourt P sity was altered through the use of externally placed neutral
(5 density filters. Even the dilution refrigerator was reasonably
tolerant of this additional source of heat, holding the base
where p is the fractional proportion of minority spins. A temperature for all but the largest power densities, with a full
comparison of the simple model to the full numerical calcu-HeNe power of 0.5 mW.
lation requires that the coupling constant 11.034 in or- Electrical contacts allowed simultaneous transport mea-
der to match the results for the two calculation procedures.surements to be made on the high density sample, enabling a
CC conclude their theory by postulating that the weightedorecise comparison of optical and transport measurements of
mean cyclotron frequency is a direct measure of the relativéhe carrier density. Conversion of absorption strength to car-
population of the two different spin states. Although pre-rier concentration was made using the classical Drude ab-
sented in Ref. 10 as applicable for occupancies within theorption formula.
extreme quantum limit, this result has been extended and

which are measured relative to the majority spin frequency i
units of the splitting dw., and normalized so that
dw.=0,1 for the majority and minority spins, respectively.
The oscillator strengths are given by

Sn=1-Sou=

1
Wout™ Win

shown to be valid foanyfilling fraction within the assump- IV. EXPERIMENTAL RESULTS
tions (1) that there is no disorder within the system 4@y
no coupling of the Landau levefs. The majority of the experimental data to be presented

A move from the CC terminology to the experimental correspond to Landau-level occupanciesless than 1/6,
parameters is straightforward. Experimental results are prevhere changes in the carrier density and temperature of the
sented in terms of temperature, carrier density, and the spliDES have been shown to dramatically affect the cyclotron
ting between the two resonance positions. The temperature fi@sonance spectfa’ This is also the occupancy region
Kelvin determines the proportion of electrons with minority which is directly addressed by the CC modfél.
spin using the Fermi-Dirac distribution function, As has been mentioned in Sec. |, the spin splitting only

manifests itself in CR measurements because of the energy
e dependence of thg factor, which changes the magnitude of
p= 1+e Ez/KeT’ (6) the splitting for successive Landau levels. This leads to two
) possible transitions for an electron going from tie=0 to

where the Zeeman enerdy,= ug(9* +9’'B)B. B is mea- N=1 Landau level. The predicted field location of the
sured in tesla ang’=0.004T ' represents the slight field spin} and spin transitions is carrier concentration depen-
dependence of thg factor. The total carrier densitfs en-  dent due to band nonparabolicity and can be approximated
ters the interaction strengthwith 1N The splitting of by the formula,
the CR corresponds to

—E,/kgT

5 N 2K,
Wip— 0= V(1= a) +4dap. (7) m* =mq 1——E (EcrT{T) |, (8)
g

There is a critical value oft=1, corresponding to the den- ) o )
sity at which the splitting will go to zero at low temperatures, WhereK; is a parameter describing the slope of the effective
and which will give a single strong collective resonance atmass when plotted as a function of energy, is the band
higher temperatures. This will be used at a later stage t§dge effective masgT,) is the kinetic energy due to the
define a characteristic occupangy which separates a radi- shape of the 2DES confinement potentig),the GaAs band

. . . — -29
cal difference in the system’s response to changes in teni@p, ancEcg="7w.*g* ugB the cyclotron energf*~**The
perature. splitting has a characteristiB?> dependence because the

magnetic field enters both the cyclotron separation between
the Landau levels and thg factor difference between the
ground and first Landau levét:? If the electrons do not
The experiments described in this paper consist ofnteract and behave as a classical gas of single particles, the
monitoring the transmission of radiation through CR spectrum of a 2DES should be identical to that found in
GaAs/Ga _,Al ,As heterojunctions as a function of either high-purity, low carrier concentration bulk GaAs. Bulk GaAs

Ill. EXPERIMENTAL DETAILS
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FIG. 1. Cooper and Chalker generated spectra for an interaction FIG. 2. Cooper and Chalker generated spectra for an interaction
strerllgthl =0.05 match experimental CR traces for an occupancystrengthl =0.1 match experimental CR traces for an occupancy
1
V=15. V=3.

has aN=0 g factor of ~—0.4 resulting in two spin- confinement of the electrons at the interfa&imilar behav-
conserving transitions split by 60 mB K) at 13 T with the  jor 4t very low occupancies has been observed by other re-
spin state lowest in energy. searchers over a much larger temperature rariggure 1 is
the CR spectra generated by the CC model for an interaction
A. The extreme quantum limit, r< 1 strength of 0.05.

The temperature dependence of the CR at the lowest oc-
pancy of 1/12 can be adequately described within a single-
?)rarticle picture: the peak positions are close to the spin tran-
sitions seen in high-purity GaAs with only weak shifts in
peak positions with temperature and the relative populations
of the spin states follow simple Boltzmann statistics such

The temperature dependence was established by using tHeat the system is spin polarized at low temperattires.
3He system in conjunction with either the Fourier transform If the 2DES carrier density is raised slightly to
spectrometer or far-infrared laser. Experiments with the3.4X 10" cm~2 to give an occupancy df, a very different
spectrometer were performed at constant magnetic fieltesponse to temperature is obser{f€ig. 1(b) from Ref. 10.
while the frequency was swept; the reverse situation applie$he base temperature of 0.37 K produces only a single peak
for measurements with the laser. The magnetic field axis owith a position that corresponds to the lower energy spin
the graphs for the laser data are reversed in order to presertr@nsition in bulk GaAs corrected for band nonparabolicity.
the peak ordering between the different experimental conAs the temperature is raised, the single peak splits into two
figurations. Three sets of data are presented which illustrateesonances which continue to move apart at higher tempera-
the temperature dependence for different occupancies belotwres. Gradually, most of the intensity is shifted into the
v= . Matched with each series of experimental spectra aréigher field peak which moves upward in field by a distance
theoretical CR spectra generated by the CC model for similawhich is close to half the single-particle splitting. The mag-
temperatures and densities. nitude of the splitting between the peaks at the intermediate

Figure Xa) from Ref. 10 shows CR traces as a function oftemperature of 1.7 K is significantly less than the expected
temperature for a very low occupancy ¢f Most of the splitting given by the single-particlg factor for these fields.
carriers are seen to reside in the lower field peak at bas@nother study at similar occupancidsas shown that further
temperature. As the sample temperature is raised, the intemcreases in temperature result in virtually all the oscillator
sity of the higher field peak is increased until the strength ofstrength shifting over to the high field peak by 13 K. Figure
both peaks is roughly equal by 1.7 K. Drude model analysi® is the CR spectra produced by the CC model for an inter-
of the absorption spectra confirms that the total carrier denaction strength of 0.1.
sity remains constant while the intensity transfer takes place. An increase in the occupancy f where only a single
The resonance peak positions vary little with increasing tempeak is seen in the CR spectra, also changes the temperature
perature. The absolute positions of both resonances are clodependence. Figure(@ shows a series of CR spectra as a
to the field positions of the spin-split transitions seen in bulkfunction of temperature at 14 T with an occupancy-of
GaAs, with the splitting reduced by 20% from the bulk (Ns=5%10' cm~?). The Fourier transform spectrometer
value. Previous work has demonstrated that the correspomvas used for this series of data. The single CR peak shifts to
dence is exact£5 mT) in the low density limit where there lower energy as the temperature is raised from 0.36 to 4.0 K.
would be no correction for band nonparabolicity arising fromThe peak position at base temperature corresponds to the

We now discuss separately the temperature and densi%
dependence and fit the data to the predictions of the Coop
and Chalker model.

1. Temperature dependence
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[a] N=5x1010 cm2, v =1/6 [b] 1=0.2 netic fields. Pulsed magnetic field measurements of hetero-
100 30K T ek junctions with the same origin as those used in this study
: - have shown that the splitting continues to follow accurately
1 fgg the characteristi®? dependence of bulk GaAs for fields up
%0 LK to 90 T53! The possibility of impurity shifted CR, which
o L6K was thought toggave influepced earlier measurements on less
S 4K | pure gample%?' can be discounted dl_J_e to the r_ughly Sys-
8 LoK tem{itlc depgndenge of resonance pos_ltlons and intensities on
2 ] N carrier density. This correspondence is continuous from one
% 70 g-g‘;ﬁ sample to the next, and independent of other factors such as
& ] O spacer layer thickness, illumination states and cool-down
history.
60 Consideration of these facts justifies the acceptance of the
idea that the two CR peaks in the low temperature and oc-
s . ; cupancy limit result from the spif and spin| transitions.

Away from low temperature and occupancieg.e.,
v=1/9—-1/6, T>700 mK), the CR spectra is due to tlie-
teraction between the spin states; the observed peaks are

neither spin] or spin |, but a hybridization of the two, with
intensities and positions accurately predicted by the CC
model.

FIG. 3. (a) Experimental CR traces for an occuparm—yé are
matched with(b) Cooper and Chalker generated spectra for an in-
teraction strength=0.2.
spin 1 transition if an allowance is made for the carrier con- 2. Density dependence
centration dependent nonparabolicity concentration. The As mentioned earlier, the CC model predicts that the
highest temperature sees the single peak shifted lower in efeighted mean position of the cyclotron resonance provides
ergy by approximately half of the predicted single-particlea measure of the spin polarization of the system. To test this
splitting. Experiments in the dilution refrigerator where the hypothesis rigorously, we plotted the weighted mean posi-
base temperature was extended to below 0.15 K show a Slrmron of the Cyc|otr0n resonance from 038 K for four
lar temperature dependence for these low occupancies. Figifferent densities: 1.6, 2.1, 2.6, and .50 cm~2. The
ure 3b) is the CR spectra produced by the CC model for anyeighted mean field positioB ., is given by
interaction strength of 0.2.

The best fits between the experimental data and the theory
were obtained for values of the interaction strength of
=0.05, 0.1, and 0.2 which are slightly lower than the values
O b o B s gy o Uhers | (B.)._(B.) are th nomalzed ensies
tributed to the finite thickness of the 2DES which is thought(f'e.Id pos'“O’?s Of. the spin{ and sp_ml resonances. If the
to reduce the strength of the electron-electron interactionzh populatlon IS gove[geﬁ( Py smgle-pgrtlcle Boltzmann
Later in the paper when the simplified analytical model isStat'St'CS' therl =1, +e =" whereE, is the Ze(_eman
used for a detailed comparison of theory and experiment, it iinergy of the N=O Landau level. Substituting
shown that a reduction in the interaction strength by a factof* — B_—B., the weighted mean then becomes
of 0.65 provides the best fit. This is consistent with earlier
efforts to model the fractional quantum Hall effé@which
supported a reduction in the strength of the electron-electron
interaction in a 2DES by factors of order 6:5.7. No ad-
justment was made in the conversion from experimentallyFor each density in Fig. 4 the field positions of the high field
recorded temperatures g the population of the higher en- (circles and low field(squaresspin transitions as well as the
ergy minority spin state. In the low temperature limit, the CCweighted mean field positioftriangles determined from Eg.
theory faithfully reproduces the experimental result of com-(9) is plotted. The dotted line is drawn from E@0) and is
plete spin polarization with all the electrons in the lowestseen to follow the experimentally determined weighted
energy spin| state located ab=0. mean. This is confirmation that the spin polarization is given

The theoretical CR spectra produced by the CC calculasolely by the single-particle Boltzmann factor for these oc-
tion are seen to match the experimental results for each afupancies. Raising the temperature increases the population
the three representative occupancies in the quantum limiof the upper spin state which causes the single peak, equiva-
We believe that this is good evidence for the validity of thelent to the weighted mean, to shift up to half of the predicted
model. At low temperatures, the peak positions of the 2DESsingle-particle spin splitting. The predilection of the
CR correspond to the bulk GaAs spin transitions if the bandveighted mean to follow a Boltzmann dependence continues
nonparabolicity correction of Eq8) is taken into account. for densities up to 18 10'° cm~2, where only a single peak
An additional indicator that spin effects are responsible foris ever seen in the CR spectruffig. 5). It is now clear that
the split resonance is that the magnitude of the splitting athe position of the single peak represents a weighted average
low densities is identical to that of the bulk at similar mag- of the temperature driven population of the two spin states.

1,B,+1_B_
L+

9

Bmear™

Ae_EZ/kBT

Bmear=B+ T 1+e E,/kgT (10
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FIG. 4. Temperature dependence of the CR for the four densi- Fractional occupation of minority spin (p)

ties. The field positions of the high fielgtircles and low field
(squarep spin transitions as well as the weighted mean field posi-  F|G. 6. Temperature dependence of the two cyclotron resonance
tion (triangleg determined from Eq(9) are plotted. The dotted line  gpin-gp|it transitions measured at 13 T, for a series of densities. The
is drawn from Eq(10), which shows the expected behavior of the gpjitting is fitted using Eq(7) with the spin population calculated
weighted mean if the spin population is given by the Boltzmannfrom the Boltzmann factor. The horizontal dashed line shows the
distribution function. single-particle spin splitting which is 70 mT.

B. Analysis using the simplified model Figure 6 plots the magnitude of the splitting for data from

Visual comparison of the experimental traces and the pre(_).3 to 8 K as a function of fractional occupation of minority

dictions of the CC model shows the excellent qualitativeS%'Ir,:én?;iﬁr?ggo:hfgléﬂg tgglligiff Iécg)lvﬁ'r;eoglylitgz tf;;a
agreement between the two spectra. It would be preferable . using ' piiting
however, if there was a way to combine data taken at differ—!tteci to Eq.(7) with « as thg fitting parameter. The Interac-
ent densities and temperatures and present it using the Ct&m strengthl =(a/11.034) is then plotted against the ex-

formalism. The analytic expressions derived from the Simp”_perlmental density in Fig. 7. The dashed line ShO.WS .the val-
ues fora calculated from Eq(2) assuming a reduction in the

fied model allow for such a comparison. The process in-I i lect int i i h b fackor 0.65
volves several steps. Initially seven different density value ectron-electron nteraction streng y atac T
his reduction was used as a fitting parameter and agrees

\évrir_ez Slféfcégghsgs:;gg t;zem;%nngilg df;o(r)r; thE e sp)in 15(;1",(“” gwith the estimated effect of the finite thickness of the 2DES

for a given temperature was recorded. These points weIJ% the expe_nment. Th;]sfclclmﬂrrr;&ss/ghe prediction 0; ;:C t_hat
then fitted to Eq.(7) to derive a value ofx which is the the interaction strength follows ;™™ over a range of densi-

H 0 -2
interaction strength of the simplified model. Experimentalti€S from (0.5~ 10)x10'° cm 2.
and theoretically determined interaction strengths are shown '€ Simplified model also leads to the concept of a char-

to match over a large density range acteristic occupancy.(T), which can be used to explain the
0.10 T T
[ )
Ng= 10 x 101%cm2
13.104 0.08
. g
=N
g
= 7 0.06F Ik
S 1309 g
=] - .2 K d
= 5 004 .
S 13.08- . 0.02} |—E—| ]
L1 4
0.00 I | I S T | L
0 1 2 3 4
13.07 T : . . . ' . Total Density (1010 cm2 )
0 2 4 6 8
Temperature (K) FIG. 7. The fitted values for the interaction strength given by

| =a/11.034 are plotted as a function of density deduced from the
FIG. 5. Temperature dependence of the CR for a density ofplittings shown in Fig(6). The dashed line shows the predictions
10x 10*° cm~2. The single peak continues to follow a Boltzmann of Eq. (2) if the interaction strength is scaled down by a factor of
dependence. 0.65.
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10 C. The fractional regime z<v<1

o The fractional regime is considered separately because for
'»—r_‘.%‘ ] this range of filling factors it is known that the strong
-8 electron-electron interactions result in the formation of a lig-
L i uid state responsible for the fractional quantum Hall effect
F Y O13T 3 (FQHE). Transport data showing several well-defined FQHE
/ states in this region and predictions for a narrowing of the
s ] linewidth at fractional occupanci&sled researchers to try
; I and correlate shifts in cyclotron resonance positions or
01k ; 4 changes in absorption linewidths to filling factors associated
; : o with the FQHE. In reports on high mobility GaAs hetero-
: I junctions, Seidenbuscét al®” and Rikkenet al3® have sug-
L] gested that there was a small oscillation in the CR linewidth
: i f at 4.2 K, a temperature which is rather high for observation
e s of the FQHE. These studies have been countered by other
. . - . 2,39,40, H H i
Occupancy workers?3*4%who could find no significant effects. Taken as
a whole, experimental results of this controversial topic pro-
FIG. 8. A diagram of the 2DES in the low temperature and Vide noconclusiveevidence for the observation of the FQHE
density limit with the dashed line showing the theoretically pre-by CR, although the majority of experiments have been per-
dicted characteristic occupancy for GaAs at 13 T. The points ardormed between 1 and 2 K, where the FQHE features are not
taken from an experimental determination of the minimum splittingparticularly strong.
for a given temperature. The dotted line is a schematic picture of The CR for fractional occupancies does continue to pro-
the Wigner solid phase as proposed in Refs. 34 and 35. duce only a single sharp resonance which is in contrast to the
expected bulk GaAs-like behavior. At low temperatuies.,
temperature dependence for differing occupancigéT) is 330 mK) the system would be expected to be almost com-
defined as the occupancy at which the observed splitting is Bletely spin polarized with a spin-flip energy in the field
minimum for a given temperatufer=1—2p from Eq.(7)],  range 5-13 T of 1.5-3.5 K. However, the collective electron
which also corresponds to the point of equal resonance i'"ground state of the system may in fact be mixed spin in

Temperature (K)

001 s s a1
0.00 0.05

tensity Sp= Sou)- nature. This is specifically true for the FQHE statevatZ,
where it was both calculatétand shown experimentafl§/
meegk(1—2p) |\ ?28hB 4 - that the ground state of the system was spipolarizedfor

Ye= | T11.034KF J3e =8.14x107%(1-2p)™"B. fields less than 2 T. One of the general predictions of the CC

(11) model is that the weighted mean of the resonance position is
insensitive to the electron-electron interactions and should
F=0.65 is included to reflect the reduction in interactionreflect the mean spin composition of the underlying ground
strength due to the softening of the Coulomb potential by thestate. Thus a change from a polarized single-particle ground
wave function extent in the direction. For GaAs at 13 T, state, away from the FQHE state, to the unpolarized state
Eq. (11) gives v,(T)=0.106(1—2p) %3, could be accompanied by a shift to lower energy of the CR
A diagram of the 2DES in the low temperature and den-peak by up to half of the single-particle spin splitting. This
sity limit is shown in Fig. 8, which includes experimentally would be within the range 0-10.6 cm™* or a corresponding
determined values for(T). There is excellent agreement effective mass enhancement of 0.1-0.3 %. Given the ex-
between the theoretical line and experimental points. Théremely narrow CR linewidths of the Philips samples and
Wigner solid boundary deduced from earlier measurementexperimental resolution of the Fourier transform spectrom-
is also showri*3 Although v.(T) does not represent a eter such shifts should be detectable.
gualitative change in the system or its excitations, it does Figure 9 shows the results of a cyclotron resonance ex-
indicate a special point in the gradual crossover of the magperiment performed on a sample with a carrier density
netoplasmon modes from a weakly interacting electron gas #&.2x 10'° cm~2 up to a field of 12.5 T and a temperature
very low occupancies to a strongly correlated electron liquid330 mK. These data were taken with the Fourier transform
at larger occupancies. For filling factors less than the charspectrometer for fixed values of field. The field range in-
acteristic occupancy, two CR peaks are seen with a splittingludes the fractions'=3 to v=3, where strong features in
close to that seen in bulk GaAs. The intensity of the carriergransport have been observed in these samples. The spectra
in each peak as a function of temperature is satisfactorilare regularly spaced with little variance in their absorption
explained by single-particle statistics indicating a gaslike exstrengths or linewidths indicating the absence of any strong
citation. The low temperature and low occupancy region isnfluence on the CR as the fractions are traversed. The CR
characterized by almost complete spin polarization with theeffective mass and linewidth which are extremely sensitive
majority of the carriers in the lower energy spistate. Oc- measures of any departure from ideal cyclotron behavior, are
cupancies greater tharn, correspond to a strongly interact- plotted out in Fig. 10. The small oscillations present in the
ing system, characterized by the interplay between the Coulinewidth are considerably smaller than experimental errors
lomb force and Zeeman energy which results in the strikingvhich arise primarily due to the spectrometer resolution of
temperature dependence. 0.1 cm™ L. Figure 1@b) shows the cyclotron effective mass
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N=8.2 x 1010cm2, T=330 mK Taken together, théHe and dilution refrigerator results pro-
=23 ' TN vide strong evidence that the ground state of the 2DES con-
I tained within these samples is spin polarized throughout the
100 v\;}{ M m h\“\ ,‘1 FQHE region at fields above 4 T.
I ] While not finding any strong influence of the FQHE
states, CR measurements in this rediftehow a systematic

o
=]

i T shift in resonance position as the temperature is varied. This

temperature dependence appears to have an onset &t

and becomes more pronounced towards smaller filling fac-

tors. Changing the temperature from 2 K to 300 mK for

v= 13—t resulted in a continuous shift of the resonance posi-

tion downwards in field. The total shift in position was up to

half of the single-particle spin splitting. This behavior sug-

\ J gests that at occupancies belgwthe composition of the

60 | 45T 12.5 T4 ground state only becomes spin polarized at temperatures
M 1 " 1 1

e X : e ) .
0 20 00 0 0 6o corrgspondmg to a spin polarization of the underlying single-
particle states.

Energy (cm-!)

Transmission (%)
o0
(=]

~1
[=3

] ) ] D. Integral filling regime »>1
FIG. 9. CR in the fractional quantum Hall regime as recorded

using the Fourier transform spectrometer. The sample was at 330 EXperiments on very high-mobility GaAs/fBa;_As

mK. The fractions 2/3 and 1/3 are marked where strong features afdterojunctions for £ <2 failed to observe a splitting of
seen in transport measurements. the CR despite experimental linewidths that were consider-

ably smaller than the expected splittifhét the time, obser-

. . . . vation of a single sharp resonance was attributed to plasma
_and this again shows no discernible feature_zs_. However thFﬁode mixing or hybridization of the two spin transitions,
influence of the conduction band nonparabolicity and the pofesulting in a single coupled resonance although as men-
laron interaction, which manifest themselves in an increasin%Oned earlier, mixing of the spin states was predicted to be
effective mass with energy.e., magnetic fielgl act to mask Y

I ilati In Fi 8). the effects of weak and only activated by disordér.
any smafl osciiiations. 1n =ig. 10). € efiects of nonpara- Occupancies greater than one indicate that the lowest spin
bolicity have been normalized out using E§). Deviations

0 . state is filled. Designation of the system as compressible or
from the norm are seen to be less than 0.05% which COrTg ;o mpressible is not straightforward, however, as an occu-
sponds to I_ess tha_n 1/10 of the CR I'n.ew'd'Fh”ai 3 pancy of3 could be formed by combining a completely filled
The dilution refrigerator used in conjunction with the far- (incompressiblg lower energy state plus half-filled upper
infrared laser provided the capability to extend this Workspin or through two partially filled(compressiblg states
down to 100 mK. No anomalies in the effective mass are 4 1105 or 0.9+0.6). The calculations of MacDonald
seen at fields corresponding to fractional filling factors. and ka“ian show that mode coupling between the magneto-

plasmon and CR is negligible for completely filled Landau

0.60 , ' ' . ' levels. This would suggest that the spin states are not fully
-; 0ss]lal ] occupied even in the integral filling regime and are instead
2 0504 ] composed of a superposition of compressible states.
-:;; 0451 E { { { I { E } } E } E E E E E E E E { 1 If this is true, then the CC model can continue to provide
: g";‘s’:' ] an insight into the CR in this higher density regime. The
& o030 ' ' . ' . ] single peak is a reflection of the strength of the interaction
4 6 8 10 12 14 between the two different spin transitions given by E2).
0.070 and the weighted mean position provides a measure of the
relative spin populations.
~  0.069
£ oo V. CONCLUSIONS
T 00681
0.067 : . : : , The technique of cyclotron resonance has shown to be
104 6 8 10 12 14 uniquely suited to probing the spin composition of the 2DES
“liel ' ' ' ' ' in large perpendicular magnetic fields. Millikelvin experi-
s %5 E ments have confirmed that even at the lowest achieved
S 00 { } { { { } { { } { } } } { { } J sa_mple temperatures there is a significant populgtion of both
% o5 ] spin states of the lowest Landau level. A theoretical calcula-
- tion of CR spectra by CC convincingly reproduces experi-
107 : 3 0 v W mental results, using a model that considers the interaction

Magnetic field (T) between interacting, compressible spin states. The tempera-
ture dependence is accounted for in terms of the thermal
FIG. 10. CR linewidth(a), effective massb), and effective  population of the two spin states, without invoking exchange
mass corrected for nonparabolicitg) from the spectra shown in interaction. Changes in the spectra with occupancy are seen
Fig. 9. to be the result of changing from single-particle behavior at



54 CYCLOTRON RESONANCE AND SPIN STATES IN ... 13815

low densities to a single mode dominated by Coulomb interto formation of the Wigner crystal, a spin-pairing mecha-
actions at higher densities. nism, or a combination of a solid and liquid phase are shown
Comparison between experiment and the CC modelo be inadequate in light of the Cooper and Chalker model
clearly shows that there is now a good quantitative underwhich successfully models the system behavior.
standing of the cyclotron excitations of the interacting two-
dimensional system. These excitations can be divided by a
characteristic occupancy which separates single-particle be-
havior at low temperatures from a system with coupled ex- This work is supported by the Glasstone Trust and
citations at higher densities. The characteristic occupancy IEPSRC (UK). We should like to gratefully acknowledge
a function of the spin population and the carrier density.help provided through many discussions with Nigel Cooper
Previous suggestions that anomolies in the CR might be duand John Chalker.
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